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1. Resumen

RESUMEN

La glicoproteina de envuelta spike del virus del sindrome respiratorio agudo severo
(SARS-CoV), una proteina de fusion viral de Clase 1, es la responsable de la fusién entre
las membranas del virus y la célula diana. Hemos identificado las regiones membrano-
activas de la glicoproteina spike determinando el efecto de la integridad de membranas
modelo de una libreria de péptidos 16/18-mer derivadas de la glicoproteina spike del
SARS-CoV, asi como mediante un estudio tedrico usando representaciones
bidimensionales de momento hidrofébico, hidrofobicidad e interfacialidad. En este estudio
hemos investigado la interaccion de varios dominios funcionales de la glicoproteina spike
del SARS con diferentes tipos de membrana y mas especificamente la interaccion con
membranas modelo de péptidos que representan el presunto péptido de fusién N-terminal
(SARSgp), el segundo presunto péptido de fusion (SARSi) y el dominio
pretransmembrana (SARSprv). El péptido SARSprm se une a diferentes tipos de
membranas sin especificidad por ninguna composicion lipidica en particular. Sin embargo,
el efecto de agregacion y fusion es dependiente de fosfolipidos cargados negativamente. El
péptido SARSpry adopta diferentes conformaciones cuando se une a diferentes
composiciones. En presencia de DMPG podemos observar un cambio de estructura en
lamina B o péptidos auto agregados a una mezcla de estructura no ordenada y hélice o que
tiene lugar a la misma temperatura de transicion del lipido. Este cambio en presencia de
fosfolipidos cargados negativamente podria estar relacionado con un posible papel del
péptido en el proceso de fusion. El péptido SARSgp se une fuertemente a membranas,
causando agregacion y fusién de una forma especifica con fosfolipidos cargados
negativamente, aumentando la penetracion de agua y mostrando una actividad en la
membrana modulada por la composicion de lipidos de la membrana. El péptido muestra
una tendencia a la formacion de agregados 3 en tampon, pero en presencia de membranas
la forma de organizacién es diferente dependiendo de la composicion de la membrana.
Estos datos sugieren que el péptido SARSg podria estar implicado en la fusion de la
membrana viral y la de la célula huésped perturbando la hemicapa externa pero también
interactuando con los fosfolipidos cargados negativamente de la hemicapa interna. El
péptido SARSrp Se Une a e interacciona con membranas modelo de fosfolipidos y muestra
una mayor afinidad por fosfolipidos cargados negativamente que por zwiterionicos. El

11



Resumen/abstract

péptido SARSir disminuye la movilidad de los fosfolipidos y adopta diferentes
conformaciones en la membrana dependiendo de su composicion.

La identificacion de estas regiones membrano-activas de la glicoproteina S del
SARS-CoV apoya su papel directo en la fusion de membranas del SARS-CoV vy apoya la
idea de que la fusion mediada por proteinas es un proceso complejo, en el que varias
regiones de la proteina de fusion interactian, desestabilizan y fusionan las membranas.
Ademas, la importancia de estos segmentos en el proceso de fusion podria definirlos como

posibles dianas para el posterior desarrollo de nuevos compuestos antivirales.
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2. Abstract

ABSTRACT

The severe acute respiratory syndrome coronavirus (SARS-CoV) envelope spike
(S) glycoprotein, a Class I viral fusion protein, is responsible for the fusion between the
membranes of the virus and the target cell. We have identified the membrane-active
regions of SARS-CoV spike glycoprotein by determining the effect of a 16/18-mer SARS-
CoV spike glycoprotein peptide library on model membrane integrity as well as by a
theoretical study using bidimensional plots of hydrophobic moment, hydrofobicity and
interfaciality. In the present study, we have investigated the interaction of several predicted
functional domains of the SARS spike glycoprotein with different types of membranes and
more specifically the interaction with model membranes of peptides representing the N-
terminal potential fusion peptide (SARSrp), the second potential fusion peptide (SARSgp)
and the pretransmembrane domain (SARSpry). The SARSpryv peptide binds to different
membrane types with no specificity for any particular lipid composition. However, the
aggregation and fusion effect is dependent on negatively charged phospholipids. The
SARSprm peptide adopts different conformations when bound to membranes of different
compositions. In the presence of DMPG we can observe a change from [-sheet structures
or self-aggregated peptides to a mixture of unordered and helical structures taking place at
the same transition temperature of the lipid. This change in the presence of negatively-
charged phospholipids might be related to a possible role of the peptide in the fusion
process. The SARSgp peptide strongly partitions in membranes, causing aggregation and
fusion in a specific way with negatively-charged phospholipids, increasing also the water
penetration depth and displaying membrane-activity modulated by the lipid composition of
the membrane. The peptide shows a propensity for B-aggregate formation in buffer but in
the presence of membranes, its organization is different depending upon the composition
of the membrane. These data suggest that SARSgp peptide could be involved in the
merging of the viral and the target cell membranes by perturbing the membrane outer
leaflet but also interacting with negatively-charged phospholipids located in the inner
leaflet. The SARSrp peptide binds to and interacts with phospholipid model membranes
and shows a higher affinity for negatively-charged phospholipids than for zwitterionic
ones. The SARSrp peptide specifically decreases the mobility of the phospholipids and

adopts different conformations in the membrane depending upon their composition.

13
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The identification of these membrane-active regions of SARS-CoV S glycoprotein
supports their direct role in the SARS-CoV membrane fusion and sustains the notion that
protein-mediated fusion is a complex process, in which multiple regions from the viral
fusion protein interact, destabilize and fuse membranes. Moreover, the importance of those
segments in the fusion process may define them as possible targets for further development

of new antiviral compounds.
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1. Membranas biologicas

1. Membranas bioldgicas

No podemos imaginar un organismo que no tenga una estructura y se encuentre
indiferenciado del medio que le rodea. Por esta razon, en el camino que nos lleva desde las
sustancias organicas hasta los seres vivos debieron crearse con total seguridad unas formas
individuales, unos sistemas separados de su medio y con un orden interior. Asi, la primera
célula probablemente surgiria cuando se formo la primera membrana, encerrando las
primeras reacciones quimicas organicas y separando los primeros organismos primitivos
del resto del universo. Ya en 1894 Alexander Oparin apuntaba al origen de la vida en

formas aisladas de gotas coacervaticas o sistemas coloidales.

Mientras que en las células procaridticas existe un inico compartimento generado por
la membrana plasmatica, en las células eucaridticas ademas de la membrana plasmatica
existe una gran variedad de membranas intracelulares que componen compartimentos
cerrados u organulos, tales como la mitocondria, cloroplastos, peroxisomas y lisosomas,
cada uno de los cuales presentan una especializacion funcional. Las membranas biologicas
establecen estructuras dindmicas en las que se desempefia una gran cantidad de procesos y
reacciones. Actiian como barreras de permeabilidad selectiva, regulando la composicion
i6nica y molecular del medio intracelular, permitiendo el mantenimiento de gradientes
i6nicos a ambos lados de la membrana (y por lo tanto el potencial de membrana). Ademas,
gracias a proteinas transportadoras; sirven como soporte de numerosas proteinas generando
un ambiente Optimo para el desarrollo de una multitud de procesos funcionales e
intervienen en procesos de sefializacion celular entre otras funciones. EI mantenimiento de
la integridad de las membranas resulta vital puesto que pequefias modificaciones podrian
tener consecuencias fatales para la vida de la célula. Con su habilidad para romperse y
volver a sellarse, dos membranas pueden fusionar, como sucede en la exocitosis, o un
compartimento cerrado por una membrana puede, mediante fision, dar lugar a dos nuevos
compartimentos, como ocurre en la division celular, sin necesidad de crear grandes roturas
en las superficies celulares. Procesos tan importantes como la regulacion de la conversion
de energia también tienen lugar en las membranas, donde la fotosintesis, el transporte

electronico y la fosforilacion oxidativa no podrian realizarse sin la organizada bateria de

17



I. Introduccion general

enzimas que se disponen en ellas. Ademas de estos procesos, las membranas también
juegan un papel central en las comunicaciones entre las células y su medio ambiente ya
que son capaces de generar seflales quimicas ¢ eléctricas y/o presentar receptores
especificos para sefiales externas controlando de este modo el flujo de informacién entre

las células.

1.1. Estructura y dindmica de las membranas bioldgicas

Las membranas bioldgicas estan compuestas por proteinas y lipidos unidos por
interacciones no covalentes, y ademds, por carbohidratos, aunque éstos siempre estan
presentes en forma de glicolipidos o glicoproteinas. La composicidon, presencia, y
proporcion de cada uno de estos elementos varia segun el tipo de membrana, manifestando
la gran variedad de funciones y procesos en los que pueden encontrarse implicadas y, por

lo tanto, los requerimientos del ambiente en el que se encuentran.

El primero en darse cuenta de que existia una capa semipermeable alrededor de las
células de plantas fue Carl Négeli en 1855, dandole el nombre de membrana plasmatica.
Entre 1895 y 1902, Ernest Overton midi6 la permeabilidad a través de la membrana celular
de muchos compuestos y encontrdé una relacion entre la capacidad de estos compuestos
para atravesar a través de la membrana y su solubilidad en lipidos. Entonces propuso que
son lipidos lo que forman esta fina capa de la membrana a través de las cuales las
sustancias de las disoluciones que la rodean pasan a las células. Esta observacion llevo a la
famosa regla de Meyer-Overton que dice que la permeabilidad de las moléculas a través de
la célula esta gobernada por su solubilidad. En 1917, Irving Langmuir observo que se
podia formar una monocapa de 4cidos grasos en la interfase aire-agua, en un pocillo de
Langmuir, con los grupos acidos carbdxilo hidrofilos dirigidos hacia el agua y los tallos
metilos hidrofobicos orientados hacia el aire. Este experimento comenzd la investigacion
con sistemas de monocapa Langmuir-Blodgett, que se han usado en muchos campos. En
1925, Evert Gorter y F. Grendel' hicieron su conocido experimento en el que extrajeron

membranas de eritrocitos con acetona y dispersaron la muestra en agua en un pocillo de

' F. Grendel era el ayudante de Evert Gorter. Por alguna razon, su primer nombre no aparece documentado en
publicaciones o registros de investigacion.
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Langmuir formandose una fina capa en la superficie del agua. Entonces fueron
comprimiendo las moléculas de lipido en la interfase aire-agua para formar una monocapa
lipidica. En la medida, el drea de la monocapa lipidica resulté dos veces mas extensa que el
area de los eritrocitos calculada de los que los lipidos habian sido extraidos. Basandose en
esta observacion, Gorter y Grendel propusieron que los lipidos en la membrana de los
eritrocitos se ordenaban en forma de bicapa lipidica. James Danielli y Hugo Davson
elaboraron en 1935 un modelo en el cual postulaban que las superficies de la bicapa
lipidica estaban cubiertas por proteinas. Pero, aunque este modelo explicaba la
organizacion de los lipidos, no podia explicar las numerosas propiedades de las proteinas
de membrana. Basdndose en observaciones experimentales y una gran variedad de
biomembranas modelo, en 1972 Jonathan Singer y Garth L. Nicolson propusieron su
conocido modelo del mosaico fluido (Singer and Nicolson, 1972) (Figura 1), en el cual
describen la membrana como una bicapa lipidica fluida en el que estarian embebidas las

proteinas globulares que difundirian libremente.

PROTEINA ALFA-HELICE

Figura 1. El modelo de mosaico fluido propuesto por Singer y Nicholson en 1972.

Sin embargo, hoy en dia sabemos que la estructura lateral de una membrana es
mucho mas compleja y refinada, y que los lipidos no tienen libertad total de difundir
lateralmente ya que la distribucion lateral de lipidos y proteinas es heterogénea y muy
compleja (Ohvo-Rekila et al., 2002). Ademas, por medio de imagenes de microscopia
electrénica y microscopia de fuerza atomica (Damjanovich ef al., 1995) se han revelado la

presencia de grupos de receptores de membrana. También, numerosas observaciones
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experimentales (Hwang et al., 1998) han proporcionado evidencias de la existencia de

dominios lipidicos diferentes, denominadas balsas lipidicas (Simons and Vaz, 2004).

Combinando estas nuevas observaciones experimentales, Vereb et al. propusieron
una version modificada del modelo del mosaico fluido de Singer y Nicolson: modelo de
mosaico fluido dindmicamente estructurado (Vereb ef al., 2003), en este modelo, patrones
de co-distribucion no aleatoria de clases especificas de proteinas formarian agrupaciones a
pequeiia escala en el nivel molecular y agrupaciones a gran escala en el nivel
submicrométrico. Se sugiere que las fuerzas cohesivas que mantienen estas agrupaciones
provienen de interacciones lipido-lipido, proteina-proteina y proteina-lipido, también como
de efectores supramoleculares tales como el citoesqueleto y la matriz extracelular.
Comparado con el modelo del mosaico fluido, el modelo del mosaico dindmicamente
estructurado nos da una descripcion mas real de la estructura y propiedades funcionales de

las biomembranas.

En general se han descrito cuatros tipos de movimientos que un lipido individual
puede realizar (Figura 2). El primer tipo de movimiento es el conocido como “flip-flop”
que describe el proceso de volteo de un lado de la bicapa al otro. Este proceso no es muy
comun y ocurre a escalas macroscopicas de tiempo (10° seg) (Blume, 1993) para un lipido
individual. Sin embargo, este tipo de “flip-flop” puede ser estimulado por la presencia de
enzimas unidas a membranas denominadas translocadores de fosfolipidos que catalizan el
rapido flip-flop de fosfolipidos recién sintetizados de un lado de la monocapa del reticulo
endoplasmatico al otro lado de la monocapa (Nelson and Cox, 2000). En contraste al flip-
flop, los lipidos intercambian sus posiciones con sus vecinos en la misma monocapa a una
gran velocidad (~10” veces por segundo). El tercer movimiento esta caracterizado por la
rotacion de los lipidos a lo largo de su eje longitudinal, con un tiempo de relajacion de
nano-segundos (Cevc and Sedden, 1993). Las cadenas hidrocarburadas también sufren
movimientos entropicos que llevan a un desorden local. Este es el cuarto tipo de
movimiento en la bicapa lipidica. El frecuente movimiento térmico de los lipidos garantiza
la fluidez de la bicapa lipidica que es esencial en procesos celulares tales como el

transporte o actividad enzimatica.
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Figura 2. Diferentes tipos de movimiento de lipidos en un bicapa lipidica.

1.2. Composicidn lipidica y clasificacion de lipidos

Las caracteristicas estructurales de la bicapa lipidica estan determinadas por sus
lipidos constituyentes también como otros componentes moleculares. Los lipidos
constituyen alrededor de un 50% de la masa de las membranas en una célula animal,
mientras que el resto de la masa esta formada principalmente por proteinas. El nimero de
lipidos pude alcanzar hasta 10° en la membrana plasmatica de una célula animal. La
mayoria de los lipidos en las membranas celulares son anfifilicos ya que tienen cabezas

hidrofilicas cargadas o no cargadas y una o dos cadenas hidrocarburadas.

Dentro de la célula, los diferentes compartimentos de las membranas presentan
diferentes composiciones lipidicas, que vienen reguladas por el metabolismo lipidico local
y el sistema de transporte lipidico (Crackower et al., 2002). Los lipidos forman un grupo
muy heterogéneo de sustancias que tienen en comun su baja solubilidad en agua. Los
principales tipos de lipidos que se pueden encontrar en las membranas bioldgicas son

glicerofosfolipidos, glicoglicerolipidos, esfingofosfolipidos y esteroles.
-Glicerofosfolipidos, son los lipidos mas abundantes de las membranas. En estos lipidos

uno de los grupos hidroxilo de la molécula de glicerol se une a un grupo polar que contiene

fosfato y los otros dos grupos hidroxilo se unen a sendos grupos carboxilos de dos cadenas

21



I. Introduccion general

de acidos grasos de cadena larga. Los fosfoglicéridos naturales, y en general todos los
lipidos que se basan en un esqueleto de glicerol, se nombran sistematicamente segin la
numeracion estereoquimica sn. La mayoria de los fosfoglicéridos tienen el fosfato en la
posicion sn-3 del glicerol. Cuando los otros dos grupos hidroxilo del glicerol se unen a
acidos grasos mediante un encale éster se denominan 1,2-diacilfosfoglicéridos (Figura 3).
Los 1,2-diacilfosfoglicéridos forman un grupo de moléculas muy amplio (Rietveld et al.,
1993), que se diferencian segun la longitud y la saturacion de sus cadenas acilicas, y segun
el sustituyente unido al fosfato en posicion sn-3 del glicerol. En la Figura 3 se muestran las
estructuras de varios fosfolipidos con distintos grupos polares que se pueden unir al

fosfato.
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Figura 3. Ejemplo de algunas estructuras quimicas de moléculas de fosfolipido.
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La fosfatidilcolina (PC) es el fosfolipido mas comun en las membranas bioldgicas. La
cabeza polar es zwiterionica, y debido a la ausencia de donadores de enlaces de hidrégeno
no es capaz de forman enlaces de hidrogeno entre si. La fosfatidiletanolamina (PE), posee
una cabeza polar zwiterionica y al contrario que las PCs, éstas forman enlaces de
hidrégeno entre ellas. Las moléculas de PE se pueden ensamblar de tres formas diferentes:
fase lamelar gel, fase lamelar liquido-cristalina y fase hexagonal empaquetada en cilindros,
los cuales se forman a temperaturas altas. La fosfatidilserina (PS) se encuentra en la
mayoria de membranas de mamiferos, siendo el fosfolipido negativo mas abundante. A pH
neutro, la PS tiene una carga negativa de -1: una carga negativa en el grupo carboxilo, una
segunda en el grupo fosfato y una carga positiva en el grupo amino. Las cabezas polares
tienen tanto donadores como aceptores de enlaces de hidrogeno, pudiendo asi formar
enlaces de hidrogeno entre ellas, lo que hace que el fosfolipido tenga temperaturas de
transicion altas. El 4cido fosfatidico (PA) tiene una carga de -1 a pH neutro. Como en el
caso de la PS, la PA se estabiliza por la formaciéon de enlaces de hidrégeno
intermoleculares, lo que hace incrementar su temperatura de transicién en comparacion con
las PC. El fosfatidilglicerol (PG), también tiene una carga negativa de -1 a pH neutro,
debido a la ionizacion del grupo fosfato. Sin embargo, la PG no se estabiliza por la
formacion de enlaces de hidroégeno: su temperatura de transicion es similar a la
correspondiente con las PCs. Los fosfolipidos que contienen colina, la PC y Ia
esfingomielina (SM) (ver mas abajo), se encuentran preferentemente en la monocapa
externa, mientras que los lipidos que contienen aminas, como la PE y la PS se encuentran
preferentemente localizados en la monocapa interna. La PC y la PS proporcionan
superficies de membrana hidratadas o cargadas, permitiendo al agua e iones unirse a sus
cabezas polares. En contraste, las superficies ricas en PE son hidrofobicas, poco hidratadas
y promueven interacciones entre superficies de membrana diferentes sin la union directa de
proteinas. Puesto que la PE no se hidrata facilmente, promueve la formacion de estructuras
de tipo no lamelar para compensar el efecto hidrofobico, como se comentaba
anteriormente. La inestabilidad inherente de este fosfolipido es necesaria en funciones

celulares como la fusion de membranas.

-Glicoglicerolipidos, se diferencian de los glicerofosfolipidos en el sustituyente unido al

hidroxilo del carbono sn-3 del esqueleto de glicerol. En los glicoglicerolipidos se forma un
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enlace glicosido con un carbohidrato, en vez de unirse a un fosfato como ocurre en los
fosfoglicéridos. Los glicoglicerolipidos predominan en la membrana de los cloroplastos y

también abundan en bacterias.

-Esfingofosfolipidos, son otro tipo de lipidos, y su unidad estructural es la ceramida. La
ceramida estd compuesta generalmente por esfingosina (4-esfingenina, un aminodiol trans-
monoinsaturado de 18 atomos de carbono) unida mediante un enlace amida a un acido
graso. Los diferentes tipos de esfingolipidos se clasifican en funcion del grupo polar que se
une al hidroxilo libre del carbono en posicion 1 de la ceramida (Figura 4). Cuando el grupo
polar es fosforilcolina, el esfingolipido se denomina esfingomielina (SM), cuando se
incorpora un azucar simple son cerebrosidos, mientras que cuando es un oligosacarido mas
complejo, en el que ademas se incluye uno o mas residuos de acido sidlico, se denominan
gangliosidos (Figura 4). La SM es un componente fundamental de la membrana plasmatica
de las células eucariotas (Ramstedt and Slotte, 2002). En muchas células de mamiferos los
contenidos de SM varian en un rango entre el 2 y el 15% de los fosfolipidos totales del
organismo, dependiendo del tejido estudiado. La SM actiia como componente estructural
de las membranas biologicas junto a otros fosfolipidos, glicolipidos, colesterol y algunas
proteinas integrales de membrana. Adicionalmente a su funcidn estructural la SM también
participa en procesos de sefializacion celular. La region interfacial de la SM tiene regiones
donadoras y aceptoras de enlaces de hidrégeno, comparado con la region correspondiente
de la PC, la cual so6lo contiene grupos aceptores de enlaces de hidrogeno (Ohvo-Rekila et
al., 2002). Los esfingolipidos difieren de la mayoria de los fosfolipidos bioldgicos en que
contienen cadenas acilicas largas y muy saturadas. Esto les permite empaquetarse
facilmente juntos, una propiedad que da a los esfingolipidos temperaturas de fusion (T,,)
mucho mayores que las del resto de (glico)fosfolipidos de la membrana, que son ricos en
cadenas acilicas insaturadas (Brown and London, 2000). Las diferentes capacidades de
empaquetamiento de esfingolipidos y fosfolipidos son uno de los factores que contribuyen

a la formacidon de dominios en la membrana.
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Figura 4. Esfingolipidos, modificado de (Nelson and Cox, 2000). Se usaron abreviaturas estandar
para los azucares en esta figura: Gle, D-glucosa; Gal, D-galactosa; GalNAc, N-acetil-D-
galactosamina; NeuSAc, acido N-acetilneuraminico (acido sialico).

-Esteroles, se encuentran en las membranas de las plantas, animales y microorganismos
eucaridticos. En contraste con la gran diversidad de fosfolipidos, las células de mamiferos
contienen un esterol mayoritario, el colesterol, que es necesario para la viabilidad y la
proliferacion celular. El anillo plano de esterol y la cola hidrofébica orientan al colesterol
dentro del ntcleo de la membrana, mientras que el grupo 3-B-hidroxilo contribuye a las
propiedades de la superficie de la bicapa (Villalain, 1996). El colesterol es soluble en todos
los fosfolipidos, pero la carga negativa de las cabezas polares de los fosfolipidos negativos
(PS, PA, PG y PI) reduce su solubilidad en ellas en comparacion con los lipidos
zwiterionicos. La estructura del colesterol le permite reducir la libertad de movimiento de

las cadenas acilicas de los fosfolipidos, rigidificando asi la membrana, lo que puede tener
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un impacto significativo en las funciones de membrana. La adicion de colesterol en
membranas aumenta la rigidez de la fase fluida y la adicion de éste en membranas en fase
gel aumenta la fluidez de la membrana, incluso puede conducir a la formacion de fases
liquido ordenadas (l,). La importancia de la contribucién del colesterol a las propiedades
de la membrana se refleja en su distribucion ubicua y su necesidad para el correcto

crecimiento y funcion celular.

1.3. Polimorfismo lipidico

La importancia biologica del polimorfismo lipidico se pone de manifiesto en
procesos tan diversos como la fusiéon de membranas, el trafico de proteinas mediado por
vesiculas, el movimiento transversal de moléculas a través de la membrana, o la
estabilizacion de complejos de proteinas de membrana (Mayer et al, 1986). Como
polimorfismo lipidico se entiende la capacidad que poseen los lipidos para adoptar
diferentes formas o “volumenes de Van der Waals” dependiendo del area proporcional que
represente la cabeza polar y la parte hidrofobica dentro de la molécula, aunque la
morfologia que adoptan los lipidos al dipersarse en medios acuosos depende, entre otros,

de la temperatura, de la presion, de la fuerza idnica y del pH (Mayer ef al., 1986).

El empaquetamiento lipidico en estructuras tridimensionales a pequeia escala se
describe generalmente con el parametro de empaquetamiento p definido como

(Israelachvili et al, 1980) p=v/axl donde v es el volumen de la cadena(s)

hidrocarburada, a el area ocupada por la cabeza polar, y 1 la longitud méaxima de las
cadenas hidrocarburadas. De acuerdo a esto, se forman micelas convencionales esféricas
cuando la molécula adopta preferentemente una forma conica, i.e. p < 1/3, y las micelas no
esféricas se forman cuando la geometria molecular se asemeja a un cono truncado con 1/3
< p < 1/2 (Figura 5). Alternativamente, cuando existe un area grande de cabeza polar
comparado al area ocupada por la cadenas acilicas puede llevar a la bicapa a una fase de
cadenas interdigitadas, ya que como coste energético de exponer las cadenas acilicas a la
fase acuosa se equilibra con una separacion de lo grupos polares voluminosos (Pascher et
al., 1992). El modo de empaquetamiento lipidico méas importante bioldgicamente, la bicapa

lipidica, requiere una forma molecular mas o menos cilindrica con 2 <p < 1. Sip > 1 se
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forman estructuras invertidas con curvatura negativa espontanea (p. €j. micelas invertidas o

fases hexagonales).

Figura 5. Esquema ilustrativo del impacto del parametro de empaquetamiento p en el ensamblado
lipidico formado en disolucién acuosa.

Las fases lipidicas también pueden clasificarse segtn el tipo de red u organizacion de
largo alcance, segin el orden de las cadenas acilicas (fluidas o extendidas) y segln la
curvatura de la fase (normal o inversa). La nomenclatura mas ampliamente utilizada es la
propuesta por Luzzati (Nieva et al., 1995), que se compone de una letra y un subindice. En
primer lugar, el tipo de orden de largo alcance se indica con una letra mayuscula: L
significa unidimensional (lamelar), H bidimensional (hexagonal), P bidimensional oblicua,
Q tridimensional ctbica y C tridimensional cristalina. La conformacién de las cadenas
hidrocarbonadas se indica mediante un subindice formado por una letra griega: a se refiere
a cadenas acilicas desordenadas (fluido), f ordenadas (gel) y S’ ordenadas inclinadas.
Ademas, la organizacion lipidica puede ser de tipo I, cuando los elementos estructurales
(lamelar, hexagonal, etc.) estan rellenos con las cadenas acilicas del lipido (interior
hidrofobico), o de tipo II (invertidas) cuando el disolvente acuoso estd rodeado por una
matriz hidrofébica (interior hidrofilico). Las estructuras lipidicas de mayor relevancia

bioldgica son las estructuras lamelares, hexagonales y ctbicas.
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Las fases lamelares (L) o bicapas son estructuras periddicas en una dimension que se
pueden dividir, a su vez, en varios tipos de fases. Las més importantes son la fase gel y la

fase fluida (Figura 6).
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Figura 6. Disposicion molecular propuesta para diferentes fases lamelares. (A)
fase fluida liquida-cristalina, L ; (B) fase gel normal (Lg); (C) fase gel inclinada
(Lg-); (D) fase ondulada Py, y (E) fase liquido-cristalina, L, (Marsh, 1980).

En la fase gel, las cadenas acilicas de los lipidos estan rigidas y se empaquetan en
redes bidimensionales cuasi-hexagonales, que se pueden disponer de tres formas
diferentes: paralelas a la normal de la bicapa (Lp), inclinadas (Ly’), o interdigitadas (Lg)
(Marsh, 1980). La fase lamelar fluida (L,), también denominada liquido-cristalina o
liquido desordenada, se caracteriza por el desorden de las cadenas acilicas. En la fase L,
las moléculas difunden con mayor rapidez en el plano de la bicapa que en la fase gel y,
ademas, aumenta el area superficial por molécula de lipido y disminuye la anchura de la

bicapa.

La fase hexagonal (H) es una estructura fluida periddica en dos dimensiones que
consiste en cilindros paralelos empaquetados hexagonalmente y con una longitud mucho
mayor que las dimensiones del lipido (tiende a una longitud infinita) (Figura 7). Las fases
hexagonales mas simples y mejor definidas son la normal e invertida H; y Hy;. En la fase H;
los lipidos agregan en micelas circulares cilindricas que se empaquetan en una red
hexagonal, con una regioén continua de agua que ocupa el volumen entre los cilindros. En

la fase invertida (Hy) por otro lado, los cilindros contienen nucleos de agua rodeados por
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las cabezas polares del fosfolipido, con el restante volumen ocupado completamente por
las cadenas hidrocarbonadas. A pesar de que la fase H; es muy comun en sistemas
surfactantes simples, no suele formarse en diacil-fosfolipidos. La fase Hy;, sin embargo, es
muy comun en lipidos como la fosfatidiletanolamina, con cabezas polares pequefias y
débilmente hidratadas con interacciones atractivas entre ellas (de Kruijff, 1997, Epand,

1998).

Las fases cubicas (Q) son estructuras periddicas en tres dimensiones (Figura 7). Estas
fases pueden ser detectadas facilmente por microscopia de polarizacion, puesto que son
Opticamente isotropicas y muy viscosas, al contrario que las fases anisotrépicas o
soluciones micelares. Las fases cubicas pueden ser bicontinuas, cuando la red
tridimensional es continua en lipido, o discontinuas, cuando la continuidad es de la fase

acuosa (Nieva et al., 1995).

Figura 7. Representacion de las estructuras propuestas para las diferentes
fases que pueden presentar los lipidos hidratados. (A) Fase hexagonal normal,
(B) fase lamelar, (C) fase hexagonal invertida, (D) fase cubica bicontinua
Q224 y (E) fase clibica bicontinua Q228. (Epand, 1998)

La temperatura es un factor determinante de la fase en la que se encuentra el lipido.
Esto es debido a que cada fosfolipido tiene una temperatura de fusion (Ty,) caracteristica,

que es la temperatura a la que el lipido cambia su estado de fase, pasando de un estado
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ordenado tipo gel a un estado menos ordenado tipo liquido-cristalino que es el que
usualmente estd presente en las membranas biologicas. Los lipidos que se empaquetan de
manera mas compacta tienen mayores 7p,,, mientras que los lipidos que favorecen una fase
fluida tienen menores 7. La Ty, de un lipido es altamente dependiente de la estructura de
sus cadenas acilicas. La T}, aumenta cuanto mayor es la longitud de las cadenas y su grado
de saturacion, mientras que disminuye conforme aumenta el grado de insaturacion, ya que
los dobles enlaces en posicion cis interfieren con el empaquetamiento lateral. Otro factor
que afecta a la T, es la cabeza polar, por ejemplo, los glicoesfingolipidos tienden a tener
mayores T, que los esfingolipidos (Hinz et al., 1991), debido a los enlaces de hidrogeno

que se forman entre las cabezas polares de los glicoesfingolipidos.

1.4. Estructura de la bicapa lipidica

La estructura lamelar de las bicapas lipidicas es la conformacion lipidica mas
habitual presente en las membranas biologicas. Las bicapas fluidas se dividen en una
region interfacial y en una region central hidrocarbonada. En base a la estructura del 1,2-
dioleil-sn-glicero-3-fosfatidilcolina (DOPC) en fase La, determinada por cristalografia de
rayos X (Mohanty et al., 2003), se ha determinado la distribucion promediada de los
grupos cuasi-moleculares que componen el fosfolipido a lo largo del eje transmembranal

(Figura 8).

En la Figura 8 se puede observar como el espacio que abarca la interfase es
aproximadamente el mismo que ocupa la region hidrofobica (alrededor de 30A). La region
de la interfase estd compuesta por una mezcla compleja de agua, fosforilcolina, glicerol,
carbonilos y grupos metileno, que ofrecen muchas posibilidades para formar interacciones
no covalentes con péptidos y proteinas. La distribucion del agua comienza a partir de la
region del glicerol mas cercana al centro de la bicapa y se hace maxima a medida que se
aleja de la bicapa. El grosor de la interfase de cada una de la dos hemicapas de la bicapa
(también denominadas monocapas) es de aproximadamente 15A, que tiene un tamafio
suficiente como para acomodar una hélice a (didmetro ~10A) dispuesta de forma paralela a
la bicapa. Las interfases presentan una gran heterogeneidad quimica y tienen un gradiente

de polaridad, que se reduce hacia el centro de la bicapa. Por lo tanto, la heterogeneidad
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quimica y los gradientes de polaridad que caracterizan a las interfases de las bicapas las

convierten en un lugar ideal para que se produzcan interacciones con proteinas de

membrana no constitutivas (White and Wimley, 1998).
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Figura 8. Perfil de polaridades (linea gruesa) y distribuciones de los grupos cuasi-

moleculares (lineas delgadas) en la estructura lamelar de la DOPC. La polaridad de la

membrana es el promedio compensado de la densidad de carga parcial de los grupos que

componen la bicapa. Las distribuciones de los grupos cuasi-moleculares representan la

probabilidad de encontrar un grupo estructural en una regién en particular. El circulo

relleno representa una hélice a colocada de forma paralela a la superficie de la bicapa.

1.5. Procesos de fusion de membranas

La fusion de membranas es un fendmeno universal que se ha incorporado a muchos

procesos bioldgicos durante la evolucion. Las reacciones de fusion de membranas estan

implicadas en multitud de procesos biologicos fundamentales, a pesar de las fuertes

barreras energéticas implicadas, debidas a fuerzas de repulsion electrostaticas, de

hidratacion y de tipo estérico que estdn presentes en estos procesos (Chernomordik and

Kozlov, 2003). En los sistemas biologicos, estas barreras energéticas se superan mediante

el uso de proteinas de fusion, cuya funcidon es disminuir la energia de activacion del

proceso. Se pueden distinguir al menos tres tipos de fusion:
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-Fusion extra- e intracelular de organismos patdégenos con las células huésped, como
es el caso de los virus con envuelta, cuya membrana fusiona con la membrana celular

mediante proteinas de fusion presentes en la membrana viral.

-Fusién extracelular de células eucariotas, como la fusion de los espermatozoides con

los ovocitos o la formacion de sincitios en las células musculares.

-Fusién intracelular de organelas. Estos procesos estdin mediados por complejos de
proteinas pertenecientes a familias altamente conservadas, como por ejemplo, las

proteinas del complejo SNARE, que participan en el proceso de la sinapsis.

A pesar de esta diversidad, todas las reacciones de fusion incluyen un proceso
elemental que consiste en el contacto entre ambas membranas, la fusion de las membranas
y la apertura de un poro de fusion (Lang et al., 2001). En primer lugar, las membranas
deben aproximarse entre si, superando las fuerzas electrostaticas que tienden a mantenerlas
separadas, para que los lipidos de las hemicapas externas puedan interaccionar. En segundo
lugar, la interfase entre las regiones hidrofilica e hidrofobica debe ser desestabilizada. Por
ultimo, se generan estados de transicion no-lamelares que culminan en la apertura del poro
de fusion. Todos los estados de transicion estan gobernados por fuerzas que minimizan la
exposicion de las superficies no polares al agua y necesitan ser superadas para alcanzar los
estados de transicidn metaestables que conducen a la fusiéon. Las membranas biologicas
utilizan proteinas de fusion especificas para alcanzar este objetivo. COmo estas proteinas
consiguen fusionar membranas es uno de los principales enigmas de la biologia celular. Se
han propuesto dos vias de accion opuestas que sugieren que el poro inicial puede ser
principalmente proteico o lipidico. En el primer caso, el poro estaria formado por una
proteina que atraviesa ambas membranas y formaria un anillo proteico que comunicaria el
interior de ambas. Las proteinas actuarian sobre los lipidos en los puntos de contacto
mediante la formacion de estructuras diferentes a la bicapa que no podrian formarse en
ausencia de estas proteinas. En el segundo caso, la fusion estaria mediada principalmente
por los fosfolipidos, siendo el tnico papel de las proteinas implicadas el de disminuir la

energia de activacion del proceso y el organizar espacialmente el lugar de la fusion. Este
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modelo asume que el poro esta formado por fosfolipidos y que su formacion debe estar en

concordancia con las leyes fisicas determinantes de las fases lipidicas (Lang et al., 2001).

De acuerdo al segundo caso de fusion comentado, se han descrito varias versiones de

un modelo de fusidén conocido con el nombre de modelo de tallo (stalk) (Kozlov et al.,

1989, Siegel, 1999, Siegel, 1993), el cual relaciona la fusion de membranas con el

polimorfismo lipidico (Figura 9).

Figura 9. Representacion del modelo de tallo modificado de la fusion de membrana. (Siegel, 1999).
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Segtn el modelo original de tallo (Kozlov ef al., 1989) la propensioén que tienen las
bicapas lipidicas para fusionar se basa en la capacidad que tienen las monocapas que la
constituyen de doblarse o flexionarse, siendo las membranas mas fusogénicas las que
poseen curvatura negativa y positiva espontanea en las monocapas cis y trans,

respectivamente (Basanez, 2002).

Trabajos posteriores (Siegel, 1993) sugieren que el modelo de tallo original se
contradice, ya que la estructura propuesta tendria regiones de baja densidad de lipido
resultantes del espacio que queda libre entre las monocapas cis y trans. Estos espacios son
energéticamente muy desfavorables de mantener, ya que requieren alta energia para crear
una cavidad hidrofébica dentro de las membranas fusogénicas, muy similar a la energia
que promueve la transicion de la fase lamelar a la fase Hy. Se piensa que dichas cavidades
hidrofobicas no favorecen la expansion de la region hemifusionada, por lo que el tallo se
estancaria en una estructura local altamente hemifusionada, donde so6lo existirian contactos
de las monocapas trans (TMC, trans monolayer contact). Para favorecer la formacion del
poro, el intermediario TMC deberia reconfigurarse para dar lugar a un acoplamiento
interlamelar (ILA, Interlamellar attachment site), el cual vendria gobernado por la ruptura
de tension de la bicapa, la cual depende de la composicion lipidica. De acuerdo con los
calculos realizados por Siegel, el poro de fusion (formacion de ILA) se favoreceria cuando
las monocapas trans poseyeran curvatura espontanea negativa (Siegel, 1993, Siegel, 1999),
no curvatura espontanea positiva como se propone en el modelo original de tallo (Kozlov
et al., 1989). Ademads, Siegel plantea que los ILAs son los precursores de las fases
bicontinuas Qp, y que el mecanismo de formacion de los intermediarios de fusion es
similar al mecanismo de formacion de los precursores de las fases bicontinuas Qy; (Siegel,
1999). Estas consideraciones son consistentes con la alta fusogenidad de sistemas de
membrana con curvaturas espontaneas negativas en ambas monocapas, y con la tendencia

de tales dispersiones lipidicas para formar fases bicontinuas Qyi.

La hipotesis del tallo esta apoyada por un gran nimero de evidencias que muestran
que tanto la fusion viral como la de los liposomas se ve favorecida por la presencia en la
cara cis de lipidos con tendencia natural a adoptar curvatura negativa (ejemplo, por PEs).

La inclusion de fosfolipidos que disminuyesen los niveles de energia de los vacios creados
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en los intermediarios de fusion (ejemplo, por largas cadenas acilicas), estabilizaria el
estado de transicion y favoreceria la formacion de un diafragma. Del mismo modo,
compuestos que favorecen la formacion de curvatura positiva (ejemplo, LPCs) son capaces
de inhibir la fusion de membranas (Basanez, 2002). Recientemente se ha podido tener la
primera evidencia de estructura del tallo o de TMC por analisis de tomografia electronica
de una delgadisima seccion conica de muestras de zonas activas de sinapsis corticales de

rata (Zampighi et al., 2000).

En resumen, el papel de los catalizadores de la fusion es acelerar este proceso, es
decir, disminuir la energia de activacion de la fusion. La desestabilizacion de la bicapa
como resultado de la interaccion de segmentos de proteinas de fusion con membranas
provee un medio de disminuir las barreras energéticas. Un gran numero de estudios
muestran que péptidos sintéticos capaces de inducir la fusion de liposomas provocan

también la desestabilizacion de la bicapa.

2. Proteinas de fusioén viricas

Las glicoproteinas de la envuelta de los virus son las “maquinas” proteicas
fusogénicas mejor entendidas. Las proteinas de fusion de los virus tienen un niimero de

caracteristicas comunes (Basanez, 2002):

1- Las proteinas sufren un proceso de maduracion resultando en estructuras
metaestables, preparadas para un cambio conformacional a estados mas estables

tras recibir la apropiada sefial (bajada de pH o unidn al receptor).

2- En el estado fusogénico, las proteinas viricas fusogénicas estan formando
trimeros, y la agregacion de multiples trimeros ayuda en la formacion del poro

fusogénico.
3- Tipicamente cada monomero dentro del oligdbmero se puede, convencionalmente

dividir, en tres segmentos: una parte extraviral, conocida como ectodominio, un

dominio transmembrana, y un segmento o tallo citoplasmatico.
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4- En el desencadenamiento de la fusion, regiones del ectodomino se unen a la
membrana e incluso algunas de ellas se insertan. De especial relevancia es el
péptido de fusion, un péptido relativamente corto, hidrofébico y bien conservado,

indispensable para la fusion.

5- El péptido de fusion, escondido dentro del ectodomino, es el primer responsable
de la etapa inicial del proceso de fusion, mientras que el domino transmembrana

parece ser fundamental para los ltimos pasos de la fusion.

A B C

R T M T v Tt Mg

Figura 10. Representacion de proteinas virales de fusion de clase 1 (A), II (B) y II (C) en su
conformacion propuesta de post-fusion con respecto a la bicapa lipidica. Las posiciones de anclaje a la
membrana mediante el péptido de fusion (FP) se indican con flechas negras y la transmembrana (TM)
con flechas rojas. Figura A, estructura del ovillo de seis hélices de gp41; Figura B, proteina de fusion E
de Flavivirus y Figura C, proteina G de VSV. Los elementos estructurales, los cuales sufren cambio de
pre-fusion a post-fusion se muestran con diferentes colores (Figura B y C). Los cambios estructurales de
gp41 de la conformacion de pre-fusion a post-fusion todavia se desconocen. (Weissenhorn et al., 2007)
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Estructuralmente, los ectodominios de las proteinas virales de fusién se pueden

clasificar en tres grupos principales (Kielian, 2006, Weissenhorn et al., 2007) (Figura 10):

-Proteinas de fusion de clase 1. Su orientacion es perpendicular a la membrana del
virion. Presentan mayoritariamente hélice o en su estructura secundaria. El estado
oligomérico de la forma metaestable y fusogénica estd en forma de trimero. Una
caracteristica de la estructura del ntcleo del ectodomino en su estado post-fusogénico
consiste en un ovillo de seis hélices a el cual estd formado por un coiled coil interno de tres
hélices a al cual se acoplan las tres hélices o CHR de forma antiparalela ocupando las
cavidades del coiled coil. Estas proteinas fusogénicas de clase I se sintetizan como
homotrimeros en forma de un precursor inmaduro que se escinde para dar lugar a una
subunidad de unio6n al receptor y la subunidad fusogénica, que posee el péptido de fusion
en o cerca del N-terminal. Algunas proteinas de fusion de clase I serian las pertenecientes a
las familias orthomixovirus (ej., virus de la gripe), retrovirus (ej., HIV), filovirus (ej., virus

del Ebola), paramixovirus (ej., virus Sendai), coronavirus (ej., SARS-CoV).

- Proteinas de fusion de tipo II. A diferencia de las anteriores, su orientacion es
paralela a la membrana del virion. Presentan cadenas polipeptidicas casi exclusivamente
plegadas en hojas B antiparalelas. El estado oligomérico de la forma metaestable esta en
forma de dimero, mientras que el estado fusogénico estd en forma de trimero. Otra
diferencia estaria en el paso de maduracion de las dos proteinas fusogénicas, que consiste
en un corte proteolitico de una proteina inmadura para dar lugar a las dos proteinas
fusogénicas, las cuales heterodimerizan por interacciones no covalentes. Y, por otra parte,
el péptido de fusién se localiza en un bucle del interior de la secuencia primaria, a
diferencia de las de tipo 1. Algunos ejemplos de proteinas de fusion de clase II serian las

pertenecientes a las familias flavivirus (ej., HCV) o alfavirus (ej., Semliki forest virus).

- Proteinas de fusion de tipo III. Son proteinas descritas recientemente (Roche et al.,
2007, Roche et al., 2006) que presentan ciertas similitudes con las proteinas de fusion
pertenecientes a los otros dos grupos, como por ejemplo, estar glicosiladas, formar
homotrimeros en la superficie del viridon y sufrir cambios conformacionales a pH acido que

facilitan el proceso de fusion. Sin embargo, y a diferencia del resto de proteinas de fusion,
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los cambios conformacionales inducidos por el pH son reversibles, no es necesaria la
proteodlisis para que la proteina sea activa en la fusidon, no contiene un péptido de fusion
altamente hidrofobico en la region N-terminal (proteinas de fusion clase I), ni interno
(proteinas de fusion clase II). Al igual que las proteinas de fusion de clase I forma una
estructura en horquilla de seis hélices a en su conformacion post-fusogénica. Por otra
parte, al igual que las proteinas de fusion de clase Il presentan bucles y conformaciones en
hoja B. Un ejemplo de proteina de fusion de clase III seria la perteneciente a la familia

rabdovirus (ej., Virus de la estomatitis vesicular G).

3. Sindrome respiratorio agudo severo (SARS?)

El 14 de Marzo del 2003 la Organizacion Mundial de la Salud (OMS) dio la voz de
alarma por el brote de una nueva neumonia atipica en el Sureste asiatico, designada como
sindrome respiratorio agudo severo (SARS). El virus se extendié rapidamente desde Hong
Kong a Singapur, Vietnam y Canada y desde aqui al resto del mundo. A mediados de Junio
de 2003 el virus se habia extendido a 32 paises con 8460 casos detectados y 799 victimas

mortales.

Tras el brote inicial de SARS, una red de laboratorios en todo el mundo intento
conseguir la identificacion del agente causal. El extraordinario esfuerzo de colaboracion
entre laboratorios dio como resultado que en pocas semanas se descubriera que el causante
de la enfermedad era un Coronavirus (Ksiazek et al., 2003, Rota et al., 2003, Kuiken et al.,
2003), y mas concretamente el SARS-CoV, en poco tiempo mas se logrd secuenciar todo

el genoma del virus (Marra ef al., 2003).

SARS es un tipo de neumonia viral con sintomas que incluyen: fiebre, tos seca,
disnea, dolor de cabeza, etc. La muerte resulta del fallo respiratorio progresivo debido al
dafio alveolar. El virus entra al organismo a través de los ojos, nariz y boca. Se puede
transmitir por contacto de objetos contaminados con el virus o de persona a persona. El

periodo de incubacion del virus del SARS es de unos 6,4 dias y el porcentaje de mortalidad

? Las siglas SARS proceden del inglés severe acute respiratory syndrome; a lo largo de la tesis se utilizaran
las siglas en inglés que es con el nombre que se conoce a la enfermedad.
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es de un 13,2% para pacientes con menos de 60 afios y de 43,3% para pacientes mayores

de 60 afios.

3.1. Taxonomia de coronaviridae

Los coronavirus son virus con envuelta con RNA de cadena positiva y genomas que van
desde 27,6 a 31,6 kb, los mayores de todos los virus de RNA conocidos (Boursnell ef al.,
1987, Eleouet et al., 1995, Herold et al., 1993, Lai and Cavanagh, 1997, Lee et al., 1991).
Pertenecen al orden de los Nidovirales, junto con las familias Arteviridae y Roniviridae. La
familia Coronaviridae contiene los géneros coronavirus y torovirus. A pesar de las claras
diferencias en la arquitectura del virion y su complejidad genética, los coronavirus,
torovirus y arterivirus son muy similares en organizacidon gendmica y estrategia replicativa.
El nombre Nidovirales (del latin nidus, que significa nido) se refiere a que estos virus
sintetizan una serie de 3’ co-terminales RNAm subgenomicos durante la infeccion de la
célula huésped agrupados en nidos (Cavanagh 1997). Los coronavirus deben su nombre
por su apariencia de corona en las imagenes de microscopia electronica debida a sus puas
en forma de pétalo que sobresalen de la envuelta del coronavirus (Figura 11). Existen tres
grupos de coronavirus clasificados en base a sus propiedades serologicas y genéticas. Dos
de los grupos estan compuestos por coronavirus de mamiferos, mientras que los
coronavirus de aves forman un tercer grupo (Tabla 1). El virus de la hepatitis murina
(MHYV) es el prototipo del grupo 2 de los coronavirus, aunque algunos virus de este grupo
son coronavirus de humanos. El analisis genomico del coronavirus asociado al sindrome
respiratorio agudo severo (SARS-CoV) ha demostrado que es un grupo filogenéticamente
divergente de los tres grupos antigénicos de coronavirus (Drosten et al., 2003, Ksiazek et
al., 2003). Sin embargo, el andlisis del gen de la polimerasa indica que el SARS-CoV
podria ser un subgrupo que se separd pronto del grupo 2 de los coronavirus (Snijder et al.,

2003).
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Tabla 1. Division de los coronavirus en grupos.

Grupo  Virus Huésped Enfermedad principal
1 Virus de la peritonitis infecciosa feina Gato Enteritis/peritonitis
(FIPV)
Virus de la gaestroenteritis transmisible Cerdo Enteritis
(TGEV)
Virus de la diarrea epidémica porcina Cerdo Enteritis
(PEDV)
Coronavirus canino (CCoV) Perro Enteritis
Coronavirus humano (HCoV)-229E Humano Infeccion respiratoria
Coronavirus humano (HCoV)-NL63 Humano Infeccion respiratoria
Coronavirus del conejo Conejo  Enteritis
2a Virus de la hepatitis del raton (MHV) Raton Hepatitis/encefalitis/
enteritis
Coronavirus bovino (BCoV) Vaca Enteritis
Virus de la encefalomielitis Cerdo Infeccion respiratoria
hemaglutinante (HEV)
Coronavirus equino (ECoV) Caballo  Enteritis
Coronavirus de la rata (RCoV) Rata
Coronavirus humano (HCoV)-OC43 Humano Infeccion respiratoria
Coronavirus humano (HCoV)-HKU1 Humano Infeccion respiratoria
2b Coronavirus del sindrome respiratorio Humano Infeccion respiratoria
agudo severo (SARS-CoV)
3 Virus de la bronquitis infecciosa (IBV) Pollo Infeccion respiratoria
Coronavirus del pavo Pavo Infeccion respiratoria

3.2. Arquitectura del virion y organizacion genémica

Las particulas del coronavirus son mas o menos esféricas y miden unos 80-120 nm
de diametro. El genoma ARN viral estd empaquetado por la proteina de la nucleocapsida
(N) (Macneughton and Davies, 1978, Sturman et al., 1980). La capsida estd envuelta por
una bicapa lipidica en la cual residen al menos 3 proteinas de membrana. Estas son la
proteina spike’ (S) de 180-220 kDa, una glicoproteina de tipo I que forma protuberancias
en la superficie viral; la proteina de membrana (M) de 25-30 kDa, una proteina de
membrana que la atraviesa tres veces y que es el componente mayoritario de la envuelta
viral (Machamer et al., 1993, Machamer et al., 1990, Swift and Machamer, 1991); y la
proteina de envuelta (E) de 10 kDa, una proteina muy hidrofébica que es un consituyente

minoritario de la membrana viral (Godet ef al., 1992, Vennema et al., 1996, Yu et al.,

3 La palabra spike es un anglicismo de no muy clara traduccion al castellano, significaria ptia o pincho, sin
embargo a lo largo de la tesis se utilizara el anglicismo para una mayor claridad.
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1994) (Figura 11). Ademads, varios coronavirus poseen una cuarta proteina de envuelta, la

proteina esterasa-hemaglutinina (HE).

Nucleocapsid
protein

Figura 11. Esquema ilustrativo de las proteinas estructurales del SARS-CoV.

El genoma del SARS-CoV tiene 29727 nuceldtidos, mas de dos tercios del genoma
de los coronavirus estd ocupado por dos marcos de lectura abiertos (ORFs), designados
como ORFla y ORF1b, que son traducidos en dos grandes poliproteinas, ppla y pplab.
Las poliproteinas son procesadas proteoliticamente por proteasas codificadas por virus para
dar lugar a proteinas maduras que llevan a cabo la replicacion de ARN y la transcripcion.
Curso abajo del ORF1b estan los genes que codifican las proteinas estructurales, en el

orden conservado S-E-M-N, y algunas proteinas accesorias (Figura 12) (Rota et al., 2003).

L CIRF_I1‘_aI:| g 32 E M 6 7a 8a N

- 7 -
E LI
3b 7b 8b 9b

Figura 12. Representacion esquematice del genoma del SARS-CoV. ORF1ab codifica para las replicasas y

se muestra en blanco, los genes que codifican proteinas estructurales, S, E, M y N, en gris y los genes de
proteinas accesorias 3a/b, 6, 7a/b, 8a/b y 9b se muestran en negro.
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3.2.1. Proteinas estructurales

Proteina de la nucleocapsida

La proteina de la nucleocapsida (N) es una proteina muy basica (pI 10.3 — 10.7) con
un alto porcentaje de lisinas y argininas, de 50 a 60 KDa. La proteina N de SARS-CoV
tiene 422 aminoacidos y tiene s6lo un 20-30% de homologia con los otros coronavirus
(Marra et al., 2003, Rota et al., 2003). La proteina de la nucleocaspsida esta fosforilada en
sus residuos de serina (Stern and Sefton, 1982), aunque se desconoce la funcion de esta
modificacién (Stohlman and Lai, 1979, Wilbur ef al., 1986). La funcion primaria de la
proteina N es la formacion de la nucleocapsida, pero la proteina también juega un papel
facilitando la replicacion, transcripcion, traduccion y salida del virus (He et al., 2003, Lai

and Cavanagh, 1997, Tahara et al., 1998).

Proteina de membrana

La glicoproteina de membrana (M) es el componente mas abundante de la envuelta.
Es una proteina integral de membrana tipo III de 221-262 aminoacidos y unos 25 kDa,
conteniendo tres segmentos transmembrana en su extremo N-terminal. La proteina M tiene
un dominio hidrofilico corto luminar (Armstrong et al., 1984, Locker et al., 1992,
Machamer et al., 1993, Routledge et al., 1991) que puede estar N- (grupo 1 y 3) u O-
glicosilado (grupo 2). El dominio C-terminal de la proteina M tiene un carécter antipatico
con la excepcion de un dominio hidrofilico corto en el C-terminal. El dominio luminar y el
dominio C-terminal hidrofilico son susceptibles a digestion proteolitica. La proteina se
inserta en la membrana del RE a través de la accion de una secuencia sefial (Rottier ef al.,
1985) después de ser sintetizada en polisomas unidos a membrana. La proteina M se
acumula en el aparato de Golgi y no se transporta a la membrana plasmatica (Machamer et
al., 1990, Swift and Machamer, 1991). Una de las funciones principales de la proteina M
es dirigir la incorporacion de la glicoproteina S (Nguyen and Hogue, 1997, Opstelten ef al.,
1995) y la proteina N (Narayanan et al., 2000) en la particula de salida del virion.

42



1. Membranas biologicas

Proteina de envuelta

La proteina de envuelta E es una proteina pequefia de membrana de unos 76-109
residuos (9-12 kDa) presente en pequefias cantidades en la envuelta del virion (Godet et
al., 1992, Liu et al., 1991, Yu et al., 1994). La proteina E contiene un dominio hidrofébico
relativamente largo en su amino terminal, seguido de una region rica en cisteinas y un tallo
corto hidrofilico (Liu and Inglis, 1991). Se ha especulado que la proteina E induce
curvatura de la membrana durante la salida del virion (Vennema et al., 1996, Fischer et al.,
1998). La proteina de envuelta en SARS-CoV tiene unos 76 aminoéacidos de longitud con
un peso molecular aproximado de unos 10-15 kDa. Varios estudios de la proteina E del
SARS-CoV han mostrado propiedades adicionales que podrian ser especificas del SARS-
CoV. La proteina E del SARS-CoV puede formar canales idnicos selectivos de cation
(Wilson et al., 2004) similares a los de la proteina M2 del virus de la gripe (Duff and
Ashley, 1992, Duff et al., 1994, Pinto et al., 1992), proteinas VPu del VIH (Ewart et al.,
1996) y VPr (Piller ef al., 1996) y proteina p7 de la hepatitis C (Griffin et al., 2003,
Pavlovic et al., 2003, Premkumar et al., 2004, Perez-Berna et al., 2008). Un segmento de
la proteina E del SARS-CoV parece formar tres puentes disulfuro con las correspondientes
cisteinas de otro segmento en el carboxi-terminal de la glicoproteina S (Wu et al., 2003).
Ademas, la proteina E forma una horquilla en hélice transmembrana palindromica
alrededor de un pseudo-centro de simetria no identificado previamente (Arbely et al.,
2004, Khattari et al., 2006). A través de la accion de esta horquilla la bicapa lipidica
sufriria una deformacion, aumentando la curvatura de la membrana, que podria ser una
explicacion molecular del papel de pivote de la proteina E en la salida del virus (Arbely et

al., 2004).

Glicoproteina hemaglutinina-esterasa

Aunque no se ha encontrado en el SARS-CoV, en algunos coronavirus esta
presente otra proteina denominada glicproteina hemaglutinina-esterasa (HE) (Rota et al.,
2003). Tiene unos 424 a 429 aminoacidos de longitud y suele presentarse como un
homodimero de 65 a 70 KDa en algunos viriones del grupo II de los coronavirus. La HE

podria intervenir en la entrada del virus o salida de éste de células infectadas.
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Glicoproteina S

La proteina spike (S) es la responsable de la union del virus a la célula huésped y es
el encargado de producir la fusion de sus membranas. La glicoproteina S del SARS-CoV
es una glicoproteina transmembrana de 1255 aminoécidos de longitud (~500 KDa), con
dos dominios (Figura 13); el dominio globular y el dominio externo largo, el cual a su vez
contiene dos subdominios: la secuencia transmembrana y el pequefio dominio interno. En
la proteina S se pueden distinguir dos dominios funcionales (Figura 13): el S1, con un
plegamiento globular que da al virus sus propiedades antigénicas y que contiene el sitio de
unién para el receptor de la superficie celular (Xiao et al., 2003, Wang et al., 2004, Wong
et al., 2004, Babcock et al., 2004) y el S2, que contiene zonas de heptadas repetidas y es el

responsable de la fusion celular (Rota et al., 2003).

Dominio de union

Figura 13. Esquema de la glicoproteina S del SARS-CoV mostrando
sus dos dominios y su posiciéon en la membrana viral. Se indica la
region de unidn al receptor (S1) y la zona implicada en la fusion (S2).

En algunas especies de coronavirus, la glicoproteina se corta por una proteasa para

dar dos subunidades no asociadas, S1 y S2, las cuales tienen diferentes funciones (Frana et
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al., 1985). Sin embargo, la escision no es un requerimiento esencial para el mecanismo de
fusion y los datos disponibles sugieren que aunque la glicoproteina S del SARS-CoV
puede cortarse en dos subunidades (Wu et al., 2004), no es un requerimiento absoluto para
la fusion (Follis et al., 2006, Simmons et al., 2004). Las predicciones mediante analisis
teorico de las secuencias, los estudios de mapeo sistematico de aminoacidos y estructuras
de cristalografia de rayos X del dominio S2 han localizado la region HR1 en los
aminodcidos 892-980, mientras que la region HR2 se extenderia desde los aminoéacidos
1145-1184 (Bosch et al., 2004, Rota et al., 2003, Tripet et al., 2004, Zhu et al., 2004,
Ingallinella et al., 2004, Liu et al., 2004, Xu et al., 2004).

3.2.2. Proteinas no estructurales

El gen de la replicasa del SARS-CoV codifica 16 proteinas no estructurales con
multiples funciones enzimaticas (Snijder ef al., 2003). Algunas son enzimas que son
componentes comunes de la maquinaria replicativa de virus ARN de cadena positiva; una
polimerasa de ARN dependiente de ARN (RdRp, nsp12); una serin proteasa similar a 3C
(MP™ o0 3CL"™, nsp5); un proteasa 2 similar a papaina (PL2"°, nsp3) y una helicasa de la
superfamilia 1 (HEL1, nsp13) (Marra et al., 2003, Thiel et al., 2003, Yang et al., 2003).
Ademas, el gen de la replicasa codifica proteinas que son indicativas de actividad
exoribonucleasa 3° — 5’ (homologa a ExoN, nspl4), endoribonucleasa (homologa a
XendoU, nspl5), fosfatasa adenosin difosfato ribosa 1’ (ADRP. nsp3) y ribosa 2’-O-
metiltransferasa (2°-O-MT, nsp16). Por tltimo, el gen de la replicasa codifica otras nueve
proteinas, de las cuales poco se sabe sobre su estructura o funcion. Las nsp 4, 10 y 16 han
sido implicadas por analisis genético en el ensamblaje de una replicasa funcional con un

complejo transcriptasa.
3.2.2. Proteinas accesorias.

A diferencia de otros coronavirus, SARS-CoV presenta ademas de los genes
conservados comentados anteriormente, ocho nuevos ORFs en el extremo 3° (ORFs 3a, 3b,

6, 7a, 8a, 8b y 9b) (Snijder et al., 2003, Bartlam et al., 2005). Cuatro de estas proteinas

accesorias se expresan durante la infeccion y se incorporan en el virion, ORF3a (Ito et al.,
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2005, Shen et al., 2005, Yu et al., 2004), ORF6 (Geng et al., 2005), ORF7a (Huang et al.,
2006) and ORF7b (Schaecher et al., 2007). La proteina codificada por ORF3a tiene tres
dominios transmembrana, se localiza en regiones perinucleares en la célula, pero también
en la membrana plasmatica desde donde puede ser endocitada (Ito et al., 2005, Tan et al.,
2004, Yuan et al., 2005). La proteina ORF3a interactua con las proteinas estructurales M,
E y S, asi como con la proteina ORF7a, ademés se ha observado que forma canales
sensibles a potasio lo cual podria promover la liberacion del virus (Lu et al., 2006). Se ha
demostrado que las proteinas codificadas por ORF3b y ORF6 antagonizan con el
interferén, un componente clave en la respuesta inmune innata (Kopecky-Bromberg et al.,
2007). ORF7a codifica una proteina que podria ser un proteina de membrana tipo I con una
secuencia sefal de escision en el C-terminal de anclaje a membrana (Fielding ef al., 2004).
En virus aislados de animales como en los primeros aislados de humanos se observaba un
ORF8 continuo, mientras que en la fases media y tardia de la epidemia los virus contenian
una delecion de 29 nucledtidos que cre6 dos ORFs, denominados ORF8a y ORF8b
(Chinese, 2004, Guan et al., 2003). Solamente los virus con esta delecion se extendieron de
forma efectiva entre la poblacion de humano a humano. Segun estudios recientes (Oostra et
al., 2007) la proteina completa ORF8ab seria una proteina funcional en animales, sin
embargo habria perdido se funcién al transmitirse a humanos dando lugar a dos proteinas
no funcionales. Finalmente, el ORF9b esta localizado con el gen de la nucleocapsida,

aunque no se sabe si se trata de una proteina estructural.

3.3. Origen del SARS-CoV

Se supone que el SARS-CoV surgid de una fuente animal, cruzando la barrera entre
la especie huésped para infectar a humanos. Evidencias seroldgicas y genéticas de varios
estudios apoyan este origen zoonoético del origen del SARS-CoV (Holmes, 2003, Wang et
al., 2005b, Wang et al., 2006). Esta hipotesis se basd en primer lugar en los informes
epidemioldgicos demostrando que los primeros pacientes con SARS en la Provincia de
Guangdong habian estado expuestos a animales vivos silvestres en mercados de animales
(Zhong et al., 2003). Para identificar los animales con SARS-CoV, se examinaron
animales de estos mercados detectdndose virus similares a SARS-CoV en gatos de algalia

y en mapaches. Ademds se han observado evidencias de infeccion por SARS-CoV en
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muchas otras especies de mercados en China incluyendo gatos, zorro rojo y una especie de
tejon (Guan et al., 2003, Wang et al., 2005a). Segun los ultimos estudios la fuente primaria
de la infeccion estaria en una especie de murcié¢lago (Lau et al., 2005), siendo los gatos de

algalia el intermediario entre éstos y los humanos.

3.4. Receptor

En un primer lugar se identifico como receptor celular de SARS-CoV la enzima
conversora de agiotensina 2 (ACE2) (Li et al., 2003, Wang et al., 2004). Recientemente,
sin embargo se ha demostrado que existe un receptor adicional, CD209 (LSIGN) (Jeffers et

al., 2004).

3.4.1. Enzima conversora de angiotensina 2 (ACE2)

ACE2 es una zinc metaloproteasa presente en el corazon, rifiones, testiculos, tracto
gastrointestinal y pulmones (Kuhn et al., 2004). ACE2 es una enzima importante en la
cascada renina-angiotensina y juega un papel esencial en la regulacion de la funcion
cardiaca, ademés se ha observado que ACE2 esta altamente expresado en células
epiteliales de los alvéolos pulmonares y enterocitos del intestino delgado (To and Lo,
2004, Hamming et al., 2004), localizacion consistente con la patogénesis de la infeccion
por SARS-CoV. La union de la proteina S del SARS-CoV a ACE2 produce una
disminucién de la expresion de la proteina en la superficie de la membrana (Kuhn et al.,
2004). Esta disminucion contribuiria a la severidad de la patologia pulmonar observada
tras la infeccion por SARS-CoV (Imai et al., 2005). La union del dominio S1 al receptor ha
sido demostrada, siendo los aminoacidos 318-510 de S1 el elemento clave en el
reconocimiento (Xiao et al., 2003, Wang et al., 2004, Wong et al., 2004, Babcock et al.,
2004). El dominio S1 en forma soluble se asocia en un dimero que se une a ACE2 mas
avidamente que el mondémero. El dominio de dimerizacion de S1 ha sido mapeado en los
aminoacidos 17-217, una region cercana al S1 que es también esencial para la fusion de

membranas (Xiao et al., 2004).
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3.4.2. Lectinas como receptores potenciales

Se ha observado que varias lectinas tipo C (DC-SIGN/CD209, L-SIGN/CD209L y
LSECtin) pueden apoyar la union a la proteina S (Chan et al., 2006, Gramberg et al., 2005,
Jeffers et al., 2004, Marzi et al., 2004, Yang et al., 2004). Aunque se ha visto que la
presencia de L-SIGN permite una muy ineficiente entrada y la expresion de lectinas en
ausencia de ACE2 no lleva generalmente a la infeccion, en presencia de ACE2 la entrada
se ve incrementada. Las células que expresan DC-SIGN y L-SIGN, también como células
dendriticas, que no pueden ser infectadas por si mismas, podrian sin embargo ser capaces
de promover la distribucion de los virus a células diana susceptibles (Chan et al., 2006,

Hofmann and Pohlmann, 2004, Law et al., 2005, Marzi et al., 2004, Yang et al., 2004).

3.5. Entrada del virus a la célula

Después de la union del virus al receptor celular, el virus entra a la célula bien a
través de fusion de membranas directa o bien por endocitosis mediada por receptor
dependiente de pH. El dominio N-terminal de la proteina S (S1) contiene el dominio de
union al receptor (RBD), mientras que la parte C-terminal (S2) es la subunidad que se
ancla a la membrana y la responsable de la fusion de membranas, ademas contiene dos

regiones de heptadas repetidas (HR1 y HR2).
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Figura 14. Representacion de cintas del complejo HR1/HR2 y modelo de la estructura postfusion
del SARS-CoV S2.

48



1. Membranas biologicas

En el estado nativo, las proteinas spike estarian en la superficie del virus en forma
trimérica (Beniac et al, 2006), las regiones HRI1 estarian en una conformacion
desordenada cubiertas por el dominio S1. Después de la union al ACE2 en las células
diana, el dominio S2 cambiaria su conformacién formando a-hélices, extendiéndose y
insertando su péptido de fusion en la membrana de la célula diana, y exponiendo las
regiones HR1 y HR2. Entonces las tres unidades HR1 (aminoacidos 888-972) se asociarian
en una estructura en ovillo trimérica y paralela en la cual los tres elementos HR2
(aminoacidos 1142-1193) se unirian en los surcos del complejo HR1 en una direccion
oblicua y antiparalela (Supekar et al., 2004) (Figura 14). Este nticleo de fusion activo haria
que la membrana viral y la celular quedaran proximas en el espacio, resultando con ayuda
de varias regiones del dominio S2, en la fusion entre las membranas y la formacion del

poro de fusion, lo que permitiria al genoma del virus entrar a la célula diana.
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II. Metodologia general

1. Formacion de liposomas

Las membranas en forma de bicapas cerradas o liposomas, preparadas a partir de

moléculas anfifilicas dispersas en medio acuoso estan ampliamente reconocidas como

modelos simples de las membranas celulares y como vehiculos potenciales para el

transporte y liberacion de compuestos. Los liposomas se clasifican segiin su tamafio y

morfologia (Jones, 1995, Usher et al., 1978) (Figura 1).

Lov
suv

i

@

MLV MV
Guv

Figura 1. [Ilustracion esquematica de liposomas de
diferente tamafio y nimero de bicapas lipidicas. SUV
(Small Unilamellar Vesicles): Vesiculas unilamelares
pequenias. LUV (Large Unilamellar Vesicles): Vesiculas
unilamelares grandes. MLV (Multilamellar Vesicles):
Vesiculas  multilamelares. MVV ~ (Multivesicular
Vesicles): Vesiculas multivesiculares. GUV (Giant
Unilamellar Vesicles): Vesiculas unilamelares gigantes.

Los cuatro tipos principales de liposomas son:

-Vesiculas multilamelares grandes (Multilamellar Large Vesicles o MLVs). Son

estructuras que consisten en bicapas concéntricas que se forman espontaneamente

cuando se hidratan lipidos anfifilicos. El diametro promedio de los MLVs es de unos

700 nm, aunque su tamaio puede variar entre 100 y 5000 nm de didmetro y el

niamero medio de lamelas (bicapas concéntricas) esta comprendido entre 7 y 10. Este

tipo de liposoma posee la desventaja de que tan solo el 10-15% de los fosfolipidos se

encuentra en la bicapa mas externa, es decir, que sélo una pequefia fraccion de

lipidos puede interaccionar con agentes externos.
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-Vesiculas unilamelares grandes (Large Unilamellar Vesicles o LUVS). Son
vesiculas de una sola bicapa lipidica, cuyo didmetro oscila entre 50 y 500 nm. Pueden
prepararse mediante distintos procedimientos: por didlisis de un detergente en
soluciones que contienen lipido, por fusion de SUVs inducida por Ca™, por
evaporacion de un disolvente organico en fase reversa, por extrusion en prensa

francesa o extrusion con filtros de policarbonato, etc.

-Vesiculas unilamelares pequenas (Small Unilamellar Vesicles o SUVSs). Son
vesiculas consistentes en una nica bicapa de lipidos, con un didmetro de entre 20 nm

y 50 nm. Se preparan mediante ultrasonicacion de suspensiones de MLVs.

-Vesiculas unilamelares gigantes (Giant Unilamellar Vesicles o GUVSs). Estas

vesiculas de una sola bicapa pueden alcanzar diametros de hasta 300 um (Mathivet et

al., 1996).

Los liposomas mejor caracterizados y de mayor utilidad son los que estan
compuestos por una sola bicapa de lipido, principalmente los SUVs y LUVs. La mayor
diferencia entre estos dos, a parte de su tamaio, reside en la proporcion de lipido que hay
en las hemicapas interna y externa. En el LUV de ~95 nm la distribucion es casi simétrica,
50% en cada hemicapa segin Mayer et al. (Mayer et al., 1986), o 54% en la hemicapa
externa y 46% en la hemicapa interna segiin Butko et al. (Butko et al., 1996). Sin embargo,
el pequefio radio de curvatura de los SUVs fuerza a que una proporcion mas alta de lipidos
se sitlie en la hemicapa externa, entre un 60 y un 70% (Szoka and Papahadjopoulos, 1980).
La proporcion diferente de lipidos a cada lado de la bicapa tiene una serie de
consecuencias: (1) el empaquetamiento de los lipidos de la hemicapa externa es diferente
al empaquetamiento de los situados en la hemicapa interna; (2) por calorimetria diferencial
de barrido se observa una disminucién de la temperatura de transicion gel-liquido cristalina
un promedio de 4° C, un ensanchamiento de la banda y una reduccion de la entalpia; (3)
por debajo de la temperatura de transicion la cadenas lipidicas de los SUVs se encuentran
mas desordenadas que en la fase de los LUVs 0 MLVs; (4) se reduce la movilidad lateral
de los lipidos y disminuye la miscibilidad de los lipidos lo que favorece la coexistencia de

dominios lipidicos de distinta composicion dentro de la bicapa, incluso por encima de la
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temperatura de transicion (New, 1990). Por lo tanto, los LUVs son los liposomas mas

apropiados para la realizacion de estudios biofisicos de interaccion lipido-proteina.

Los liposomas comenzaron a utilizarse como sistemas modelos de membranas a
partir de los trabajos de Bangham et al. (Bangham et al., 1965a, Bangham et al., 1965b),
donde se comprob6 mediante microscopia electronica que los liposomas eran sistemas de
membranas cerradas. Desde entonces han sido utilizados ampliamente tanto en ciencia
basica como en ciencia aplicada. Las primeras experiencias de estos modelos de
membranas estuvieron dirigidas hacia el estudio de la permeabilidad y comportamiento
osmotico de las vesiculas a algunas sustancias encapsuladas en ellas, utilizdndose una gran
variedad de composiciones lipidicas asi como varios tipos de iones y electrolitos. El uso de
los liposomas también ha permitido caracterizar las propiedades fisico-quimicas de los
lipidos en si y, ademas, las interacciones del lipido con otras moléculas, ya sean proteicas o
no-proteicas, donde hay una infinidad de trabajos al respecto, empleando una gran
diversidad de metodologias biofisicas: resonancia de spin electronico, resonancia
magnética nuclear, calorimetria diferencial de barrido, espectroscopia de infrarrojo,

fluorescencia, etc.

2. Espectroscopia infrarroja

La espectroscopia infrarroja (IR) mide las transiciones de baja energia entre niveles
vibracionales dentro de un mismo nivel electronico, resultantes de la absorcion de
radiacion en la region infrarroja del espectro electromagnético. Estos niveles vibracionales
estan generados por movimientos caracteristicos (tension, flexion, aleteo, etc.) que se dan
en los diferentes enlaces quimicos presentes en los grupos funcionales de una molécula. La
escala de tiempos de dichas vibraciones moleculares es muy corta (cerca de 10" s™). La
espectroscopia infrarroja de proteinas ha avanzado enormemente desde las dos ultimas
décadas, debido a los avances no sélo en la instrumentacion, sino también en los métodos
de tratamiento y andlisis de datos. Una de las grandes ventajas de esta técnica es la
facilidad que presenta para adquirir espectros de gran calidad a partir de cantidades muy
pequenas de proteinas (~100 pg) (Barth, 2000, Mantsch and McElhaney, 1991). Es maés, la

espectroscopia infrarroja también permite el estudio de proteinas en medios de elevada
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turbidez sin que esto afecte a la resolucion de los espectros obtenidos. En este ultimo caso,
¢ésta técnica es, ademads, especialmente 1util para el estudio de las membranas lipidicas
(transiciones polimorficas de los fosfolipidos, conformacién y dindmica de los fosfolipidos

en sus diferentes estados, etc.).

La espectroscopia infrarroja tiene una serie de ventajas que la hacen especialmente util

para el estudio de las interacciones entre proteinas y membranas lipidicas:

a) En un solo experimento de IR se puede obtener informacion tanto dindmica
como estructural de todas las regiones de las moléculas de lipido, asi como
de la proteina.

b)  Los espectros se obtienen sin necesidad de usar sondas que podrian perturbar
las propiedades de la membrana.

c) El tamafio de las proteinas estudiadas no es un problema, no hay una
limitacién de tamafo.

d) Las muestras se pueden estudiar en una gran variedad de estados (solido,
disolucion, peliculas orientadas, etc).

e) Se requieren pequefias cantidades de muestra.

Se puede decir que el mayor salto cualitativo de la espectroscopia de infrarrojo se
produjo con la adopcion de espectrometros basados en el interferometro de Michelson.
Una vez que se ha recogido un interferograma, es necesario convertirlo en un espectro.
Esto se consigue a través del algoritmo de la transformada de Fourier rapida (Fast Fourier
Transform o FFT). El interferograma es una representacion de la intensidad respecto al
movimiento del espejo. Tras la aplicacion de la transformada de Fourier y la apodizacion y
correccion de fase de los datos, se obtiene un tnico espectro de la muestra, que dividido
por el fondo (un espectro tomado en ausencia de muestra), da lugar a una representacion de

intensidad vs frecuencia (expresada en cm™).
El desarrollo del interferémetro de Michelson junto con la aplicacion del algoritmo

de la transformada de Fourier, introdujeron importantes mejoras en la relacion sefial/ruido

respecto a los anteriores espectrofotometros de infrarrojo basados en la dispersion, con lo
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que se pudo empezar a abordar una correcta eliminacion de la contribucion del agua.
También permitio el desarrollo de técnicas matematicas que aumentan la resolucion, no la
resolucion espectral, sino que producen un estrechamiento de la anchura de las bandas
presentes, revelando bandas adyacentes que pudieran estar solapadas. El problema de la
anchura y solapamiento de las bandas es un problema inherente en la espectroscopia de
infrarrojo, producido principalmente por las heterogeneidades presentes en las estructuras
sujetas a analisis y en el medio, ademds, de por una limitada resolucion instrumental.
Existen varios procedimientos de aumento de la resolucion: derivada, deconvolucion
(Fourier self-deconvolution) e incremento de estructura fina (Fine-structure enhancement),
siendo los procedimientos mas utilizados la derivada y la deconvolucion (Cameron et al.,

1987, Mantsch et al., 1986, Cameron et al., 1985).

: . N Frecuencia N
Simetria Descripcion . 1 Descripcion
aproximada (cm™)
En el plano Amida | A 3300 NHs (100%)
B 3100
I 1650 COs (80%), CNs, CCNd
NHib(60%), CNs (40%),
: s COib, CCs, NCs
CNs (40%), NHib
I 1300 (30%), CCs’ (20%),
COib
o ’ o
Fuera del plano | Amida | IV 625 €Od (40 éﬁggs (30%),
\ 725 NHob, CNt
VI 600 COob, CNt
VII 200 NHob, CNt, COob

Tabla 1. Resumen de las bandas amida asociadas al enlace peptidico, basado en el espectro de la N-
metil-acetamida (S, tension; d, deformacion; t, torsion; ib, flexion en el plano; ob, flexion fuera del plano;
s’, tension metilo-C). (Arrondo et al., 1993).

El grupo funcional mas caracteristico de las proteinas es el grupo amida que forma el
enlace peptidico. Se ha establecido que el espectro infrarrojo de proteinas estd formado por
las denominadas bandas amida provocadas por diferentes tipos complejos de vibracion del
grupo amida del enlace peptidico (Tabla 1) (Arrondo and Goni, 1999, Surewicz et al.,
1993).
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Las bandas amida mas estudiadas y utilizadas para determinar las cualidades
estructurales de péptidos y proteinas son la Amida I y la Amida II, usandose sobre todo la
Amida I debido a su mayor intensidad, mayor sensibilidad conformacional y menor
contribucion de las cadenas laterales. Los modos vibracionales de la Amida I se originan
de la vibracion de tension del grupo C=0 de la amida (acoplado a la vibracion de flexion
del N-H y flexion del enlace C-N) que da lugar a una banda en la region 1600-1700 cm.
La capacidad de formacion de puentes de hidrogeno de estos grupos y la formacioén de
dipolos transitorios, hacen que la banda Amida I sea sensible a la conformacion de las
proteinas. El acoplamiento de los dipolos transitorios provoca la division de la banda
Amida I, y dicho acoplamiento depende de la orientacioén y la distancia de los dipolos
implicados, por lo que permite obtener informacion acerca de la disposicion espacial de los
grupos peptidicos de un polipéptido. Cada componente de estructura secundaria contribuye
por separado al espectro de infrarrojo, por lo que la banda Amida I va a ser una suma de
todas las bandas que la componen (Surewicz et al., 1993). La principal dificultad en el
analisis estructural de las bandas componentes radica en que usualmente la anchura de
cada banda es mayor que la distancia que separa su maximo de frecuencia. Esto, como se
comentaba anteriormente, se puede resolver mediante técnicas matematicas, como por
ejemplo la derivada y la deconvolucién, que reducen la anchura de cada banda
componente. La Tabla 2 resume la correlacion entre la estructura secundaria de las
proteinas con las frecuencias de la banda Amida I. La mayoria de las frecuencias de dicha
banda  disminuyen aproximadamente 10 cm’  durante el intercambio
H(hidrogeno)/D(deuterio). Los modos Amida I en D,O son referidos como Amida I' y, en

principio, las bandas Amida [ y Amida I’ poseen la misma informacion estructural.

La asignacion de las bandas se basa en calculos tedricos (Krimm and Bandekar,
1986, Torii and Tasumi, 1992), medidas empiricas de homopéptidos sintéticos (Lee and
Chapman, 1986) y en estructuras tridimensionales de proteinas conocidas por otros

métodos, principalmente rayos X.
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Estructura Secundaria Frecuencia de la Amida l o I’ (cm™)

Hélice a 1648-1660

Hélice 39 1660-1668
Estructuras no ordenadas 1640-1648
Giros f 1660-1685

o 1680-1690
Hoja B intramolecular 1630-1640
o 1670-1695
Hoja B intermolecular 1610-1625

Tabla 2. Asignacion de frecuencias (cm™) de componentes de la banda AmidaIo I’ a
diferentes motivos de estructura secundaria de proteinas.

El procedimiento utilizado en esta Tesis para cuantificar las diferentes estructuras
secundarias de los péptidos se baso en el método desarrollado por Byler y Susi (Byler and
Susi, 1986), refinado por Arrondo et al. (Arrondo et al., 1993), para aplicar directamente
sobre la banda Amida I’. Primero se estima el numero y la posicion de las bandas
componentes de la Amida I’, asi como la anchura y la altura. Segundo, estos parametros se
utilizan en un proceso iterativo de minimos cuadrados mediante el que se obtiene una
combinacion de bandas que reproducen el perfil de la Amida I’ obtenida
experimentalemente. Tercero, el area integra de cada banda se calcula como porcentaje
respecto al area total de la Amida I’. Este procedimiento conlleva, al menos, tres
suposiciones. Primero, se requieren varios parametros iniciales en el proceso de ajuste.
Esto puede realizarse con bastante fiabilidad si la relacion sefial/ruido del espectro es
buena. Segundo, cada una de las bandas se asigna a un elemento estructural lo que en
algunos casos no es inmediato, bien por la sensibilidad limitada de la Amida I’ o por
posibles interferencias de las cadenas laterales (Venyaminov and Kalnin, 1990). Tercero,
se supone que la absorbancia molar de infrarrojo es la misma en todos los grupos
peptidicos de la proteina, los cuales estan implicados en diferentes elementos estructurales.
Esta suposicion es dificil de comprobar o rechazar, ya que no es posible obtener proteinas

con estructuras secundarias completamente puras.

En el caso de los fosfolipidos, cabe diferenciar entre los modos vibracionales de las
cadenas acilicas, los de la region interfacial y los modos vibracionales de las cabezas
polares (Mantsch and McElhaney, 1991, Arrondo et al., 1993). Los principales modos

vibracionales de las cadenas acilicas se deben a las vibraciones del enlace carbono-
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hidrégeno (CHs, CH, y =C-H). La vibracién de tension de los grupos metileno da lugar a
una banda compuesta por dos bandas, uno centrado a ~2929 cm™ que corresponde a la
vibracién de tension anti-simétrica del CH,, y otro centrado a ~2850 cm™ correspondiente
a la vibracion de tension simétrica del CH,. La frecuencia de estas bandas es sensible a la
proporcion de isdmeros trans/gauche de las cadenas hidrocarbonadas de los fosfolipidos, y
puesto que dicha relacion aumenta con la transicion de fase gel a liquido cristalino, la
frecuencia de esta banda sera sensible a la fase del fosfolipido, pudiendo utilizarse para
observar dicha transicion. Las bandas de tension de los grupos CHj; aparecen como
pequefios hombros en la banda de tension de los grupos CH, centrados a ~2956 cm’™ (anti-
simétrico) y ~2870 cm™ (simétrico). La regién mas ampliamente utilizada para el estudio
de la interfase glicerol-cadena hidrocarbonada es la banda de tension del grupo carbonilo.
Dicha banda aparece entre 1700 y 1750 cm™. Esta banda es sensible a la polaridad y a la
formacion de puentes de hidrégeno. La banda de vibracion de tension del grupo CO esta
formada por dos componentes centrados a 1742 cm™ y 1728 c¢m™. El primero corresponde
a aquellos grupos carbonilo que no se encuentran formando puentes de hidrogeno. La
frecuencia de estos componentes no suele variar al alterar el microambiente de esta region,
pero si varia su intensidad, lo que va a provocar variaciones de la frecuencia de la banda

global.

3. Dicroismo circular

La teoria de dicroismo circular (CD) fue desarrollada por Biot y Fresnel (revision de
(Neumann and Snatzke, 1990)). Un haz de luz polarizado en un plano puede considerarse
formado por dos componentes polarizados circularmente, uno a la derecha y el otro a la
izquierda. Estos componentes estan en fase y son de la misma amplitud. Al pasar por un
medio Opticamente activo, cada componente interactiia de manera diferente con los centros
quirales de las moléculas presentes. La interaccion de la radiacion con la muestra induce
un desfase y un cambio de magnitud diferenciales en ambos componentes circularmente
polarizados de la luz, y estos fendmenos provocan una rotacion del plano de polarizacién

en un angulo y la distorsion de este plano genera una elipse (Figura 2).
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Figura 2. Diagrama donde se muestra las formas de combinacién de la luz
polarizada circularmente a la derecha y a la izquierda: (a) si las dos ondas
tienen la misma amplitud, el resultado es la luz polarizada seglin un plano; y
(b) si sus amplitudes difieren, el resultado es la luz elipiticamente polarizada.

Los cromoforos de interés en las cadenas polipeptidicas son sus enlaces peptidicos.
Estos absorben por debajo de los 240 nm debido a transiciones electronicas de caracter n*
a 220 nm y n* a 190 nm, las cadenas laterales de los aminoacidos aromaticos, con
transiciones nt*, absorbiendo principalmente en el rango de 260 a 320 nm y los puentes
disulfuro que presentan una banda débil y ancha en torno a 260nm por transiciones nc*. A
partir de los datos que se extraen de estos cromoforos por CD se puede obtener
informacion sobre la estructura secundaria y terciaria de las proteinas (Woody, 1995, Kelly
et al., 2005). Mediante CD en el ultravioleta lejano (180-260 nm), se pueden observar
espectros definidos para cada estructura secundaria (Figura 3). El espectro tipico de hélice
a presenta dos bandas negativas a 222 nm y 208 nm y una positiva en torno a 190 nm. El
espectro para una lamina B es menos intenso, presentando dos bandas negativas, una sobre
217 nm y otra a 180 nm, y una banda positiva en torno a 195 nm. Se ha visto que hay mas
variedad en estos espectros para modelos de estructuras en ldminas  que para modelos en
hélice a, lo que se atribuye a que las ldminas 3 pueden ser paralelas, antiparalelas o mixtas,
intra o intermoleculares, y con diferentes extensiones. Los giros pueden adquirir
conformaciones distintas (giros de tipo I, IT y III) por lo que no hay un espectro tipico de
CD caracteristico para este tipo de estructura. En estructuras desordenadas el espectro
tipico presenta solo una banda negativa cerca de 200 nm, sin embargo, se ha visto que para
péptidos como poli(Lys), poli(Glu) y poli(ProL), presentan una banda positiva alrededor de
220 nm; si esta banda es negativa indica que el péptido presenta algun tipo de

conformaciéon local, que puede ser tanto hélice o como lamina .
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80}

& Hélice a
—&— Lamina
60 —a&— Desordenado

Elipticidad molar por residuo x 103

190 210 230 250
Longitud de onda (nm)

Figura 3. Espectros de CD en ultravioleta lejano asociado con
varios tipos de estructura secundaria. Cuadrados, hélice o;
circulos, hoja B anti-paralela; triangulos, estructura desordenada.

4. Ensayos de agregacion de liposomas

Las vesiculas en suspension se mantienen separadas unas de las otras debido a que
existen una serie de fuerzas que impiden su agregacion. Las cuatro fuerzas que intervienen
en la adhesion de los liposomas son: fuerzas de hidratacion, fuerzas electrostaticas,
interacciones estéricas y fuerzas de van der Waals (Ito et al., 1989). Las tres primeras son
generalmente de caracter repulsivo, mientras que la cuarta es atractiva. En la mayoria de
los casos las fuerzas repulsivas se imponen a las de van der Waals, y por tanto los
liposomas no se agregan. En general, las interacciones estéricas no suponen una
contribucion significativa a no ser que en la composicion de la vesicula exista algun tipo de
lipido con un grupo polar voluminoso. Por tanto, las fuerzas de hidratacion y las
electrostaticas son las que predominan. Las primeras prevalecen cuando las vesiculas estan
compuestas por lipidos zwiteridnicos, y las segundas en liposomas con carga eléctrica neta.
Cuando por efecto de una proteina o cualquier otra molécula se reducen las fuerzas de
repulsion, las fuerzas de van der Waals cobran importancia y las vesiculas pueden llegar a

agregarse.
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Para medir agregacion de liposomas se pueden medir los cambios de intensidad de
luz dispersada por los liposomas. Para ello, se mide la dispersion de la luz a 90° en un
fluorimetro (nefelometria) o se mide la turbidez en un espectrofotometro de absorcion. La
turbidimetria de liposomas con un radio inferior a 100 nm se pueden explicar por la teoria
de Rayleigh-Gauss-Debye, asumiendo que las vesiculas son esferas Optimamente
homogéneas con indices refractivos determinados por el volumen del lipido en la vesicula
(Matsuzaki et al., 2000). Los ensayos de agregacion de liposomas realizados en esta Tesis
se basan en experimentos de turbidimetria, observandose la densidad optica (DO) a 405

nm.

5. Fluorescencia

La luminiscencia es la emision de la luz de alguna molécula y ocurre desde estados
electronicamente excitados. La luminiscencia se divide formalmente en dos categorias,
fluorescencia y fosforescencia, dependiendo de la naturaleza del estado excitado. En este
apartado nos referiremos al fendmeno de fluorescencia. Su estudio proporciona una valiosa
informacion sobre aspectos estructurales de la molécula responsable, o de su relacion con

el ambiente que la rodea.

En algunas moléculas como consecuencia de la absorcion de un fotdn, un electrén pasa
desde el estado fundamental al estado excitado. Dicha transiciéon debe cumplir una serie de
reglas de seleccion deducidas de la mecanica cudntica ondulatoria. Una vez en el estado
excitado el electron tiende a pasar al estado fundamental. Este retorno se puede llevar a
cabo de multiples formas, las cuales compiten entre si. Puede ocurrir de una forma no
radiativa (sin emitir radiacion electromagnética) o radiativa (emitiendo un fotén); a estas
ultimas se les conoce con el nombre de luminiscentes. Los procesos de emision
fluorescente son procesos de relajacion radiativos en los que el electron “cae” desde el
modo vibracional de menor energia del estado excitado a uno de los modos vibracionales
del estado fundamental mediante la emision de un foton de luz. El retorno del modo
vibracional excitado puede dar lugar a distintos modos vibracionales del estado
fundamental. Como consecuencia, aunque todas las moléculas se exciten a la misma

longitud de onda, los fotones emitidos pueden tener distintas longitudes de onda de
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emision, originando el espectro de emision fluorescente. La emision de fluorescencia a una
unica longitud de onda, excitando a diferentes valores de longitud de onda permite obtener
el espectro de excitacion. En muchos casos el espectro de emision es la imagen especular
del de absorcion, pero desplazado hacia el rojo, ademas, si una molécula posee un unico
fluoroforo el espectro de excitacion deberia coincidir con el espectro de absorcion. Para
que una molécula pueda emitir fluorescencia es necesario que sea capaz de absorber luz y,
por tanto, poseer cromoforos, es decir, enlaces o conjuntos de enlaces responsables de

dicha absorcion de la luz.

Los fluor6foros se pueden dividir en intrinsecos y extrinsecos segin formen parte
natural de la muestra o se afiadan artificialmente para conferirle las propiedades
fluorescentes deseadas. Los fluor6foros presentes en las proteinas son los aminoécidos
aromaticos (triptéfano, tirosina y fenilalanina). En el caso de las membranas lipidicas, éstas
no presentan fluorescencia natural, por lo que para el estudio de las propiedades de la
bicapa es necesario utilizar sondas fluorescentes que se inserten en ella. A continuacion se

mostraran una serie de técnicas fluorescentes utilizadas en esta Tesis Doctoral.

5.1. Célculo del coeficiente de particion de péptidos en membrana mediante

espectroscopia de fluorescencia

La informacion que podemos obtener de la emision de fluorescencia de una molécula
es muy variada. Segun la Ley de Stokes, el foton emitido por fluorescencia tiene siempre
menor energia que el foton absorbido, dando lugar a que la frecuencia de la luz emitida por
los fluor6foros sea siempre menor que la de la radiacion incidente, es decir, que esté
desplazada hacia el rojo con respecto a ella. En el caso de los fluoréforos polares este
desplazamiento de Stokes va a ser mucho mayor en presencia de un disolvente polar,
debido a interacciones entre el fluoréforo excitado y su entorno. Este es el caso, por
ejemplo del triptofano. Esta propiedad de los fluoréforos polares nos va a dar informacion
sobre el microambiente en el que se encuentren situados, ya que, por ejemplo, en el caso
del triptéfano, el desplazamiento hacia el rojo de la radiacion emitida sera mucho mayor en
un disolvente polar que en uno apolar, por lo que se podra utilizar la longitud de onda de la

luz emitida como parametro para la monitorizacion de la desnaturalizacion de una proteina
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(en el caso de que el Trp se encuentre aislado del medio en el interior de la proteina). Por
otra parte, también se puede monitorizar el cambio del méximo de la longitud de onda
hacia el azul de la radiacién emitida, conjuntamente con el aumento de la intensidad de la
fluorescencia de los triptofanos, cuando el triptéfano de la proteina pasa de un medio

acuoso a un medio mas apolar, como puede ser una membrana lipidica.

El coeficiente de particion (K;) de un péptido en una membrana se puede definir
como la relacion entre la cantidad de péptido que hay unido a la membrana con respecto a
la cantidad de péptido que hay libre en el tampon. Se pueden utilizar diversas metodologias
de espectroscopia para el calculo del K, de una molécula fluorescente entre la fase lipidica
y la acuosa (Santos et al., 2003). Para obtener los valores de K, mostrados en esta Tesis se
ha utilizado la intensidad de fluorescencia del o los triptéfano(s) del péptido en un medio
polar (tampo6n acuoso) y en presencia de distintas concentraciones de vesiculas. También
se ha utilizado la tirosina como fluordéforo, aunque en este caso no es posible detectar un
desplazamiento en el maximo de onda (Lakowicz, 1999), si que se puede obervar el
aumento de intensidad de fluorescencia en presencia de un medio apolar como la

membrana.

5.2. Ensayos de atenuacion de fluorescencia

La atenuacion (quenching) de la fluorescencia es otro parametro de utilidad a la hora
de caracterizar un sistema estudiado. Segin el mecanismo de accion del atenuador
(quencher) se distinguen dos tipos de atenuacion. La atenuacion colisional o dinamica, es
aquella en la que el atenuador devuelve al fluoréforo a su estado fundamental mediante un
proceso de difusion. Si el fluordforo se encuentra en el estado excitado, pasa al estado
fundamental sin emitir radiacion, al disiparse la energia en forma de energia cinética de la
molécula de atenuador. La eficacia de este proceso depende de la probabilidad estadistica
de que se produzca un encuentro entre un par fluoréforo-atenuador. Durante el proceso
ninguna de las dos moléculas sufre cambios en su estructura. El otro tipo de atenuacion se
denomina estatica, donde el atenuador puede asociarse al fluoréforo, incluso aunque éste se
encuentre en el estado fundamental, formando un complejo permanente en equilibrio

quimico con las especies separadas, de tal manera que el fluor6foro se puede encontrar
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libre o asociado. Si se excita un fluor6foro en su estado libre, la emision de fluorescencia
tendra lugar segiin su rendimiento cuantico. Pero, si la que se excita es una molécula de
fluoréforo asociada a su atenuador, dicha molécula pasard al estado fundamental sin emitir
radiacion. Tanto en el caso de la atenuacion colisional o dinamica como en el de la estatica,
la pérdida de intensidad de emision fluorescente dependerd de la concentracion de

atenuador que haya en el medio.

Existen multitud de atenuadores que van a mostrar diferentes preferencias por
entornos distintos. Esta caracteristica de los atenuadores puede ser utilizada para
determinar la accesibilidad al solvente de un fluoréforo, asi como su localizacion dentro de
una proteina, bicapa, etc. En la Tesis presentada, para estudiar la localizacion del o los
triptofanos del péptido en la membrana, se realizaron experimentos de atenuacion de la
fluorescencia del Trp mediante atenuadores lipofilicos asociadas a membrana, sondas SNS
y 16NS. Estas moléculas de acido estearico estan derivatizadas con grupos doxiles
(atenuadores) en la cadena hidrocarbonada, especificamente en los carbonos 5 (SNS) y 16
(16NS). Estas moléculas se utilizan para determinar la profundidad del fluordéforo, por
ejemplo, el triptofano de un péptido tras insertarse en la membrana. El SNS es un
atenuador mas eficaz para moléculas que se sittian en la interfaz de la membrana o cerca de
ella, mientras que el 16NS atenta mejor las moléculas que se sitian en la profundidad de la

membrana (Fernandes and de la Torre, 2002).

Para estudiar la exposicion de los triptofanos del péptido al disolvente cuando éste
estd interaccionando con la membrana, se realizaron experimentos de atenuacion con
acrilamida. La acrilamida es una molécula soluble que tiene la capacidad de atenuar la
fluorescencia de residuos fluorescentes de péptidos o proteinas. Se utiliza normalmente en
estudios de proteinas, para determinar cuanto de expuesto(s) esta(n) el o los residuos
fluorescentes de una proteina en distintas condiciones (Eftink and Ghiron, 1976). En

nuestro caso la finalidad de la acrilamida es la misma, pero en sistemas membrana-péptido.
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5.3. Ensayos de transferencia de energia (FRET)

Ademas de los fenomenos de desexcitacion de un fluordéforo en su estado excitado,
existe otro muy comun. Ocurre como consecuencia de la transferencia de energia de
excitacion desde el fluoréforo a una molécula vecina, provocando en ella otra excitacion.
Es decir, se produce una transferencia de la excitacion desde el fluoréforo (donador, D) a
otra molécula que actia como aceptor (A). Esta transicion se produce, en primera
instancia, como consecuencia de una interaccion dipolo-dipolo entre el donador y aceptor,
disminuyendo el tiempo de vida natural del estado excitado y compitiendo con otras
formas de desexcitacion. Esta transferencia de energia se produce sin que medie emision
de un foton por el donador. Influyen diversos factores para la eficacia del proceso: (1) es
necesario que el espectro de la emision del donador tenga un elevado grado de
solapamiento con el espectro de absorcion del aceptor. Cuanto mayor sea este
solapamiento, mayor sera la probabilidad de transferencia de la excitacion; (2) dependera
de las intensidades de los espectros de emision del donador y de absorcion del aceptor, que
estardn a su vez relacionados con el rendimiento cuantico de fluorescencia del donador y
con el coeficiente de extincion molar del aceptor en la zona del solapamiento de los
espectros; (3) la distancia entre el aceptor y el donador también es decisiva, lo que hace
que esta técnica sea extremadamente sensible a cambios en la distancia entre el donador y
el aceptor. La probabilidad de transferencia decrece con la sexta potencia de la distancia
entre ambos; (4) la orientacion relativa de los dipolos transitorios de las moléculas de
aceptor y donador es, también, fundamental en el proceso de transferencia. En principio,
salvo que ambos dipolos sean perpendiculares, la probabilidad de la transferencia siempre

es distinta de cero.

5.3.1. Ensayos de mezcla de lipidos (hemifusion y fusion)

La mezcla de lipidos es un proceso generalmente mediado por un agente externo por
el que los lipidos de diferentes vesiculas se mezclan debido a la ruptura de la capa de
hidratacion de los liposomas. Para estudiar el fendmeno se utilizé la metodologia de Struck
et al. (Struck et al., 1981), que estd basada en la transferencia de energia entre un par

donador-aceptor. Se utilizaron dos derivados fluorescentes de la fosfatidiletanolamina
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(PE): la N-[7-nitrobenzeno-2-oxa-1,3-diazol-4-1] fosfatidiletanolamina (NBD-PE) y la N-
(lisamina-rodamina B-sulfonil) fosfatidiletanolamina (RhB-PE), donador y aceptor,
respectivamente. Las dos sondas fluorescentes estan unidas al grupo amino libre del grupo
polar de la PE, de tal forma que se puede incorporar con facilidad a los liposomas. Este par
donador-aceptor se incorporan en la membrana de una misma poblacion de liposomas, los
cuales se mezclan con liposomas libres de ambas sondas, en una relacion 1:4. Si hay
hemifusion o fusion se producird una dilucioén del par donador-aceptor, lo cual producira
un alejamiento entre ambas sondas, que a su vez producird una disminucién en la
trasnferencia de energia entre ambas sondas. En el ensayo de hemifusion no se puede
discriminar la mezcla de lipidos de la hemicapa externa (hemifusién) de la mezcla de
lipidos de la hemicapa interna (fusion). Sin embargo, en el ensayo de fusion se afiade
exogenamente ditionito sodico para reducir el NBD-PE y eliminar la fluorescencia de la
sonda de la hemicapa externa solamente. Por lo tanto, si se observara transferencia de
energia se deberia a la mezcla de lipidos de la hemicapa interna de liposomas diferentes,

por lo que podriamos decir que estd ocurriendo un proceso de fusion.

5.4. Anisotropia con sondas extrinsecas

Otra caracteristica de los fluor6foros es que pueden ser excitados
fotoselectivamente, dado que las moléculas fluorescentes absorben preferentemente los
fotones cuyo vector eléctrico es paralelo al momento de transicion de su dipolo. Si se
excita una poblacion de fluordforos con luz polarizada, se excitard selectivamente a
aquellos fluor6foros que estén orientados con su momento de transicion paralelo al vector
eléctrico de la excitacion. Del mismo modo, la emision tendra lugar en forma de luz
polarizada a lo largo de un eje fijo en el fluor6foro. La velocidad con la que un fluoréforo
es capaz de rotar durante su tiempo de vida en el estado excitado determinard su
polarizacion o anisotropia. Esta caracteristica de los fluor6éforos se ha utilizado
ampliamente para determinar el volumen de las proteinas (puesto que estd relacionado
directamente con el tiempo de correlacion rotacional), y la viscosidad o fluidez del interior

de las bicapas lipidicas.
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Para estudiar los cambios en el orden de la membrana a distintas profundidades, se
realizaron experimentos de polarizacion de fluorescencia en estado estacionario con las
siguientes sondas: 1,6-difenil-1,3,5-hexatrieno (DPH), y dos derivadas de ella: 1-(4-
trimetilamoniofenil)-6-fenil-1,3,5-hexatrieno (TMA-DPH) y acido propiénico 1,6-difenil-
1,3,5-hexatrieno (PA-DPH). El DPH presenta ciertas propiedades que permiten su
localizacion en la profundidad de la membrana lipidica: (1) se trata de una molécula
altamente hidrofobica, por lo que se espera que se sitie en la profundidad de la membrana;
(2) es una molécula con una longitud aproximada de 14 A; (3) su estructura en forma de
varilla permite que el DPH se empaquete bien entre las cadenas acilicas de los fosfolipidos
(Florine-Casteel and Feigenson, 1988). El uso de derivados del DPH también ayuda a
localizar la molécula de DPH a distintas profundidades dentro de la membrana. En esta
Tesis se han utilizado dos derivados del DPH: TMA-DPH y PA-DPH. Las profundidades a
las que quedan los grupos unidos a la molécula de DPH desde el centro de la membrana
son las siguientes: TMA-DPH-> 19 A, PA-DPH 15-16 A y DPH =8-11 A (Garbino et
al., 2000).

5.5. Estudios del potencial electrostatico en la superficie de la membrana

Existen tres tipos principales de potenciales electrostaticos asociados a las
membranas: el potencial electrostatico de superficie (‘¥s), el potencial dipolar (®g) y el

potencial transmembrana (AY) (Figura 4).

En la presente tesis utilizamos estudios del potencial dipolar de membrana. El
potencial dipolar de membrana (®4) tiene su origen en la polarizaciones moleculares,
asociadas con el grupo carbonilo (C°'=0™) y los componentes del fosfato unidos al
oxigeno (OS'N'-PM) de los fosfolipidos en la membrana. Estas polarizaciones ocurren entre
la superficie de membrana y la interfase hidrofébica de la membrana. Ademas, moléculas
individuales de agua adoptan una estructura organizada a lo largo de la superficie de la
membrana, contribuyendo de esta manera como dipolos moleculares permanentes
(Brockman, 1994). Se piensa que los grupos dipolares se organizan de tal forma que el
interior de la membrana es positivo con respecto a la fase acuosa externa, teniendo una

magnitud de varios cientos de milivoltios. Dependiendo de la estructura del lipido, esta
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5. Fluorescencia

magnitud puede variar de 100 a mas de 400 mV, positivo en el interior de la membrana
(Schamberger and Clarke, 2002) (Figura 4). El potencial del dipolo ocupa las regiones

cercanas a la superficie de la membrana.

Ej
5
-

Figure 4. Potenciales electrostaticos de la membrana. Perfil energético de la interaccion
de una carga positiva de prueba con los campos electrostaticos que podria encontrarse en
una bicapa lipidica. La densidad de carga superficial, o, debida a la presencia de proteinas o
lipidos con carga, produce un potencial electrostatico en la superficie de la membrana (\P;).
La capa de dipolo de la membrana da lugar a un gran potencial dipolar interno (®g), que
alcanza un valor de aproximadamente 250 mV en bicapas de PC. El potencial dipolar es el
responsable de que el nticleo hidrocarbonado de la bicapa sea positivo respecto a la fase
acuosa. Cuando se producen separaciones de carga entre ambos lados de la bicapa se forma
un potencial electrostatico transmembranal (AW). Por claridad, las cargas y dipolos sélo se
muestran en un lado de la bicapa. (Clarke and Kane, 1997, Gross et al., 1994).

En 1979, Leow et al. introdujeron la sonda fluorescente potenciométrica 1-(3-
sulfonatopropyl)-4-[b[2-(di-n-octylamino)-6-naphthyl]vinyl] pyridinium betaina, conocida
como Di-8-ANEPPS (Loew et al., 1979). Las propiedades fluorescentes de la molécula di-
8-ANEPPS dependen en gran parte de su ambiente, siendo no fluorescente cuando se
encuentra en solucion acuosa (Fluhler et al., 1985). Esta sonda se utiliza para medidas del
potencial del dipolo de la membrana usando un método fluorescente que relaciona dos
longitudes de onda (dual-wavelength ratiometric fluorescence method) (Clarke and Kane,
1997, Gross et al., 1994, Montana et al., 1989, Cladera et al., 1999, Cladera and O'Shea,
1998). Di-8-ANEPPS permite medir la variacion en la magnitud del potencial dipolo y
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II. Metodologia general

monitorizar la interacciones moléculas-membrana (Cladera and O'Shea, 1998). También
puede usarse como indicador de la insercion de macromoléculas dentro de la membrana;
ya que la macromolécula podria aumentar o disminuir el potencial del dipolo de la

membrana, dependiendo de su carga y orientacion en su insercion.

5.6. Fluorescencia resuelta en el tiempo

Todas las técnicas fluorescentes descritas anteriormente se basan en la
fluorescencia en estado estacionario, pero el uso de la fluorescencia resuelta en el tiempo
puede ser muy util en la identificacion de acontecimientos inter o intramoleculares que se

desarrollan durante el tiempo de vida del fluor6éforo en su estado excitado.

Una vez que una muestra con un fluoréforo, por ejemplo un triptéfano, se excita
por un pulso de luz infinitamente fino en el dominio temporal, la intensidad de
fluorescencia de la muestra, I(t), en las situaciones mas simples, estd descrita por

decaimientos monoexponenciales definidos por la siguiente ecuacion, I(t) =1, exp(-t/1)

donde Iy es la intensidad de fluorescencia inicial y t el tiempo de vida de fluorescencia,
definido como el tiempo necesario para que la intensidad de fluorescencia decrezca 1/e de
su valor inicial (Lakowicz, 1999). Sin embargo, la mayoria de las moléculas tienen un
decaimiento de la fluorescencia mucho més complejo, y no pueden ser descritas solamente
por una exponencial. En este caso el decaimiento estd definido por la suma de dos o mas

exponenciales, I(t) = IOZaiexp(—t/ 7.) donde 7; es el tiempo de decaimiento y a; representa

la amplitud de los componentes a un tiempo cero. En la mayoria de los analisis del
decaimiento de la intensidad de la fluorescencia, la intensidad total no se mide, y la X a; se
normaliza a la unidad. La aplicacién mas obvia de esta ecuacion es a una mezcla de
fluor6foros, cada uno de los cuales tiene un tiempo de decaimiento. En una proteina el
tiempo de decaimiento se asigna a cada residuo de Trp, aunque en general esto no es
posible. El modelo del analisis de las multiexponenciales del decaimiento de la
fluorescencia es quizas el modelo mas poderoso debido a que casi cualquier decaimiento,

independientemente de su complejidad puede ser ajustado con la ecuacion antes descrita.
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Cuando se usa la ley de los decaimientos multiexponenciales normalmente se

determina también el tiempo de vida promedio de la fluorescencia, <t>, que esta definido

por, <r>=(2aiz'i2/ Zai) o como el rendimiento cudntico de la vida media de

fluorescencia, T (Lakowicz,1999),7 = z ar;.

6. Estudios con monocapas: insercion en monocapas e isotermas de

compresion

Ademas de los estudios con bicapas en forma de liposomas, como se describe en el
apartado 1 de este capitulo, es muy util el uso de otro tipo de modelo de membranas, que
son las peliculas de monocapas. Este tipo de monocapas que se colocan en disoluciones
acuosas se denominan monocapas de Langmuir (Langmuir, 1917). En interfases aire-agua
las moléculas anfifilicas se orientan de forma que las partes hidrofébicas queden expuestas
hacia el aire y las regiones hidrofilicas hacia la fase acuosa. Las monocapas son un
excelente modelo para el estudio del ordenamiento en dos dimensiones, con dos variables
termodinamicas controladas, temperatura y presion (Kaganer et al., 1999, Brockman,
1999). El interés del uso de monocapas de fosfolipidos como membranas modelo consiste
también en su homogeneidad, su estabilidad y su geometria plana, donde las moléculas de
lipido tienen una orientacion especifica (Maget-Dana, 1999). Las monocapas son también
un adecuado modelo de estudio en condiciones cercanas a las bioldgicas, lo que ocurre
cuando un péptido hidrosoluble, presente en el medio extracelular, llega a la superficie de

la membrana de la célula diana.

6.1. Insercion en monocapas

El término “insercion en monocapas” se usa para describir la interaccién de una
monocapa insoluble extendida en la interfase agua/aire con un compuesto soluble activo
presente en la fase acuosa. La interaccion se puede medir de dos formas. La presion de la
pelicula puede mantenerse constante y se observa el incremento del area de la pelicula. El

segundo método y el mas utilizado, consiste en mantener el area de la pelicula constante y
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medir el cambio de la presion de la superficie al afiadir el compuesto que se inserta en la
subfase. El dispositivo experimental consiste en un pequefio pocillo a través del cual se
inyecta el péptido en disolucion (Figura 5). Las monocapas de lipido se forman a la presion
requerida extendiendo la disolucion de lipido. Los pardmetros que se deben tener en cuenta
son: (1) la presion inicial de la pelicula de lipido, 7o, que refleja el empaquetamiento de los
lipidos en la monocapa; (2) la concentracion de péptido, C, en la subfase; (3) el cambio
maximo de presion de lipido tras la interaccion del péptido disuelto en la subfase, Am; (4)

la presion del lipido a la cual el péptido no se inserta mas en la monocapa, 7.

Figura 5. Representacion esquematica de un experimento de insercion:
inyeccion de una disolucion de péptido bajo la monocapa de lipido (izquierda)
y insercion de las moléculas de péptido en la monocapa de lipido (derecha).

6.2. Isotermas de compresion

Las medidas de isotermas de presion de superficie-area (m-A) nos proporcionan
informacion de las interacciones intermoleculares que no son accesibles directamente de
las bicapas. Ademas, las isotermas m-A y compresiblidad nos dan indicadores precisos de
los cambios en la estructura de la monocapa. Lipidos de diferentes tipos de cadenas
acilicas y diferentes cabezas polares ocupan diferentes areas. Estas areas pueden ser
determinadas por las isotermas m-A donde la presion de colapso particular representa un
punto en el cual las moléculas estan empaquetadas en su maxima densidad. El drea minima
de la superficie de un fosfolipido disaturado, DMPC por ejemplo, esta en torno a 45 A%y
para un lipido insaturado, tal como el POPC, esta proximo a 60 A% Las discontinuidades
en la isotermas presion/area indican transiciones de fase (Brezesinski and Mohwald, 2003)
(Figura 6). La monocapa més diluida, con un 4rea de cientos de A*/molécula, se describe

como un gas bidimensional (G). Al incrementar la presion, i.e. bajando el area/molécula, la
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monocapa entra en una fase liquido expandida (LE). Una mayor compresion de la
monocapa resulta en la transicion de LE a pase liquido condensada (LC) con un plato
indicando una transicion de primer orden. Finalmente, otra curva puede observarse si

seguimos comprimiendo y que se refiere a la transicion de LC a fase solida (S).

Surface prossurc

W.j“gi“,f‘z,lfii "

Arca'molceule

Figura 6. Monocapa de Langmuir depositada en la interfase
aire-agua. Esquema ilustrativo de una isoterma presion-area con
las respectivas fases explicadas en el texto indicadas.

7. Resonancia magnética nuclear de *'P

La espectroscopia de resonancia magnética nuclear (RMN) es una de las
metodologias mas versatiles disponibles hoy en dia para el estudio de la estructura y
dindmica molecular. Esta metodologia es una espectroscopia de absorcion en el intervalo
de radiofrecuencias (10°-10'" Hz), la cual permite estudiar las transiciones entre los
distintos estados de espin de ciertos nucleos situados en campos magnéticos. Los primeros
estudios sobre las biomembranas y los sistemas lipidicos utilizaban como niicleo el 'H,
mientras que posteriormente se han estudiado otros nucleos, como 2H, 13 C, 3 'P, etc. La
utilizacion del nucleo *'P a la metodologia de RMN supuso un gran avance en el estudio de
las diferentes fases que pueden adoptar los lipidos en disolucién y por supuesto en su

ambiente natural. Esta técnica permite la discriminacion cuantitativa entre las fases
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lipidicas mas importantes encontradas hasta ahora, pudiendo ser aplicada tanto a sistemas

modelos como a membranas biologicas.

El uso de *'P RMN se basa en la gran anisotropia del desplazamiento quimico que
exhibe el fosforo de los fosfolipidos debido a la fase caracteristica de los mismos. La
anisotropia resultante origina entonces un espectro ancho caracteristico, cuya forma y
anchura dependen del movimiento del fosfolipido, el cual a su vez esta relacionado con la
fase lipidica. Pero, en el caso estudiado en la presente tesis, lo que se pretendia utilizar eran
mezclas de diferentes lipidos con el fin de observar la especificidad de interaccion del
péptido de estudio con diferentes cabezas polares de fosfolipido, en ese caso los espectros
de RMN consisten en distribuciones de intensidad solapadas del mismo tipo y de similares
valores efectivos de anisotropia de desplazamiento quimico, donde los componentes de
lipidos individuales no pueden ser resueltos (Macdonald et al., 1991, Marassi and

Macdonald, 1991, Killian et al., 1986, Mayer et al., 1986, Pinheiro and Watts, 1994a).

Los constituyentes individuales de la membrana de fosfolipidos pueden ser
observados de forma simultinea por >'P MAS-RMN en alta resolucion donde la rotacion
de la muestra se usa para promediar en parte o completamente la anisotropia de
desplazamiento quimico efectivo de los grupos fosfato de los lipidos. Con este método se
pueden identificar interacciones especificas entre proteinas o péptidos y los componentes
individuales de bicapas lipidicas mixtas, donde por *'P MAS-RMN los fosfolipidos de la
membrana pueden ser resueltos de acuerdo a sus desplazamientos quimicos isotropicos de

3lp (Pinheiro and Watts, 1994a, Pinheiro and Watts, 1994b).
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1. Objetivos y presentacion de trabajos

El objetivo general de esta Tesis Doctoral consistio en la busqueda de las regiones
membranotropicas de la glicoproteina S del SARS-CoV y como objetivos particulares la
caracterizacion biofisica de dichas regiones. Para ello se estudi6 la interaccion y union de
los péptidos seleccionados con membranas modelo mediante espectroscopia de
fluorescencia, su efecto en la desestabilizacion de la membrana y en la organizacién de la
misma mediante sondas fluorescentes y espectroscopia de infarrojo, su capacidad para
promover la fusion y la agregacion y los cambios estructurales inducidos en los diferentes
fragmentos estudiados como consecuencia de la interaccion con la membrana. Los ensayos
se realizaron con diversas composiciones lipidicas para evaluar el papel que juegan
diferentes lipidos en el proceso de fusidn y la dependencia por determinados lipidos que
pudieran tener los péptidos caracterizados.

La consecucion de los objetivos anteriormente descritos se llevo a cabo en las
siguientes publicaciones cientificas seleccionadas para formar parte de la presente Tesis
Doctoral:

P-I1. Guillén J., Pérez-Berna A. J., Moreno M.R. and Villalain J. Identification of the
membrane-active regions of the severe acute respiratory coronavirus spike
membrane glycoprotein using a 16/18-mer peptide scan: implications for the fusion
mechanism. 2005. Journal of Virology.79(3), 1743-1752. Impact factor: 5.341.

P-1l. Guillén J.,, Moreno M.R., Pérez-Bernd A. J., Bernabeu A. and Villalain J.
Interaction of a peptide from the pre-transmembrane domain of SARS-CoV spike
protein with phospholipids membranes. 2007. J Phys Chem B. 111, 13714-13725.
Impact factor: 4.115.

P-11l. Guillén J., de Almeida R.F.M., Prieto M. and Villalain J. Structural and dynamic
characterization of the interaction of the putative fusion peptide of the S2 SARS-
CoV virus protein with lipid membranes. 2008. J Phys Chem B. Accepted
manuscript. Impact factor: 4.115.

El anexo 1 también se encuentra dentro de los objetivos de la tesis, aunque se afiade en el
anexo 1, ya que articulo se encuentra todavia en proceso de revision.

An-l. Guillén J., Pérez-Berna A. J., Moreno M.R. and Villalain J. The internal membrane-

active peptide from SARS-CoV S2 glycoprotein. Biophysical characterization and
membrane interaction. Submitted to Virology. Impact factor: 3.525.
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1. Identificacion de regiones membrano-activas

1. Identificacion de las regiones membrano-activas de la glicoproteina S del SARS-
CoV.

El primer capitulo de la presente tesis consistio en la busqueda de regiones
membranotropicas 0 membrano-activas en la glicoproteina S del SARS-CoV. Para ello
realizamos un andlisis tedrico de las secuencias, con representaciones mono y
bidimensionales de los indices de hidrofobicidad, interfacialidad y momento hidrofobico,
asi como estudios experimentales sobre membranas modelo de la secuencia completa de la
glicoproteina S mediante el uso de librerias de péptidos. Esta libreria de péptidos estaba
compuesta por 169 péptidos de 16/18 aminoéacidos de longitud (Publicacién-I, Figura 1B)
y la metodologia empleada ha sido la liberacion de un fluoréforo encapsulado, 5-

carboxifluoresceina (CF).

En el dominio S1 los efectos mayores se observaron para los péptidos 34 y 85, que
en la mezcla de EPC/SM/Chol (70:15:15) produjeron un porcentaje de liberacion de
contenidos de 33% y 22%, respectivamente, a la relacion péptido/lipido més alta utilizada.
Précticamente se observo lo mismo en liposomas compuestos de EPC/CHOL (5:1) (P-I,
Figuras 2A y 2B) observandose el mayor efecto para los péptidos 34 y 85. Ningln otro
péptido del dominio S1 ejercié un efecto en la liberacion de contenidos intraliposomal
significativo. En el caso de membranas modelo con lipidos obtenidos de un extracto
lipidico de neumocitos de tejido pulmonar (P-1, Figura 2C), se pudo observar que el
porcentaje de liberacion de contenidos se redujo respecto a los anteriores. Sin embargo se
observaron patrones similares a los descritos anteriormente, ya que los peptidos 34 y 85
mostraron unos valores de liberacion de contenidos relativamente altos comparados con los
observados en los otros péptidos pertenecientes al dominio S1. Ademas se observd que
para esta composicion de liposomas, el péptido 50 también mostrd un valor de liberacion
de contenidos similar. De igual forma que ocurre con las regiones internas de gpl120 de
VIH que interaccionan con gp4l (York and Nunberg, 2004), las regiones de la subunidad
S1 donde se localizan estos péptidos podrian asociarse con el dominio S2 por interacciones
hidrofobicas especificas antes de que la subunidad S1 misma interaccionara con sus
receptores. Ademas, estas zonas hidrofobicas podrian ser importantes no sélo para la union
proteina-proteina si no también para la interaccion con la membrana, ya que S1

permaneceria covalentemente unida al dominio S2 durante el proceso de fusion. De hecho,
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en otros trabajos realizados en nuestro laboratorio (datos no publicados) hemos encontrado
que varios péptidos derivados de la region gp120 de VIH que supuestamente se asocian
con sus receptores tienen un efecto significativo en la liberacion de contenidos de la
membrana. Por ello, las regiones que contienen a los péptidos con mayores efectos en la
liberacion de contenidos, podrian ser candidatas a interaccionar con el receptor o
receptores celulares. De hecho los péptidos 34 y 50 estarian localizados dentro de la
secuencia comprendida entre los aminoécidos 318-510 que se ha visto que es una region

clave en la interaccion con el receptor celular ACE2 (Wong et al., 2004).

En el caso del dominio S2 se pudo observar claramente que mientras la gran mayoria
de péptidos no ejercieron ningin efecto en la liberacion de contenidos, el péptido 162
mostr6 un gran efecto alcanzando casi un 100% de liberacion en la mezcla
EPC/SM/CHOL (70:15:15). Otros péptidos que tuvieron un efecto significativo, aunque no
tan alto como el 162, fueron el péptido 163 y con algo menos de eficacia los péptidos 113,
123, 147 y 148 (P-1, Figura 3A). En liposomas con relaciones de EPC/SM/CHOL,
52:18:30 y 37:18:45 se observd también que el efecto mayor se dio con los péptidos 162 y
163, aunque los valores de liberacion de contenidos observados para estos liposomas se
redujeron comparados con los anteriores (P-I, figura 3B y 3C). Conforme la relacion
EPC/CHOL disminuy0, es decir el contenido de colesterol aumentd, los valores de
liberacion de contenidos disminuyeron. Con los liposomas compuestos de EPC/SM a una
relacion molar de 5:1 se observé otra vez que los péptidos 162 y 163 son los que
presentaron el efecto mas significativo de liberacion de contenidos (P-I, Figura 3D). Como
anteriormente hicimos con el dominio S1 de la glicoproteina S del SARS-CoV, estudiamos
la liberacion de contenidos intraliposomales producida por los péptidos derivados del
dominio S2 con lipidos procedentes de un extracto lipidico de neumocitos de tejido
pulmonar y a diferentes relaciones lipido/péptido (P-I, Figura 4B). Se pudo observar que el
porcentaje de liberacion de contenidos se redujo en comparacion con los sistemas modelo
estudiados anteriormente. Sin embargo, se observo que los péptidos 162 y 163 tuvieron un
efecto significativo en la liberacién de contenidos, y que en esta mezcla de fosfolipidos el
péptido 119 produjo una liberacién de contenidos significativa, lo cual no se observaba

anteriormente con las otras composiciones lipidicas estudiadas.
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El momento hidrofobico mide la periodicidad de la distribucion de los residuos a lo
largo de un elemento de estructura secundaria (Eisenberg et al., 1984, Eisenberg et al.,
1982). La orientacion preferente de los momentos hidrofobicos hacia una cara de este
elemento (P-1, Figura 5A) se propone a favor de las interacciones hidrofobicas entre
proteinas y/o entre proteinas y membranas. Para detectar superficies a lo largo del dominio
S2 de la glicoproteina S que podrian identificarse como zonas de interaccion con
membranas, hemos representado los momentos hidrofébicos, hidrofobicidad e
interfacialidad frente a la secuencia de aminoacidos del dominio S2, suponiendo que
adopta una estructura en a-hélice a lo largo de la secuencia entera (P-1, Figura 5A). Es
evidente la existencia de tres regiones diferentes con altos valores positivos que cubren la
superficie de la hélice y a lo largo de ella: una de estas regiones esta localizada
inmediatamente antes de la regién HR1 (region 1, R1), otra localizada entre las heptadas
repetidas HR1 y HR2, (regién 2, R2) y la otra al final de la secuencia del dominio S2
(region 3, R3). Esta dltima region solapa parcialmente con el dominio transmembrana
propuesto en la glicoproteina spike. Ademas también se pueden observar otras dos regiones
con altos valores de hidrofobicidad y momento hidrofébico, que no estan resaltadas en la
figura, una zona anterior a la region 1 y que estaria justo en el limite que separaria el
dominio S1y el dominio S2 (region pre-1) y otra zona situada entre la region 1y la region
2 Y que estaria al comienzo de la primera region de heptadas repetidas (HR1). Como se ha
comentado anteriormente, los péptidos 113, 119, 123, 147 y 162/163 son los péptidos que
ejercieron el efecto mas significativo en membranas modelo. Curiosamente los péptidos
113 (*®ARDLICAQKFNGLTVL®*?®) y 123 (*'VLYENQKQIANQFNKAI?®) estan
localizados cerca de la region 1, el péptido 119 (*°*GAALQIPFAMQMAYRF®®) esta
localizado en la region 1, el péptido 147 (**’"FVFNGTSWFITQRNFF'*?) se encuentra en
la regién 2, mientras que los péptidos 162 y 163 (M®LGKYEQYIKWPWYVWLGF?% /
UBKWPWYVWLGFIAGLIAIV 2% estan localizados en la regién 3. Todas estas
regiones representan superficies con altos valores de transferencia de energia libre de
bicapa a agua. El péptido 119 que hemos mostrado en este trabajo, y que tuvo un efecto
membranotrépico significativo, pertenece a la Region 1 sefialada en (P-I, Figura 5A) y
comprende los residuos 873-888 del dominio S2 de la glicoproteina S del SARS-CoV. Este
péptido solapa la secuencia teéricamente predicha como FP 858-886 (Bosch et al., 2004), y

es asi un candidato a ser un peptido de fusion de la glicoproteina S del SARS-CoV. Sin
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embargo, estudios recientes han mostrado que la region comprendida entre los residuos
770 y 788 tiene una actividad fusogénica mayor que la secuencia anterior, por lo que se ha
sugerido que seria otro péptido de fusion de la glicoproteina S2 (Sainz et al., 2005). En
nuestro estudio no encontramos ningun péptido, en la regién descrita por estos autores, que
tenga un efecto significativo de liberacion de contenidos a pesar de encontrarse en la
anteriormente descrita region pre-1, en la que los valores de hidrofobicidad y momento
hidrofobico son significativamente altos. Sin embargo, ningun péptido de nuestra libreria
solapa exactamente con el péptido descrito por Sainz et al., por lo que la ausencia de un
efecto significativo en la liberacién de contenidos podria estar indicando que los detalles
de la secuencia podrian determinar la actividad de fusion de membranas de los péptidos.
De hecho se ha observado en el caso del péptido de fusién de gp4l en VIH, que cambios
de aminoécidos puntuales o deleciones de partes de la secuencia del péptido de fusion
podrian eliminar su capacidad de promover liberacién de contenidos y fusion en liposomas
(Martin et al., 1996, Pereira et al., 1995).

Otra secuencia estructural y funcional fundamental para el mecanismo de fusion de
Clase 1 es la pretransmembrana. Se han descrito varias secuencias PTM caracterizadas por
ser una region inmediatamente adyacente al dominio transmembrana de las proteinas de
fusién de Clase 1y que poseen una alta proporcion de residuos hidrofébicos conservados e
inusualmente ricos en triptéfanos y tirosinas (Lorizate et al., 2008). Estas secuencias
muestran una alta tendencia a incorporarse en membranas y son altamente fusogénicas.
Los peptidos 162 y 163 del dominio S2 del SARS-CoV muestran un gran efecto en la
liberacion de contenidos de diferentes membranas modelo, y el analisis de las secuencias
revela que comparten caracteristicas con otros dominios PTM de diferentes virus (Figura
1), siendo notable el alto contenido en residuos aromaticos y un segmento interfacial
inmediatamente seguido de uno hidrofébico (P-1, Figura 6, parte superior). En el virus del
SIDA se ha observado que aparte del péptido de fusidn y el péptido pretransmembrana,
otras regiones de la proteina interaccionan y desestabilizan la membrana viral y la huésped,
asi se ha sugerido que el bucle de gp41 situado entre la HR1 y la HR2, podria jugar un
papel esencial en el proceso de fusion. En nuestro caso hemos encontrado un dominio
altamente hidrofdbico e interfacial localizado entre la HR1 y HR2 (regién 2), que podria

tener un papel parecido al del bucle de gp41, asi el péptido147 perteneceria a este dominio.
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Regiones pretransmembrana de proteinas de fusion de virus de clase I.

Coronawiridae

EARE-CaV - -------LEE-YEQ- -YTENEWIWL- -GF
IEV - -- -DLEKLEI -LET- -YIEMEWIVWLATAF
Bool - -----EDIGT -YEY- -YVENEPWIWLLIGF
HHY - -¥YINLEEVGT -¥YEM- -¥VENPWYVWL- - - -
FIEV - -----EWLHR - IET- -¥VENEWIVWLLI - -
TGEV - -LVHLEWLHR - IET- -YVEWNEWW-- -- -
HCoW-225E - -- -DLEWLHR -VET- -YIEWEW#WL- -- -
PECV - -- -DLEWLHR -VET- -YIEWEWWUWLL - - -

Retrovirids=

HIV-1 - --DEWAELWH -WFD- -ITHWLWYIK---- -
EIV - --HEWOVFEH -WFD- -LAENIEYTO-- -- -
MoMulr - --KLFEET G -WFEGLFHREPWETT - - - - -
HTLV- 1 - -MRVLTGRGLHWDLG - LEOMAREALDTG- -
HEMV -------IDHNPFWTE- -FHGFLEYVHELL- -
Ef-OMns - -- --WEALQEAFDWEZWFEWLEYIEW- - - -
MMTV - ----FANGVEATNP- -- LDNTYFIFI -- -
Rousyf - ----EDPLGE -WLRGIFEEIGEWAY-- -- -
Crthomyxoviridas=

Fluh - ----KEGYKD-WIL- -- --WIEFRIECE- -
Paranyxocwiridas

HPIVZ EEAEDWIADEN - FFAN -QARTAKTLYEL-- -
HPIVz: - --KEWIRRENQELDE - IGHWHQE -- -- -- -
Pilowiridae

Ebzla - ------CHDH -WWT - - - -GRROWIPAGIG-
Harburg - IEKDEQEEGTGWGELG - - GENWIEDWE- - - -

Figura 1. Secuencia de regiones pretransmembrana en proteinas de fusion de Clase 1. Los residuos
aromaticos se resaltan en negrita. Las secuencias de las proteinas y los nimeros de acceso de GenBank para
los virus es como sigue: SARS-CoV (cepa SARS), P59594; IBV (virus de la bronquitis infecciosa de las
aves, cepa Beaudette), P11223; BcoV (coronavirus bovino, cepa F15), P25190; MHV (coronavirus murino,
cepa A59), P11224; FIPV (virus de la peritonitis felina infecciosa, cepa 79-1146), P10033; TGEV (virus de
la gastroenteritis porcina transmisible, cepa Purdue), P07946; HcoV-229E (coronavirus humano, cepa 229E),
P15423; PEDV (virus de la diarrea porcina epidémica, cepa Brl1/87), Q84712; HIV-1 (virus de la
inmunodeficiencia humana tipo 1, aislado MN), P05877; SIV (virus de la inmunodeficiencia del chimpancé,
SIV(cpz)), Q88018; MoMulv (virus de la leucemia murina de Moloney ), P03385; HTLV-I (virus de la
leucemia de células T humanas tipo I, cepa ATK), P03381; MMTYV (virus del tumor mamario de raton, cepa
BR6), P10259; MPMV (virus Mason-Pfizer del simio), P07575; SMRV (retrovirus squirrel del mono),
P21412; SA-OMVYV (lentivirus ovino, cepa SA-OMVYV), P16899; RouSV (virus del sarcoma de Rous (cepa
Prague C), P03396; FIUA (virus de la Influenza A, cepa A/Aichi/2/68), P03437; HPIVV1,2 y 3 (virus de la
parainfluenza humana tipo 1, 2 y 3), P16071, P25467, P06828 respectivamente; Marburg (virus de Marburg,
cepa Musoke), P35253; Ebola (virus del Ebola, cepa Eckron-76), P87671.
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IV. Resultados y discusion

2. Caracterizacion biofisica de las regiones membrano-activas de la glicoproteina S
del SARS-CoV.

De acuerdo a los resultados experimentales y tedricos obtenidos en el primer

capitulo y a la bibliografia publicada sobre las posibles regiones del SARS-CoV

implicadas en el proceso de fusion de membranas, decidimos estudiar varias secuencias

procedentes del dominio S2 de la glicoproteina S del SARS-CoV, entre ellas las siguientes:
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e Un péptido perteneciente al dominio aromatico pretransmembrana de SARS-CoV.
La importancia de segmentos pretransmembrana en el mecanismo de entrada viral ha
sido demostrada en proteinas de fusion del virus de la inmunodeficiencia humana, el
virus del Ebola, virus de la inmunodeficiencia felina, virus del herpes y virus de la
estomatitis vesicular (Suarez et al., 2000b, Saez-Cirion et al., 2003, Giannecchini et
al., 2003, Galdiero et al., 2007, Robison and Whitt, 2000, Munoz-Barroso et al.,
1999, Salzwedel et al., 1999, Giannecchini et al., 2004, Lorizate et al., 2008, Suarez
et al., 2000a). La secuencia escogida SARSptM
(MBLGKYEQYIKWPWYVWLGF%) (P-I1, Figura 1A) coincide con el péptido 162

descrito en la primera publicacion (P-1, Figura 5).

e Un péptido perteneciente al péptido de fusidn situado en la zona amino terminal del
dominio S2, SARSg ("PMWKTPTLKYFGGFNFSQIL™®). Los péptidos de fusion
de las proteinas de fusion suelen ser segmentos cortos de residuos hidrofobicos, ricos
en Gly y esenciales para la fusion. El péptido de fusién interacta y se inserta en la
membrana participando en los reordenamientos de lipidos que llevan a la hemifusion
y la formacion y estabilizacion del poro de fusion. En el caso del SARS-CoV se ha
descrito una region justo en el amino terminal del dominio S2 que podria tratarse del
péptido de fusion (Sainz et al., 2005), esta zona coincide con una region con altos

indices de momento hidrofébico, hidrofobicidad e interfacialidad (P-I11, Figura 1B).

e Un péptido perteneciente al péptido de fusién interno de SARS-CoV, situado en la
region inmediatamante adyacente a la HR1. Aunque en principio se creia que las
glicoproteinas de fusion virales interactuaban con la membrana solamente mediante

el péptido de fusién N-terminal, muchos estudios indican la existencia de otros



2. Caracterizacion biofisica de las regiones membrano-activas

segmentos del ectodominio que contribuyen al mecanismo de fusién (Moreno et al.,
2004, Perez-Berna et al., 2006, Peisajovich et al., 2000b, Peisajovich et al., 2000a,
Pascual et al., 2005, Galdiero et al., 2005, Suarez et al., 2000a). Asi, estudios de
mutagénesis han demostrado también la importancia de una region localizada justo
antes de la HR1, pues su mutacion causa la inhibicion de la fusion celular mediada
por la glicoproteina S (Petit et al., 2005). La secuencia escogida SARSp
(*GAALQIPFAMQMAYRF®®) (Anexo-I, Figura 1) coincide con el péptido 119
descrito en la primera publicacion (P-1, Figura 5).

2.1. Interaccion del péptido pretransmembrana de la glicoproteina S del SARS-CoV
con membranas.

El péptido SARSpm mostré coeficientes de particién de 10%-10° para las diferentes
composiciones de fosfolipidos estudiadas (P-11, Figura 2A) y (P-Il, Tabla 1), no mostro
ninguna especificidad por ningun lipido en particular. Ademas los residuos de Trp no se
sitian accesibles a la fase acuosa segin se comprobé mediante los experimentos de
atenuacion de fluorescencia mediante acrilamida, obteniéndose valores de Ksy bajos en
todas las composiciones de fosfolipidos utilizadas (P-Il, figura 2B) y (P-Il, Tabla 1). Los
estudios de atenuacion mediante sondas lipofilicas 5-NS y 16-NS muestran que por lo
general el péptido SARSpt\ Se situaria en una posicion interfacial en la membrana (P-1I,
Figura 3) y (P-11, Tabla 1). El péptido SARSptm produjo una liberacion de contenidos
mayor en los liposomas con EPC, Chol, y/o ESM, en cambio tuvo un efecto menor aunque
significativo en las mezclas con fosfolipidos negativos (P-11, Figura 4A). El efecto de
fusién y agregacion fue mayor en las membranas con fosfolipidos negativos (P-11, Figuras
4B y 4C). Los estudios de FTIR mostraron una diferencia de estructuras dependiendo del
tipo de membrana utilizado. En todos los casos se observd un aumento de la estructura en
a-hélice y/o estructura desordenada, sin embargo el aumento fue mayor en el caso del
DMPG, seguido del DMPC y con un aumento mucho menor para el DMPA. En el caso del
DMPG y DMPC se puede observar un cambio de estructura, que tiene lugar al mismo
tiempo que la transicion de fase gel a liquido cristalina del fosfolipido. En el fosfolipido
neutro DMPC, se da un cambio de estructura hacia un estado mas agregado o de lamina 3,

sin embargo en el caso del fosfolipido negativo DMPG, se produce un cambio de
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estructura agregada o lamina 3 a una mezcla de estructuras desordenadas y a-hélice (P-II,

Figura 6).

2.2. Interaccion del péptido de fusion de la glicoproteina S del SARS-CoV con
membranas.

El péptido SARSE mostré coeficientes de particion de 10° solamente en el caso de
fosfolipidos cargados negativamente. Sin embargo no puede descartarse una interaccion
del péptido con membranas zwiteridnicas, pues se observa un descenso de la intensidad, de
la atenuacién con acrilamida y un aumento del tiempo de vida del decaimiento de la
fluorescencia del residuo de Trp del péptido en EPC (P-IlI, Figuras 2A y 3A) y (P-III,
Tabla 2), indicando asi que el péptido no interacciona de la misma forma con lipidos
cargados negativamente que con lipidos neutros. Los datos de los estudios de atenuacion
con sondas lipofilicas indican una posicion interfacial en la membrana para el péptido
SARSgp (P-111, Figura 3B). El tiempo de vida del DPH disminuye mas en presencia del
péptido SARSkp en el fosfolipido cargado negativamente DMPG que en el zwiteridnico
DMPC indicando una mayor perturbacion de la membrana en el primer caso (P-111, Tabla
3). El péptido produce una liberacion de contenidos y fusion mayor en el caso de
membranas con fosfolipidos negativos. Ademas la perturbacion del potencial de membrana
causada por el péptido SARSgp fue mayor en las mezclas con fosfolipidos negativos. La

estructura predominante del péptido fue hojas 3 con fuertes interacciones intermoleculares.

2.3. Interaccion del péptido interno de fusion de la glicoproteina S del SARS-CoV con
membranas.

El péptido SARS;s» mostrd coeficientes de particion de 10°-10° para membranas
con fosfolipidos negativos y algo menores (10*) para membranas zwiteriénicas (An-I,
Figura 2A). La anisotropia del residuo de Tyr del péptido en presencia de fosfolipidos
cargados negativamente fue mayor que en fosfolipidos zwiterionicos (An-1, Figura 2B). El
residuo de Tyr del péptido no se encuentra accesible a la fase acuosa en presencia de
membranas segin se muestra en los experimentos de atenuacion con acrilamida (An-I,
Figura 2C). El péptido SARSrp afectd de forma mas significativa las membranas con

fosofolipidos zwiteridnicos que las que contenian fosfolipidos cargados negativamente
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(An-1, Figura 2D), indicando una mayor perturbacion en la membrana en el primer caso. El
péptido causd un aumento de la anisotropia de las sondas PA-DPH y DPH solamente en
fosfolipidos negativos DMPG, DMPS y DMPA (An-l, Figura 3), ademas produjo una
disminucion en la frecuencia de la banda simétrica del CH, o CD; en los fosfolipidos
negativos DMPG y DMPA mientras que en el caso del fosfolipido zwiteriénico DMPC se
observé un aumento en la frecuencia de la banda simétrica del CH,. Mediante 3'P MAS
RMN se observd que en una mezcla de POPC/EPA el péptido aumento especificamente la
anchura a mitad de banda del EPA y no del POPC. La estructura del péptido en
fosfolipidos cargados negativamente DMPA y DMPG mostré un componente mayoritario
en forma de agregados. Sin embargo en el caso del DMPC, aunque a relaciones bajas
lipido/péptido predominé también el componente agregado, el péptido mostrd una
flexibilidad estructural mayor, pues cambi6 significativamente con la temperatura y a
relaciones lipido/péptido mayores, produciéndose una desagregacion del péptido y
apareciendo otros componentes como estructura desordenada y/o hélice a. Los datos de
dicroismo circular confirmaron esta flexibilidad estructural del péptido, pues se observo
que en presencia de diferentes lipido miméticos, aumentaba la proporcion de hélice a

respecto a las estructuras de lamina .

DISCUSION

La fusién de la membrana viral con la membrana huésped para dar lugar a la
entrada del virus en la célula huésped es un proceso energéticamente desfavorable. Asi
pues, es necesaria la participacion de una maquinaria especializada en el virus para facilitar
este proceso. Las proteinas de fusion son estas maquinas especializadas que a lo largo de la
evolucion han sido seleccionadas por su habilidad para ayudar al virus a sortear la barrera
que supone la membrana celular. En los Gltimos afios se ha observado que dentro de las
proteinas de fusion pueden existir varias regiones capaces de interaccionar con la
membrana, ayudando asi a superar las barreras energéticas impuestas por la membrana
celular. En el trabajo presentado en esta tesis se identificaron varias secuencias dentro del
dominio S2, que es el encargado de la fusion de membranas, responsables de este proceso
de fusion. Aunque todas ellas presentan caracteristicas comunes, de interaccion y union

con membranas, se han visto diferencias que podrian dar idea de sus diferentes papeles en
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el proceso de fusion. Segun lo datos obtenidos un posible mecanismo de accion de estas
regiones seria el siguiente:
A B C

Figura 1. Modelo hipotético de la fusion del SARS-CoV basado en los datos disponibles del SARS-CoV
y otros virus de clase |. El péptido de fusién (amarillo) se inserta en la célula huésped (A). A
continuacion tiene lugar la formacidn del intermediario prehorquilla, el nicleo se pliega en el ovillo de 6
hélices con la regién HR2 (verde) empaquetada en forma antiparalela en los surcos del trimero HR1
(naranja), con la consiguiente induccion de la hemifusion (B). El péptido interno de fusién (azul) y el
dominio pretransmembrana (rojo) podrian facilitar la formacion del poro de fusion facilitando la
desestabilizacion en faes tardias del proceso de fusién de membranas. Finalmente, el poro de fusion es

estabilizado por las regiones anteriores y la fusion se completa (C).

En primer lugar el primer péptido de fusion (SARSgp) interaccionaria primero con los
lipidos de la hemicapa externa, mayoritariamente zwiteriénicos, produciendo una
desestabilizacién de la membrana, posteriormente se produciria un contacto con los
fosfolipidos negativos de la hemicapa interna bien por movimientos de flip-flop de los
lipidos o por huecos formados en la membrana. Este contacto con los fosfolipidos
negativos facilitaria que el péptido promoviera una agregacion, acercando las hemicapas
externas de las membranas huésped y viral, y posteriormente induciendo el contacto de las
hemicapas internas con la consiguiente fusién. Mientras tanto el péptido interno de fusion
(SARSrp) podria asistir en este proceso, pues tras el primer contacto con la membrana del
primer péptido de fusion, ayudaria en la desestabilizacion de los fosfolipidos zwiteridnicos
de la membrana externa. Los cambios conformacionales que tendrian lugar en el péptido al
interaccionar con la membrana podrian ayudar a superar las barreras energéticas del
proceso de fusion. Tras la formacion del poro de fusion, este peptido interno podria
contactar con los lipidos negativos provocando una estabilizacion en la membrana y con

ello una estabilizacién y agrandamiento del poro de fusion que daria lugar a la entrada del
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virus a la célula huésped. La region pretransmembrana también jugaria un papel
importante en este proceso, pues a la vez que el péptido de fusion (SARSgp) contacta con la
membrana huésped, ésta lo haria a su vez con la membrana viral, produciendo su
desestabilizacién y posterior fusion con la membrana huésped, facilitado por la capacidad
de promover agregacion y fusion en presencia de fosfolipidos negativos del péptido
pretransmembrana (SARSptv). Los cambios conformacionales que tiene lugar en esta
region tras interaccionar con la membrana ayudarian de un modo similar a como lo hace el
péptido SARSp. En la figura 1 se muestra un modelo del hipotético proceso de fusion, y
se indican las regiones estudiadas en la presente tesis, asi como su posible papel en dicho
proceso.
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CONCLUSIONES

10.

11.

12.

Hemos identificado en el dominio S2 de la glicoproteina S del SARS-CoV varias
regiones capaces de perturbar la membrana. Estas regiones membranotrdpicas
podrian jugar un papel importante en la fusion de membranas.

En la glicoproteina S del SARS-CoV existe una region pretransmembrana al igual
que en otros virus, que estaria implicada en el proceso de fusion.

El péptido pretransmembrana se une con e inserta en membranas sin una clara
especificidad por un determinado tipo de lipidos.

El efecto de agregacion y fusion de membranas ejercido por el péptido
pretransmembrana es dependiente de fosfolipido cargados negativamente.

El péptido pretransmembrana sufre un cambio conformacional inducido por los
fosfolipidos en los que se encuentra incorporado.

En la glicoproteina S del SARS-CoV existe un péptido de fusién N-terminal
situado justamente en la separacion de los dominios S1y S2.

El péptido de fusion interactla, perturba y produce fusion de una forma
dependiente de fosfolipidos cargados negativamente.

Las estructuras predominantes en el péptido de fusion del SARS-CoV serian
laminas B y/o B-agregados.

En la glicoproteina S del SARS-CoV existe un péptido de fusion interno, adyacente
a la HR1 que podria asistir en el proceso de fusiéon junto con las otras regiones
anteriormente descritas.

El péptido de fusién interno se une preferentemente a fosfolipidos anionicos,
aunque también lo hace con menor grado en zwiterionicos.

El péptido de fusion interno forma estructuras de tipo agregado en presencia de
fosfolipidos cargados negativamente, incrementando el orden de las cadenas
acilicas y restringiendo la movilidad de las cabezas polares.

En presencia de fosfolipidos zwiterionicos, el péptido de fusion interno causa una
mayor perturbacion en la membrana y posee una mayor flexibilidad estructural,
pudiendo sufrir transiciones a-hélice/B-agregado dependiendo del ambiente
lipidico.
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CONCLUSIONS

1.

10.

11.

12.

We have identified in the S2 domain of the SARS-CoV S glycoprotein several
regions which are able to perturb the membrane. These membranotropic regions
should play an essential role in membrane fusion.

In the SARS-CoV S glycoprotein there is a pretransmembrane region similarly to
other viruses, which would be implicated in the fusion process.

The pretransmembrane peptide binds with and inserts into membranes without any
clear specificity for a particular type of lipid.

The aggregation and fusion effect of membranes exerted by the pretransmembrane
peptide is dependent on negatively charged phospholipids.

The pretransmembrane peptide undergoes a conformational change induced by the
surrounding phospholipids.

In the SARS-CoV S glycoprotein exists a N-terminal fusion peptide situated in the
boundary of the S1 and S2 domains.

The fusion peptide interacts, perturbs and causes fusion modulated by negatively
charged phospholipids.

The predominant structures in the SARS-CoV fusion peptide would be either 3
sheets and/or B-aggregates.

In the SARS-CoV S glycoprotein exists an internal fusion peptide, immediately
adjacent to the HR1 which would be able to assist in the fusion process together
with the other regions described above.

The internal fusion peptide binds preferentially to anionic phospholipids, and in a
lesser extent to zwitterionic lipids.

The internal fusion peptide forms aggregated structures in the presence of
negatively-charged phospholipids, increasing the acyl chain order but restricting
head group mobility.

In the presence of zwitterionic lipids, the internal fusion peptide causes a greater

perturbation in the membrane and exhibits a highly structural flexibility, changing
between a-helix/B-aggregate depending upon their lipidic environment.
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We have identified the membrane-active regions of the severe acute respiratory syndrome coronavirus (SARS
CoV) spike glycoprotein by determining the effect on model membrane integrity of a 16/18-mer SARS CoV spike
glycoprotein peptide library. By monitoring the effect of this peptide library on membrane leakage in model
membranes, we have identified three regions on the SARS CoV spike glycoprotein with membrane-interacting
capabilities: region 1, located immediately upstream of heptad repeat 1 (HR1) and suggested to be the fusion
peptide; region 2, located between HR1 and HR2, which would be analogous to the loop domain of human
immunodeficiency virus type 1; and region 3, which would correspond to the pretransmembrane region. The
identification of these membrane-active regions, which are capable of modifying the biophysical properties of
phospholipid membranes, supports their direct role in SARS CoV-mediated membrane fusion, as well as
facilitating the future development of SARS CoV entry inhibitors.

An infectious disease, designated severe acute respiratory
syndrome (SARS), broke out in China in late 2002 and quickly
spread to several countries. The infectious agent responsible
for this epidemic outbreak was identified as a previously un-
known member of the family of coronaviruses (CoV), SARS
CoV (10, 21, 30, 31). Its phylogenetic analysis showed that it
was neither a mutant nor a recombinant of previously charac-
terized CoV (35). These viruses are a diverse group of envel-
oped, positive-strand RNA viruses, with three or four proteins
embedded in the envelope, that cause respiratory and enteric
diseases in humans and other animals (10, 21, 30, 31). CoV
infection, similarly to other envelope viruses, is achieved
through fusion of the lipid bilayer of the viral envelope with the
host cell membrane.

The fusion of viral and cellular membranes, the critical early
events in viral infection, are mediated by envelope glycopro-
teins located on the outer surfaces of the viral membranes (11,
17). SARS CoV membrane fusion is mediated by the viral
spike glycoprotein located on the viral envelope, which is syn-
thesized as a 180-kDa precursor and displayed in ~200 copies
on the viral membrane in a trimeric or dimeric structure (10,
21, 30, 35, 47). In some CoV strains, the spike glycoprotein is
cleaved by a protease to yield two noncovalently associated
subunits, S1 and S2 (Fig. 1A), which have different functions
(16, 40). However, cleavage is not an absolute requirement for
the mechanism of fusion, and the available data suggest that
the SARS CoV spike glycoprotein is not cleaved into two
subunits (9, 18, 35). S1, which forms the globular portion of the
spike, contains the receptor-binding site and thus defines the
host range of the virus (42), while S2, more conserved than S1,

* Corresponding author. Mailing address: Instituto de Biologia Mo-
lecular y Celular, Universidad “Miguel Hernandez”, E-03202 Elche-
Alicante, Spain. Phone: 34 966 658 762. Fax: 34 966 658 758. E-mail:
jvillalain@umb.es.
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forms the membrane-anchored stalk region and mediates the
fusion between the viral and cellular membranes (35, 47).

S2 contains two predicted a-helical heptad repeat (HR)
domains (HR1 and HR2) which form coiled-coil structures (5,
6, 20, 22, 35, 43, 50). These regions, separated by a stretch of
140 amino acid residues called the interhelical domain, are
thought to play important roles in defining the oligomeric
structure of the spike protein in its native state and its fuso-
genic ability (23). The presence of the HR regions, in conjunc-
tion with recent studies, indicates that CoV spike proteins can
be classified as class 1 viral fusion proteins (5, 6, 20, 22, 43, 50).
In the current paradigm of virus-host cell membrane fusion for
class 1 viral fusion proteins, the HR domains form a six-helix
bundle, where three HR1 helices fold into a central parallel
triple-stranded a-helical coiled coil, and wrapped antiparallel
on the outside of this core is an outer layer of three antiparallel
HR2 «-helices, each HR1-HR2 pair connected by a loop that
reverses the polypeptide chain (5, 15, 17, 20, 22, 43, 50). The
HR1 and HR2 regions are believed to be important domains in
this process and show different conformations in different fu-
sion states (11, 49). Under the current model, there are at least
three conformational states of the envelope fusion protein, the
prefusion native state, the prehairpin intermediate state, and
the postfusion hairpin state (11, 49). This trimeric helical hair-
pin structure is thought to form at a late stage during the
membrane fusion process (15, 17). Formation of the six-helix
coiled-coil bundle brings into close proximity the fusion pep-
tide (FP) and the pretransmembrane (PTM) and transmem-
brane (TM) domains, thereby driving the viral and host cell
membranes into close contact, making possible the formation
of the fusion pore (11, 15, 17). In class 1 viral fusion proteins,
the FP invariably occurs upstream of the HR1 region; however,
no FP has been experimentally identified in any CoV spike
protein, although a hydrophobic region has been predicted
recently at the N terminus of the HR1 region (5).
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FIG. 1. (A) Scheme of the structure of SARS-CoV spike glycoprotein S (amino acid residues 1 to 1255 for the full length), as well as the S1
and S2 domains, according to literature consensus. Boundaries between the different domains cannot be accurately identified at present but are
indicated for the convenience of comparison with other coronaviruses. The relevant functional regions are highlighted: the N-terminal signal
peptide (SP), the transmembrane domain (TM) and the predicted heptad repeat regions pertaining to the S2 domain, HR1 and HR2. (B) Sequence
of the 169 16/18-mer peptides used in this study with respect to the sequence of the whole spike glycoprotein S. Maximum overlap between adjacent

peptides is 10 amino acids.

Although much information has been gathered in recent
years, we do not yet know the exact mechanism of membrane
fusion and the processes which are behind it. The mechanism
by which proteins facilitate the formation of fusion intermedi-
ates is a complex process involving several segments of fusion
proteins (15, 32). These regions, either directly or indirectly,
might interact with biological membranes, contributing to the
viral envelope and cell membrane merging. Even though the
detailed structures of different segments of the SARS CoV
spike glycoprotein have been elucidated, there are still many
questions to be answered regarding its mode of action in ac-
celerating membrane fusion. Moreover, SARS CoV entry is an
attractive target for anti-SARS therapy. To investigate the
structural basis of SARS CoV membrane fusion and identify
new fusion inhibitors, we carried out the analysis of the differ-
ent regions of the SARS CoV spike glycoprotein that might
interact with phospholipid membranes, using an approach sim-
ilar to that used for studying the human immunodeficiency
virus (HIV) gp4l ectodomain (25), i.e., the identification of
membrane-active regions of SARS CoV spike glycoprotein by
determining the effect on membrane integrity of a 16/18-mer
spike glycoprotein-derived peptide library. By monitoring the
effect of this peptide library on membrane integrity, i.e., leak-
age, we have identified different regions on the SARS CoV
spike glycoprotein with membrane-interacting capabilities,
which supports their direct role in membrane fusion and there-
fore might help in understanding the molecular mechanism of

membrane merging, as well as making possible the future de-
velopment of SARS entry inhibitors, which may lead to new
vaccine strategies.

MATERIALS AND METHODS

Materials and reagents. Egg L-a-phosphatidylcholine (EPC), egg sphingomy-
elin (SM), and cholesterol (Chol), were obtained from Avanti Polar Lipids
(Alabaster, Ala.). 5-Carboxyfluorescein (CF) (>95% by high-performance liquid
chromatography) was from Sigma-Aldrich (Madrid, Spain). A set of 169 peptides
16 or 18 amino acids in length derived from the SARS spike glycoprotein, with
10-amino-acid overlap between sequential peptides, was obtained through the
AIDS Research and Reference Reagent Program (Division of AIDS, National
Institute of Allergy and Infectious Diseases, National Institutes of Health, Be-
thesda, Md.). Porcine lungs were obtained from a local slaughterhouse. Plasma
membranes from lung tissue pneumocytes were obtained according to the
method of Miiller et al. (26), and lipid extraction from porcine lungs was per-
formed according to the procedure of Bligh and Dyer using a ratio of 1:1:0.9
(vol/volvol) between chloroform-methanol and the corresponding aqueous sam-
ple (4). All other reagents used were of analytical grade and were obtained from
Merck (Darmstad, Germany). Water was deionized, distilled twice, and passed
through a Milli-Q apparatus (Millipore Ibérica, Madrid, Spain) to a resistivity
better than 18 M(Q/cm.

Sample preparation. Aliquots containing the appropriate amount of lipid in
chloroform-methanol (2:1 [vol/vol]) were placed in a test tube, the solvents were
removed by evaporation under a stream of O,-free nitrogen, and finally, traces of
solvents were eliminated under vacuum in the dark for >3 h. After that, 1 ml of
buffer containing 10 mM Tris, 20 mM NaCl, pH 7.4, and CF at a concentration
of 40 mM was added, and multilamellar vesicles were obtained. Large unilamel-
lar vesicles (LUV) with a mean diameter of 90 nm were prepared from multi-
lamellar vesicles by the extrusion method (19), using polycarbonate filters with a
pore size of 0.1 um (Nuclepore Corp., Cambridge, Calif.). Breakdown of the
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vesicle membrane leads to leakage of the contents, i.e., CF fluorescence. Non-
encapsulated CF was separated from the vesicle suspension through a Sephadex
G-75 filtration column (Pharmacia, Uppsala, Sweden) eluted with buffer con-
taining 10 mM Tris—0.1 M NaCl-1 mM EDTA, pH 7.4.

Leakage measurement. Leakage of intraliposomal CF was assayed by treating
the probe-loaded liposomes (final lipid concentration, 0.125 mM) with the ap-
propriate amounts of peptide on microtiter plates using a microplate reader
(FLUOstar; BMG Labtech, Offenburg, Germany), each well containing a final
volume of 170 pl stabilized at 25°C. The medium in the microtiter plates was
continuously stirred to allow the rapid mixing of peptide and vesicles. Leakage
was measured at approximate peptide-to-lipid ratios of 1:15, 1:10, and 1:5.
Changes in fluorescence intensity were recorded with excitation and emission
wavelengths set at 492 and 517 nm, respectively. One hundred percent release
was achieved by adding Triton X-100 to the microtiter plates to a final concen-
tration of 0.5% (wt/wt). Fluorescence measurements were made initially with
probe-loaded liposomes, then by adding peptide solution, and finally by adding
Triton X-100 to obtain 100% leakage. Leakage was quantified on a percentage
basis according to the following equation: % release = (Fy — F)/(Fyo9 — Fo) X
100, where Fyis the equilibrium value of fluorescence after peptide addition, F,
is the initial fluorescence of the vesicle suspension, and F is the fluorescence
value after the addition of Triton X-100. The phospholipid concentration was
measured by methods described previously (7).

Hydrophobic moments, hydrophobicity, and interfaciality. The hydrophobic-
moment calculations were carried out according to the method of Eisenberg et
al. (12, 13), and the scale for calculating hydrophobic moments was taken from
Engelman et al. (14). Hydrophobicity and interfacial values, i.e., whole residue
scales for the transfer of an amino acid of an unfolded chain into the membrane
hydrocarbon palisade and the membrane interface, respectively, were obtained
from http://blanco.biomol.uci.edu/hydrophobicity_scales.html (45, 46). Two-di-
mensional plots of the hydrophobic moments, hydrophobicity, and interfaciality
were obtained using a window of seven amino acids, taking into consideration the
arrangement of the amino acids in the space and assuming an a-helical structure
(see Fig. 5). Each specific value in the two-dimensional plot represents the mean
of the values pertaining to the hydrophobic moment, hydrophobicity, and inter-
faciality of the amino acid at that position and its neighbors. Positive values
correspond to positive bilayer-to-water transfer free-energy values, and there-
fore, the higher the value, the greater the probability to interact with the mem-
brane surface and/or the hydrophobic core (45, 46).

RESULTS

The SARS CoV spike glycoprotein consists of an extracel-
lular domain, a TM domain, and an intracellular domain (Fig.
1A), and it can be classified as a class I viral fusion protein (5,
6, 20, 22, 43, 50). Although it was previously thought that the
FP of class I proteins was the only factor responsible for the
cell membrane interaction leading to membrane fusion, it has
been shown recently that, apart from the FP, other regions of
viral fusion proteins bind and interact with membranes and
experience conformational changes which all combine to make
possible the fusion of the viral and cell membranes (8, 15, 25,
32). To explore the structural basis of SARS CoV membrane
fusion, we have carried out the analysis of the different regions
of the full SARS CoV spike glycoprotein that might interact
with phospholipid membranes by using a peptide library de-
rived from the SARS CoV spike glycoprotein. This peptide
library was composed of 169 peptides 16 and 18 amino acids in
length, and by using an approach similar to that used for
studying the HIV gp41 ectodomain (25), we studied their ef-
fects on the release of an encapsulated fluorophore, CF, using
the experimental setup described in Materials and Methods.
The 169 peptides we used in this study and their correlation
with the SARS CoV spike glycoprotein sequence are shown in
Fig. 1B. As can be observed, the 16/18-mer peptide library
encompasses the whole sequence of the SARS CoV spike
glycoprotein, i.e., from the signal peptide to the sequence that
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follows the TM domain, including the recently identified HR1
and HR2 domains.

The S1 domain of the SARS CoV spike glycoprotein forms
the globular portion of the spike and mediates binding to the
host cells (16, 40, 42), being the receptor-binding domain lo-
calized in the amino acid sequence 318 to 510 (9, 47). Although
the proposed role for the S1 domain is the attachment of the
protein to its functional receptor, angiotensin-converting en-
zyme 2, several hydrophobic patches have been identified,
which might be important not only for protein-protein binding
but also for membrane interaction, since, as was mentioned
above, S1 probably remains covalently attached to the S2 do-
main during the fusion process (9, 34, 35, 47). Figure 2A and
B shows the effect of the S1 domain-derived 16/18-mer pep-
tides on membrane integrity, i.e., leakage, at different peptide-
to-lipid ratios and two different liposome compositions,
namely, EPC-SM-Chol at a molar ratio of 70:15:15 and EPC-
Chol at a molar ratio of 5:1. For liposomes composed of EPC-
SM-Chol (Fig. 2A), it is clearly evident that some peptides
exerted hardly any effect, but other peptides showed notable
effects on liposome leakage in comparison. The most notable
effects were observed for peptides 34 and 85, which produced
leakage of ~33 and 22%, respectively, at the highest peptide-
to-lipid ratio used. Similar to what was found for EPC-SM-
Chol liposomes, the same peptides, i.e., peptides 34 and 85,
were the ones which interacted with liposomes composed of
EPC-Chol (Fig. 2B). For EPC-Chol liposomes, the leakage
values for peptides 34 and 85 were ~22 and 10%, i.e., slightly
lower than those found for EPC-SM-Chol liposomes. The
other peptides from the S1 domain, apart from peptides 34 and
85, exerted no significant effect on liposome leakage.

In order to compare leakage values obtained in phospho-
lipid model membranes with those obtained in biologically
derived model membranes, we also studied liposome leakage
produced by peptides derived from the S1 domain of the SARS
CoV spike glycoprotein in model membranes whose lipids
were obtained from a lipidic extract of lung tissue pneumocytes
(Fig. 2C). It can be observed that the extent of leakage was
slightly reduced compared to the EPC-SM-Chol and EPC-
Chol liposome systems mentioned above. However, patterns of
leakage similar to those described above can be discerned,
since peptides 34 and 85 again showed relatively high leakage
values compared to the leakage values exhibited by the other
peptides pertaining to the S1 domain. It is worth noting that,
for this liposome composition, peptide 50 also showed a similar
leakage value.

We studied the interaction of the 16/18-mer S2 spike glyco-
protein library with LUV model membranes having variable
Chol and SM compositions, namely, EPC-SM-Chol at molar
ratios of 70:15:15, 52:18:30, and 37:18:45 (Fig. 3A, B, and C,
respectively). These model membranes, showing the coexist-
ence of liquid-ordered and liquid-disordered phases, have a
high probability of raft formation (2); as has been documented,
the presence of laterally segregated membrane microdomains
or lipid rafts is important for membrane fusion (1, 3, 28, 33, 37,
38, 44). For liposomes composed of EPC-SM-Chol at a molar
ratio of 70:15:15 (Fig. 3A), it can be clearly observed that,
whereas the vast majority of peptides exerted hardly any effect
on membrane leakage, peptide 162 showed a dramatic effect,
i.e., ca. 100% leakage for peptide (compare the ordinate scales
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FIG. 2. Effects of the S1 domain derived 16/18-mer peptides on the release of LUV contents for different lipid compositions. Leakage data for
LUV composed of (A) EPC-SM-Chol at a phospholipid molar ratio of 70:15:15, (B) EPC-Chol at a phospholipid molar ratio of 5:1, and (C) a
lipidic extract of lung tissue pneumocytes at different peptide (P)-to-lipid (L) ratios as indicated. Experimental conditions are described in the text.
The error bars indicate standard deviations of the mean for quadruplicate samples.

of Fig. 3A with those in Fig. 2). Other peptides that showed a
significant effect, although not as high as peptide 162, were
peptide 163 and, to a lesser extent, peptides 113, 123, 147, and
148. It is worth noting that peptide 163 did have a significant
effect, not as great as that of peptide 162 but higher than the
leakage values observed for peptides 113, 123, 147, and 148
(Fig. 3A). Similar to what was found for liposomes containing
EPC-SM-Chol at a molar ratio of 70:15:15, some peptides
interacted with liposomes composed of EPC-SM-Chol at mo-
lar ratios of 52:18:30 and 37:18:45 (Fig. 3B and C). The most
notable effects were again observed for peptides 162 and 163,
the former presenting the higher leakage values. However, the
leakage values were reduced compared to those observed for
liposomes containing EPC-SM-Chol at a molar ratio of 70:15:
15. The major difference in the compositions of these lipo-
somes is the PC-Chol ratio. In EPC-SM-Chol at molar ratios of
70:15:15, 52:18:30,and 37:18:45, the proportion of SM remains
the same, whereas the PC-Chol ratio decreases, i.c., leakage
values decrease as Chol contents increase. When liposomes
composed of PC-SM at a molar ratio of 5:1 were studied,
peptides 162 and 163 were again the ones which presented the
most significant extents of leakage (Fig. 3D). Similar results
were obtained for liposomes composed of PC-Chol at a molar
ratio of 5:1 (Fig. 3E). Other peptides that showed positive
leakage values, although not as significant as peptides 162 and
163, were peptides 113, 123, 147, and 148, similar to what was
found earlier. However, it is interesting that EPC-Chol lipo-
somes presented a lower extent of leakage than EPC-SM lipo-
somes, stressing the fact that, as mentioned above, the Chol
content might be responsible for the lower extent of leakage
rather than the presence of both SM and Chol.

We also studied the effects of different lipid-to-peptide ra-

tios on leakage for liposomes composed of EPC-SM-Chol at a
phospholipid molar ratio of 70:15:15 (Fig. 4A). It is clearly
evident that peptide 162 was again the one which showed a
dramatic effect, since nearly complete rupture of the liposomes
was observed (ca. 100% leakage for peptide) at all lipid-to-
peptide ratios tested. It is worth noting that, even at the lowest
lipid-to-peptide ratio used, peptide 163 was the only one, apart
from peptide 162, that had a relatively significant effect, al-
though not as great as that of peptide 162 (Fig. 4A). As de-
scribed above, other peptides that showed positive leakage
values, although not as significant as peptide 162 or even pep-
tide 163, were peptides 113, 123, 147, and 148.

In order to compare leakage values observed in model mem-
branes with those obtained in biologically derived model mem-
branes, we studied liposome leakage produced by peptides
derived from the S2 domain in model membranes whose lipids
were obtained from a lipidic extract of lung tissue pneumocytes
at different lipid-to-peptide ratios (Fig. 4B; note the increase in
leakage scale compared with Fig. 4A). It can be observed that
the extent of leakage was greatly reduced compared to the
model systems studied before. However, two patterns of leak-
age can be discerned, i.e., regions defined by peptide 119 and
by peptides 162 and 163 (Fig. 4B).

DISCUSSION

Recent studies point out that CoV spike envelope glycopro-
teins can be classified as class I viral fusion proteins, and
functional and biochemical analyses of the SARS CoV spike
glycoprotein show that SARS CoV uses a membrane fusion
mechanism that is similar to that of class I viral fusion proteins
(5, 6, 20, 22, 43, 50). The SARS CoV spike glycoprotein con-
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FIG. 3. Effects of the S2 domain-derived 16/18-mer peptides on the release of LUV contents for different lipid compositions at a peptide-to-
lipid ratio of 1:15. Leakage data for LUV composed of (A) EPC-SM-Chol at a molar ratio of 70:15:15, (B) EPC-SM-Chol at a molar ratio of
52:18:30, (C) EPC-SM-Chol at a molar ratio of 37:18:45, (D) EPC-SM at a molar ratio of 5:1, and (E) EPC-Chol at a molar ratio of 5:1. The error

bars indicate standard deviations of the mean of quadruplicate samples.

sists of an extracellular domain, a TM domain, and an intra-
cellular domain (Fig. 1A). SARS CoV spike glycoprotein does
not contain a typical proteolytic cleavage site, and the bound-
ary between the S1 and S2 domains cannot be accurately iden-
tified at present (22). In addition, the available data suggest
that the SARS CoV spike glycoprotein is not cleaved into two
subunits, so most likely the S1 and S2 domains remain co-
valently bonded during the fusion process (9, 35). A signal
peptide at the amino terminus has been recognized, and anal-
ogous to other class I viral fusion proteins, two a-helical hep-
tad repeat domains, HR1 and HR2, have been identified (Fig.
1A). Although no obvious fusogenic peptide sequence has
been experimentally identified, it is clear that viral and cellular
membrane fusion is mediated by an internal FP in the SARS
CoV spike glycoprotein. Nevertheless, a hydrophobic region

located upstream of the HR1 region has been recently pre-
dicted to be the FP (5).

Several lines of evidence indicate that, in addition to classi-
cal FPs, different regions of viral envelope glycoproteins are
essential for membrane fusion to occur. In the case of the HIV
type 1 (HIV-1) gp41 ectodomain, we have recently shown that,
apart from the FP, three different regions of this protein,
namely the 15- to 20-residue peptide segment that follows the
FP at the N terminus, the immunodominant loop, and the 10-
to 15-residue peptide segment that precedes the TM domain at
the C terminus, i.e., the PTM domain, are capable of modifying
the biophysical properties of phospholipid membranes, sug-
gesting a direct role in membrane fusion (25). In the case of
the SARS CoV spike glycoprotein, both the S1 and S2 subunits
probably remain attached to each other during the fusion pro-
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ratio of 70:15:15 and (B) lipidic extract of lung tissue pneumocytes at different peptide (P)-to-lipid (L) ratios as indicated. The error bars indicate

standard deviations of the mean for quadruplicate samples.

cess; however, the most probable role for the S1 subunit is the
attachment to its specific receptor, whereas the S2 subunit is
responsible for the fusion between the viral and cellular mem-
branes (35, 47). As mentioned above, peptides 34, 50, and 85,
which belong to the S1 domain, showed relatively significant
membranotropic activity (Fig. 2). Similar to the HIV gp120
inner-domain regions interacting with gp41 (48), the regions of
the S1 subunit where these peptides reside could associate with
the S2 domain by specific hydrophobic interactions before the
S1 subunit itself interacts with its receptors. As described
above, these hydrophobic patches might be important not only
for protein-protein binding but also for membrane interaction,
since S1 probably remains covalently attached to the S2 do-
main during the fusion process. In fact, we have found that
several peptides derived from the HIV gp120 region suggested
to associate with its receptors have a significant effect on mem-
brane leakage (unpublished data).

Hydrophobic moments measure the periodicity of residue
distribution along a secondary-structure element (12, 13). The
preferential orientation of the hydrophobic moments toward

one face of that element (Fig. 5, top) has been proposed to
favor hydrophobic interactions between proteins and/or be-
tween proteins and membranes. In order to detect surfaces
along the S2 domain of the SARS CoV spike glycoprotein that
might be identified as membrane-partitioning and/or mem-
brane-interacting zones, we plotted the average surface hydro-
phobic moments, hydrophobicity, and interfaciality versus the
S2 domain amino acid sequence, assuming it adopts an a-he-
lical structure along the whole sequence (Fig. 5, bottom). It is
readily evident that there are three different regions with high
positive values covering the surface of the helix and along it:
one of these regions is located immediately upstream of the
HRI1 region (region 1 [R1]), another one is located between
the heptad repeats HR1 and HR2 (R2), and the last is located
at the end of the S2 domain sequence (R3). The last region
partially matches the proposed TM domain of the spike gly-
coprotein. These regions, having positive bilayer-to-water
transfer free-energy values, might show a tendency to partition
into and interact with membrane surfaces or proteins. The
adoption of a specific conformation can generate rich hydro-
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the S2 different functional regions. Only positive bilayer-to-water transfer free-energy values are depicted (solid lines). The dashed lines identify
three different domains (R1 to R3) with highly positive values along the helix. The suggested FP, heptad repeats HR1 and HR2, and the PTM and
TM domains are indicated (see the text for details). Column numbers define amino acid positions as in the diagram above, upper row.

phobic surfaces along the structure and emphasize that the
actual distribution of hydrophobicity and interfaciality, i.e.,
structure-related factors, along the S2 domain sequence might
affect the biological function of these sequences (36).

As mentioned above, peptides 113, 119, 123, 147, and 162-163
were the peptides that exerted the most significant effect on
model membranes, with peptide 162 the one that showed the
most dramatic effects, since nearly 100% leakage was observed in
many of the different compositions studied (Fig. 3 and 4). The
extents of leakage observed for the other peptides were not as
high as for peptide 162, but they were significantly higher than for
the rest of the S2-derived peptides tested. Interestingly, peptide
119 showed the most important effect on pneumocyte-derived
model membranes. We do not know the lipid compositions of
these model membranes, but they must be very complex; never-
theless, two regions, defined by peptides 119 and 162-163, can be
discerned (three if we count peptide 147 [Fig. 4B]). Actually,
some peptides that are very active in model membrane systems
are much less active in the biological membrane system, and the
contrary is also true. However, it should be noted that membrane

systems having different lipid compositions have diverse proper-
ties which make them behave in significantly different ways (24).
What is outstanding is that peptides 113 (ARDLICAQKFNGL
TVLS%-84) and 123 (VLYENQKQIANQFNKAI®**73) are lo-
cated at the boundaries of R1, peptide 119 (GAALQIPFAMQOM
AYRF?7*88) is Jocated inside R1, peptide 147 (FVFNGTSWFI
TQRNFF'?77192) i Jocated inside R2, and peptides 162 and 163
(LGKYEQYIKWPWYVWLGF"#1292 and KWPWYVWLG
FIAGLIAIV''*1219) are located inside R3; all these regions
represent surfaces with high bilayer-to-water transfer free-energy
values (Fig. 5, bottom).

As mentioned above, the FP, a stretch of hydrophobic amino
acids, is an essential factor in viral fusion proteins; however, it
has not been identified, although it was recently predicted that
the sequence comprising residues 858 to 886 from the S2 do-
main of the SARS CoV spike glycoprotein is indeed the FP
domain (5). Peptide 119, which has a significant experimental
membranotropic effect, as shown here, belongs to R1, as de-
picted in Fig. 5, bottom, and comprises residues 873 to 888 of
the S2 domain of the SARS CoV spike glycoprotein. Since this
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peptide overlaps the theoretically predicted FP sequence 858
to 886 (5), the sequence is therefore a candidate to be the FP
domain of the SARS CoV spike glycoprotein. Inspection of the
sequence where this peptide is located reveals that it has a high
content of alanine and glycine, characteristic of viral fusion
peptides (15), and a high degree of interfaciality and hydro-
phobicity, essential properties for membrane-interacting se-
quences in proteins (Fig. 6). Its location immediately upstream
of HR1, as found for other class I viral fusion proteins, is
appropriate, since the formation of the six-helix coiled-coil
bundle would bring into close proximity the FP and the PTM
and TM domains (11, 15, 17).

Another fundamental structural and functional sequence for
a class I viral fusion mechanism is the PTM, and one of the

most thoroughly studied PTM sequences is that belonging to
HIV-1 gp4l (27, 39, 41). The PTM is a region immediately
adjacent to the membrane-spanning domain of class I fusion
proteins containing highly conserved hydrophobic residues and
unusually rich in tryptophan residues. In addition, the PTM
domain of HIV-1 gp41 shows a significant tendency to parti-
tion into membranes and is highly fusogenic (41). Peptides 162
and 163 from the SARS CoV S2 domain exert a dramatic effect
on leakage for different model membranes (Fig. 3 and 4), and
a careful inspection of the sequences reveals that they have
characteristics similar to those of the PTM domain of HIV-1
gp41, notably, high tryptophan content and an interfacial
stretch immediately following a hydrophobic one (Fig. 6). It is
likely, then, that peptides 162 and 163 comprise the PTM
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domain of the SARS CoV spike glycoprotein S2 subunit and,
similar to the PTM domain of HIV-1 gp41, this sequence of the
SARS CoV S2 subunit might be involved in the promotion of
the membrane destabilization required for fusion, as well as in
fusion pore formation and enlargement (32, 36).

Not only are the FP and PTM domains of HIV-1 gp4l
essential for the perturbation of the membrane, but also, other
regions of the protein interact and destabilize the viral and
host membranes; this is what has been suggested for the HIV-1
gp41 immunodominant loop, which could play an essential role
in the viral fusion process (8, 25, 29). One of the main char-
acteristics of the gp41 loop domain, located between the HR1
and HR2 regions and instrumental in the formation of the
gp41 central parallel triple-stranded a-helical coiled coil, is its
tendency to partition into and interact with membrane surfaces
(8,25, 29). We have found a highly hydrophobic and interfacial
domain flanked by SARS CoV HR1 and HR2 domains (R2)
(Fig. 5, bottom), and remarkably, peptide 147, which has
shown a notable leakage effect, is located in it. Therefore, R2
could play a role similar to that of the HIV-1 gp41 loop do-
main, i.e., destabilization of both viral and cellular membranes,
favoring the formation of the fusion pore as well as its stabi-
lization and therefore facilitating, along with the other regions,
membrane fusion.

In conclusion, our results demonstrate that peptides origi-
nating from three different regions of the SARS CoV spike
glycoprotein (Fig. 5, bottom)—R1, which corresponds to the
15- to 20-residue peptide segment immediately upstream of
HR1; R2, which corresponds to a sequence between HR1 and
HR2; and R3, which corresponds to the 10- to 15-residue
peptide segment that immediately precedes the TM domain at
the C terminus—are capable of modifying the biophysical
properties of phospholipid membranes, a property which could
provide an additional driving force for the merging of the viral
and target cell membranes, suggesting that they have a direct
role in SARS CoV-mediated membrane fusion and therefore
might be necessary for assistance and enhancement of the viral
and cell fusion process. These results should also facilitate the
development of SARS CoV entry inhibitors, which might lead
to new vaccine strategies, an important focus for clinical inter-
vention.
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Interaction of a Peptide from the Pre-transmembrane Domain of the Severe Acute
Respiratory Syndrome Coronavirus Spike Protein with Phospholipid Membranes

Introduction

A new infectious disease, defined as severe acute respiratoryt
syndrome or SARS, emerged in Southern China in the autumn
of 2002 and was originated by a novel type of coronavirus,
SARS-CoV. This disease, which infects humans causing an
atypical and often lethal pneumonia, spread to more than 20
countries in Asia, North America, South America, and Europe
in the spring of 20035 Approximately 8400 people worldwide
suffered from SARS, and more than 800 deaths were recognize
according to the World Health Organization. It was hypothesized
that the new virus was originated from wild animals, and
promptly a coronavirus was identified in civet cats from
Southern China with a sequence identity of more than 99% to
the SARS-CoV. Therefore, the possibility of a future outbreak
coming out from a natural reservoir cannot be ruled out.

Coronaviruses are a diverse group of enveloped, positive-
stranded RNA viruses, with-34 proteins embedded in the
envelope, that cause respiratory and enteric diseases in humang,,
and other animals. SARS-CoV infection, similarly to other '
envelope viruses, is achieved through fusion of the lipid bilayer
of the viral envelope with the host cell membrane. The SARS-
CoV virion, as with other coronaviruses, consists of a nucleo-
capsid core surrounded by a envelope containing three mem-

Jaime Guillén, Miguel R. Moreno, Ana J. Paez-Berna, Angela Bernabeu, and José/illalain*

Instituto de Biologa Molecular y Celular, Campus de Elche, Waisidad “Miguel Herriandez”,
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The severe acute respiratory syndrome coronavirus (SARS-CoV) envelope spike (S) glycoprotein, a Class |
viral fusion protein, is responsible for the fusion between the membranes of the virus and the target cell. In
order to gain new insight into the protein membrane alteration leading to the viral fusion mechanism, a peptide
pertaining to the putative pre-transmembrane domain (PTM) of the S glycoprotein has been studied by infrared
and fluorescence spectroscopies regarding its structure, its ability to induce membrane leakage, aggregation,
and fusion, as well as its affinity toward specific phospholipids. We demonstrate that the SARS-CoV PTM
peptide binds to and interacts with phospholipid model membranes, and, at the same time, it adopts different
conformations when bound to membranes of different compositions. As it has been already suggested for
other viral fusion proteins such as HIV gp41, the region of the SARS-CoV protein where the PTM peptide
resides could be involved in the merging of the viral and target cell membranes working synergistically with
other membrane-active regions of the SARS-CoV S glycoprotein to heighten the fusion process and therefore
might be essential for the assistance and enhancement of the viral and cell fusion process.

receptor binding domain, localized in domain S1 and mapped
0 amino acids 3185108 defines the host range of the virifs,
while S2 is responsible for the fusion between the viral and
cellular membrane¥:11 S2 contains two highly conserved
heptad repeat regions (HR1 and HR2)!8 similarly to other

viral fusion proteins, including HIV-1 gp41, influenza hemag-
glutinin HA2, Ebola virus glycoprotein, and paramyxovirus F
proteini®=22 All of them have been classified as Class |
dtransmembrane glycoproteins and are displayed on the surface
of the viral membrane as oligomers. Class | viral proteins also
contain a hydrophobic region denoted as the fusion peptide (FP)
and another hydrophobic region immediately adjacent to the
membrane-spanning domain denoted as the pre-transmembrane
domain (PTM). Under the current model for membrane fusion,
there are at least three conformational states of the envelope
fusion protein: the pre-fusion native state, the pre-hairpin
intermediate state, and the post-fusion hairpin Stt€. The

first step in membrane fusion involves the exposure of the FP
later on, its insertion into the host cell lipid bilayer.
Subsequently, the heptad repeat regions HR1 and HR2 are
exposed in an intermediate state binding each other to form a
coiled-coll structure facilitating the juxtaposition of the FP and
PTM segments, bringing in close proximity the viral and cellular
membranes; this is followed by virus-cell membrane fusion and

brane proteins: spike, membrane, and envelope proteins. The ;4| entry.

spike glycoprotein S, responsible for the characteristic spikes
of the SARS-CoV, is a surface glycoprotein that mediates viral

entry by binding to the cellular receptor angiotensin-converting

enzyme 2 and induces membrane fusion. In some strains,

protein S is cleaved by a protease to yield two noncovalently
associated subunits, S1 and S2 (Figure 1), but cleavage is no
an absolute requirement for the mechanism of fusidine

Studies with a number of viral fusion proteins have shown
that the region immediately adjacent to the membrane-spanning
domain plays an essential role in the fusogenic activities of these
proteins, being a common characteristic to other Class | viral
fusion proteins of several virus familid%. 33 For example, the
membrane-proximal domain of HIV-1 gp41l contains several
Trp residues that are invariant between different strains, and

* Corresponding author. Address: Instituto de Biologia Molecular y

deletion of this membrane-proximal region or substitution of

Celular, Universidad “Miguel Hernandez”, E-03202 Elche-Alicante, Spain. the conserved Trp residues blocked the-eedll fusion activity
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Figure 1. (A) Schematic view of the organization of SARS-CoV spike glycoprotein S (amino acid resiendezb4 for the full length), as well

as the S1 and S2 subunits, showing the approximate structural and functional regions: the N-terminal signal peptide (SP), the ACE2 binding

domain, the transmembrane domain (TM), and the predicted heptad repeat regions pertaining to the S2 subunit, HR1 and HR2. The fusion domain

is located at the N-terminus of the S2 subunit. Also shown is the sequence of the peptide used in this work. It should be noted that the size of each

domain is not drawn to an exact scale. (B) Hydrophobic moment, hydrophobicity, interfaciality distribution, and relative position of the peptide

used in this study along the SARS-CoV spike S2 domain, assuming it forrashafical wheel (see ref 29 for details). Only positive bilayer-to-

water transfer free-energy values are depicted (shaded areas).

analogous to the aromatic domains of HIV-1 and EboV, it has results on the determination of the secondary structure and the
been demonstrated that these peptides may aid in the disruptiorinteraction with model membranes of a peptide pertaining to
of the viral membrane during fusion and are capable of inducing the aromatic pre-transmembrane domain of SARS-CoV (SARS-
membrane leakage and lipid mixing of model phospholipid CoV PTM), the structural changes of which take place in both
membraned®2934-38 Recently, the presence of this highly the peptide and phospholipid molecules, induced by membrane
hydrophobic aromatic domain has been shown in SARS- binding and interaction with the lipid bilayer through a series
CoV;3940in addition, this region displays a surface patch with of complementary experiments such as leakage, fusion, and
high bilayer-to-water transfer free-energy values (Figure 1). aggregation. Moreover, we show that SARS-CoV PTM strongly
Interestingly, the PTM domain of coronavirus fusion proteins partitions into phospholipids membranes and can be localized
is highly conserved, having a high content of aromatic residues. at different depths depending on the phospholipid composition
Although much information has been obtained in recent years of the vesicles. These results would suggest that the SARS-
on membrane fusion, we do not know yet the processes andCoV PTM could be involved in the merging of the viral and
the mechanism behind virghost cell membrane fusion. target cell membranes working synergistically with other
Elucidating the nature of the interactions between phospholipids, membrane-active regions of the S spike glycoprotein.
membrane proteins, and peptides is essential for the understand- .
ing of the structure and function of membrane proteins, Materials and Methods
clarifying the specific roles of specific types of phospholipids Materials and Reagents.The synthetic peptide encompass-
in biological membranes. In the present work, we report our ing residues 1185—1202 of SARS-CoVfLGKYEQYIKW-
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PWYVWLGF2%) was synthesized with N-terminal acetylation phospholipid mixture resembling the membrane of lung tissue
and C-terminal amidation on an automatic multiple synthesizer pneumocytes (LPM) contained EPC/BPI/BPS/SM/TPE/Chol at
(Genemed Synthesis, San Francisco, CA). The peptide wasa molar percentage of 27.7:7.5:10.5:9.4:26.2:18The phos-
purified by reverse-phase high-performance liquid chromatog- pholipid and peptide concentration were measured by methods
raphy to>95% purity, and its composition and molecular mass described previousl§/-48
were confirmed by amino acid analysis and mass spectroscopy. Membrane Leakage Measurement.LUVs with a mean
Since trifluoroacetate has a strong infrared absorbance atdiameter of 0.Jtm were prepared as indicated above in buffer
approximately 1673 cmt, which interferes with the  containing 10 mM Tris, 20 mM NaCl, pH 7.4, and CF at a
characterization of the peptide Amide | batidiesidual trif- concentration of 40 mM. Non-encapsulated CF was separated
luoroacetic acid, used both in peptide synthesis and in the high-from the vesicle suspension through a Sephadex G-75 filtration
performance liquid chromatography mobile phase, was removedcolumn (Pharmacia, Uppsala, Sweden) eluted with buffer
by several lyophilization/solubilization cycles in 10 mM HEI. containing 10 mM Tris, 100 mM NaCl, and 1 mM EDTA, pH
EggL-o-phosphatidylcholine (EPC), egg sphingomyelin (SM), 7.4. Membrane rupture (leakage) of intraliposomal CF was
bovine brain phosphatidylserine (BPS), egg trans-estetified assayed by treating the probe-loaded liposomes (final lipid
phosphatidylethanolamine (TPE), bovine liven-phosphati- concentration, 0.125 mM) with the appropriate amounts of
dylinositol (BPI), 1,2-dimyristoylphosphatidylcholine (DMPC), peptide on microtiter plates using a microplate reader (FLU-
1,2-dimyristoylphosphatidylglycerol (DMPG), 1,2-dimyris- Ostar; BMG Labtech, Offenburg, Germany), stabilized at 25
toylphosphatidylserine (DMPS), 1,2-dimyristoylphosphatidic °C with the appropriate amounts of peptide, each well containing
acid (DMPA), 1-palmitoyl-2-oleoyl-phosphoethanolamine (POPE), a final volume of 17QuL. The medium in the microtiter plates
cholesterol (Chol), lissamine rhodamine B 1,2-dihexadecanoyl- was continuously stirred to allow the rapid mixing of peptide
sn-glycero-3-phosphoethanolamine (N-Rh-PE), &hd7-ni- and vesicles. Leakage was assayed until no more change in
trobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecansiyiglycero- fluorescence was obtained. Fluorescence was measured using
3-phosphoethanolamine (NBD-PE) were obtained from Avanti a Varian Cary Eclipse spectrofluorimeter. For details, see
Polar Lipids (Alabaster, AL). 5-Carboxyfluorescein (CF95% references 49 and 50.
by HPLC), 5-doxyl-stearic acid (SNS), 16-doxyl-stearic acid  Inner-Monolayer Phospholipid-Mixing (Fusion) Measure-
(16NS), sodium dithionite, deuterium oxide (99.9% by atom), ment. Peptide-induced phospholipid mixing of the inner mono-
Triton X-100, EDTA, and HEPES were purchased from Sigma- |ayer was measured by resonance energy trahsTiis assay
Aldrich (Madrid, Spain). 1,6-Diphenyl-1,3,5-hexatriene (DPH), is based on the decrease in resonance energy transfer between
and 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene two probes (NBD-PE and RhB-PE) when the lipids of the probe-
(TMA-DPH) were obtained from Molecular Probes (Eugene, containing vesicles are allowed to mix with lipids from vesicles
OR). Porcine lungs were obtained from a local slaughterhouse.lacking the probes. The concentration of each of the fluorescent
Plasma membrane (LE) from lung tissue pneumocytes wasprobes within the liposome membrane was 0.6% mol. LUVs
obtained according to ref 43, and lipid extraction was performed with a mean diameter of 0.2m were prepared as described
according to the Bligh and Dyer procedure using a ratio of 1:1: above. LUVs were treated with sodium dithionite to completely
0.9 (v/viv) between chloroform, methanol, and the corresponding reduce the NBD-labeled phospholipid located at the outer
aqueous samplé.All other chemicals were commercial samples monolayer of the membrane. The final concentration of sodium
of the highest purity available (Sigma-Aldrich, Madrid, Spain). dithionite was 100 mM (from a stock solution of 1 M dithionite
Water was deionized, twice-distilled, and passed through Milli-Q in 1 M Tris, pH 10.0) and incubated for approximatél h on
equipment (Millipore Ibérica, Madrid) to a resistivity higher ice in the dark. Sodium dithionite was then removed by size
than 18 MQcm. exclusion chromatography through a Sephadex G-75 filtration
Sample Preparation.For FTIR spectroscopy, aliquots con- column (Pharmacia, Uppsala, Sweden) eluted with buffer
taining the appropriate amount of lipid in chloroform/methanol containing 10 mM Tris, 100 mM NaCl, and 1 mM EDTA, pH
(2:1’ V/V) were p|aced in a test tube Containing mf dried 7.4. The prOpOTtiOn of labeled and unlabeled VeSiCleS, |Ip|d )
lyophilized peptide. After vortexing, the solvents were removed concentration, and other experimental and measurement condi-
by evaporation under a stream of-®ee nitrogen, and, finally, ~ tions were the same as indicated previodsly.
traces of solvents were eliminated under vacuum in the dark Liposome Aggregation.LUVs with a mean diameter of 0.2
for more than 3 h. The samples were hydrated in 2000f um were prepared in buffer containing 10 mM Tris, 0.1 M NaCl,
D-0 buffer containing 20 mM HEPES, 50 mM NaCl, and 0.1 and 1 mM EDTA. Peptide-induced vesicle aggregation was
mM EDTA, pH 7.4, and incubated at 1 above the phase detected by monitoring the optical density at 405 nm on a 96-
transition temperature ) of the phospholipid mixture with  well Anthos spectrometer. All measurements were performed
intermittent vortexing for 45 min to hydrate the samples and at room temperature on microtiter plates, each well containing
obtain multilamellar vesicles (MLVs). The samples were frozen a final volume of 15QuL. The lipid concentration was 0.27
and thawed five times to ensure complete homogenization andmM in all experiments, and the measured optical density was
maximization of peptide/lipid contacts with occasional vortex- corrected for dilution upon peptide addition. The absorbance
ing. Finally, the suspensions were centrifuged at 15 000 rpm at value for the vesicle suspension with the peptide was normalized
25 °C for 15 min to remove the possible peptide unbound to according to the initial absorbance value of the vesicle suspen-
the membranes. The pellet was resuspended inl26f D,O sion without peptide.
buffer and incubated for 45 min at PC above thel, of the Peptide Binding to VesiclesThe partitioning of the peptide
lipid mixture, unless stated otherwise. Large unilamellar vesicles into the phospholipid bilayer was monitored by the fluorescence
(LUVs) with a mean diameter of 100 nm (leakage assay) and enhancement of tryptophan. Fluorescence spectra were recorded
200 nm (fusion assays) were used to study vesicle leakage. Theyn an SLM Aminco 8000C spectrofluorometer with excitation
were prepared from MLVs in the absence of peptide by the and emission wavelengths of 290 and 348 nm, respectively, and
extrusion methaot? using polycarbonate filters with a pore size 4 nm spectral bandwidths. Measurements were carried out in
of 0.1 and 0.2um (Nuclepore Corp., Cambridge, CA). The 20 mM HEPES, 50 mM NacCl, and 0.1 mM EDTA, pH 7.4.
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Intensity values were corrected for dilution, and the scatter studies, samples were scanned usifi§ 2ntervals and a 2-min
contribution was derived from lipid titration of a vesicle blank. delay between each consecutive scan. Subtraction of buffer

Partitioning coefficients were obtained usihg spectra taken at the same temperature as that of the samples
was performed interactively using either GRAMS/32 or Spectra-
| 14 | max K[L] Calc (Galactic Industries, Salem, MA) as described previ-
—= - P ——— 57,58 i H
Iy Iy W] + K[L] ously>">8Frequencies at the center of gravity, when necessatry,

were measured by taking the top 10 points of each specific band
) . . " and fitting them to a Gaussian band. The criterion used for buffer
wherek is a mole fraction partition coefficient that represents ¢ piraction in the C=0 and amide regions was the removal of
the amount of peptide in the bilayers as a fraction of the total o hand near 1210 crhand a flat baseline between 1800 and
peptide present in the systeifiax is @ variable value for the 5100 cnrL, Band-narrowing strategies were applied to resolve
fluorescence enhancement at complete partitioning determined,o component bands in the Amide region as previously

by fitting the equation to the experimental data, [L] is the lipid  enotecp? peptide secondary structure elements were quantified
concentration, and [W] is the concentration of water (55.3 M). fom a curvefitting analysis by band decomposition of the

Acrylamide Quenching of Trp Emission. For acrylamide  griginal Amide I band after spectral smoothing (for details, see
quenching assays, aliquots from a 4 M solution of the water- references 49 and 59).

soluble quencher were added to the solution-containing peptide
in the presence and absence of liposomes at a peptide/lipid mola,
ratio of 1:100. The results obtained were corrected for dilution,
and the scatter contribution was derived from acrylamide Recently, the existence of different membranotropic regions
titration of a vesicle blank. The data were analyzed as previously in the SARS-CoV Spike glycoprotein has been shown by using
described? a peptide library encompassing the full sequence of the envelope
Fluorescence Quenching by Lipophilic ProbesQuenching glycoprotein3® which includes a highly hydrophobic aromatic
studies with lipophilic probes were performed by successive domain similar to other Class | fusion membrane protéis.
addition of small amounts of 5NS or 16NS in ethanol to the Since this region could be important in the membrane fusion
samples of the peptide incubated with LUV. The final concen- process, we present here the results of the study of the
tration of ethanol was kept below 2.5% (v/v) to avoid any interaction of a peptide derived from this region, SARS-CoV
significant bilayer alterations. After each addition, an incubation PTM, contiguous to the putative transmembrane domain, with
period of 15 min was maintained before the measurement. Themodel membranes (Figure 1).
excitation and emission wavelengths were 290 and 348 nm, The ability of the SARS-CoV PTM peptide to interact with
respectively. The data were analyzed as it has been describednembranes was determined from fluorescence studies of its
previously?*® three Trp residues in the presence of model membranes
Steady-State Fluorescence AnisotropyMLVs were formed containing different phospholipid compositions at different lipid/
in 20 mM HEPES, 50 mM NaCl, and 0.1 mM EDTA, pH 7.4. peptide ratio$? The Trp fluorescence intensity of the SARS-
Aliquots of TMA-DPH or DPH in N,N'-dimethylformamide CoV PTM peptide increased upon increasing the lipid/peptide
were directly added into the lipid dispersion to obtain a probe/ ratio, indicating a significant change in the environment of the
lipid molar ratio of 1/500. Samples were incubated for 15 or Trp moieties of the peptide (Figure 2A). The change on the
60 min when TMA-DPH or DPH was used, respectively, 10 Trp fluorescence of the peptide has allowed us to obtain its
°C above the gel-to-liquid-crystalline phase transition temper- partition coefficient,K,. Kyvalues in the range #6-10° were
ature Ty, of the phospholipid mixture. Afterward, the peptides obtained for the different phospholipid compositions studied
were added to obtain a peptide/lipid molar ratio of 1/15 and (Table 1), indicating that the peptide was bound to the membrane
were incubated 10C above thely, of each lipid for 1 h, with surface with high affinity. Similak, values have been found
occasional vortexing. All fluorescence studies were carried out for other peptides in the presence of model membré&he§:52
using 5 mmx 5 mm quartz cuvettes in a final volume of 400 Higher K, values were obtained for negatively charged phos-
uL (315uM lipid concentration). The steady-state fluorescence pholipid-containing bilayers and for EPC-containing liposomes
anisotropy,l] was measured with an automated polarization (i.e., without cholesterol) than those corresponding to liposomes
accessory using a Varian Cary Eclipse fluorescence spectrom-containing SM and TPE as well as for LPM and LE liposomes
eter, coupled to a Peltier for automatic temperature change, agTable 1). These results were further corroborated by the

esults

described previousl{f displacement in the emission frequency maximum of Trp in
Infrared Spectroscopy. Approximately 25¢L of a pelleted the presence of phospholipid LUVs. In solution, the peptide
sample in RO were placed between two CaRvindows had an emission maximum at 347 nm when excited at the

separated by 56m thick Teflon spacers in a liquid demountable absorbance maximum, typical for Trp in a polar environment,
cell (Harrick, Ossining, NY). The spectra were obtained in a whereas, in the presence of increasing concentrations of
Bruker IFS55 spectrometer using a deuterated triglycine sulfate liposomes, the emission maximum of the Trp presented a shift
detector. Each spectrum was obtained by collecting 200 inter- of about 6-10 nm to lower wavelengths, implying that Trp
ferograms with a nominal resolution of 2 cfp transformed sensed a low-polarity environment (entered in a hydrophobic
using triangular apodization, and, in order to average backgroundenvironment) upon interaction with the membrane.

spectra between sample spectra over the same time period, a To investigate the accessibility of the Trp residues of the
sample shuttle accessory was used to obtain sample andSARS-CoV PTM peptide to the aqueous phase in the presence
background spectra. The spectrometer was continuously purgedf membranes having different phospholipid compositions, we
with dry air at a dew point of~40 °C in order to remove used acrylamide, a neutral, water-soluble, highly efficient
atmospheric water vapor from the bands of interest. All samples quenching probe. SteriVVolmer plots for the quenching of Trp
were equilibrated at the lowest temperature for 20 min before by acrylamide, recorded in the absence and presence of lipid
acquisition. An external bath circulator, connected to the infrared vesicles, are shown in Figure 2B. Linear Stekfblmer plots
spectrometer, controlled the sample temperature. For temperaturere indicative of all Trp residues being accessible to acrylamide,
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2.8 This is demonstrated by the lowkg, values obtained from the
1A . corresponding SterrVolmer plots (about 25 M%) compared
to the Ky, value of about 11 M! obtained for the peptide in
solution (Table 1).

The transverse location (penetration) of the SARS-CoV PTM
peptide into the lipid bilayer was further investigated by
monitoring the relative quenching of the fluorescence of the
Trp residues by the lipophilic spin probes 5NS and 16NS when
the peptide was incorporated in the fluid phase of vesicles having
different phospholipid compositions (Figure 3). These two
derivatized fatty acids differ in the position of the quencher
moiety along the hydrocarbon chain and permit one to establish
the depth of the peptide in the membrane by comparing the
guenching results obtained with each of them. 5NS is a better
guencher for molecules near or at the interface, while 16NS is
a better probe for molecules buried deeply in the membrane.
The variation of the fluorescence intensity with the increment
of the effective concentration of both 5NS and 16NS probes is
shown in Figure 3, along with the fitting lines obtained using
eq 6, whereas thKs, values for 5NS and 16NS are presented
in Table 1. It can be seen that, in general, 16NS quenches the
SARS-CoV PTM peptide fluorescence less efficiently than 5NS.
Quenching depends on phospholipid composition, since the
peptide is better quenched by 5NS in model membranes
composed of EPC/TPE/Chol and the complex mixtures LE and
LPM. However, model membranes composed of EPC, EPC/
BPS/Chol, EPC/SM/Chol, or EPC/BPI/Chol present a lower
guenching efficiency for both probes, which would indicate that
the Trp residues are located at the membrane surface.

In order to explore the effect of the SARS-CoV PTM peptide

T T T T T T in the destabilization of membrane vesicles, we studied their
000 003 006 085 N E-l Or% effect on the release of encapsulated fluorophores in model
Acrylamide (M) membranes made up of various compositions. The extent of
Figure 2. Change on the tryptophan fluorescence of the SARS-CoVv leakage observed at different peptide to lipid molar ratios and
PTM peptide in the presence of increasing lipid concentrations (A), the effect on different phospholipid compositions is shown in
acrylamide quenching studies of the tryptophan fluorescence of the Figure 4A. It is interesting to note that the SARS-CoV PTM
peptide in aqueous solutio®) and in the presence of LUVs having peptide induced a high percentage of leakage (leakage values

different lipid compositions (B). The lipid compositions used were EPC/ 0 ; i ; : .
BPI/CHOL at a molar ratio of 5:1:3&), EPC/BPS/CHOL at a molar  2€1WeenN 85 and 100%), even at high lipid/peptide ratios as 30:

I,

11

ratio of 5:4:1 @), the LPM mixture ), the LE mixture (1), EPC @), 1, for liposomes containing EPC, Chol, and/or SM (Figure 4A).
EPC/TPE/CHOL at a molar ratio of 2:1:DJ, and EPC/SM/CHOL at ~ Lower leakage values were obtained for liposomes composed
a molar ratio of 5:1:1 (H). of EPC alone, those containing BPI and BPS, and those

composed of the complex phospholipid mixtures LE and LPM
and, in all cases, the quenching of the peptide Trp residues(40% and 25% leakage values were was observed at a peptide-
showed acrylamide-dependent concentration behavior. In aque-o-lipid ratio of 1:10). The lowest leakage value was found for
ous solution, the Trp residues of the peptide were exposed toliposomes containing TPE, which, at the highest peptide-to-
the solvent allowing for a more efficient quenching. However, lipid ratio studied, i.e., 1:10, only about 12% leakage was
in the presence of the phospholipid membranes, the quenchingattained (Figure 4A). The induction of inner-monolayer lipid
effect was smaller, indicating that the Trp residues of the peptide mixing (fusion) by the SARS-CoV PTM peptide, as a measure
were poorly accessible to the aqueous phase, suggesting thatf its fusogenic activity, was tested with several types of vesicles
the peptide was effectively incorporated into the membranes. utilizing the probe dilution ass&y;53and the results are shown

TABLE 1: Partition Coefficients and Stern—Volmer Quenching Constants for the SARS CoV PTM Peptide in Buffer and
Incorporated in LUVs of Different Compositions

KSV KSV KSV
ANR (M~1) (M~1) (M~1)
LUV compositions Kp (nm) acrylamide 5-NS 16-NS
EPC 2.33+0.43x 10° 8 4.47 1.37 1.94
EPC/SM/CHOL 5:1:1 6.26+ 0.67x 10* 10 3.42 3.10 2.87
EPC/TPE/CHOL 2:1:1 5.6 0.75x 10¢ 8 43 9.34 2.20
EPC/BPS/CHOL 5:4:1 1.93+0.67x 1C° 7 4.08 1.33 1.74
EPC/BPI/CHOL 5:1:3 2.06+ 0.46x 10° 6 4.68 6.60 5.96
LPM 7.044+0.62 x 104 7 2.05 7.66 2.70
LE 3.06+ 0.40x 10* 10 3.87 5.87 3.50
SARS-CoV PTM in buffer 10.58

a A/ corresponds to a peptide/lipid ratio of 1:300.
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Figure 3. 5NS (O) and 16NS®) quenching of Trp fluorescence of the SARS-CoV PTM peptide in the presence of LUVs for different lipid
compositions. The lipid compositions used were (A) LE, (B) EPC/TPE/CHOL at a molar ratio of 2:1:1, (C) EPC/SM/CHOL at a molar ratio of
5:1:1, (D) EPC, (E), EPC/BPS/CHOL at a molar ratio of 5:4:1, (F) EPC/BPI/CHOL at a molar ratio of 5:1:3, and (G) LPM.

I/

in Figure 4B. The higher fusion values were found for liposomes CoV PTM peptide on the fusion values for the different
containing negatively charged phospholipids (liposomes con- membrane mixtures coincides with what has been observed in
taining BPI and BPS) as well as the complex LPM mixture the aggregation assays (Figure 4C).

(which also contains negatively charged phospholipids), which  The effect of the SARS-CoV PTM peptide on the structural
showed fusion values between 40 and 60%. Lower fusion valuesand thermotropic properties of phospholipid membranes was
were observed for liposomes containing either SM and Chol or investigated by measuring the steady-state fluorescence anisot-
Chol (about 25% and 20% fusion, respectively). The other ropy of the fluorescent probes DPH and TMA-DPH incorporated
compositions studied showed fusion values lower than 10% into model membranes composed of saturated synthetic phos-
(Figure 4B). The ability of the SARS-CoV PTM peptide to pholipids as a function of temperature (Figure 5). DPH and its
induce vesicle aggregation was tested in order to investigatederivatives are very useful fluorescent probes for monitoring
whether this property correlated with pepticlmembrane in- the organization and dynamics of membranes, since fluorescence
teraction as commented above. The changes in the absorbancpolarization is correlated to the rotational diffusion of membrane-
of different liposome compositions as a function of the peptide- embedded probes, itself sensitive to the packing of the fatty
to-lipid molar ratio are shown in Figure 4C. It is interesting to acyl chain$* These probes differ in their orientation and
note that the presence of negatively charged phospholipids inlocation in the membrane, so that it was possible to analyze
the liposomes favored the aggregation process, increasing morehe effect of the SARS-CoV PTM peptide on the structural and
than 3 times the o.d. A similar effect was also found for the thermotropic properties along the full length of the palisade
LPM complex mixture in comparison with the other liposome structure of the membrane, since DPH is known to partition
compositions. Lower aggregation values were obtained for the mainly into the hydrophobic core of the membrane, whereas
other liposomes tested. Significantly, the effect of the SARS- TMA-DPH is oriented at the membrane bilayer with its charge
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Figure 4. Effect of the SARS-CoV PTM peptide on (A) membrane
rupture, i.e., leakage, (B) membrane lipid mixing of the inner
monolayer, i.e., fusion, and (C) aggregation of LUVs having different
lipid compositions at different peptide-to-lipid molar ratios. The lipid
compositions used were EPC/SM 54)( EPC/BPS/CHOL at a molar
ratio of 5:4:1 @), EPC (4), EPC/SM/CHOL at a molar ratio of 5:1:1
(m), EPC/CHOL at a molar ratio of 5:%{), EPC/BPI/CHOL at a molar
ratio of 5:1:3 @), the LPM mixture ¥), the LE mixture (), and EPC/
TPE/CHOL at a molar ratio of 2:1:10). In panel C, the lines
connecting the experimental data are merely guides to the eye.

localized at the lipid-water interfacé*-% The SARS-CoV PTM

Guillén et al.

with a shift of T, of approximately 3-4 °C to lower temper-
atures (Figures 5C and 5D). For vesicles composed of DMPG,
the SARS-CoV PTM peptide decreased the cooperativity of the
transition, as well as it increased the anisotropy abbydy
0.03—0.04 anisotropy units (Figures 5E and 5F), although an
increase and a decrease of about 0.02 anisotropy units above
and belowT,, was observed for TMA-DPH. These differences
could suggest that the difference in charge between DMPC,
DMPS, and DMPG could affect the effects of the peptide
incorporation into the membrane. When vesicles composed of
POPE were studied, no effect was observed when DPH was
used, but the PTM peptide decreased the anisotropy of TMA-
DPH at all temperatures by 0.68.04 anisotropy units (Figure
5G,H). Moreover, when the PTM peptide was incorporated into
DMPA-containing vesicles, neither the cooperativity nor the
anisotropy below and above tfig of the mixture was affected
(Figure 51,J). Taking into account these results together with
the ones mentioned above, it could be suggested that the SARS-
CoV PTM peptide, although interacting with the membrane,
should be located at the lipidvater interfacé?

The existence of structural changes on the SARS-CoV PTM
peptide induced by membrane binding has been studied by
looking at the infrared Amide' Iband located between 1700
and 1600 cm!. The infrared spectrum of the Amidéregion
of the fully hydrated peptide in D buffer at different
temperatures is shown in Figure 6A. The spectrum was formed
by different underlying components that gave place to a broad
and asymmetric band whose frequency maximum changed as
the temperature increased: whereas, at low temperatures, the
maximum of the band was located at about 1630%rat high
temperatures, two bands were apparent, a broad band at about
1647 cnt and a narrow one at about 1626 cthiFigure 6A).
Whereas the broad band at about 1647 taorresponds to a
mixture of unordered and helical structuféshe narrow band
at about 1626 cm' corresponds to eithgd-sheet structures or
self-aggregated peptides, forming a intermolecular network of
hydrogen-bondeg-structures or botf® The infrared spectra
in the Amide | region of the SARS-CoV PTM peptide in the
presence of DMPC, DMPG, and DMPA at phospholipid/peptide
molar ratios of 15:1 are shown in Figure 6B, respectively.
What is indeed significant is that the Amideregion of the
SARS-CoV PTM peptide in the presence of either DMPC or
DMPG, taken at temperatures above and below the main phase
transition temperaturd,, of each specific phospholipid, was
different. Outstandingly, the change in frequency of the Amide
I' band took place at the same temperature as that at which the
phase transition of DMPC and DMPG occurred, as observed
by the shift of the C=0 stretching maximum with temperature
(Figure 6E,F); however, the observed change in frequency was
different in the presence of each phospholipid since the
frequency maximum of the Amidé band of the peptide in the
presence of DMPC decreased as the temperature increased, and
the opposite was true in the presence of DMPG (Figures 6E,F).
It is interesting to note that the bandwidth at half-height of the

peptide decreased the cooperativity of the transition as observed®mide I' band envelope when the peptide was bound to the
by both types of probes, as well as induced an increase of themembranes decreased abottidcnm * compared to the peptide
anisotropy for DPH of about 0.02 anisotropy units both below in solution, indicating either the presence of additional structures

and above the gel-to-liquid-crystalline transitidg of DMPC,
but only 0.015 anisotropy units below tfg, for TMA-DPH,

contributing to the broader envelope for the peptide in solution
or a different flexibility of the peptide or both. In contrast, the

suggesting that the peptide was able to decrease the mobilityAmide I’ envelope band of the SARS-CoV PTM peptide in the
of the phospholipid acyl chains when compared to the pure presence of DMPA presented a maximum at about +d827
phospholipid (Figures 5A and 5B). In the case of DMPS, a cm! at all temperatures studied (Figure 6D,G). These data
similar decrease in cooperativity was observed, concomitantly suggest that the SARS-CoV PTM peptide has different second-
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Figure 5. Anisotropy values/i[] of DPH (A,C,E,G,l) and TMA-DPH (B,D,F,H,J) fluorescent probes in model membranes composed of (A,B)
DMPC, (C,D) DMPS, (E,F) DMPG, (G,H) POPE, and (1,J) DMPA as a function of temperature. Data correspond to vesicles in the@paadce (
in the presence (@) of the SARS-CoV PTM peptide.
ary structures in the presence of different phospholipid types 1648, 1635, 1627, and 1612 ch{Figure 7A). It is also possible
and phases (see below). to distinguish different component bands having similar fre-
To assign the component bands to specific structural featuresquencies as those found for the peptide in the presence of
and estimate the percentage of each component, we haveDMPC, DMPG, and DMPA (Figure 7BD). The number and
decomposed the Amide Ihfrared band as described in the frequencies of the Amide tomponent bands for these samples
Materials and Methods section and compared them to literaturewere similar to those found for the peptide in solution, but their
values?”-5868 For the peptide in solution, we have identified intensity varied. To assign the component bands to specific
different component bands at frequencies of about 1678, 1662,structural features and estimate the percentage of each compo-
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Figure 6. Stacked infrared spectra of the Amideahd C=0O regions for samples containing the SARS-CoV PTM peptide in solution (A) and in
the presence of DMPC (B), DMPG (C), and DMPA (D) at different temperatures as indicated. Also shown is the temperature dependence of the
frequency maximum of the phospholipid=© symmetric stretchingl) and the peptide Amidé () bands for samples containing the SARS-CoV
PTM peptide and (E) DMPC, (F) DMPG, and (G) DMPA. The phospholipid-to-peptide molar ratio was 15:1.
significant decrease iff-sheet (36% and 26%, respectively,

A é; B
compared with 44% in solution) and-turn (0% and 2%,

1700 1660 1620 1580 1680 1660 1640 1620 1600 respectively, compared with 13% in solution) structures were
Wavenumbers (cm'™) Wavenumbers (cm™) observed, concomitantly with an increase avhelix and/or
random coil (64% and 72%, respectively, compared with 43%
in solution). However, in the presence of DMPA, a slight
increase irm-helix and/or random coil (50%) was observed as

well as a slight decrease firturn (5%) when compared with
the peptide in solution. It should be recalled that two bands at
1626 and 1635 cmi appeared for the protein in solution, but
only one intense band at 1628 chappeared for the peptide

in the presence of DMPA. These results imply that the secondary
1680 1660 1640 1620 1600 1680 1660 1640 1620 1600 structure of the SARS-CoV PTM peptide was affected by
phospholipid composition.

elements of proteins, so they were not considered in the
determination of the total area of the Amidebiand>862:68.69
The most significant difference between the secondary structure
of the SARS-CoV PTM peptide in solution and in the presence
of either DMPC or DMPG s that, in the latter cases, a

-

C

>

Wavenumbers (cm™) Wavenumbers (cm'™)

Figure 7. Amide I' band decomposition of the SARS-CoV PTM
peptide in aqueous solution (A) and in the presence of DMPC (B),

DMPG (C), and DMPA (D). The spectra were taken at°@above : ; ;
the phospholipidT, and 35°C for the peptide in solution. The Viruses attach to cells through different mechanisms, but there

component bands, the original envelope, and the difference between'S only one way to get into the host cell through the mem-
the fitted curve and the original spectrum are shown. brane: viral and host-cell membrane fusion supported by

membrane fusion proteins. The membrane fusion protein of
nent, we have decomposed the Amideirfrared band as  SARS-CoV is the envelope Spike glycoprotein, and it is thought,
described previousl§2 Bands below 1620 cm are outside the similarly to other Class | membrane fusion proteins, that several
range of frequencies usually observed for the secondary structuretrimers of the S protein are capable of juxtaposing, destabilizing,

Discussion



Interaction of SARS PTM Peptide with Membranes J. Phys. Chem. B, Vol. 111, No. 49, 20013723

and merging the viral and cellular membranes so that a fusion branes contain Pl and PS among other phospholipids) could
pore is formed.352540.5270.7Therefore, membrane fusion can play an important role and stimulate the first step in the fusion
be described as a succession of different steps, namely,process, i.e., approximation and binding of the protein to the
apposition of membranes, hemifusion of the outer leaflets to membrane, whereas the ensuing destabilization would be
form a stalk, fusion pore formation through merging of both induced by the presence of other phospholipid types.
bilayers at the stalk point, and, finally, fusion pore enlargement e have shown that the SARS-CoV PTM peptide is capable
with full contents mixing?* "2 A lot of research on membrane  of affecting the steady-state fluorescence anisotropy of fluo-
fusion proteins point out that there are several regions within rescent probes located in the palisade structure of the membrane,
these proteins that are involved in the fusion process, and aresince it decreased the cooperativity of the transition, as observed
decisive for membrane fusion to take pl&é@’39.40.50,5258.71.735 by both types of probes for the phospholipids DMPC, DMPG,
Destabilization of the lipid bilayer and membrane fusion appears and DMPS. Therefore, the peptide was able to decrease the
then to be the result of the binding and interaction of these mobility of the phospholipid acyl chains when compared to the
segments with the biological membranes. However, little is pure phospholipid. However, some differences were found
known about how the complex series of protein/protein and related to the anisotropy change below and abové& thef the
protein/phospholipid interactions drive membrane apposition and pure phospholipid, suggesting that the difference in charge
how they overcome the energy barriers for membrane fusion. petween DPMC, DMPS, and DMPG could affect the effects of
On the basis of our recent wofkwe have selected a highly  the incorporation of the peptide into the membrane. It is
aromatic domain from the SARS-CoV pre-transmembrane interesting to note that the peptide did not induce any significant
sequence, also found in other Class | fusion membrane proteinseffect on either the cooperativity or the anisotropy of DMPA,
to carry out a biophysical study, aiming to elucidate the capacity which, similarly to DMPG and DMPS, bears a negative charge
of this region adjacent to the transmembrane domain of the in jts headgroup. These data suggest, as commented above, that
protein, to interact and disrupt membranes with an approachthe SARS-CoV PTM peptide, although interacting with the
based on different but complementary strategies. membrane, should be located at the lipidater interfacé?

The SARS-CoV PTM peptlde studied in this work partitions The infrared Spectra of the Amidée [egion of the fu||y
with high affinity to model membranes having different phos- hydrated peptide changed with temperature, indicating a low
pholipid compositions. We and others have previously found stability of its conformation, where thg-sheet structure
similar binding affinities for other peptides pertaining to other predominated. However, we have observed differences in the
membrane fusion proteins, as reported previobsi§? 27677 hronortion of the different secondary elements when the peptide
However, the degree of partitioning of the SARS-CoV PTM  was incorporated into membranes of different phospholipid
peptide had no specificity for any particular lipid composition, composition, since its conformation changed depending on
as it has also been found for other peptides. This was furtnerphosph0|ipid Composition' Whereas tb_d]e]ixl ﬂ-sheet’ and
demonstrated by hydrophilic (acrylamide) and lipophilic (NS)  random percentages were similar in solution and in the presence
probe quenching, suggesting that the SARS-CoV PTM peptide of DMPA, they changed significantly in the presence of DMPC
was effectively incorporated into the membranes but located at agnd DMPG, which would be in accordance with the fluorescence
the membrane interface. The SARS-CoV PTM peptlde was also data commented above. |r‘|teresting|y’ yB}Qurn content de-
capable of altering membrane stability, causing the release ofcreased in the presence of all types of phospholipids. These
fluorescent probes. However this effect was dependent on lipid data would suggest that the presence of different phospholipid
composition and on the lipid/peptide molar ratio, with the headgroups would modulate the secondary structure of the
highest effect being observed for liposomes containing EPC, peptide as it has been suggested for other peptichés21t is
Chol, and/or SM. Lower but significant values were observed interesting to note that the peptide in the presence of both DMPC
for liposomes composed of EPC alone, those containing BPI and DMPG, but not in the presence of DMPA, changed its
and BPS, as well as those composed of the complex phosphotonformation concomitantly with the phospholipid gel-to-liquid-
lipid mixtures LE and LPM. The observed effect should crystalline phase transition. The fact that peptide structure in
therefore be due primarily to hydrophobic interactions within  pMPA remains unaltered is consistent with the effect observed
the bilayer but not to the specific charge of the phospholipid in the TMA-DPH and DPH anisotropy experiments mentioned
headgroups. The binding to the surface and the modulation of ahove. This effect suggests that, apart from a negative-charged
the phospholipid biophysical properties, which take place when phospholipid, the presence of a more sizable headgroup is
the peptlde is bound to the membrane, i.e., partitioning into the important in the peptidemembrane interaction, perhaps permit-
membrane surface and perturbation of the bilayer architecture,ting a greater hydration. It has been shown that, besides its
could be related to the conformational Changes that mlght OCCUrfusogeniC properties’ the Trp-rich domain is also required for
during the activity of the SARS-CoV Spike protein. The membrane fusion, perhaps by facilitating oligomerization of
induction of fusion by the SARS-CoV PTM peptide was also gp4$7 or stabilization of the spike trim&8 Membrane fusion
studied, and a similar result was obtained, since significant js an energy-costing event that involves destabilization of the
membrane fusion values were found in the presence of lipo- pjlayer and dehydration of the interfacial regidag47° The
somes composed of negatively charged phospholipids as wellstryctural changes that take place when the SARS-CoV PTM
as for the complex lipid mixtures studied (vide supra). peptide binds to the membrane could be indicative of the

The differences we have found on the effect produced by conformational change that takes place during the metastable
the PTM peptide on leakage and fusion, i.e., higher aggregation(native) to stable (fusogenic) conformational changes of the
and fusion values but lower leakage values in the presence of SARS S glycoprotein following binding of the SARS envelope
negatively charged phospholipids, and the opposite for the otherglycoprotein to its receptors. In the case of the peptide in DMPG,
types of phospholipids studied here, might indicate the pos- this effect is shown in the IR experiments. We can observe that
sibility that negatively charged phospholipids (it should be a change fronf-sheet structures or self-aggregated peptides to
recalled that type 1 and 2 lung pneumocytes are the mosta mixture of unordered and helical structures takes place at the
important cell targets of SARS-CoV, and their plasma mem- same temperature of DMPG. This change might be related to a
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possible role of the peptide in the fusion process. In the first (3) Ksiazek, T. G; Erdgwm, D.; Goldsmith, C. S.; Zaki, S.”R.; Peret,
; ; ili T.; Emery, S.; Tong, S.; Urbani, C.; Comer, J. A.; Lim, W.; Rollin, P. E.;
St?ps Of.fus.lon’ .the pep_tlde would b.e able t_O facilitate the Dowell, S. F.; Ling, A. E.; Humphrey, C. D.; Shieh, W. J.; Guarner, J.;
oI|gomer|zat|on/tr|merlzatllon of the spike protein, gnd, subse- paddock, C. D.; Rota, P.; Fields, B.. DeRisi, J.: Yang, J. Y.; Cox, N.:
quently, after membrane interaction, the conformational change Hughes, J. M.; LeDuc, J. W.; Bellini, W. J.; Anderson, L.Nl. Engl. J.
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ABBREVIATIONS

ANTS 8-Aminonaphthalene-1,3,6-trisulfonic acid

16NS 16-Doxyl-stearic acid

5NS 5-Doxyl-stearic acid

BPI Bovine liver L-a-phosphatidylinositol

BPS Bovine brain L-a-phosphatidylserine

CD Circular dichroism

CF 5-Carboxyfluorescein

Chol Cholesterol

CoV Coronavirus

di-8-ANEPPS 4-(2-(6-(Dioctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-

pyridinium inner salt

DMPA 1,2-Dimyristoyl-sn-glycero-phosphatidic acid
DMPC 1,2-Dimyristoyl-sn-glycero-phosphatidylcholine
DMPG 1,2-Dimyristoyl-sn-glycero-phosphatidylglycerol
DMPS 1,2-Dimyristoyl-sn-glycero-phosphatidylserine
DPH 1,6-Diphenyl-1,3,5-hexatriene

DPX p-Xylene-bis-pyridinium bromide

EPA Egg L-a-phosphatidic acid

EPC Egg L-a-phosphatidylcholine

EPE Egg trans-sterified L-a-phosphatidylethanolamine
EPG Egg L-a-phosphatidylglycerol

ESM Egg sphingomyelin



FP Fusion peptide

FTIR Fourier-transform infrared spectroscopy
HIV-1 Human immunodeficiency virus type 1
HR Heptad repeat region

LPC Lysophosphatydylcholine

LUV Large unilamellar vesicles

MLV Multilamellar vesicles

NBD-PE N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine

POPE 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
PTM Pre-transmembrane domain
RET Resonance energy transfer

RhB-PE N-Lissamine rhodamine B-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine

SARS Severe acute respiratory syndrome

SARSg Putative fusion peptide of SARS

Tm Main transition temperature

T™ Transmembrane domain



ABSTRACT

The SARS coronavirus (SARS-CoV) envelope spike (S) glycoprotein, a Class | viral
fusion protein, is the responsible for the fusion between the membranes of the virus and the
target cell. In the present work we report a study of the binding and interaction with model
membranes of a peptide pertaining to the putative fusion domain of SARS-CoV, SARSgp, as well
as the structural changes which take place in both the phospholipid and the peptide molecules
upon this interaction. From fluorescence and infrared spectroscopies, the peptide ability to
induce membrane leakage, aggregation and fusion, as well as its affinity towards specific
phospholipids, was assessed. We demonstrate that SARSgp strongly partitions into phospholipid
membranes, more specifically with those containing negatively-charged phospholipids,
increasing the water penetration depth and displaying membrane-activity modulated by the lipid
composition of the membrane. Interestingly, peptide organization is different depending if
SARSgp is in water or bound to the membrane. These data suggest that SARSge could be
involved in the merging of the viral and target cell membranes by perturbing the membrane outer
leaflet phospholipids and specifically interacting with negatively-charged phospholipids located

in the inner leaflet.

KEYWORDS
SARS; membrane fusion; spike glycoprotein; fusion peptide; peptide-membrane interaction,
virus-host cell interactions.



INTRODUCTION

Severe acute respiratory syndrome (SARS) is an atypical pneumonia caused by a newly
discovered virus denominated SARS coronavirus (SARS-CoV). Phylogenetic analysis of the
amino acid sequence and complete sequencing of this coronavirus * has shown to be distinct
from previously characterized groups of coronaviruses; SARS-CoV is distantly related to
coronavirus group 2 and is therefore classified as a new subfamily within this group. While most
coronavirus infections are mild, mortality rate for SARS-CoV is commonly referred to be about
10% but increase to greater than 50% in persons older than age 60. At present there is no vaccine
available against any human coronavirus infection. Although SARS has been successfully
restrained, re-emergence from animal reservoirs is still a potential risk for future recurrences,
which is supported by continual reports which find SARS-CoV in small animals, such as civets,
raccoon dogs and bats 3. Furthermore, evidence of SARS-CoV infection has also been observed
in many other marketplace species in China, including cat, red fox, and the Chinese ferret

badger.

Coronaviruses are a diverse group of enveloped, positive-stranded RNA viruses, with 3-4
proteins embedded in the envelope, that cause respiratory and enteric diseases in humans and
other animals. SARS-CoV infection, similarly to other envelope viruses, is achieved through
fusion of the lipid bilayer of the viral envelope with the host cell membrane. The spike
glycoprotein S, responsible for the characteristic spikes of the SARS-CoV, is a surface
glycoprotein that mediates viral entry by binding to the cellular receptors ACE2 and CD209L *°
and induces membrane fusion. In some strains, protein S is cleaved by a protease to yield two
non-covalently associated subunits, S1 and S2 (Figure 1), but cleavage is not an absolute

requirement for the mechanism of fusion °. The receptor binding domain, localized in domain



S1, defines the host range of the virus, while S2 is the responsible for the fusion between the
viral and cellular membranes #’. S2 contains two highly conserved heptad repeat regions (HR1
and HR2, see Figure 1A) ®° similarly to other viral fusion proteins, including HIV-1 gp41,
influenza hemagglutinin HA2, Ebola virus glycoprotein and paramyxovirus F protein 2. All of
them have been classified as Class | transmembrane glycoproteins and are displayed on the
surface of the viral membrane as oligomers. Class | viral proteins also contain a hydrophobic
region denominated as the fusion peptide (FP) and other hydrophobic region immediately
adjacent to the membrane-spanning domain denominated as the pre-transmembrane domain
(PTM). The transmembrane region and cytoplasmic tail of SARS CoV S protein is only 52
amino acids long, which is the shortest length of all known coronavirus S proteins. Although the
exact mechanism by which SARS-CoV enters the host cell has not been elucidated, it is most
likely similar to other coronaviruses. Upon binding to the receptor at the host cell membrane, the
fusion protein will be induced into the fusogenic intermediate state with a significant
conformation change. This change is transmitted from S1 to S2 that causes the fusion peptide to
be released from the interior of the protein and inserted into the target cell bilayer, exposing the
S2 HR1 and HR2 regions. The fusion peptide is thought to be involved in clustering, orientation
and target membrane binding of trimeric spikes. This “meta-stable” fusion intermediate state is
followed by a low energy post-fusion state that entails the formation of a six-helix bundle, where
HR1 helices fold into a central, coiled-coil core in a parallel orientation, and the three HR2
helices in an antiparallel orientation, packed onto the grooves of HR1 through hydrophobic

interactions 101318,

This fusion-active core structure brings the fusion peptide and
transmembrane anchor together, driving the viral and target-cell membranes into close
proximity, resulting in fusion between the membranes and formation of fusion pores, which

allow the virus genome to enter the target cell.



Membrane fusion proteins share common motifs, one of them the “fusion peptide”, a short
segment of hydrophobic residues, rich in Gly residues and essential for fusion. The fusion
peptides interact with and insert into target membranes *° since this region represents a surface
patch with high bilayer-to-water transfer free-energy values (Figure 1B). Fusion peptides also
participate in inducing lipid rearrangements giving place to hemifusion and pore formation 2%
and are also involved in pore enlargement. The fusion peptide does not function as an isolated
unit and in addition it tends to self-associate in membranes in organized complexes in which
several fusion peptide segments can act in a coordinated fashion. There are several pieces of
evidence for the crucial role of fusion peptides in the fusion process. However, accurate
information may be difficult to obtain from the complex system of an intact virus or a whole cell.
Therefore, synthetic peptides corresponding to the putative fusion peptides may prove to be
highly useful in determining structural characteristics, to determine the way fusion peptides may
interact with, penetrate into and destabilize a lipid bilayer and study the influence of different
lipid requirements on fusion by modulating the composition of the peptide-interacting
membranes. While much progress has been made in understanding the implication of fusion
peptides of influenza, HIV and other viruses in the membrane fusion process, available data
concerning the fusion peptide of coronaviruses, particularly in the case of SARS-CoV, are
scarce. In the present work we report on the determination of the secondary structure and the
interaction with model membranes of a peptide pertaining to the fusion domain of SARS-CoV
(SARSkp). The structural and dynamical changes which take place in both the peptide and the
phospholipid molecules induced by interaction with the lipid bilayer are characterized through a
series of complementary experiments. Moreover, we show that SARSgp strongly partitions into
phospholipids membranes and organizes differently in lipid environments, increasing the water

penetration depth and displaying membrane-activity modulated by the lipid composition of the



membrane, suggesting that the SARSg could be involved in the merging of the viral and target

cell membranes.



EXPERIMENTAL METHODS.

Materials and reagents. A 19-residue peptide pertaining to the S2 domain of SARS-CoV
("MWKTPTLKYFGGFNFSQIL with N-terminal acetylation and C-terminal amidation) was
obtained from Genemed Synthesis, San Francisco, CA. The peptide was purified by reverse-
phase HPLC (Vydac C-8 column, 250 x 4.6 mm, flow rate 1 ml/min, solvent A, 0.1%
trifluoroacetic acid, solvent B, 99.9 acetonitrile and 0.1% trifluoroacetic acid) to better than 95%
purity, and its composition and molecular mass were confirmed by amino acid analysis and mass
spectroscopy. Since trifluoroacetate has a strong infrared absorbance at approximately 1,673 cm’
! which interferes with the characterization of the peptide amide | band 2, residual
trifluoroacetic acid, used both in peptide synthesis and in the high-performance liquid
chromatography mobile phase, was removed by several lyophilization-solubilization cycles in 10
mM HCI. Egg phosphatidylCholine (EPC), egg phosphatidylglycerol (EPG), egg phosphatidic
acid (EPA), egg sphingomyelin (ESM), bovine brain phosphatidylserine (BPS), egg trans-
sterified phosphatidylethanolamine (EPE), bovine liver phosphatidylinositol (BPI), 1,2-
dimyristoylphosphatidylCholine (DMPC), 1,2-dimyristoylphosphatidylglycerol (DMPG), 1,2-
dimyristoylphosphatidylserine (DMPS), 1,2-dimyristoylphosphatidic acid (DMPA), Chol (Chol),
N-Lissamine rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (RhB-PE)
and N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (NBD-PE) were obtained from Avanti Polar Lipids (Alabaster, AL). 5-
Carboxyfluorescein (CF), (>95% by HPLC), 5-doxyl-stearic acid (5NS), 16-doxyl-stearic acid
(16NS), 4-(2-(6-(Dioctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-pyridinium inner salt
(di-8-ANEPPS), sodium dithionite, deuterium oxide (99.9% by atom), Triton X-100, EDTA, and
HEPES were purchased from Sigma-Aldrich (Madrid, ES-EU). 8-Aminonaphthalene-1,3,6-

trisulfonic acid (ANTS), p-Xylene-bis-pyridinium bromide (DPX) and 1,6-Diphenyl-1,3,5-



hexatriene (DPH) were obtained from Molecular Probes (Eugene, OR). All other reagents used
were of analytical grade from Merck (Darmstad, GER-EU). Water was deionized, twice-distilled
and passed through a Milli-Q equipment (Millipore Ibérica, Madrid, ES-EU) to a resistivity

higher than 18 MQ cm.

Liposome preparation. Liposomes were prepared as described previously 2*?°. The

phospholipid and peptide concentration was measured by methods described previously 2%,

Leakage and phospholipid-mixing measurements. Phospholipid mixing was performed as

described previously 2.

Kinetics of leakage and fusion. The kinetics of leakage and fusion was analyzed from the
parameters Lmax and t (See Table Il) obtained by fitting an exponential function to the
experimental time course curves. To obtain a good fitting it was necessary to use of a double
exponential rate equation. Experimental leakage time course curves were described by the
relationship L=L (1—exp(-t/7)+L,(Q—exp(-t/z,)), where L; and L, represent the

maximum leakage, t is the time after the addition of the peptide, and t; and t, are time constants.

The average rate constants <t> were calculated according to (7)=a,z, +a,7,, where a; and a

are the normalized fractional leakage component, g, =L, /L,

Liposome aggregation. LUVs with a mean diameter of 0.2 um were prepared in buffer
containing 10 mM Tris, 0.1 M NaCl, 1 mM EDTA. Peptide-induced vesicle aggregation was
detected by monitoring the optical density at 405 nm on a 96 well Anthos Spectrometer. All

measurements were performed at room temperature on microtiter plates each well containing a
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final volume of 150 ul. The lipid concentration was 0.27 mM in all experiments and the

measured optical density was corrected for dilution upon peptide addition.

Peptide binding. Peptide partitioning into membranes was evaluated by the enhancement of the
tryptophan fluorescence by successive additions of small volumes of LUVs to the peptide sample

(3.2x10™° M peptide concentration). For details see refs. 2%,

Fluorescence quenching of Trp emission by water-soluble and lipophilic probes and steady-
state fluorescence anisotropy. Fluorescence quenching and anisotropy studies were performed

essentially as described previously %,

Measurement of the membrane dipole potential. Aliquots containing the appropriate amount
of lipid in chloroform-methanol (2:1 v/v) and di-8-ANEPPS were placed in a test tube to obtain a
probe/lipid molar ratio of 1/100 and LUVs with a mean diameter of 0.1 um were prepared as
described previously. Steady-state fluorescence measurements were recorded with a Varian Cary

Eclipse spectrofluorimeter. For details see ref. %° .

Time-resolved fluorescence spectroscopy. Fluorescence intensity and anisotropy decays were
obtained by the single-photon timing technique. For Trp, excitation was made at A = 295 nm
with a dye laser of Rhodamine 6G %. For DPH excitation at 375 nm, a solid state Ti:sapphire
laser was employed. The experimental layout is described *. The emission wavelength was (350
nm for Trp and 430 nm for DPH). The time-scales ranged from 7.5 to 14.0 ps/channel for Trp
and from 20.0 to 57.6 ps/channel for DPH (total time channels 1024). The experimental
fluorescence intensity and anisotropy decays were analyzed using the TRFA software (Scientific

Software Technologies Center, Minsk, Belarus). For other details on the fluorescence intensity
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decay analysis and average fluorescence lifetime calculations see 2. For other details on the

time-resolved anisotropy measurements and analysis see 3% .

Infrared Spectroscopy. Aliquots containing the appropriate amount of lipid in
chloroform/methanol (2:1, v/v) were placed in a test tube containing 200 ug of dried lyophilized
peptide. After vortexing, the solvents were removed by evaporation under a stream of O,-free
nitrogen, and finally, traces of solvents were eliminated under vacuum in the dark for more than
three hours. The samples were hydrated in 200 ul of D,O buffer containing 20 mM HEPES, 50
mM NaCl, 0.1 mM EDTA, pH 7.4 and incubated at 10°C above the phase transition temperature
(Tm) of the phospholipid mixture with intermittent vortexing for 45 min to hydrate the samples
and obtain multilamellar vesicles (MLV). The spectra were obtained and analyzed as described

previously 334,
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RESULTS

The SARS-CoV spike glycoprotein consists of an extracellular domain, a TM domain,
and an intracellular domain (Figure 1A) and it can be classified as a Class | viral fusion protein.
It is also known that, apart from the FP, other regions of viral fusion proteins bind and interact
with membranes and experience conformational changes which all together combine to make
possible the fusion of the viral and cell membranes ***°. Recently we have shown the existence
of different membranotropic regions of the SARS spike glycoprotein by using a library of 16/18-
mer peptides encompassing the full sequence of the protein *°, which might be important, not
only for modulating membrane binding and interaction, but also for protein-protein interaction.
In order to detect surfaces along the SARS spike glycoprotein which might be identified as
membrane partitioning and/or membrane interacting-ability zones, we have plotted the average
surface hydrophobic moment, hydrophobicity and interfaciality versus the amino-acid sequence
supposing it adopts an a-helical structure along the whole sequence, giving us a depiction of the
potential surface zones that could be possibly implicated in membranotropic action (Figure 1B;
see also *). These patches of positive hydrophobicity and interfaciality along the surface of the
protein could favor the interaction with other similar patches along the same or other proteins as
well as with the surface of the membrane. One of these membranotropic regions (Figure 1) has
been proposed to be the putative fusion peptide of the SARS spike glycoprotein, SARSgp. Since
SARSgr could be important in the membrane fusion process, we present here the results of the

study of the interaction of SARSgr with model membranes.

SARSEp membrane binding and interaction
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The intensity of the fluorescence emission of a Trp residue increases when the amino
acid is in a hydrophobic environment such as a phospholipid membrane, and together with an
increase in the quantum yield, the maximal spectral position shifts toward shorter wavelengths .
The increase in fluorescence emission intensity of the Trp residue of the SARSgp peptide as a
function of the increasing lipid concentration is shown in Figure 2A. From data fitting, partition
coefficients, K,, were obtained for the different phospholipid compositions (summarized in
Table I). Large K, values (in the range 10°) were obtained for negatively charged phospholipids-
containing bilayers, even at increasing ionic strengths (Figure 2A), showing that the peptide has
a strong preference for the membrane as compared to the aqueous environment. These results
were further corroborated by the displacement in the emission frequency maximum of Trp in the
presence of phospholipid LUVs. In the case of the SARSg peptide, the maximum of the
fluorescence emission spectra decreased up to 7-8 nm upon addition of negatively charged
vesicles and 0-3 nm when the peptide was titrated with neutral vesicles (Table I), suggesting a
more hydrophobic (low-polarity) environment surrounding the tryptophan residue in the
presence of negatively charged phospholipids than in the presence of zwitterionic phospholipids.
This nontrivial effect will be rationalized in the Discussion section. Since membrane apposition
is a necessary requisite before membrane fusion can occur ', the ability of the SARSgp peptide
to induce vesicle aggregation was tested in order to investigate whether this property correlated
with the peptide-membrane binding and leakage assays. The ability of the peptide to induce
vesicle aggregation was monitored through the increment in optical density as a function of the
peptide/lipid ratio as shown in Figure 2B. It can be observed that the effect of the SARSgp
peptide is larger in liposomes containing negatively charged phospholipids than on zwitterionic
ones, in a similar way to the fluorescence data shown above. The SARSgp peptide has a positive
net formal charge of +2, so that an electrostatic effect might be the reason to observe high K,

values and also significant vesicle aggregation for compositions containing negatively charged
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phospholipids. However, it is not only the electrostatic attraction that is playing a role, since an
increase in the ionic strength does not decrease the partition coefficient, which it would in case
of a purely electrostatic interaction. In addition to electrostatic effects, hydrophobic interactions
also play an important role, which is relevant because the outer leaflet of the target membrane for

the virus is mainly zwitterionic.

Another way of evaluating the interaction of the peptide with the membrane is by
determining the fluorescence intensity decay of the Trp residue. The decay of Trp is usually
complex since more than two exponentials are required for a good description, and from this
complexity; subtle alterations undergone by the peptide upon membrane insertion can be
detected. In Table Il the parameters describing the SARSg fluorescence decay, the lifetime-
weighted quantum yield and the average fluorescence lifetime are shown in buffer at different
temperatures, and in the presence of different lipid mixtures at 25°C. In all systems the
fluorescence decay was described by the sum of three exponentials, with lifetime components
typical of Trp-containing peptides. In buffer, and as expected, the lifetime decreases with
increasing temperature, because the non-radiative decay processes become more effective.
However, from 25°C to 15°C, there are changes in the sequence of pre-exponentials (not verified
between 25°C and 50°C), whereas the lifetime-weighted quantum yield and mean lifetime show
very modest changes, suggesting the existence of a structural alteration between 15°C and 25°C.
In the presence of different lipid mixtures, there are small but appreciable changes in the lifetime
parameters. In general, the lifetime-weighted quantum vyield is increased as compared to the
value in buffer at the same temperature, except for the EPC/Chol system. In the case of pure lipid
vesicles (EPC and EPG) and in the EPC/BPS/Chol mixture, the normalized pre-exponentials
show no drastic changes relatively to the fluorescence decay in water at 25°C, suggesting that

there are no strong structural alterations of the peptide in the vicinity of the Trp residue upon
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membrane incorporation. In the case of the EPC/Chol mixture, the changes are more
pronounced, namely, the pre-exponential of the long component is significantly reduced, with a
concomitant increase in the pre-exponential of the short one. In all other cases it is obvious that
the changes observed in the lifetime-weighted quantum yield do not correlate with those of the
steady-state fluorescence intensity (whereas the former increases between ~5 and 20 %
depending on the system, the latter decreases ~10% in EPC, and increases ~45 % for EPG and
~60% for EPC/BPS/Chol. Taken together, this can be interpreted by the existence in water of a
second population of peptide that does not fluoresce (probably due to the intra-quenching effect
of the Lys residues of the peptide or to aggregate formation), and that in the case of anionic
membranes, when the peptide partitions into the membrane there is a structural alteration to a
species with a higher quantum yield, and this effect adds-up to the relief of the quenching. As

previously described, this is not the case for the zwitterionic membranes.

Studies of the penetration and location of SARSkp in the bilayer.

In order to further explore the possible interaction of SARSge with the lipid bilayer we
studied the accessibility of its Trp residue towards acrylamide, a neutral, water-soluble, highly
efficient quencher, which is unable to penetrate into the hydrophobic core of the lipid bilayer.
The quenching data is presented in Figure 3A and the resultant Stern-Volmer plots (Table I)
reveal a lesser decrement in fluorescence intensity in the presence of liposomes, so that the Trp
residue was less accessible to the quencher in the presence of LUVSs. In addition, the smallest
Ksy values were obtained in the presence of negatively-charged phospholipids, EPG,
EPC/BPS/CHOL and EPC/BPI/CHOL. Interestingly, the Ksy value for Chol-containing
zwitterionic membranes was only slightly smaller than in the absence of liposomes and for EPC

LUVs the Ksy value is between both types of membrane compositions. The plots are linear with
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a unitary intercept showing that the Stern-Volmer dynamic quenching formalism describes
accurately the data. The Ksy value is actually the product of the bimolecular quenching rate
constant times the average fluorescence lifetime of the fluorophore in the absence of quenching.
In this way, it is important to check if there are significant variations in that parameter in order to
compare quencher accessibility from Kgy values. At 25°C the average lifetime values (Table II)
lay always between 2.17 and 2.59 ns, and, in general, the systems for which a larger Ksy was
retrieved corresponded to a shorter average lifetime: the order of Ksy/<t> is the same as Ksy
alone, except for EPG and EPC/BPS/Chol that switch but remain very similar. Therefore, and
after accounting for the mean lifetime variations, the accessibility to the aqueous quencher
becomes fully correlated with the spectral shifts observed. The transverse location (penetration)
of the SARSkp peptide into the lipid bilayer was evaluated by monitoring the relative quenching
of the fluorescence of the Trp residues by the lipophylic spin probes 5NS and 16NS when the
peptide was incorporated in the fluid phase of vesicles having different phospholipid
compositions (Figure 3B). It can be seen that, in general, and for each one of the different
membrane compositions studied, the SARSg peptide was quenched more efficiently by 5NS,
quencher for molecules near or at the interface, than by 16NS, quencher for molecules buried
deeply in the membrane, allowing to conclude that SARSgr remained close to the lipid/water

interface.

Fluorescence lifetime of DPH incorporated into the membrane

The effect of the SARSgp peptide on the chain-packing order, structural and thermotropic

properties of phospholipid membranes was further investigated measuring the fluorescence

decay of DPH which is known to partition mainly into the hydrophobic core of the membrane.

The fluorescence intensity decay of a membrane probe such as DPH is one of the most sensitive
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parameters for evaluating perturbations that might take place in the interior of the lipid bilayer.
The amplitude and lifetime values of the fluorescence decay components, as well as the values of
lifetime-weighted quantum yield and average lifetime of DPH incorporated either in a
zwitterionic (DMPC) or an anionic (DMPG) membrane, both below and above the T, of the
phospholipid and in the absence and in the presence of SARSg are given in Table I1l. In the
absence of the peptide, the fluorescence decay of DPH is always bi-exponential, except for
DMPG at 15°C, where a longer component of ~12 ns is the major one, giving rise to a longer
lifetime-weighted quantum vyield and average lifetime. The presence of the SARSg peptide
makes the decay more complex, originating a short (sub-nanosecond) component with an
amplitude of more than ~13 to 36%. The other components, become significantly shorter for
DMPG, but this is not the case for DMPC. In addition, in the case of DMPC the quantum vyield
and the average lifetime are almost independent of temperature. In the case of DMPG, the short
component is shorter and contributes more to the decay, and the average lifetime becomes
distinctly smaller than in all other cases. Thus, the relative decrease of the average lifetime is

stronger for DMPG both above and below T,.

Membrane rupture, phospholipid mixing and fusion.

In order to explore the effect of SARSgp in the destabilization of membrane vesicles, we
studied its effect on the release of encapsulated fluorophores in model membranes made up of
various compositions at different peptide to lipid molar ratios (Figures 4A and 4C). LUVs were
composed of unsaturated phospholipids instead of saturated ones to avoid the great variability in
the basal fluorescence and the rapid release of the probes even in the absence of the peptide as
reported previously . The final maximum values (Lmay), the rate constants (t) and the average

rate constant (<t>) of the processes obtained from Figure 4A are summarized in Table IV (see
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Material and Methods). Considering the average rate constant as the relevant parameter for
intersystem comparison, the lower ones, i.e., the faster leakage elicited by SARSgp, took place in
LUVs composed of EPC/BPI/Chol, followed by LUVs composed of EPC/BPS/Chol, EPC/Chol
and EPC (Table IV). The extent of leakage observed at different P/L ratios and the effect of lipid
composition is shown in Figure 4C, where it can be seen that the peptide was able to induce the
release of the internal contents of the liposomes in a dose-dependent manner. In the presence of
liposomes composed of either EPC/BPI/CHOL or EPC/BPS/CHOL, the SARSEp peptide induced
a high percentage of leakage (leakage values of about 95% at a lipid/peptide ratio of 10:1).
Slightly lower leakage values were obtained for liposomes composed of EPC/SM/CHOL, EPC
or EPC/CHOL (leakage values of between 80 and 90% at a lipid/peptide ratio of 10:1), whereas
LUVs composed of EPC/EPE/CHOL, EPG and EPA displayed much lower leakage values
(between 55 and 70% at a lipid/peptide ratio of 10:1). This shows that all these membranes are
perturbed by the peptide, in agreement with the effect observed on the DPH fluorescence

lifetime.

The induction of inner-monolayer phospholipid mixing by the SARSgp peptide, as a
measure of its fusogenic activity, was tested with several types of vesicles utilizing the probe
dilution assay 3 (Figures 4B and 4D). It became evident that the SARSgp peptide could induce
significant inner-monolayer lipid mixing only in the presence of liposomes composed of
negatively-charged phospholipids but not with zwitterionic ones. Considering the average rate
constant as before, the lower ones, i.e., the faster mixing, took place in LUVs composed of
EPC/BPI/Chol, EPC/BPS/Chol and EPG but much lower on the other compositions tested (Table
IV). This can be confirmed by observing the extent of mixing in Figure 4D, where only relevant
values are observed for compositions having negatively-charged phospholipids (ca. 100% for

inner-monolayer phospholipid mixing but discrete for the other compositions). Significantly,

19



while fusion is similar for all vesicles containing negatively-charged phospholipids, leakage is
lower for pure anionic vesicles (compare Figures 4C and 4D), suggesting that the SARSgp
peptide induces non-leaky fusion, which is more relevant in virus-membrane fusion processes. In
fact, this is true at high lipid to peptide ratios as observed by contents mixing using ANTS/DPX

%0 (not shown for briefness), which are usually closer to the in vivo conditions.

Modulation of membrane dipole potential

Changes on the membrane dipole potential magnitude elicited by SARSgp was monitored
by means of the spectral shift of the fluorescence probe di-8-ANEPPS ***3. Furthermore, in
order to confirm the specific effect of the SARSgp peptide on liposomes containing negatively-
charged phospholipids, we chose LUVs containing only one phospholipid plus cholesterol. The
variation of the fluorescence intensity ratio Rssos20 Normalized as a function of the peptide
concentration for different membrane compositions is shown in Figure 5. In the presence of the
peptide, a great decrease in the Ryso/520 Value was measured only in the presence of negatively
charged lipid mixtures, i.e., those containing either BPS, EPA or EPG/Chol, confirming again

the specific interaction of the peptide with vesicles bearing negatively-charged phospholipids.

Peptide secondary structure from FTIR

The existence of structural changes on the SARSkp peptide induced by membrane binding
was studied by Fourier transformed infrared spectroscopy (FTIR). Self-deconvolution, derivation
and band-fitting was applied to the original envelope to observe the underlying components of
the broad Amide I’ band between 1700 and 1600 cm™ #* at 10°C above the phospholipid Tp, i.e.,

in the fluid state, and 30°C for the peptide in solution. For the peptide in solution band fitting
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yielded different component bands at frequencies about 1672, 1657, 1643, 1630 and 1618 cm™
(not shown for briefness) that can be respectively assigned to B-turns, a-helix or 3j0-helix,
unordered structures, B-sheet and extended B-strands with strong intermolecular interactions,
respectively 2*. The frequencies of the Amide I’ component bands for SARSgp in the presence of
DMPC, DMPG and DMPA were nearly identical to those found for the peptide in solution, but
their intensity varied slightly (not shown for briefness). The most significant difference between
the peptide Amide I’ band in the different systems studied is the increase in the relative intensity
of the bands assigned to extended B-strands with strong intermolecular interactions in the
presence of the phospholipids (from 31% to about 35-36%), as well as an increase in half
bandwidth at half height of about 3-8 cm™ (not shown). A significant part of the structure is
retained in all cases, in agreement with the fluorescence intensity decay parameters of the

peptide which show absence of strong alterations around the Trp residue (see below).

Fluorescence anisotropy of the Trp residue of SARSgp

Another relevant fluorescence parameter is the steady-state fluorescence anisotropy of the
Trp residue of SARSgp, which gives insight on the motional restrictions affecting the Trp region
of the peptide when inserted into the membrane. However, the anisotropy is also very sensitive
to the size of the entity containing the fluorophore, especially in solution, where the viscosity is
low enough to make the rotational diffusion to take place in the time scale of the fluorescence
emission. Thus, it helps to determine the aggregation state of the peptide in water, because the
size of the particle is directly proportional to the number of molecules in the aggregate. One
simple way of obtaining this information is from the rotational correlation time ¢ of the peptide
in buffer solution, which can be retrieved from the fluorescence anisotropy decay. This

parameter can be predicted from simple calculations assuming a spherical rotor (Stokes-Einstein
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equation): ¢=nV/RT, where 7 is the solvent’s viscosity, V is the hydrodynamic volume of the
peptide, R is the gas constant and T is the absolute temperature. The volume of the peptide can
be calculated from the amino acid sequence *, giving a value of 2812 A®. The input value of V
can be doubled, tripled, etc. in order to retrieve the expected value of ¢ for a dimer, a trimer, etc.
The value of ¢ can be also obtained experimentally from the fluorescence anisotropy decay (not
shown; see Materials and Methods). In Table V the experimental value of ¢ together with the
values predicted for a monomer and a dimer (Stokes-Einstein equation) are given for 15°C and
25°C. It can be easily observed that the experimental value is much closer to the monomer value,
even slightly shorter. To further confirm that the value of ¢ obtained from the fit to the

experimental anisotropy decay is correct (because this is a complex mathematical procedure) the

steady-state anisotropy was also calculated from the Perrin equation, i.e., (r)=r,/(1+(z)/¢)

where ry is the fundamental anisotropy (these values are also shown in Table V). The original
equation is valid for a fluorophore with a mono-exponential decay, but we have previously
verified that this simplified form with the mean fluorescence lifetime is a very good
approximation for Trp containing peptides in buffer solution *. The agreement between the
experimental steady-state anisotropy and the anisotropy calculated from the Perrin equation with
the experimental ¢ is very good, and it can be safely concluded that the fluorescent peptide
species is largely monomeric in water in the concentration and temperature range used for
fluorescence experiments. Upon interaction with the membrane, the anisotropy significantly
changes. In the case of the zwitterionic mixture, there is a slight increase of the anisotropy,
whereas for the anionic membranes there is a larger increase. It is usual to observe an increase in
the anisotropy of Trp for peptides interacting with the membrane, because the movements of
both the indol ring and the peptide backbone are slower and more restricted. The effect correlates
with previous parameters described in this work that account for the strength of the interaction of

the peptide with those membranes.
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DISCUSSION

Membrane fusion can be described as a succession of different steps, namely apposition
of membranes, hemifusion of the outer leaflets to form a stalk, fusion pore formation through
merging of both bilayers at the stalk point and finally, fusion pore enlargement with full contents
mixing ***®. The membrane fusion protein of SARS CoV is the envelope Spike glycoprotein and
it is thought that several trimers of the S protein are capable of juxtaposing, destabilizing and
merging the viral and cellular membranes so that a fusion-pore is formed as it has been already
described for other Class I membrane fusion proteins. Furthermore, there are several regions
within Class | and Class Il membrane fusion proteins which are involved in the fusion process,
and are decisive for membrane fusion to take place since destabilization of the lipid bilayer and
membrane fusion appears then to be the result of the binding and interaction of these segments
with the biological membranes. We have selected a specific segment from the SARS CoV
sequence which is proposed to be the putative fusion peptide of the SARS spike glycoprotein *,
to carry out a biophysical study, aiming to elucidate how the capacity of this region to interact
and disrupt membranes depends on lipid composition, and which structural and dynamic features

are relevant for that disruption.

The SARS-CoV SARSgp peptide studied in this work partitions with high affinity to
model membranes having different phospholipid compositions. The degree of partitioning of the
SARS-CoV SARSk peptide is much higher for vesicles containing negatively-charged
phospholipids as it has been also found for other peptides pertaining to other membrane fusion
proteins, which showed similar binding affinities as reported previously 2*##'. This specificity
was further demonstrated by the ability of the SARSg peptide to induce vesicle aggregation,

since it was greater on liposomes containing negatively charged phospholipids than on
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zwitterionic ones. The binding force was mainly from an electrostatic origin, presumably owing
to the positive net charge (+2) of the peptide. However, hydrophobic interactions also play an
important role, because the parameters described above do not completely correlate to the total
surface charge of the different membranes used. This is the case of the mixtures containing 33%
of BPS or BPI. Not only the head-group is different, but a contribution arising from the fact that
sn-1/sn-2  acyl chains are mainly saturated/monounsaturated in BPS and

saturated/polyunsaturated in P1 cannot be ruled out.

As pointed out previously, for EPC and EPC/ESM containing liposomes, a slight
decrease in fluorescence intensity was observed (Figure 2A). This nontrivial effect can be due
either to a structural alteration where the Lys residues would become more accessible to the Trp,
thereby quenching its emission (see *?), or to the formation of aggregates with a concomitant
qguenching of Trp emission. This was further demonstrated by hydrophilic (acrylamide) and
lipophilic (NS) probe quenching. In the case of acrylamide quenching data, the smallest Ksy
values were observed in the presence of negatively-charged phospholipids, suggesting that the
SARSgp Trp residue is less accessible for quenching by acrylamide and therefore interacting
more deeply with the membrane. However, it was also shown above that the SARSgp peptide
was quenched more efficiently by 5NS than 16NS suggesting that in all cases the peptide was
near the membrane lipid/water interface in a shallow position. A greater quenching efficiency
was observed for model membranes containing only negatively-charged phospholipids,
suggesting that in the case of EPC/BPS/Chol the Trp residue is somehow less accessible to both
lipophylic probes than in EPG, probably because it is in a aggregate form relevant for its
biological action (note that the Trp in the case of EPC/BPS/Chol is also less accessible to the
aqueous quencher acrylamide). This suggests that the organization of the peptide in the

membrane is not the same in EPG and EPC/BPS/Chol, because the quenching efficiency is
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higher with both 5NS and 16NS for the EPG case. This is in agreement with a different
membrane/water steady-state intensity ratio and lifetime-weighted quantum yield observed for
the peptide in these two anionic systems. This was confirmed by the longer fluorescence decay
lifetimes of the Trp residue of the peptide in the presence of either one anionic or one
zwitterionic lipid (EPG or EPC) as compared to the anionic or zwitterionic mixture, respectively
(EPC/BPS/Chol and EPC/Chol). This reduction in lifetime could be consequence of a self-

quenching process effective in regions that are peptide-enriched.

The SARS-CoV SARSkp peptide was also capable of altering membrane stability causing
the release of fluorescent probes. However this effect was dependent on lipid composition and on
the lipid/peptide molar ratio, being the highest effect observed for liposomes containing
negatively-charged phospholipids. Lower but significant leakage values were also observed for
liposomes composed of zwitterionic phospholipids, so that the effect observed on these vesicles
should be due primarily to hydrophobic interactions within the bilayer but not to the specific
charge of the phospholipid head-groups. In fact, all the data shows that although the peptide is
able to interact and perturb the zwitterionic membranes, the strength of the interaction is
insufficient to induce extensive fusion and i.e., the aggregation activity of the peptide is quite
limited with those membranes. For example, the fluorescence decay of DPH was affected by the
peptide both in DMPC and in DMPG membranes, although the perturbation was stronger with
the latter lipid. The short component and the shortening of the other components in DPH
fluorescence decay induced by the peptide (Table 1) may be interpreted as a deeper penetration
of water into the acyl chain region, because it is well known that the quantum yield of DPH is
quite low in water. Thus, in the case of DMPG all the bilayer is strongly and deeply perturbed.
On the other hand, in the case of DMPC, there is a similar membrane perturbation with water

penetration revealed by the short component, but the perturbation is not as strong as in the case
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of DMPG because the average lifetimes do not decrease so drastically. Thus, the water
penetration and membrane perturbation sensed by DPH relates with the membrane activity

essays of leakage and fusion.

The binding to the surface and the modulation of the phospholipid biophysical properties
which take place when the peptide is bound to the membrane, i.e., partitioning into the
membrane surface and perturbation of the bilayer architecture, could be related to the
conformational changes which might occur during the activity of the SARS-CoV Spike protein.
In the case of zwitterionic membranes, it is probable that the adequate conformational changes
are not taking place. The induction of fusion by the SARSgp peptide were also studied and
similar results were obtained, since specific and large membrane fusion values were found only
in the presence of liposomes composed of negatively-charged phospholipids. These data was
confirmed by the change in the membrane dipole potential elicited by SARSgp in the presence of
vesicles bearing negatively-charged phospholipids. The differences we have found on the effect
produced by the SARSgp peptide on leakage and fusion, i.e., high values in the presence of
negatively-charged phospholipids, but lower for the other types of phospholipids studied here,
might indicate that negatively-charged phospholipids could play an important role and stimulate
the fusion process, i.e., approximation and binding of the protein to the membrane occurs for
mixtures containing a small fraction of anionic lipids where the zwitterionic lipids help the
proper organization of the peptide, whereas the ensuing destabilization with the formation of a
fusogenic structure requires more anionic phospholipids. Thus, this destabilization can be further
increased by the higher concentration of anionic lipids which exists in the inner cell membrane
leaflet. The fusion assay shows that leakage probably corresponds to a perturbation of the
membrane and is mainly unspecific, and the fusion activity is much more specific. Furthermore,

it is not the fact that a ternary mixture is present that induces those activities, but the presence of
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a negatively charged lipid, because in zwitterionic ones, even with two or three components the
peptide has a much lower and generally uncorrelated fusion activity. However, there are several
data that indicate a stronger interaction in the mixtures containing the anionic and zwitterionic
lipids as compared with anionic lipid alone, which may be related to the formation of
nanoclusters of peptide and anionic lipid where the fusogenic structure formation takes place,

indicating that the virus is adapted to the complex lipid composition of the target cell membrane.

Wimley and coworkers have made a remarkable study of this system, both in this peptide
%9 and also in other peptides derived from the S glycoprotein ****. Regarding the data obtained
for this peptide, there is a fair agreement in most of the conclusions, namely evidence for B-sheet
aggregation, which is reported in their work from CD data and in the IR study we present here.
However, distinct evidence was noted in some points, i.e., we have found that the K, values for
membrane systems in the absence of negatively-charged phospholipids are extremely low and in
addition a peculiar pattern was obtained for the fluorescence intensity, since a decrease in Trp
fluorescence intensity was observed, pointing out to a structural alteration and/or aggregation of
the peptide. In the present work we also show that the SARS-CoV SARSge peptide is capable of
affecting the palisade structure of the membrane, through studies of the fluorescence intensity
decay of DPH. Although the peptide is not deeply buried in the membrane, as commented above,
it is able to affect the lipid milieu from its surface where it locates down to the hydrophobic core
where DPH resides, and in this last case, leaving the probe exposed to an aqueous-like
environment. The peptide perturbs more strongly the bilayer in the case of negatively-charged
phospholipids as shown by the fluorescence intensity decay of DPH, both in the gel and in the
fluid phospholipid phase. The infrared spectra of the Amide I’ region of the fully hydrated
peptide did not change with temperature, indicating a high stability of its conformation, where

extended B-strands with strong intermolecular interactions predominated. Moreover, we did not
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find significant changes on the proportion of the different secondary elements when the peptide
was incorporated into membranes of different compositions. This is in agreement with i) the
fluorescence lifetime of the peptide, for which only minor changes were observed and ii) the CD
experiments of Sainz et al. * that had to reduce significantly the concentration of peptide and
measure the spectra in limiting conditions in order to observe alterations (namely induction of -
type structures) upon membrane incorporation, because for typical CD concentrations the
peptide in buffer already shown propensity for B-aggregate formation. In addition, it strongly
points to a biological active form of the peptide to be the membrane-bound aggregate, because
for very diluted peptide, the membrane induces a structure that is similar to the one in water with

higher concentration *°

. In addition, the fluorescence lifetime parameters underwent a less
noticeable change for the EPC/BPS/Chol lipid system, which is the one with stronger interaction
with the peptide. This data would suggest that apart from a negatively-charged phospholipid, the
presence of a more sizeable head-group would be important in the peptide-membrane interaction
perhaps allowing a hydrophobic interaction in a shallow position by protecting the more
hydrophobic residues of SARSgp from water. It is interesting to note that the fluorescent form of
the peptide in buffer, is largely monomeric, as concluded from the fluorescence anisotropy of its
Trp residue, whereas in the presence of a membrane the peptide should be arranged in a
somehow regular aggregate. In this case, different Trp residues should be close to each other,
protected from interaction with the Lys residues, hence with a stronger steady-state fluorescence
intensity than in water, leading possibly to the formation of a highly fusogenic structure. From
the small changes in fluorescence lifetime parameters, it is very reasonable to suppose that
although the structure of the peptide is not very different in water and in the membrane bound
form, the way itself organizes should be completely different (note that in the membranes where

the fluorescence intensity of the peptide decreases in relation to water, the fusogenic activity is

also quite low). It is known that, in the case of Class | membrane fusion proteins, several fusion
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peptide fragments pertaining to different trimers can promote the formation of local nipples in
the cell membrane leading to the formation of local bends which could induce zones of non-
lamellar phases on the outer leaflet °2. It would be possible that to compensate for the imbalance
produced by a different phospholipid assembly, phospholipid flip-flop from the inner leaflet to
the outer leaflet-could be endorsed *3. The present data would suggest that disassembly of the
core could possible happen only after exposure to negatively charged membranes, either by flip-
flop or when in contact with the inner leaflet, i.e., by making small holes in the outer leaflet, as
shown by the short component induced in the fluorescence decay of DPH, which shows up both
in negative as well as in neutral lipid membranes. It is quite interesting to notice that the model
system wused here that most resembles mammalian plasma membrane outer leaflet
(EPC/SM/Chol) is the one inducing a smaller spectral shift, a more noticeable decrease of
fluorescence intensity of the peptide, less vesicle aggregation, and no detectable fusion. In this
way the transverse asymmetry of the target cell membrane, which is challenged by the
perturbation induced by the peptide in the outer leaflet, becomes of importance for the process.
In this way, the region where the SARS-CoV SARSgr peptide is located could interact with the

negatively-charged leaflet favoring the fusion process, leading to the fusogenic pore formation.
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TABLE I

Partition coefficient (Kp), spectral shift (ALX) and acrylamide Stern-Volmer (Ksy) quenching
constant for the SARSgp peptide in buffer and in the presence of LUVs of different
compositions. AA corresponds to a peptide/lipid ratio of 1:100.

LUV composition K, (nm) Ke (M)
EPC nd 3 7.90
EPC/Chol 5:1 nd 3 10.7
EPC/EPE/ Chol 5:3:1 nd 2 10.0
EPC/ESM/ Chol 5:3:1 nd 0 11.6
EPC/BPI/ Chol 5:3:1 (0.80 + 0.25)-10° ¥ 4.40
EPC/BPS/ Chol 5:3:1 (1.60 + 0.43)-10° 7 3.60
EPG (1.15+ 0.46)-10° 8 3.80
SARSgp in buffer - - 14.3
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TABLE Il

Fluorescence lifetime components t;, normalized amplitudes oj, and fluorescence mean lifetime (amplitude
weighted, 7, and intensity weighted, <t>) of the Trp residue of the SARSg peptide in buffer and in the presence
of some phospholipid model membranes at 25°C. The reduced chi square values of the fits to the experimental
fluorescence decays are also given.

System 1n(ns)  t3(ns) T3 (ns) o a a3 T (ns) <> (ns) ¥
Buffer 15°C | 0395 143 315 0368 0394 0238 146 221 1.10
Buffer 25°C | 0301 132 331 0310 0498 0192 139 217 123
Buffer50°C | 0179 0824 216 0310 0563 0126 079 124 112

EPC 0444 156 420 0350 0485 0165 160 259 1.16
EPG 0391 147 370 0320 0449 0231 164 255 1.28
=PC/Chol 0332 135 420 0475 0388 0137 126 252 115
FPCIBPSIChOL | 0360 142 362 033 0480 0185 147 234 117
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TABLE Il1

Fluorescence lifetime components t;, normalized amplitudes o, and fluorescence mean lifetimes (amplitude
weighted, 7, and intensity weighted, <t>) of DPH in phospholipid model membranes in the absence and in the
presence of the SARSgp peptide below and above the phospholipid Tp,.

T (°C) System 1 (ns) [ t3(ns) | ta(ns) | o o az | T (ns) (<nTs; 2
DMPG + SARSp 0.455 2.05 8.41 0.318 0.458 0.224 2.97 6.01 1.15
DMPG 0.876 6.17 12.17 0.136 0.085 0.778 10.12 11.72 1.24
e DMPC + SARSgp 0.779 3.13 9.17 0.205 0520 0.275 4.30 6.57 1.09
DMPC --- 6.11 9.85 0 0.245 0.755 8.93 9.22 1.07
DMPG + SARSgp 0.290 1.67 6.40 0.360 0.511 0.129 1.78 3.78 112
DMPG --- 1.50 9.19 0 0.182 0.818 7.79 8.92 1.06

35°C

DMPC + SARSgp 0502 2591 7487 0.128 0472 0.400 4.28 5.98 1.12
DMPC --- 2.830 7.947 0 0.137 0.823 7.24 7.67 1.09
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TABLE IV

Fitted parameters for leakage and fusion induced by SARSg in LUVs of different lipid compositions (see Figure 4 for
experimental data and fitting curves). The lipid to peptide ration was 15:1 for leakage and 10:1 for fusion.

LUV Leakage T T <t> Fusion T T <t>
composition (%L max) (s) (s) (s) (Y0Fmax) (s) (s) (s)
EPC 77 38 406 196 10 1523 1548 1531
EPG 50 65 1000 425 n.d. n.d. n.d. n.d.
EPA 41 98 682 369 n.d. n.d. n.d. n.d.
Epcsl_fho' 75 210 13 168 15 2489 223 1482
EPC/ EZ_E{ Chol | &5 546 239 395 18 737 31 502
EPC/SM/ Chol 85 76 346 203 1 i i ]
5:3:1
EPC/SzFiChO' 92 43 138 01 63 57 680 125
EPC/ E_Z_Sll Chol | g 120 212 165 63 60 625 186
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TABLE V

Rotational correlation time ¢ of the peptide in buffer solution at different temperatures and steady-state anisotropy

<r> of the peptide in the absence and in the presence of different lipid membranes at 25°C

System <I'>experimental <l'>integrationa ¢ex;zle‘]r;r;§ntal Omonomer (NS) ¢ Odimer (NS) ¢
Buffer 15°C 0.059 0.062 0.71 0.81 1.61
Buffer 25°C 0.053 0.052 0.57 0.61 1.22

EPC/Chol
-8 0.066
EPG 0.139
EPC/BPS/Chol
£ 21 0.103

% From Perrin equation using the experimental ¢.

® From the fit of a monoexponential decay law to the experimental fluorescence anisotropy

decay curve (not shown).

° From the Stokes-Einstein equation.
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FIGURE CAPTIONS

FIGURE 1.
(A) Scheme of the structure of SARS-CoV spike glycoprotein S (amino acid residues 1 to
1255 for the full-length), as well as the S1 and S2 domains, according to literature
consensus. The relevant functional regions are highlighted: the N-terminal signal peptide
(SP), the transmembrane domain (TM) and the predicted heptad repeat regions pertaining
to the S2 domain, HR1 and HR2. The putative fusion domain is located at the N terminus
of the S2 subunit. The sequence of the peptide used in this work is also shown. It should
be noted that the size of each domain is not drawn to an exact scale. (B) Hydrophobic
moment, hydrophobicity, interfaciality distribution, and relative position of the SARSgp
peptide used in this study along the SARS-CoV spike S2 domain, assuming it forms an a-
helical wheel (see * for details). Only positive bilayer-to-water transfer free-energy

values are depicted (shaded areas).

FIGURE 2.
A) Change on the tryptophan fluorescence intensity of the SARSg peptide in the
presence of increasing lipid concentration with the fit to the data, and (B) variation of
optical density (monitoring of LUV aggregation) for different lipid compositions at
different peptide to lipid ratios (lines are only to guide the eye). The lipid compositions
used were EPG (#), EPC (m), EPC/BPI/CHOL (5:3:1) (o), EPC/BPS/CHOL (5:3:1) (0),
EPC/EPE/CHOL (5:3:1) (A), EPC/ESM/CHOL (5:3:1) (e) and EPC/CHOL (5:1) (). In
(A), the tryptophan fluorescence intensity of the SARSgp peptide was measured also in
LUVs composed of EPC/BPS/CHOL (5:3:1) in buffer containing 100 mM NacCl ([=]) and

150 mM NaCl ().
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FIGURE 3.

(A) Stern-Volmer plots of the quenching of the Trp fluorescence emission of SARSg by
acrylamide in aqueous buffer (V), and in the presence of liposomes composed of EPG
(#),EPC (m), EPC/BPI/CHOL (5:3:1) (o), EPC/BPS/CHOL (5:3:1) (L), EPC/EPE/CHOL
(5:3:1) (A), EPC/SM/CHOL (5:3:1) (e) and EPC/CHOL (¢) and fitting of the Stern-
Volmer equation. (B) Quenching of the Trp fluorescence emission of SARSg by 5NS
(filled symbols) and 16NS (empty symbols) in LUVs composed of EPC (m, [),
EPC/BPS/CHOL at a molar ratio of 5:3:1 (e,0) and EPG (A, A) vs. the effective

guencher concentration. The lipid to peptide ratio was 50:1.

FIGURE 4.
Effect of the SARSg peptide on membrane rupture, i.e., leakage (A and C) and
membrane phospholipid mixing of the inner monolayer, i.e., fusion (B and D) of
fluorescent probes encapsulated in LUVs of different lipid compositions at different lipid-
to-peptide molar ratios. The Kinetic and extent assays are shown in (A and B) and in (C
and D) respectively. The lipid compositions were EPC (m), EPG (¢), EPA (A),
EPC/BPI/CHOL (5:3:1) (o), EPC/BPS/CHOL (5:3:1) (1), EPC/EPE/CHOL (5:3:1) (A),
EPC/SM/CHOL (5:3:1) (e) and EPC/CHOL (5:1) (¢). See text for details and Table IV

for the fitting parameters.

FIGURE 5.
Effect of the SARSgp peptide on the membrane dipole potential monitored through the
fluorescence ratio (R) of di-8-ANEPPS labeled LUVs containing different lipid

compositions at different lipid-to-peptide molar ratios. The lipid compositions were
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EPC/CHOL (5:1) (0), EPG/CHOL (5:1) (+), EPA/CHOL (5:1) (A), BPS/CHOL (5:1)

).
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ABBREVIATIONS

BPS

CD

CF

Chol

CoV

Bovine brain L-a-phosphatidylserine
Circular dichroism
5-Carboxyfluorescein

Cholesterol

Coronavirus

di-8-ANEPPS 4-(2-(6-(Dioctylamino)-2-naphthalenyl)-(ethenyl)-1-(3-

DMPA

DMPC

DMPG

DMPS

DPH

EPA

EPC

EPE

EPG

ESM

FP

HCV

HIV

HR

LPC

LUV

sulfopropyl)-pyridinium inner salt
1,2-Dimyristoyl-sn-glycero-3-phosphatidic acid
1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine
1,2-Dimyristoyl-sn-glycero-3-phosphatidylglycerol
1,2-Dimyristoyl-sn-glycero-3- phosphatidylserine
1,6-Diphenyl-1,3,5-hexatriene
Egg L-a-phosphatidic acid
Egg L-a-phosphatidylcholine
Egg trans-sterified L-a-phosphatidylethanolamine
Egg L-a-phosphatidylglycerol
Egg sphingomyelin
Fusion peptide
Hepatitis C virus
Human immunodeficiency virus
Heptad repeat region
Lyso-a-phosphatidylcholine

Large Unilamellar Vesicles



MLV
PA-DPH
POPC
POPE
PTM
SARS
SARS|p
SUV

Tm

™
TMA-DPH

TPE

Multilamellar Vesicles
3-(4-(6-Phenyl)-1,3,5-hexatrienyl)-phenylpropionic acid
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine
Pre-transmembrane domain

Severe acute respiratory syndrome

Putative fusion peptide of SARS

Small Lamellar Vesicles

Temperature of the gel-to—liquid crystalline phase transition
Transmembrane domain
1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene

Egg trans-esterified L-a-phosphatidylethanolamine



ABSTRACT

The SARS-CoV envelope S glycoprotein is responsible for the fusion
between the membranes of the virus and the target cell. The S2 domain of protein
S has been suggested to have two fusion peptides, one located at its N-terminus
and other, more internal, located immediately upstream the HR1. We have carried
out a study of the binding and interaction with model membranes of a peptide
corresponding to segment 873-888 of the SARS-CoV S glycoprotein, peptide
SARS|rp. We demonstrate that SARSp binds to and interacts with phospholipid
model membranes, shows a high affinity for negatively-charged phospholipids,
decreases the mobility of the phospholipid acyl chains of negatively-charged
phospholipids and adopts different conformations in the membrane. These data
support its role in SARS-mediated membrane fusion and suggest that the region
where this peptide resides might assist the fusion peptide and/or the pre-
transmembrane segment of the SARS-CoV spike glycoprotein in the fusion

process.

KEYWORDS: SARS; membrane fusion; spike glycoprotein; fusion peptide;

peptide-membrane interaction; virus-host cell interactions; lipid bilayers.



INTRODUCTION

Severe acute respiratory syndrome coronavirus (SARS-CoV) is a newly
emergent member in the family Coronaviridae that cause a severe infectious
respiratory disease. Unlike other human coronaviruses whose infections are
usually very mild, the SARS-CoV produced mortality rates as high as 10% but
increased to greater than 50% in persons older than age 60 (Riley et al., 2003).
Before SARS-CoV appeared, only two human coronaviruses (HCoV) were known,
229E and OC43, both causing about 30% of common colds. Since the SARS
outbreak two new human coronaviruses have been identified, HCoV-NL63 (Pyrc et
al., 2006; Rota et al., 2003) and HCoV-HKUL1 (Birney et al., 2007), both causing
potentially severe respiratory infections. Five years after its identification, many of

its pathological features remain to be characterized.

SARS-CoV infection, similarly to other envelope viruses, is achieved
through fusion of the lipid bilayer of the viral envelope with the host cell membrane
(Qinfen et al., 2004; Simmons et al., 2004), although recent studies have shown
that the entry of SARS-CoV into the cell may be also pH-dependent (Wang et al.,
2008). The spike glycoprotein S, responsible for the characteristic spikes of the
SARS-CoV, is a surface class | viral fusion glycoprotein that mediates viral entry
by binding to the cellular receptor angiotensin-converting enzyme 2 (Li et al.,
2003) and induces membrane fusion. SARS-CoV S glycoprotein seems to be
cleaved into S1 and S2 subunits (Wu et al., 2004), but cleavage is not an absolute
requirement for the mechanism of fusion (Follis, York, and Nunberg, 2006). The

S1 subunit contains the receptor binding domain, whereas the S2 is responsible



for the fusion between the viral and cellular membranes (Rota et al., 2003; Xiao et
al., 2003). S2 contains two predicted a-helical heptad repeat regions (HR1 and
HR2, see Figure 1) of the type found in several other fusion proteins which form
coiled-coil structures (Bosch et al., 2004; Bosch et al., 2003; Kliger and Levanon,
2003; Supekar et al., 2004; Xu et al., 2004). Computer sequence predictions and
systematic amino acid mapping studies of the S2 domain have located the HR1
region to amino acids from approximately 892 to 972, while the HR2 region
extends from amino acids from approximately 1142 to 1184 (Bosch et al., 2004;
Ingallinella et al., 2004; Liu et al., 2004; Rota et al., 2003; Tripet et al., 2004; Xu et
al., 2004; Zhu et al., 2004). Binding of the S1 subunit to the receptor is thought to
trigger a series of conformational changes in S2 that brings, via the formation of an
antiparallel heterotrimeric six-helix bundle by the two HR regions, the putative
fusion peptide and the transmembrane domain in close proximity. These structural
rearrangements in the S protein generate the energy that drives the fusion of the
viral and cellular lipid membrane. This fusion event releases the nucleocapsid into

the host cell’s cytoplasm.

Membrane fusion proteins share common motifs, one of them the fusion
peptide (FP), a short segment rich in hydrophobic residues essential for fusion
(Horvath and Lamb, 1992; Pecheur et al., 2007). FPs also participate in inducing
lipid rearrangements giving place to hemifusion and pore formation (Colotto and
Epand, 1997; Siegel and Epand, 1997) and are also involved in pore enlargement.
In addition to classical FPs, different regions of the viral envelope glycoproteins
are essential for membrane fusion to occur. These membrane-interacting regions

are capable of modifying the biophysical properties of phospholipid membranes,



suggesting that several segments may have a role in the fusion process (Ben-
Efraim et al., 1999; Epand et al., 1999; Ghosh et al., 1998; Moreno, Giudici, and
Villalain, 2006; Moreno et al., 2007; Moreno, Pascual, and Villalain, 2004; Samuel
and Shai, 2001; Yu, King, and Shin, 1994). Although it has been predicted that the
sequence comprising residues from 858 to 886 of the S2 domain of the SARS-
CoV spike glycoprotein is the FP domain (Bosch et al., 2004; Guillen et al., 2005),
recent studies have shown that the region comprising residues 770 to 788 has a
much more potent fusogenic activity than the former sequence and suggested to
be the S2 FP (Sainz et al., 2005). However, biophysical and mutagenesis studies
have shown the importance of the 858-886 region, revealing its essential role in
the spike glycoprotein mediated cell fusion: apart from having membrane-
perturbing capacities (Guillen et al., 2005), its mutation causes an inhibition of cell

fusion by more than 70% (Petit et al., 2005).

Although much information has been obtained in recent years on membrane
fusion, we do not know yet the processes and the mechanism behind virus-host
cell membrane fusion. Elucidating the nature of the interactions between
phospholipids, membrane proteins and peptides is essential for the understanding
of the structure and function of membrane proteins, clarifying the specific roles of
specific types of phospholipids in biological membranes. Based on our recent work
(Guillen et al., 2005), and since this region of SARS-CoV S2 envelope
glycoprotein might be involved in membrane destabilization and at the same time
take part in the fusion events like a helper for the fusion peptide and/or the pre-
transmembrane regions, we have selected a specific sequence from the SARS-

CoV sequence, amino-acids 873 to 888, SARS|p, which we propose to be a



second putative fusion peptide of the SARS S2 spike glycoprotein. We have made
an in-depth study of SARSrp, aiming to elucidate the capacity of this region to
interact and disrupt membranes, and our results demonstrate that this peptide
binds and interacts differently with the membrane depending on the charge of the
phospholipids, and the effect on the integrity and phase behavior of the membrane
also depends on specific head-group interactions. Moreover, the peptide adopts
different structures depending on its environment. These results would suggest
that SARSrp could be involved in the merging of the viral and target cell
membranes working synergistically with the other membrane-active regions of the

SARS-CoV S2 glycoprotein.



RESULTS

In Figure 1 we present the analysis of the hydrophobic moment,
hydrophobicity and interfaciality distribution along the S2 glycoprotein sequence of
SARS-CoV assuming it forms an a-helical wheel along the whole sequence
(Guillen et al., 2005). These data display the potential surface zones that could be
implicated in the modulation of membrane binding and/or protein interaction. As
we have shown previously, SARS-CoV S2 includes a highly membranotropic
region located immediately upstream of HR1, which is localized in a similar place
as the FP of HIV gp41 glycoprotein (Moreno, Giudici, and Villalain, 2006). Since
this region could be important in the membrane fusion process (Yeung,
Yamanaka, and Meanwell, 2006), we present here the results of the study of the
interaction of a peptide derived from this region with model membranes, the
SARSp peptide, comprising residues 873-888 (Figure 1). This sequence could

behave as a second fusion peptide of the SARS S2 glycoprotein.

The SARSrp peptide contains a single tyrosine but no tryptophan. The use
of intrinsic fluorescence of tyrosine is unusual to explore the interaction of peptides
and proteins with lipid membranes, mainly because of the low fluorescence
quantum vyield, low extinction coefficient and low sensitivity to changes in the
surrounding environment. Despite this fact, it is possible to use the intrinsic
fluorescence and anisotropy of the tyrosine residue to study the interaction and
insertion of peptides in model membranes (Poveda et al., 2003). The increase in
fluorescence emission intensity of the Tyr residue of the SARS peptide as a

function of increasing lipid concentration is shown in Figure 2A. From data fitting,



partition coefficients, Ky, were obtained for the different phospholipid composition.
Large K, values in the 10°-10° range were obtained for model membranes
containing negatively-charged phospholipids, and lower but significant values in
the case of zwitterionic membranes (10* range). These Ky values show that the
peptide a) was bound to the membrane surface with high affinity and b) interacted
stronger with membranes containing negatively-charged phospholipids but also
with zwitterionic ones (Pascual et al., 2005). The stronger interaction with
negatively-charged phospholipid-containing membranes was also corroborated by
the larger increase in anisotropy of the Tyr residue of the peptide in the presence
of model membranes whereas it was invariant or even slightly decreased, possibly
owing to a scatter effect at high lipid/peptide ratios, in the presence of zwitterionic
ones (Figure 2B). These data would indicate a significant motional restriction of
the Tyr moiety of the peptide in the presence of negatively charged membranes

(Lakowicz, 1999).

To investigate the accessibility of membrane-bound SARS e peptide to the
agueous medium, we studied the accessibility of its Tyr residue towards
acrylamide, a neutral, water-soluble, highly efficient quencher, which is unable to
penetrate into the hydrophobic core of the lipid bilayer. The quenching data is
presented in Figure 2C and the resultant Stern-Volmer plots reveal that in aqueous
solution the Tyr residue was highly exposed to the solvent that led to a more
efficient quenching. However, in the presence of model membranes, the extent of
qguenching was significantly reduced, indicating a poor accessibility of the Tyr
residue to the aqueous phase, consistent with the incorporation of the SARSp

peptide into the lipid bilayer. As expected, Ks, values were lower in the presence of
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negatively-charged phospholipids than in the presence of zwitterionic ones (10.5-
9.7 and 14.1-12.9, respectively). The linear Stern—Volmer plots with a unitary
intercept indicate that the Tyr residue is fairly accessible to acrylamide, and in all
cases, the quenching of the Tyr residue showed an acrylamide dependent
concentration behavior, so that the Stern-Volmer dynamic quenching formalism

describes accurately the data.

In order to assess the effect of the SARSp peptide in the destabilization of
membrane vesicles, we studied their effect on the release of encapsulated CF in
model membranes made up of various compositions. The extent of leakage
observed at different peptide to lipid molar ratios and the effect on different
phospholipid compositions is shown in Figure 2D. It can be observed that SARS
was able to induce the release of the internal contents of the liposomes in a dose-
dependent manner, but the absolute values of leakage were lower than those
observed for other peptides, since in no case 100% of leakage was observed
(Perez-Berna et al., 2008). At the highest lipid/peptide ratio used, the highest
percentage of leakage (57%) was observed for the sample containing
EPC/ESM/Chol. Lower, but significant, leakage values were obtained for
liposomes composed of EPC and EPG (43% and 30%, respectively). Liposomes
composed of EPA and EPC/BPS/Chol were the ones that elicited the lowest
leakage values, i.e., about 11% (Figure 2D). In contrast to the results shown
above, the highest leakage values were found for liposomes containing
zwitterionic phospholipids, indicating that the SARS peptide affects more
significantly the integrity of membranes containing zwitterionic phospholipids

rather than those containing negatively-charged ones.

11



The effect of the SARS|p peptide on the structural and thermotropic
properties of phospholipid membranes was investigated by measuring the steady-
state fluorescence anisotropy of the fluorescent probes DPH, PA-DPH and TMA-
DPH (Davenport et al., 1985; Lentz, 1993; Pebay-Peyroula, Dufourc, and Szabo,
1994) incorporated into model membranes composed of saturated synthetic
phospholipids as a function of temperature (Figure 3). We have used saturated
phospholipids instead of unsaturated ones in order to be able to observe the
phase transition of each particular phospholipid. The presence of the peptide did
not induce any significant effect on the anisotropy of the fluorescent probes in the
case of the neutral lipids DMPC and POPE, neither in the cooperativity of the
transition nor on the anisotropy values below and above it (Figures 3A-3C and 3D-
3F, respectively). However, in the case of the negative phospholipids DMPG,
DMPS and DMPA, the presence of the SARS| peptide mainly affected the
anisotropy values of PA-DPH and DPH above the transition temperature. These
data would indicate that SARSp affect mainly the phospholipid acyl chains of
negatively charged phospholipids in the liquid-crystalline phase but not in the gel
phase, inducing a higher order in the chain packing. The fact that the anisotropy of
TMA-DPH is only slightly affected is not clear. A possible explanation would be
that the positively charged TMA-DPH probe could be moved away from the
positive charge of the peptide, whereas this would not be the case for negatively
charged (PA-DPH) and neutral (DPH) probes. However, it should not be ruled out
that the effect observed on the DPH and PA-DPH anisotropy could be due to a

change in the lifetime of these probes.
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Although it has been shown that the incorporation of transmembrane
peptides in the phospholipid palisade of the membrane can affect not only the
phospholipid chain order but also inter-chain coupling, a shift in the frequency of
the CH, and the CD, symmetric stretching band is a reliable index of the phase
behaviour of phospholipid dispersions since it can be used to monitor the average
trans/gauche isomerization of the system (Mantsch and McElhaney, 1991). In
order to discard the possible change in the lifetimes of the DPH fluorescent
probes, we have studied the perturbations exerted by the SARS peptide in the
phospholipid acyl chain order by observing the changes in the frequency of the
symmetric stretching bands of the phospholipids. The temperature dependence of
the CH, symmetric frequency of pure DMPC is shown in Figure 4A, where a highly
cooperative change at approximately 23°C was observed, corresponding to the
gel-to-liquid crystalline phase transition, T, of the phospholipid. In the presence of
the peptide, the frequency of the CH, symmetric stretching band frequency both
below and above the Ty, increased, indicating that the incorporation of the peptide
increased the proportion of gauche isomers, more significantly above T,
characteristic of conformationally disordered acyl chains. Moreover, a small
decrease in the gel-to-liquid crystalline phase transition was observed compared
with the pure phospholipids, indicating a slight perturbation of the membrane by
the peptide incorporation. Similar membrane disordering effects have been
described for other viral fusion peptides, like the SIV fusion peptide (Colotto et al.,
1996), the feline leukaemia fusion peptide (Darkes, Davies, and Bradshaw, 1999)
or the CDV fusion peptide (Aranda, Teruel, and Ortiz, 2003). Figures 4 B and 4C
display the CH, symmetric frequency of pure DMPG and DMPA, respectively,

were a decrease of the frequency was observed, characteristic of an increase of
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the proportion of trans isomers, i.e., the hydrocarbon chains of the phospholipids
were more ordered in the presence of the peptide. This decrease was observed
both below and above the T,, for DMPA, but no effect on the cooperativity of the
transition was observed. However, this decrease was observed only above the T,

for DMPG but jointly with a decrease in the cooperativity of the transition.

We have also studied the effect of the SARSrp peptide in phospholipid
binary mixtures where the acyl chains of one phospholipid was perdeuterated
(DMPCy), and the other, either DMPG or DMPA, was not, so that it was possible to
detect independent changes in each phospholipid type. The CH, and CD,
symmetric stretching frequencies of DMPA and DMPCy in the binary mixture
DMPCy/DMPA at a molar ratio of 1:1 are shown Figures 4D and 4F, whereas the
CH; and CD, symmetric stretching frequencies of DMPG and DMPCy in the binary
mixture DMPC4/DMPG at a molar ratio of 1:1 are shown in Figures 4E and 4G. In
both cases, the presence of the SARSrr peptide induced a decrease in the CH,
symmetric stretching band frequency of both DMPA and DMPG, in contrast to the
little or no change in the CD, symmetric stretching band frequency of DMPCy in
both samples. This specific effect of the SARSrp peptide on negatively-charged
phospholipids but not on the zwitterionic ones in binary phospholipid mixtures,
similarly to what was found with the pure ones, confirms its specific affinity for

those phospholipids.

We have used **P MAS NMR to observe the mixture POPC/EPA at a molar
ratio of 2:1 since the *'P NMR isotropic chemical shifts of both POPC and EPA

headgroups are resolvable under MAS conditions. Furthermore, their spectral

14



intensities reflect the molar ratio of each lipid in the mixture, and in this way, we
can observe the line widths of each phospholipid component in the binary mixture.
As observed in Figure 4E, the chemical shifts of the *'P resonances of both POPC
and EPA were not different both in the absence and in the presence of the
SARSkp peptide, but their line widths and relative intensities were dissimilar. In the
absence of SARSep, the 3'P line width at half height of POPC was 87 Hz and that
of EPA was 91 Hz, but these values shifted to 80 and 181 Hz respectively when
the peptide was present. These results show that specifically EPA, a negatively
charged phospholipid, but no POPC, a zwitterionic one, exhibits a lower degree of
mobility and/or an increased heterogeneity of the headgroup environment in the

presence of the peptide (Bonev et al., 2000; Holland, Mcintyre, and Alam, 2006).

The existence of structural changes on the SARS peptide induced by
membrane binding has been studied by looking at the infrared Amide I’ band
located between 1700 and 1600 cm™. The infrared spectrum of the Amide I’ region
of the fully hydrated peptide in D,O buffer at different temperatures is shown in
Figure 5A. The spectrum was formed by different underlying components that
gave place to two main bands, one of them located at about 1620 cm™ and the
other one at about 1644 cm™. Their intensity changed as the temperature
increased, i.e., at low temperatures the more intense band appeared at 1620 cm™
whereas at high temperatures the more intense band was the one located at 1644
cm™. Whereas the broad band at about 1644 cm™ would correspond to a mixture
of helical and unordered structures (Byler and Susi, 1986), the narrow band at
about 1620 cm™ accompanied by high wavenumber counterparts at 1680—1685

cm™ would correspond to self-aggregated peptides forming a intermolecular
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network of hydrogen-bonded B-structures (Arrondo and Goni, 1999). The infrared
spectra in the Amide I’ region of the SARSp peptide in the presence of DMPC,
DMPG, and DMPA at phospholipid/peptide molar ratios of 15:1 are shown in
Figures 5B-5D, respectively. The Amide I’ region of the peptide in the presence of
DMPC was very similar to that one of the peptide in solution, whereas it was
significatively different in the presence of both DMPG and DMPA, since in the last
case there was a main band at 1618 cm™ with low intensity bands at about 1628
cm™ and 1655 cm™. It is interesting to note that the Amide I’ region of the peptide
in the presence of the negatively-charged phospholipids did not change with
temperature. In addition, we tested the effect of an increased phospholipid/peptide
molar ratio in order to check the influence of the lipid to peptide ratio on the
secondary structure of the peptide (Figures 5E-5G). As observed in the figures,
the bands at approximately 1620 and 1680 cm™ disappeared at high lipid to
peptide ratios, from which it can be inferred that a peptide disaggregation
occurred. In the case of DMPG and DMPA there were no significant changes
observed (not shown). These results imply that the secondary structure of the

SARS e peptide was affected by the phospholipid composition of the membrane.

The secondary structure of the SARS peptide was also analyzed by
circular dichroism in different lipid mimetic media (Figure 6). In aqueous buffer the
predominant structures were unordered and B-strand structures, in accordance
with the infrared data shown above. The presence of increasing concentrations of
TFE induced an increase of the content of a-helical structure (about 75% at 60%
TFE, see Figure 6A). A similar behavior was observed at increasing

concentrations of SDS (about 55% a-helical structure at 4mM SDS and LPC at a
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phospholipid-to-peptide ratio of 50:1, see Figures 6B and 6C, respectively). These
data show the great flexibility and capability of the SARSrp peptide to adopt
different structures depending on the surrounding media, which it could be

important in an energetically unfavorable process as membrane fusion is.
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DISCUSSION

The fusion of the viral and cellular membranes is mediated by envelope
fusion glycoproteins located on the outer surface of the viral membranes. Whereas
class | membrane fusion proteins possess a fusion peptide at or near the amino
terminus and a high a—helical content, class Il fusion proteins possess an internal
fusion peptide located at a distal location from the transmembrane anchor, as well
as different domains comprised mostly of antiparallel B-sheets (Kielian and Rey,
2006; Schibli and Weissenhorn, 2004). Their three dimensional structure is
different but their function is identical, so that they must share structural and
functional characteristics in specific domains which interact with and disrupt
biological membranes. Coronavirus spike proteins have many of the
characteristics of the class | fusion proteins. Trimers of the S protein protrude from
the virion envelope, giving place to its characteristic corona-like appearance. Like
other class | fusion proteins, they have two HR regions in the S2 membrane
subunit (Liu et al., 2004), which assemble into a stable, anti-parallel hetero-trimeric
six-helix bundle (Bosch et al., 2003; Ingallinella et al., 2004). Similar to what has
been found for other class | fusion proteins, such a conformation in the full length
structure implies a co-localization of the fusion peptide predicted to occur N-
terminally of HR1 and the viral transmembrane anchor, located C-terminally of
HR2. This common structure is thought to facilitate membrane fusion by bringing
the target membrane and viral membrane together. SARS-CoV S protein has a
large ectodomain, more similar to the paramyxovirus envelope glycoproteins than
to the orthomyxovirus and retrovirus. So, additional membrane binding regions

seems to be necessary to complete the fusion process. In fact, a number of
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research work on membrane fusion proteins point out that there are several
regions within these proteins that are involved in the fusion process, and are
decisive for membrane fusion to take place (Peisajovich and Shai, 2003). Based
on our recent work (Guillen et al., 2005), we have selected a specific sequence
from the SARS-CoV S2 sequence, amino-acids 873 to 888, SARSp, which we
propose to be a second putative fusion peptide of the SARS spike glycoprotein.
Consequently, we have made a comprehensive study of peptide SARSp

characterizing its binding and interaction with model membrane systems.

The selected sequence of this work has been shown to have membrane-
active properties in our recent work (Guillen et al., 2005); accordingly, the SARSp
peptide studied in this work displays a high binding constant to model membranes
having different phospholipid compositions as it has been found for other peptides
(Bernabeu et al., 2007; Moreno et al., 2007). SARSep showed a higher affinity for
anionic-phospholipid  compositions than those containing zwitterionic
phospholipids. The existence of a specific interaction with liposomes containing
negatively-charged phospholipids was corroborated by hydrophilic probe
guenching, suggesting that the SARSep peptide was effectively incorporated in the
membranes. Nevertheless, the SARS|rp peptide is capable of binding with high
affinity to model membranes containing both negatively-charged and zwitterionic
phospholipids. SARSrp was also capable of disrupting the membrane bilayer
causing the release of fluorescent probes. This effect was dependent on the lipid
composition and on the lipid/peptide molar ratio, being the highest effect observed
for liposomes containing zwitterionic phospholipids. Lower but significant values

were observed for liposomes containing negatively charged phospholipids. This

19



effect could be due to the strong interaction between the peptide and the
negatively charged phospholipids, resulting in peptide aggregation and

consequently low leakage values.

We have also shown that SARSep peptide is capable of affecting the steady
state fluorescence anisotropy of fluorescent probes located in the membrane,
since the peptide was able of decreasing the mobility of the phospholipid acyl
chains of negatively-charged phospholipids above but not below T, when
compared to the pure phospholipids. This specific effect on negatively-charged
phospholipids was corroborated by monitoring the frequency of the symmetric
stretching bands of the phospholipid acyl chains, even in binary mixtures of
negatively-charged and zwitterionic phospholipids. Additionally, we showed by
MAS-NMR that that the phosphate group of negatively-charged phospholipid in
binary mixtures displayed a lower degree of mobility in the presence of the
SARS e peptide. Even so, the peptide has a disordering and perturbing effect in
zwitterionic phospholipids, in agreement with the leakage data. The infrared
spectra of the Amide I’ region of the fully hydrated peptide did change with
temperature, indicating a low stability of its conformation, where a mixture of o—
helix, random and aggregated structures coexisted. Interestingly, we have
observed differences on the proportion of the different secondary elements when
the peptide was incorporated into membranes of different phospholipid
compositions and different peptide-to-lipid molar ratios. Whereas the secondary
structure content of the peptide was similar in solution and in the presence of the
zwitterionic phospholipid DMPC, it changed significantly in the presence of both

DMPG and DMPA, where aggregated structures predominated. Furthermore, CD

20



data reveal that the peptide can adopt a high a-helical content in the presence of
lipid mimetic systems. These data suggest that the presence of different
phospholipid molecules can modulate the secondary structure of the peptide as it
has been suggested for other peptides from membrane fusion proteins (Contreras
et al., 2001; Korazim, Sackett, and Shai, 2006; Pascual et al., 2005; Pascual,
Moreno, and Villalain, 2005). These characteristics would indicate that SARSrp
would interact with the membrane through both electrostatic and hydrophobic
effects, as well as it would be adsorbed at the membrane interface changing its
conformation depending on the phospholipid headgroups; however, it would be
possible that part of the peptide could be inserted deeper than the membrane
interface, increasing in this way the membrane permeability. In summary, SARSrp
would interact with negatively-charged phospholipids forming B-sheet aggregates
accompanied by an increment in phospholipid acyl chain order and head group
mobility restriction. However, in the absence of negatively-charged phospholipids,
the peptide would acquire a predominant helical or random conformation and
would interact in a more hydrophobic way with the zwitterionic phospholipids,
being located in a shallow position with the membrane compromising its integrity.
This model should be similar to that suggested in other studies using antimicrobial
peptides and amyloid peptides (Bokvist et al., 2004; Rinaldi et al., 2004; Zhao et
al., 2002). Although great progress has been made in the knowledge of the SARS-
CoV since its discovery five years ago, many aspects of its molecular mechanism
are still not totally understood. In this respect, it is outstanding that there is no
specific drug or vaccine available to fight against it. This and other segments of the
SARS-CoV S2 protein are very attractive candidates for antiviral drug

development as well as provide new information for anti-viral drug research.
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MATERIALS AND METHODS

Materials and reagents. A 16-residue peptide pertaining to the S2 domain of
SARS-CoV (®*°GAALQIPFAMQMAYRF®® with N-terminal acetylation and C-
terminal amidation) was obtained from Genemed Synthesis, San Francisco, CA.
The peptide was purified by reverse-phase HPLC (Vydac C-8 column, 250 x 4.6
mm, flow rate 1 ml/min, solvent A, 0.1% trifluoroacetic acid, solvent B, 99.9
acetonitrile and 0.1% trifluoroacetic acid) to better than 95% purity, and its
composition and molecular mass were confirmed by amino acid analysis and
mass spectroscopy. Since trifluoroacetate has a strong infrared absorbance at
approximately 1,673 cm™, which interferes with the characterization of the peptide
amide | band (Contreras et al., 2001), residual trifluoroacetic acid, used both in
peptide synthesis and in the high-performance liquid chromatography mobile
phase, was removed by several lyophilization-solubilization cycles in 10 mM HCI.
Egg phosphatidylcholine (EPC), egg phosphatidylglycerol (EPG), egg phosphatidic
acid (EPA), egg sphingomyelin (ESM), bovine brain phosphatidylserine (BPS), egg
trans-sterified phosphatidylethanolamine (EPE), bovine liver phosphatidylinositol
(BPI), 1,2-dimyristoylphosphatidylcholine (DMPC), 1,2-
dimyristoylphosphatidylglycerol (DMPG), 1,2-dimyristoylphosphatidylserine
(DMPS), 1,2-dimyristoylphosphatidic acid (DMPA), Chol (Chol), 1-Palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine  (POPE), lyso-a-phosphatidylcholine
(LPC) and 1-Palmitoyl-2-oleoyl-sn-glycero-3- phosphatidylcholine (POPC) were

obtained from Avanti Polar Lipids (Alabaster, AL). 5-Carboxyfluorescein (CF),
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(>95% by HPLC), deuterium oxide (99.9% by atom), Triton X-100, EDTA, and
HEPES were purchased from Sigma-Aldrich (Madrid, ES). 1,6-Diphenyl-1,3,5-
hexatriene (DPH), 3-[p-(6-phenyl)-1,3,5-hexatrienyl]-phenylpropionic acid (PA-
DPH) and 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH)
were obtained from Molecular Probes (Eugene, OR). All other reagents used were
of analytical grade from Merck (Darmstad, Germany). Water was deonized, twice-
distilled and passed through a Milli-Q equipment (Millipore Ibérica, Madrid) to a

resistivity higher than 18 MQ cm.

Vesicle preparation. Aliquots containing the appropriate amount of lipid in
chloroform/methanol (2:1, v/v) were placed in a test tube, the solvents removed by
evaporation under a stream of O,-free nitrogen, and finally, traces of solvents were
eliminated under vacuum in the dark for more than 3 h. The lipid films were
resuspended in an appropriate buffer and incubated either at 25°C or 10°C above
the phase transition temperature (T,) with intermittent vortexing for 30 min to
hydrate the samples and obtain multilamellar vesicles (MLV). The samples were
frozen and thawed five times to ensure complete homogenization and
maximization of peptide/lipid contacts with occasional vortexing. Large unilamellar
vesicles (LUV) with a mean diameter of 0.1 ym for CF leakage experiments were
prepared from multilamellar vesicles by the extrusion method (Mayer, Hope, and
Cullis, 1986) using polycarbonate filters with a pore size of 0.1 um (Nuclepore
Corp., Cambridge, CA, USA). Small unilamellar vesicles (SUV) were prepared
from MLVs using a Branson 250 sonifier (40W) equipped with a microtip until the
suspension became completely transparent. Every 30 s, the samples were cooled

for 90 s in ice to prevent overheating of the solution. The titanium particles
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released from the tip were removed by centrifugation at 15000 rpm at room
temperature for 15 min. The phospholipid and peptide concentration were
measured by methods described previously (Béttcher, Van Gent, and Fries, 1961,

Edelhoch, 1967).

Membrane leakage measurement. LUVs with a mean diameter of 0.1 um were
prepared as indicated above in buffer containing 10 mM Tris, 20 mM NacCl, pH 7.4,
and CF at a concentration of 40 mM. Non-encapsulated CF was separated from
the vesicle suspension through a filtration column containing Sephadex G-75
(Pharmacia, Uppsala, SW, EU), eluted with buffer containing 10 mM TRIS, 100
mM NaCl, 0.1 mM EDTA, pH 7.4. Leakage of intraliposomal CF was assayed by
treating the probe-loaded liposomes (final lipid concentration, 0.125 mM) with the
appropriate amounts of peptide on microtiter plates using a microplate reader
(FLUOstar; BMG Labtech, Offenburg, Germany), each well containing a final
volume of 170 pl stabilized at 25°C. The medium in the microtiter plates was
continuously stirred to allow the rapid mixing of peptide and vesicles. One hundred
percent release was achieved by adding Triton X-100 to the microtiter plates to a
final concentration of 0.5% (wt/wt). Fluorescence measurements were made
initially with probe-loaded liposomes, then by adding peptide solution, and finally
one hundred percent release was achieved by adding Triton X-100 to the
microtiter plates (final concentration of 0.5% (wt/wt)). For details see refs.

(Bernabeu et al., 2007; Moreno et al., 2007)

Peptide binding to vesicles. The partitioning of the peptide into the phospholipid

bilayer was monitored by the fluorescence enhancement of tyrosine by successive
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additions of small volumes of SUV to the peptide sample (5.4 x 10> M).
Fluorescence spectra were recorded in a SLM Aminco 8000C spectrofluorometer
with excitation and emission wavelengths of 282 and 304 nm, respectively, and 4
nm spectral bandwidths. Measurements were carried out in 20 mM HEPES, 50
mM NaCl, EDTA 0.1 mM, pH 7.4. Intensity values were corrected for dilution, and
the scatter contribution was derived from lipid titration of a vesicle blank. The data

were analyzed as previously described (Moreno et al., 2007).

Steady state fluorescence anisotropy. MLVs were formed in 100 mM NacCl, 0.05
mM EDTA and 25 mM HEPES, pH 7.4. Aliquots of TMA-DPH, PA-DPH or DPH in
N,N'-dimethylformamide (2 x 10 M) were directly added into the lipid dispersion to
obtain a probe/lipid molar ratio of 1/500. Samples were incubated for 15, 45 or 60
min when TMA-DPH, PA-DPH or DPH were used, respectively, 10°C above the
gel to liquid-crystalline phase transition temperature T, of the phospholipid
mixture. Afterwards, the peptides were added to obtain a peptide/lipid molar ratio
of 1:15 and incubated 10°C above the T, of each lipid for one hour, with
occasional vortexing. All fluorescence studies were carried using 5 mm x 5 mm
quartz cuvettes in a final volume of 400 ul (315 uM lipid concentration). All the
data were corrected for background intensities and progressive dilution. The
steady state fluorescence anisotropy, <r>, was measured with an automated
polarization accessory using a Varian Cary Eclipse fluorescence spectrometer,
coupled to a Peltier device for automatic temperature change. The data were

analyzed as previously described (Moreno et al., 2007).
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Fluorescence quenching of Tyr emission by acrylamide. For acrylamide quenching
assays, aliquots from a 4 M solution of the water-soluble quencher were added to
the solution-containing peptide (5.4 x 10> M) in the presence and absence of
liposomes at a peptide/lipid molar ratio of 1:100. The results obtained were
corrected for dilution and the scatter contribution was derived from acrylamide
titration of a vesicle blank. The data were analyzed according to the Stern-Volmer

equation (Eftink and Ghiron, 1977), 1,/1 =1+K_ [Q], where I, and | represent the

fluorescence intensities in the absence and the presence of the quencher [Q],

respectively, and K, is the Stern-Volmer quenching constant.

Infrared spectroscopy. For infrared spectroscopy, the samples were prepared as
above but in D,O buffer. Approximately 25 ul of a pelleted sample in D,O buffer
containing 20 mM HEPES, 50 mM NaCl, 0.1 mM EDTA, pH 7.4 was placed
between two CaF, windows separated by 50-um thick Teflon spacers in a liquid
demountable cell (Harrick, Ossining, NY). The spectra were obtained in a Bruker
IFS55 spectrometer using a deuterated triglycine sulfate detector. Each spectrum
was obtained by collecting 200 interferograms with a nominal resolution of 2 cm™,
transformed using triangular apodization and, in order to average background
spectra between sample spectra over the same time period, a sample shuttle
accessory was used to obtain sample and background spectra. The spectrometer
was continuously purged with dry air at a dew point of -40°C in order to remove
atmospheric water vapour from the bands of interest. All samples were
equilibrated at the lowest temperature for 20 min before acquisition. An external
bath circulator, connected to the infrared spectrometer, controlled the sample

temperature. For temperature studies, samples were scanned using 2°C intervals
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and a 2-min delay between each consecutive scan. The data were analyzed as

previously described (Bernabeu et al., 2007; Moreno et al., 2007).

Magic angle spinning (MAS) *'P NMR. Samples were prepared as described
above and concentrated by centrifugation (14000 rpm for 15 min). MAS *'P NMR
spectra were acquired on a Bruker 500 MHz Avance spectrometer (Bruker
BioSpin, Rheinstetten, Germany) using a Bruker 4-mm broad band MAS probe
under both static and MAS conditions. The samples were packed into 4-mm
zirconia rotors and placed in the spinning module of the MAS probe; no cross-
polarization was used. The spinning speed was 9 kHz, regulated to +3 Hz by a
Bruker pneumatic unit and the temperature was 25°C. A single 3P 90° pulse
(typically 5 us) was used for excitation, a gated broadband decoupling of 10 W,
32k data points, 1600 transients and 5 s delay time between acquisitions. Under
static conditions, the samples showed a broad asymmetrical signal with a low-
frequency peak and a high-frequency shoulder characteristic of bilayer structures

(data not shown).

Circular Dichroism measurements. CD spectra were recorded at 25 °C using a
JASCO-810 spectropolarimeter in a 2 mm path-length quartz cell. An external bath
circulator Neslab RTE-111, connected to the spectropolarimeter, controlled the
sample temperature. Wavelength spectra were acquired every 0.2 nm at a scan
speed of 50 nm-min~" with a response time of 2 s and averaged over five scans
from 250 to 190 nm, with a band width of 2 nm. Secondary structure predictions
were estimated using the CDPro program suite (SELCON3, CONTIN/LL, and

CDSSTR) (Sreerama and Woody, 2000; Sreerama and Woody, 2004a; Sreerama
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and Woody, 2004b). Spectra were corrected for the blank. Samples contained 40
uM of peptide in 10 mM phosphate buffer at pH 7.4. Different concentrations of

TFE, SDS and LPC were added to the corresponding peptide samples.

28



ACKNOWLEDGEMENTS

This work was supported by grant BFU2005-00186-BMC (Ministerio de
Ciencia y Tecnologia, Spain) to J.V. A.J.P. and J.G. are recipients of pre-doctoral
fellowships from the Autonomous Government of the Valencian Community,
Spain. We are especially grateful to Ana I. GOmez-Sanchez for her excellent

technical assistance.

29



REFERENCES

Aranda, F. J, Teruel, J. A., and Ortiz, A. (2003). Interaction of a synthetic peptide
corresponding to the N-terminus of canine distemper virus fusion protein
with phospholipid vesicles: a biophysical study. Biochim Biophys Acta
1618(1), 51-8.

Arrondo, J. L., and Goni, F. M. (1999). Structure and dynamics of membrane
proteins as studied by infrared spectroscopy. Prog Biophys Mol Biol 72(4),
367-405.

Ben-Efraim, I., Kliger, Y., Hermesh, C., and Shai, Y. (1999). Membrane-induced step
in the activation of Sendai virus fusion protein. J Mol Biol 285(2), 609-25.

Bernabeu, A., Guillen, J., Perez-Berna, A. J,, Moreno, M. R., and Villalain, J. (2007).
Structure of the C-terminal domain of the pro-apoptotic protein Hrk and its
interaction with model membranes. Biochim Biophys Acta 1768(6), 1659-70.

Birney, E., Stamatoyannopoulos, J. A, Dutta, A., Guigo, R., Gingeras, T. R., Margulies,
E. H., Weng, Z., Snyder, M., Dermitzakis, E. T., Thurman, R. E., Kuehn, M. S,,
Taylor, C. M., Neph, S., Koch, C. M., Asthana, S., Malhotra, A., Adzhubei, I.,
Greenbaum, J. A., Andrews, R. M,, Flicek, P., Boyle, P. J., Cao, H., Carter, N. P.,
Clelland, G. K., Davis, S., Day, N., Dhami, P., Dillon, S. C., Dorschner, M. O,
Fiegler, H., Giresi, P. G., Goldy, J., Hawrylycz, M., Haydock, A., Humbert, R.,
James, K. D., Johnson, B. E., Johnson, E. M., Frum, T. T., Rosenzweig, E. R,
Karnani, N., Lee, K., Lefebvre, G. C., Navas, P. A., Neri, F., Parker, S. C., Sabo, P.
J., Sandstrom, R., Shafer, A., Vetrie, D., Weaver, M., Wilcox, S., Yu, M., Cdllins,
F. S., Dekker, J., Lieb, J. D, Tullius, T. D., Crawford, G. E., Sunyaev, S., Noble,
W. S., Dunham, |., Denoeud, F., Reymond, A. Kapranov, P., Rozowsky, J.,
Zheng, D., Castelo, R., Frankish, A., Harrow, J., Ghosh, S., Sandelin, A,
Hofacker, I. L., Baertsch, R., Keefe, D., Dike, S., Cheng, J.,, Hirsch, H. A,
Sekinger, E. A, Lagarde, J.,, Abril, J. F., Shahab, A., Flamm, C., Fried, C.,
Hackermuller, J., Hertel, J., Lindemeyer, M., Missal, K., Tanzer, A., Washietl, S.,
Korbel, J., Emanuelsson, O., Pedersen, J. S., Holroyd, N., Taylor, R., Swarbreck,
D., Matthews, N., Dickson, M. C., Thomas, D. J., Weirauch, M. T., Gilbert, J.,
Drenkow, J., Bell, I., Zhao, X., Srinivasan, K. G., Sung, W. K., Ooi, H. S, Chiu, K.
P., Foissac, S., Alioto, T., Brent, M., Pachter, L., Tress, M. L., Valencia, A., Choo,
S. W, Choo, C. Y., Ucla, C.,, Manzano, C., Wyss, C., Cheung, E., Clark, T. G.,
Brown, J. B., Ganesh, M., Patel, S., Tammana, H., Chrast, J., Henrichsen, C. N.,
Ka, C., Kawai, J., Nagalakshmi, U., Wu, J., Lian, Z., Lian, J., Newburger, P.,
Zhang, X., Bickel, P., Mattick, J. S., Carninci, P., Hayashizaki, Y., Weissman, S.,
Hubbard, T., Myers, R. M., Rogers, J., Stadler, P. F., Lowe, T. M., Weli, C. L.,
Ruan, Y., Struhl, K., Gerstein, M., Antonarakis, S. E., Fu, Y., Green, E. D., Karaoz,
U., Siepel, A, Taylor, J., Liefer, L. A., Wetterstrand, K. A., Good, P. J., Feingold,
E. A, Guyer, M. S., Cooper, G. M., Asimenos, G., Dewey, C. N.,, Hou, M,
Nikolaev, S., Montoya-Burgos, J. I, Loytynoja, A., Whelan, S., Pardi, F.

30



Massingham, T., Huang, H., Zhang, N. R., Holmes, I., Mullikin, J. C., Ureta-
Vidal, A., Paten, B., Seringhaus, M., Church, D., Rosenbloom, K., Kent, W. J.,
Stone, E. A, Batzoglou, S., Goldman, N., Hardison, R. C., Haussler, D., Miller,
W., Sidow, A., Trinklein, N. D., Zhang, Z. D., Barrera, L., Stuart, R., King, D. C.,
Ameur, A, Enroth, S., Bieda, M. C., Kim, J,, Bhinge, A. A, Jiang, N,, Liu, J., Y ao,
F.,Vega V.B. Lee C. W., Ng, P, Shahab, A, Yang, A., Moqtaderi, Z., Zhu, Z.,
Xu, X., Squazzo, S., Oberley, M. J., Inman, D., Singer, M. A., Richmond, T. A,
Munn, K. J,, Rada-Iglesias, A., Wallerman, O., Komorowski, J., Fowler, J. C.,
Couttet, P., Bruce, A. W,, Dovey, O. M,, Ellis, P. D., Langford, C. F., Nix, D. A,,
Euskirchen, G., Hartman, S., Urban, A. E., Kraus, P., Van Calcar, S., Heintzman,
N., Kim, T. H., Wang, K., Qu, C., Hon, G,, Luna, R., Glass, C. K., Rosenfeld, M.
G., Aldred, S. F., Cooper, S. J., Halees, A, Lin, J. M., Shulha, H. P., Zhang, X,
Xu, M., Haidar, J. N, Yu, Y., Ruan, Y., lyer, V. R,, Green, R. D., Wadelius, C.,
Farnham, P. J,, Ren, B., Harte, R. A., Hinrichs, A. S., Trumbower, H., Clawson,
H., Hillman-Jackson, J., Zweig, A. S., Smith, K., Thakkapallayil, A., Barber, G.,
Kuhn, R. M., Karolchik, D., Armengol, L., Bird, C. P., de Bakker, P. I., Kern, A.
D., Lopez-Bigas, N., Martin, J. D., Stranger, B. E., Woodroffe, A., Davydov, E.,
Dimas, A, Eyras, E., Hallgrimsdottir, I. B., Huppert, J., Zody, M. C., Abecasis, G.
R., Estivill, X., Bouffard, G. G., Guan, X., Hansen, N. F., Idol, J. R., Maduro, V. V.,
Maskeri, B., McDowell, J. C., Park, M., Thomas, P. J.,, Y oung, A. C., Blakesley, R.
W., Muzny, D. M., Sodergren, E., Wheeler, D. A., Worley, K. C., Jiang, H.,
Weinstock, G. M., Gibbs, R. A., Graves, T., Fulton, R., Mardis, E. R., Wilson, R.
K., Clamp, M., Cuff, J., Gnerre, S., Jaffe, D. B., Chang, J. L., Lindblad-Toh, K.,
Lander, E. S., Koriabine, M., Nefedov, M., Osoegawa, K., Y oshinaga, Y., Zhu,
B.,, and de Jong, P. J. (2007). ldentification and analysis of functional
elements in 1% of the human genome by the ENCODE pilot project. Nature
447(7146), 799-816.

Bokvist, M., Lindstrom, F., Watts, A., and Grobner, G. (2004). Two types of
Alzheimer's beta-amyloid (1-40) peptide membrane interactions:
aggregation preventing transmembrane anchoring versus accelerated
surface fibril formation. J Mol Biol 335(4), 1039-49.

Bonev, B. B., Chan, W. C., Bycroft, B. W., Roberts, G. C., and Watts, A. (2000).
Interaction of the lantibiotic nisin with mixed lipid bilayers. a 31P and 2H
NMR study. Biochemistry 39(37), 11425-33.

Bosch, B. J.,, Martina, B. E., Van Der Zee, R., Lepault, J., Haijjema, B. J., Versluis, C.,
Heck, A. J.,, De Groot, R., Osterhaus, A. D., and Rottier, P. J. (2004). Severe
acute respiratory syndrome coronavirus (SARS-CoV) infection inhibition
using spike protein heptad repeat-derived peptides. Proc Natl Acad Sci U S
A 101(22), 8455-60.

Bosch, B. J., van der Zee, R., de Haan, C. A., and Rottier, P. J. (2003). The coronavirus
spike protein is a class | virus fusion protein: structural and functional
characterization of the fusion core complex. J Virol 77(16), 8801-11.

31



Bottcher, C. S. F., Van Gent, C. M., and Fries, C. (1961). A rapid and sensitive sub-
micro phosphorus determination. Anal Chim Acta 1061, 203-204.

Byler, D. M., and Susi, H. (1986). Examination of the secondary structure of proteins
by deconvolved FTIR spectra. Biopolymers 25(3), 469-87.

Colotto, A., and Epand, R. M. (1997). Structural study of the relationship between
the rate of membrane fusion and the ability of the fusion peptide of
influenza virus to perturb bilayers. Biochemistry 36(25), 7644-51.

Colotto, A., Martin, I, Ruysschaert, J. M., Sen, A., Hui, S. W., and Epand, R. M. (1996).
Structural study of the interaction between the SIV fusion peptide and
model membranes. Biochemistry 35(3), 980-9.

Contreras, L. M., Aranda, F. J., Gavilanes, F., Gonzalez-Ros, J. M., and Villalain, J.
(2001). Structure and interaction with membrane model systems of a
peptide derived from the major epitope region of HIV protein gp4l:
implications on viral fusion mechanism. Biochemistry 40(10), 3196-207.

Darkes, M. J., Davies, S. M., and Bradshaw, J. P. (1999). X -ray diffraction study of
feline leukemia virus fusion peptide and lipid polymorphism. FEBS Lett
461(3), 178-82.

Davenport, L., Dale, R. E., Bisby, R. H., and Cundall, R. B. (1985). Transverse location
of the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene in model lipid bilayer
membrane systems by resonance excitation energy transfer. Biochemistry
24(15), 4097-108.

Edelhoch, H. (1967). Spectroscopic determination of tryptophan and tyrosine in
proteins. Biochemistry 6(7), 1948-54.

Eftink, M. R., and Ghiron, C. A. (1977). Exposure of tryptophanyl residues and
protein dynamics. Biochemistry 16(25), 5546-51.

Epand, R. F., Macosko, J. C., Russell, C. J,, Shin, Y. K., and Epand, R. M. (1999). The
ectodomain of HA2 of influenza virus promotes rapid pH dependent
membrane fusion. J Mol Biol 286(2), 489-503.

Fallis, K. E., York, J., and Nunberg, J. H. (2006). Furin cleavage of the SARS
coronavirus spike glycoprotein enhances cell-cell fusion but does not affect
virion entry. Virology 350(2), 358-69.

Ghosh, J. K., Peisgjovich, S. G., Ovadia, M., and Shai, Y. (1998). Structure-function
study of a heptad repeat positioned near the transmembrane domain of
Sendai virus fusion protein which blocks virus-cell fusion. J Biol Chem
273(42), 27182-90.

Guillen, J., Perez-Berna, A. J,, Moreno, M. R., and Villalain, J. (2005). Identification of
the membrane-active regions of the severe acute respiratory syndrome
coronavirus spike membrane glycoprotein using a 16/18-mer peptide scan:
implications for the viral fusion mechanism. J Virol 79(3), 1743-52.

Holland, G. P., Mcintyre, S. K., and Alam, T. M. (2006). Distinguishing individual lipid
headgroup mobility and phase transitions in raft-forming lipid mixtures with
31P MAS NMR. Biophys J 90(11), 4248-60.

32



Horvath, C. M., and Lamb, R. A. (1992). Studies on the fusion peptide of a
paramyxovirus fusion glycoprotein: roles of conserved residues in cell
fusion. J Virol 66(4), 2443-55.

Ingallinella, P., Bianchi, E., Finotto, M., Cantoni, G., Eckert, D. M., Supekar, V. M.,
Bruckmann, C., Carfi, A., and Pessi, A. (2004). Structural characterization of
the fusion-active complex of severe acute respiratory syndrome (SARS)
coronavirus. Proc Natl Acad Sci U S A 101(23), 8709-14.

Kielian, M., and Rey, F. A. (2006). Virus membrane-fusion proteins. more than one
way to make a hairpin. Nat Rev Microbiol 4(1), 67-76.

Kliger, Y., and Levanon, E. Y. (2003). Cloaked similarity between HIV-1 and SARS-
CoV suggests an anti-SARS strategy. BMC Microbiol 3, 20.

Korazim, O., Sackett, K., and Shai, Y. (2006). Functional and structural
characterization of HIV-1 gp4l ectodomain regions in phospholipid
membranes suggests that the fusion-active conformation is extended. J Mol
Biol 364(5), 1103-17.

Lakowicz, J. (1999). "Principles of Fluorescence Spectroscopy.” Kluwer-Plenum
Press, New Y ork.

Lentz, B. R. (1993). Use of fluorescent probes to monitor molecular order and
motions within liposome bilayers. Chem Phys Lipids 64(1-3), 99-116.

Li, W., Moore, M. J,, Vasilieva, N., Sui, J., Wong, S. K., Berne, M. A., Somasundaran,
M., Sullivan, J. L., Luzuriaga, K., Greenough, T. C., Choe, H., and Farzan, M.
(2003). Angiotensin-converting enzyme 2 is a functional receptor for the
SARS coronavirus. Nature 426(6965), 450-4.

Liu, S., Xiao, G., Chen, Y., He, Y., Niu, J,, Escalante, C. R., Xiong, H., Farmar, J.,
Debnath, A. K., Tien, P., and Jiang, S. (2004). Interaction between heptad
repeat 1 and 2 regions in spike protein of SARS-associated coronavirus:
implications for virus fusogenic mechanism and identification of fusion
inhibitors. Lancet 363(9413), 938-47.

Mantsch, H. H., and McElhaney, R. N. (1991). Phospholipid phase transitions in
model and biological membranes as studied by infrared spectroscopy.
Chem Phys Lipids 57(2-3), 213-26.

Mayer, L. D., Hope, M. J., and Cullis, P. R. (1986). Vesicles of variable sizes produced
by a rapid extrusion procedure. Biochim Biophys Acta 858(1), 161-8.

Moreno, M. R., Giudici, M., and Villalain, J. (2006). The membranotropic regions of
the endo and ecto domains of HIV gp4l envelope glycoprotein. Biochim
Biophys Acta 1758(1), 111-23.

Moreno, M. R., Guillen, J., PerezBerna, A. J., Amoros, D., Gomez, A. |, Bernabeu, A,
and Villalain, J. (2007). Characterization of the Interaction of Two Peptides
from the N Terminus of the NHR Domain of HIV-1 gp41 with Phospholipid
Membranes. Biochemistry 46(37), 10572-84.

Moreno, M. R., Pascual, R., and Villalain, J. (2004). Identification of membrane-
active regions of the HIV-1 envelope glycoprotein gp4l using a 15-mer
gp41-peptide scan. Biochim Biophys Acta 1661(1), 97-105.

33



Pascual, R., Contreras, M., Fedorov, A., Prieto, M., and Villalain, J. (2005). Interaction
of a peptide derived from the N-heptad repeat region of gp4l Env
ectodomain with model membranes. Modulation of phospholipid phase
behavior. Biochemistry 44(43), 14275-88.

Pascual, R., Moreno, M. R., and Villalain, J. (2005). A peptide pertaining to the loop
segment of human immunodeficiency virus gp41l binds and interacts with
model biomembranes: implications for the fusion mechanism. J Virol 79(8),

5142-52.
Pebay-Peyroula, E., Dufourc, E. J., and Szabo, A. G. (1994). Location of diphenyl-
hexatriene and trimethylammonium-diphenyl-hexatriene in

di palmitoylphosphatidylcholine bilayers by neutron diffraction. Biophys
Chem 53(1-2), 45-56.

Pecheur, E. |, Lavillette, D., Alcaras, F., Malle, J., Boriskin, Y. S., Roberts, M., Cosset, F.
L., and Polyak, S. J. (2007). Biochemical mechanism of hepatitis C virus
inhibition by the broad-spectrum antiviral arbidol. Biochemistry 46(20),
6050-9.

Peisgjovich, S. G., and Shai, Y. (2003). Viral fusion proteins. multiple regions
contribute to membrane fusion. Biochim Biophys Acta 1614(1), 122-9.
PerezBerna, A. J., Guillen, J., Moreno, M. R., Bernabeu, A., Pabst, G., Laggner, P.,
and Villalain, J. (2008). Identification of the membrane-active regions of HCV

p7 protein. Biophysical characterization of the loop region. J Biol Chem.

Petit, C. M., Melancon, J. M., Chouljenko, V. N., Colgrove, R., Farzan, M., Knipe, D.
M., and Kousoulas, K. G. (2005). Genetic analysis of the SARS-coronavirus
spike glycoprotein functional domains involved in cell-surface expression
and cell-to-cell fusion. Virology 341(2), 215-30.

Poveda J. A, Prieto, M., Encinar, J. A,, Gonzalez-Ros, J. M., and Mateo, C. R. (2003).
Intrinsic tyrosine fluorescence as a tool to study the interaction of the
shaker B "ball" peptide with anionic membranes. Biochemistry 42(23), 7124-
32.

Pyrc, K., Bosch, B. J., Berkhout, B., Jebbink, M. F., Dijkman, R., Rottier, P., and van der
Hoek, L. (2006). Inhibition of human coronavirus NL63 infection at early
stages of the replication cycle. Antimicrob Agents Chemother 50(6), 2000-8.

Qinfen, Z., Jinming, C., Xiaojun, H., Huanying, Z., Jicheng, H., Ling, F., Kunpeng, L.,
and Jinggiang, Z. (2004). The life cycle of SARS coronavirus inVero E6 cells. J
Med Virol 73(3), 332-7.

Riley, S., Fraser, C., Donnelly, C. A., Ghani, A. C., Abu-Raddad, L. J., Hedley, A. J.,
Leung, G. M., Ho,L. M.,Lam, T. H,, Thach, T. Q., Chau, P., Chan,K. P.,Lo, S. V.,
Leung, P. Y., Tsang, T., Ho, W, Lee, K. H,, Lau, E. M., Ferguson, N. M., and
Anderson, R. M. (2003). Transmission dynamics of the etiological agent of
SARS in Hong Kong impact of public health interventions. Science
300(5627), 1961-6.

Rinaldi, T. A, Tersarial, I. L., Dyszy, F. H., Prado, F. M., Nascimento, O. R., Di Mascio,
P., and Nantes, I. L. (2004). Protonation of two adjacent tyrosine residues

34



influences the reduction of cytochrome c¢ by diphenylacetaldehyde a
possible mechanism to select the reducer agent of heme iron. Free Radic
Biol Med 36(6), 802-10.

Rota, P. A, Oberste, M. S, Monroe, S. S., Nix, W. A., Campagnali, R., Icenogle, J. P.,
Penaranda, S., Bankamp, B., Maher, K., Chen, M. H., Tong, S., Tamin, A., Lowe,
L., Frace, M., DeRisi, J. L., Chen, Q., Wang, D., Erdman, D. D., Peret, T. C,,
Burns, C., Ksiazek, T. G., Rallin, P. E., Sanchez, A., Liffick, S., Holloway, B.,
Limor, J., McCaustland, K., Olsen-Rasmussen, M., Fouchier, R., Gunther, S.,
Osterhaus, A. D., Drosten, C., Pallansch, M. A., Anderson, L. J., and Bellini, W.
J. (2003). Characterization of a novel coronavirus associated with severe
acute respiratory syndrome. Science 300(5624), 1394-9.

Sainz, B, Jr., Rausch, J. M., Gallaher, W. R., Garry, R. F., and Wimley, W. C. (2005).
Identification and characterization of the putative fusion peptide of the
severe acute respiratory syndrome-associated coronavirus spike protein. J
Virol 79(11), 7195-206.

Samuel, O., and Shai, Y. (2001). Participation of two fusion peptides in measles
virus-induced membrane fusion. emerging similarity with other
paramyxoviruses. Biochemistry 40(5), 1340-9.

Schibli, D. J., and Weissenhorn, W. (2004). Class | and class Il viral fusion protein
structures reveal similar principles in membrane fusion. Mol Membr Biol
21(6), 361-71.

Siegel, D. P, and Epand, R. M. (1997). The mechanism of lamellar-to-inverted
hexagonal phase transitions in phosphatidylethanolamine: implications for
membrane fusion mechanisms. Biophys J 73(6), 3089-111.

Simmons, G., Reeves, J. D., Rennekamp, A. J., Amberg, S. M., Piefer, A. J., and Bates,
P. (2004). Characterization of severe acute respiratory syndrome-associated
coronavirus (SARS-CoV) spike glycoprotein-mediated viral entry. Proc Natl
Acad Sci U S A 101(12), 4240-5.

Sreerama, N., and Woody, R. W. (2000). Estimation of protein secondary structure
from circular dichroism spectras comparison of CONTIN, SELCON, and
CDSSTR methods with an expanded reference set. Anal Biochem 287(2),
252-60.

Sreerama, N., and Woody, R. W. (2004a). Computation and analysis of protein
circular dichroism spectra. Methods Enzymol 383, 318-51.

Sreerama, N., and Woody, R. W. (2004b). On the analysis of membrane protein
circular dichroism spectra. Protein Sci 13(1), 100-12.

Supekar, V. M., Bruckmann, C., Ingallinella, P., Bianchi, E., Pessi, A., and Carfi, A.
(2004). Structure of a proteolytically resistant core from the severe acute
respiratory syndrome coronavirus S2 fusion protein. Proc Natl Acad Sci U S
A 101(52), 17958-63.

Tripet, B., Howard, M. W., Jobling, M., Holmes, R. K., Holmes, K. V., and Hodges, R.
S. (2004). Structural characterization of the SARS-coronavirus spike S fusion
protein core. J Biol Chem 279(20), 20836-49.

35



Wang, H., Yang, P, Liuy, K., Guo, F., Zhang, Y., Zhang, G., and Jiang, C. (2008). SARS
coronavirus entry into host cells through a novel clathrin- and caveolae-
independent endocytic pathway. Cell Res 18(2), 290-301.

Wuy, X. D, Shang, B.,Yang, R. F.,Yu, H,, Ma, Z. H,, Shen, X., Ji,Y.Y., Lin Y., Wu Y. D,
Lin, G. M, Tian, L., Gan, X. Q,, Yang, S., Jiang, W. H., Dai, E. H., Wang, X. Y.,
Jiang, H. L, Xie Y. H,, Zhu, X. L., Pei, G, Li, L., Wu, J. R, and Sun, B. (2004).
The spike protein of severe acute respiratory syndrome (SARS) is cleaved in
virus infected Vero-E6 cells. Cell Res 14(5), 400-6.

Xiao, X., Chakraborti, S., Dimitrov, A. S., Gramatikoff, K., and Dimitrov, D. S. (2003).
The SARS-CoV S glycoprotein: expression and functional characterization.
Biochem Biophys Res Commun 312(4), 1159-64.

Xu Y. Zhuy, J, Liu Y. Lou, Z, Yuan, F, Liu Y. Cole D.K, Ni, L., Su, N, Qin, L., Li, X.,
Bai, Z., Bell, J. I, Pang, H., Tien, P, Gao, G. F, and Rao, Z. (2004).
Characterization of the heptad repeat regions, HR1 and HR2, and design of
a fusion core structure model of the spike protein from severe acute
respiratory syndrome (SARS) coronavirus. Biochemistry 43(44), 14064-71.

Yeung, K. S., Yamanaka, G. A., and Meanwell, N. A. (2006). Severe acute respiratory
syndrome coronavirus entry into host cells: Opportunities for therapeutic
intervention. Med Res Rev 26(4), 414-33.

Yu Y. G, King, D. S., and Shin, Y. K. (1994). Insertion of a coiled-coil peptide from
influenza virus hemagglutinin into membranes. Science 266(5183), 274-6.

Zhao, H., Rinaldi, A. C., Di Giulio, A, Simmaco, M., and Kinnunen, P. K. (2002).
Interactions of the antimicrobial peptides temporins with model
biomembranes. Comparison of temporins B and L. Biochemistry 41(13),
4425-36.

Zhu, J.,, Xiao, G, Xu, Y., Yuan, F., Zheng, C, Liu, Y., Yan, H., Cole, D. K., Bell, J. I., Rao,
Z., Tien, P., and Gao, G. F. (2004). Following the rule: formation of the 6-helix
bundle of the fusion core from severe acute respiratory syndrome
coronavirus spike protein and identification of potent peptide inhibitors.
Biochem Biophys Res Commun 319(1), 283-8.

36



LEGENDS TO THE FIGURES

FIGURE 1. Positive bilayer-to-water transfer free-energy values (shaded areas)
for the hydrophobic moment (HM), hydrophobicity (H), and interfaciality (1)
distribution along the SARS-CoV spike S2 protein, assuming it forms an a-
helical wheel (see ref (Guillen et al., 2005) for details), as well as a schematic
view of the organization of SARS-CoV spike glycoprotein S2 (amino acid
residues 758 to 1255 for the full length), showing the approximate structural and
functional regions: The fusion domain FP, the predicted heptad repeat regions
HR1 and HR2, the pre and transmembrane domains (PTM and TM) and the
relative position of the peptide used in this study (SARSp). The exact location

of the SARSep in the bidimensional plots is marked by dots.

FIGURE 2. Change on the fluorescence intensity (A) and steady-state
anisotropy (B) of the Tyr residue of the SARS;p peptide in the presence of
increasing lipid concentrations, (C) Stern-Volmer plots of the quenching of the
Tyr fluorescence emission of SARSgp by acrylamide in aqueous buffer (V), and
in the presence of liposomes and (D) effect of the SARSrp peptide on CF
leakage in LUVs at different lipid-to-peptide molar ratios. The lipid compositions
used were EPG (m), EPA (A),EPC (), EPC/BPS/Chol at a molar ratio of 5:3:1

(o) and EPC/ESM/CHOL at a molar ratio of 5:3:1 (V).

FIGURE 3. Steady-state anisotropy, <r>, of TMA-DPH (A, D, G, J and M), PA-
DPH (B, E, H, K and N) and DPH (C, F, I, L and O) incorporated into model

membranes composed of (A, B and C) DMPC, (D, E and F) POPE, (G, H and I)
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DMPG, (J, K and L) DMPS and (M, N and O) DMPA model membranes as a
function of temperature. Data correspond to vesicles in the absence (o) and in

the presence of the SARSep peptide (o).

FIGURE 4. Dependence with temperature of the CH, symmetric stretching band
frequency of (A) pure DMPC, (B) pure DMPG, (C) pure DMPA, (D) DMPA in an
equimolar mixture of DMPCy/DMPA, (E) DMPG in an equimolar mixture of
DMPCy/DMPG, and the CD, symmetric stretching band frequency of (F)
DMPCy in an equimolar mixture of DMPCy4/DMPA and (G) DMPCy in an
equimolar mixture of DMPC4/DMPG, in the absence (o) and in the presence of
SARS e peptide (o) at a phospholipid/peptide molar ratio of 15:1. (E) 3P-MAS
NMR at 25° C and 9 kHz spinning speed (500 MHz proton frequency) spectra

for POPC/EPA (2:1 molar ratio) in the absence (----) and in the presence of the

SARSep peptide at a phospholipid /molar ratio of 20:1 (—).

FIGURE 5. Stacked infrared spectra of the Amide I' and C=0O regions of
samples containing the SARS e peptide in solution (A) and in the presence of
DMPC (B), DMPG (C) and DMPA (D) at different temperatures as indicated.
The phospholipid-to-peptide molar ratio was 15:1. Spectra of the Amide I’ region
of the SARSrr peptide in the presence of DMPC at a phospholipid/peptide

molar ratio of (E) 15:1, (F) 75:1 and (G) 100:1, taken at T,+10°C.

FIGURE 6. CD spectra of the SARSe peptide in TFE (A), SDS (B) and LPC
(C). The percentages of TFE, the SDS concentration in mM, and the LPC-to-

peptide ratio are indicated. The temperature was 25 °C.
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