Universitat
de Barcelona

Receptores de dopamina y heteromeros de
receptores de dopamina en la modulacién
de la neurotransmision

Sergio Gonzalez Gonzalez

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacié de les seglients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) ha estat autoritzada pels titulars dels drets de propietat intel-lectual
Unicament per a usos privats emmarcats en activitats d’investigacio i docéncia. No s’autoritza la seva reproduccié amb
finalitats de lucre ni la seva difusi6 i posada a disposicié des d’'un lloc alié al servei TDX. No s’autoritza la presentaci6 del
seu contingut en una finestra o marc alie a TDX (framing). Aquesta reserva de drets afecta tant al resum de presentacio
de la tesi com als seus continguts. En la utilitzaci6 o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusion de esta tesis por medio del servicio TDR (www.tdx.cat) ha sido autorizada por los titulares de los derechos de
propiedad intelectual unicamente para usos privados enmarcados en actividades de investigacion y docencia. No se
autoriza su reproduccion con finalidades de lucro ni su difusion y puesta a disposicion desde un sitio ajeno al servicio
TDR. No se autoriza la presentacién de su contenido en una ventana o marco ajeno a TDR (framing). Esta reserva de
derechos afecta tanto al resumen de presentacién de la tesis como a sus contenidos. En la utilizaciéon o cita de partes de
la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the
TDX (www.tdx.cat) service has been authorized by the titular of the intellectual property rights only for private uses placed
in investigation and teaching activities. Reproduction with lucrative aims is not authorized neither its spreading and
availability from a site foreign to the TDX service. Introducing its content in a window or frame foreign to the TDX service is
not authorized (framing). This rights affect to the presentation summary of the thesis as well as to its contents. In the using
or citation of parts of the thesis it's obliged to indicate the name of the author.




= UNIVERSITAT DE BARCELONA

UNIVERSIDAD DE BARCELONA
FACULTAD DE BIOLOGIA
DEPARTAMENTO DE BIOQUIMICA Y BIOLOGIA MOLECULAR

RECEPTORES DE DOPAMINA Y HETEROMEROS DE
RECEPTORES DE DOPAMINA EN LA MODULACION
DE LA NEUROTRANSMISION

Memoria presentada por el licenciado en Bioquimica
SERGIO GONZALEZ GONZALEZ

para optar al grado de Doctor por la Universidad de Barcelona

Esta Tesis se ha inscrito dentro del programa de doctorado de Fisiologia del
Departamento de Fisiologia e Inmunologia de la Universidad de Barcelona,
bienio 2007-2009.

El trabajo experimental y la redaccién de la presente memoria han sido
realizados por Sergio Gonzalez Gonzalez bajo la direccion del Dr. Rafael Franco
Fernandez y la Dra. Josefa Mallol Montero.

Barcelona, Abril de 2012

Dr. Rafael Franco Fernandez Dra. Josefa Mallol Montero

Sergio Gonzalez Gonzalez






« Et il revint vers le renard : - Adieu, dit-il...

- Adieu, dit le renard. Voici mon secret. Il est tres
simple: on ne voit bien qu'avec le coeur. L'essentiel
est invisible pour les yeux.

- L'essentiel est invisible pour les yeux, répéta le
petit prince, afin de se souvenir.

- C'est le temps que tu as perdu pour ta rose qui fait
ta rose si importante.

- Clest le temps que j'ai perdu pour ma rose... fit le

petit prince, afin de se souvenir. »

Le Petit Prince. Antoine de Saint-Exupéry

A mon renard apprivoisé

et mes roses.
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« Je ne pouvais entendre sa voix ni sentir son
contact, mais sa lumieére et sa chaleur rayonnaient
dans chaque recoin de notre logis, et moi, avec la
confiance d’un enfant qui peut encore compter ses
années sur les doigts, je croyais qu’il me suffisait
de fermer les yeux et de lui parler pour qu’elle
m’écoute, d’ou qu’elle fiit. »

L’Ombre du vent. Carlos Ruiz Zafon

INTRODUCCION
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1. Introduccion

1.1 Caracteristicas generales de los receptores

acoplados a proteina G

La comunicacion celular es un requisito necesario para el mantenimiento y
regulacion de la homeostasis de los seres vivos. Para ello, las células del organismo
tienen la capacidad de reconocer moléculas liberadas al medio extracelular, con la
finalidad de procesar gran cantidad de informacidn procedente de otras células. Debido
a que muchas de estas moléculas liberadas no entran dentro de la célula a causa de su
naturaleza polar, es necesario la presencia de receptores en la membrana citoplasmatica
con los que interactuar para ejercer su funcion. Los receptores acoplados a proteina G
(GPCR) o también llamados receptores de siete dominios de transmembrana (7TMD)
constituyen una importante familia de receptores de la membrana celular (Marinessen y
Gutkind, 2001; Gudermann et al., 1997). Estos receptores estan codificados por una
gran familia de genes; en el caso del genoma humano, mas del 1% codifica para mas de
1000 proteinas con esta estructura, de las que mas del 90% se expresan en el Sistema

Nervioso Central (SNC) (George et al., 2002).

Los GPCRs son activados por una gran variedad de ligandos tantos endogenos
como exdgenos, entre los que se incluyen hormonas, péptidos, aminodcidos, iones y
fotones de luz; y traducen la sefial a través de un gran numero de efectores como la
adenilato ciclasa (AC), las fosfolipasas o los canales ionicos, entre otros. Muchas de
estas vias de sefializacidn, aunque no todas, estdn mediadas por el acoplamiento del
receptor a una proteina G y, en su conjunto, desempefian un papel clave en la fisiologia
celular controlando procesos del organismo como la secrecion, la diferenciacion o la
neurotransmision, entre otros. Mas del 50% de los agentes terapéuticos actualmente
comercializados actian sobre estas proteinas activando (agonistas) o antagonizando
(antagonistas) estos receptores (Marinissen y Gutkind, 2001; Flower, 1999). En Ia
actualidad los GPCRs son considerados como dianas terapéuticas para el desarrollo de

nuevos farmacos en amplios campos de la medicina.

En la figura 1 se ilustra como un agonista actuan a través de un GPCR. La union
del agonista a este receptor activa una cascada de sefializacion intracelular en la que
intervienen dianas citoplasmaticas a través de un mecanismo dependiente de proteina

heterotrimérica G. Estas vias de sefializacion regulan funciones bioldgicas clave como
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la proliferacion, apertura de canales idnicos, diferenciacidon y supervivencia celular,

entre muchas otras.

O Agonist

Plasma
membrane

Extraido de Ritter y Hall, 2009

Figura 1. Unién de un ligando agonista a un GPCR y activacion de mecanismos

de sefializacion celular responsables de las funciones biologicas.

1.1.1 Estructura de los receptores acoplados a proteina G

Los GPCRs se caracterizan por estar constituidos por una tnica cadena proteica
que atraviesa siete veces la membrana celular gracias a que en su estructura existen 7
secuencias de unos 25-35 residuos aminoacidicos, principalmente hidrofébicos, que se
disponen en una estructura de hélices a y se internan en la membrana plasmatica. Asi,
estos receptores estan parcialmente inmersos en un ambiente no-polar de la bicapa
lipidica formando una estructura compacta de hélices transmembrana conectadas por
bucles extracelulares e intracelulares (Figura 2). Otra caracteristica de estos receptores
es que son capaces de interaccionar estructuralmente con la proteina heterotrimérica G

mediante sus dominios o bucles intracelulares.

Un aparato complejo de translocacion presente en el reticulo endoplasmaticos
(RE) es el encargado de la correcta orientacidon de la cadena polipeptidica. Se distinguen

dos estados de plegamiento diferentes que se producen tras la translocacién inicial del
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receptor a través del extremo N-terminal dentro del lumen del RE. En el primer
plegamiento, las hélices a se disponen a través de la bicapa lipidica, y el plegamiento de
la proteina estd dirigido principalmente por los efectos hidrofébicos. Los dominios
transmembrana adoptan una estructura para minimizar la superficie polar expuesta
dentro del ambiente lipidico y, como resultado, los aminoacidos hidrofébicos se encaran
a la bicapa lipidica y los aminoacidos mas hidrofilicos quedan orientados a través de la
hendidura generada por el empaquetamiento de los dominios transmembrana (Scarselli
et al., 2000). Finalmente, en el segundo plegamiento se forma una estructura terciaria
por interacciones especificas hélice-hélice y por interacciones entre los dominios
extracelulares y citoplasmaticos, permitiendo un fuerte empaquetamiento. En una gran
parte de los receptores acoplados a proteina G, podemos encontrar dos residuos de
cisteina en los bucles extracelulares 1 y 2 que forman un puente disulfuro, que
posiblemente se encarga del empaquetamiento y la estabilizacion de un nimero
restrictivo de conformaciones de los 7 dominios transmembrana (Kniazeff et al., 2011;

Peeters et al., 2011; Agnati et al., 2003; Scarselli et al., 2000)

La region N-terminal puede estar glicosilada y la region C-terminal estd
expuesta a la interaccidon con otras moléculas de sefializacion, como kinasas y proteinas
[-arrestinas, responsables de procesos de sensibilizacion, desensibilizacion e
internalizacion (DeFea, 2011; Schulte et al., 2010; Pfleger et al., 2007; Letkowitz,
1998). Ademas, la region carboxi terminal y los bucles intracelulares IC2 e IC3 son
criticos para la transduccion de la sefal hacia el interior de la célula ya que son los
dominios de unidn a la proteina G responsable, en la mayoria de los casos, de iniciar la

sefializacion intracelular.

La primera estructura cristalina de un GPCR fue descrita en el afio 2000, cuando
se estudid, con una alta resolucidn, la estructura cristalina del receptor de rodopsina
bovino (Palczewski et al., 2000) (Figura 2a). Pese a la alta resolucion queda pendiente
informacion estructural detallada de algunas partes de los bucles y del extremo carboxi
terminal; asi como de la conformacion en estado activo del receptor ya que la estructura
cristalizada se estabilizd con un antagonista del receptor. Més recientemente se ha
obtenido la estructura cristalina del receptor de opsina acoplado a la proteina G, lo que
ha permitido una mejor interpretacion de los cambios estructurales asociados a la
transduccion de sefial (Park et al., 2008; Scheerer et al., 2008). Desde entonces, se han

cristalizado otros GPCR incluyendo el receptor D; de dopamina (Chien et al., 2010;
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Rosenbaum et al., 2009; Weis y Kobilka, 2008) el receptor A, de adenosina (Jaakola y
Izerman, 2010; Jaakola et al., 2008) y el receptor f,-adrenérgico (Rasmussen et al.,

2011; Tebben y Schnur, 2011; Cherezov et al., 2007).
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Extraido y modificado de Palczewski, 2000

Figura 2. Representacion grafica de la estructura cristalina de la rodopsina y esquema de la

estructura tipica de un GPCR.

1.1.2 Nomenclatura de los receptores acoplados a proteina G

Existen diversos sistemas de clasificacion de los GPCRs. El mas clasico es el
sistema Kolakowski (Kolakowski, 1994) basado en la agrupacion de familias en funcion
de su estructura y caracteristicas genéticas (Kolakowski, 1994; Probst et al., 1992).
Como se observa en la figura 3, las diferentes familias se diferencian en el tamafio y en
la funcion del dominio N-terminal, C-terminal y los bucles intracelulares. Pese a que
todos los GPCRs comparten una estructura comun, las distintas familias no tienen
secuencias homdlogas, indicando que probablemente no estin relacionadas
filogenéticamente y que la similitud de su estructura transmembrana se debe so6lo a tener

requerimientos funcionales comunes.
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Familia 1 Receptores de aminas
biogénicas (adrenérgico, serotonina,
dopamina, muscarinico, histamina)
Receptores de neurotensina y TRH
Receptores de adenosina y
cannabinoides Receptores de
nucleétidos, oxitocina y somatostatina
Receptores de melatonina

Familia 2 Receptores de calcitonina
Receptores de PTH Receptores de
glucagon, VIP y secretina Receptores de
latrotoxina

Familia 3 Receptores metabotrépicos de
glutamato, Receptores GABA Receptores
de calcio Receptores de feromonas
vemeronasales Receptores gustativos

Extraido y modificado de George et al., 2002

Figura 3. Representacion de las tres principales familias de receptores acoplados a proteinas G.

Aproximadamente el 90% de todos los GPCRs pertenecen a la familia 1, también
llamada A o rodopsin-like. Esta familia contiene receptores para odorantes,
neurotransmisores y hormonas glicoproteicas. La homologia entre los receptores de esta
familia es baja y restringida a un nimero limitado pero con un alto grado de
conservacion de residuos, lo que sugiere que estos tienen un papel esencial en la
estructura y/o funcionalidad de estos receptores (Probst et al., 1992). Los receptores de
esta familia se caracterizan también por tener un puente disulfuro que conecta el primer
y segundo bucle extracelular y muchos de estos tienen también una cisteina
palmitoilada en la cola C-terminal que le sirve para anclarse a la membrana. En esta
familia, el ligando se une en una cavidad formada por los dominios transmembrana
aunque para alguna subfamilia, activada por pequefios péptidos, el reconocimiento se
produce a nivel de los bucles extracelulares y del dominio N-terminal (Pin et al., 2003;

Ulric et al., 1998).
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La familia B, o también llamada familia 2, incluye aproximadamente 20
receptores diferentes para una variedad de hormonas peptidicas y neuropéptidos, como
el péptido intestinal vasoactivo, la calcitonina y el glucagén. Esta familia se caracteriza
por poseer un extremo N-terminal de cerca de unos 100 residuos, el cual contiene
diversas cisteinas que forman una red de puentes disulfuro (Ulrich et al., 1998). La
morfologia de estos receptores es similar a la de los de la familia 1, pero no parecen
palmitoilarse y los residuos y motivos conservados son diferentes. Se sabe poco de la
orientaciéon de los dominios de transmembrana (TM), pero teniendo en cuenta la

divergencia de la secuencia aminoacidica, probablemente son diferentes de la familia 1.

La familia 3 o C se caracterizan por un largo extremo carboxi y amino terminal
(500-600 aminoacidos). A esta familia pertenece el receptor metabotropico de
glutamato y el receptor GABA (é4cido y-aminobutirico). La estructura del lugar de union
(representado en la figura 3 en amarillo) se ha deducido mediante estudios de
cristalografia del extremo N-terminal del receptor metabotrépico de glutamato
solubilizado y unido a glutamato (He et al., 2002). Se ha visto que forma un dimero
unido por puente disulfuro que puede abrirse y cerrarse en el proceso de unién del
ligando (He et al., 2002). Esta familia no tiene ningin rasgo comun con la familia 1 y 2
excepto por la presencia de cisteinas en el bucle extracelular que forman puentes
disulfuro. Una caracteristica inica de estos receptores es que el tercer bucle intracelular
es corto y altamente conservado, y al igual que en la familia 2 tampoco se conoce la
orientacioén de los dominios de transmembrana (TM) (Jacoby et al., 2006; George et al.,

2002).

Los receptores de feromonas de levadura configuran dos familias menores no
relacionadas, familias D y E. Finalmente, 4 receptores diferentes de AMPc constituyen

otra familia menor, pero Unica, la familia F (Kolakowski, 1994).

Aunque la clasificacion A-F esta ampliamente aceptada, Frediksson y
colaboradores (Frediksson et al., 2003) efectuaron el primer estudio filogénico de toda
la superfamilia de GPCRs en el genoma de mamifero proponiendo una clasificacion
mas detallada. Sus andlisis demuestran que hay 5 familias principales para los GPCRs
humanos: Glutamate, Rodopsin, Adhesion, Frizzled/Tasted2 y Secretin; y que dentro de

cada familia los receptores comparten un origen evolutivo comun. Tres de estas
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familias, rodopsina (A), secretina (B) y glutamato (C) se corresponden con la
clasificacion A-F, mientras que las otras dos familias, adhesion y frizzled, no estan
incluidas. En esta clasificacion la superfamilia de la rodopsina sigue siendo la mayor, y
se ha dividido en 4 grupos principales con 13 ramas distintas. Los autores de este nuevo
sistema de clasificacion defienden la teoria de que los receptores acoplados a proteina G
surgieron a partir de un Unico predecesor comun, que evoluciond a través de
duplicaciones génicas, evolucionando desde la mayor simplicidad en cuanto a sus
origenes a la enorme complejidad que muestra la superfamilia de estos receptores en la

actualidad.

1.1.3 Vias de seializacion de receptores acoplados a proteina G

Cuando un receptor es activado por un ligando, se inicia una serie de eventos
intracelulares que modulan la funcién celular. Estos eventos dependen de la proteina G
a la que se encuentran acoplados y de la maquinaria molecular intracelular. Las
proteinas G estan presentes en todos los organismos eucariotas y tienen un papel
esencial en la transduccion de sefiales debido a su asociacion al receptor y a otras
proteinas citoplasmaticas efectoras. Cada proteina G tiene una estructura
heterotrimérica constituida por la subunidades a (39-46 KDa), (37 KDa) y vy (8KDa).
La interacciéon del ligando con el receptor produce una serie de cambios
conformacionales que modifican la estructura de la proteina G, los cuales repercuten en
la afinidad de la subunidad G, por Gg, los nucleotidos de guanina, haciéndola mas afin
por GTP que por GDP (Bourne et al., 1991) Al intercambiar GDP por GTP, la
subunidad G, se activa y se desensambla tanto del receptor como del complejo estable
Ggp, (Marinissen y Gutkind, 2001). Tanto la subunidad G, como el complejo Gg, son
moléculas sefializadoras de forma que activan o inhiben a moléculas efectoras, como las
adenilato y guanilato ciclasas, fosfodiesterasas, las fosfolipasas A2 y C, la fosfoinositol
3-kinasa entre otras; dando lugar a una activacién o inhibicién de una gran variedad de
segundos mensajeros como el AMPc, GMPc, diacilglicerol (DAG), inositol (1,4,5)-
trifosfato (IP3), fosfatidil inositol (3.4,5)-trifosfato, acidos araquidonico y fosfatidico,
por citar algunos (Marinissen y Gutkind, 2001).

Dos ejemplos tipicos de cascadas de sefializacién iniciadas por receptores
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acoplados a proteina G son las que conducen a la formacién de inositol- 1,4,5-trifosfato
(IP3)/DAG y AMPc como segundos mensajeros. Para la subunidad G,q, la proteina
efectora diana es la PLC, enzima que hidroliza fosfoinositoles de membrana generando
IP3 y DAG como segundos mensajeros. El IP3 aumenta la concentracion de calcio
intracelular vaciando los depositos intracelulares, mientras que el DAG activa a la PKC.
En el caso de las subunidades Gy 0 Gy, la proteina efectora es la adenilato ciclasa
(AC), enzima que cataliza la conversion de ATP a AMPc, mientras Ggs estimula esta
enzima, la subunidad G la inhibe. E1 AMPc activa la PKA que igual que la PKC
fosforila a multiples y diversas proteinas (receptores, canales ionicos, enzimas o
factores de transcripcion) regulando asi el funcionamiento celular (Berridge, 2009;
Puzianowska-Kuznicka y Kuznicki, 2009; Faure et al., 2004; Marinissen y Gutkind,
2001)
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Extraido de Marinissen y Gutkind, 2001

Figura 4. Representacion de algunas de las vias que enlazan los GPCR con la via de las MAPK.

Muchas de las respuestas mediadas por estos receptores no consisten inicamente
en la estimulacién de segundos mensajeros convencionales, si no que son el resultado
de la integracion de diferentes redes de sefializacion, entre las que se incluyen la via de
las MAPKs y las JNKs. Al principio se creia que la activacion de la ruta de las MAPK

por GPCR involucraba proteina G sensible a la toxina de la Bordetella pertussis (Gqi) y

que dependia fuertemente del complejo Gg, de la proteina G y de tirosina quinasas no

identificadas (Faure et al., 1994; Koch et al., 1994; Van Corven et al., 1993). Se postuld
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que, en ausencia de ligandos para receptores con actividad tirosina quinasas (RTK), la
activacidon de receptores acoplados a proteina G podia inducir la estimulacion de un
RTK generando sefiales mitogénicas. Este fendmeno se denomind transactivacion. Una
vez transactivado, el RTK inicia una cascada de sefializacidon idéntica a la generada por
su propio ligando; es decir, la activacion de las MAPK es a través de la via Ras, Raf,
MEK y ERK (Figura 4). El proceso es iniciado con las subunidades Gg, dando lugar a
que se reclute Sos hacia la membrana. Ello activa el intercambio de GDP por GTP en la
proteina Ras, siendo esta proteina el intermediario que conecta la cascada de
sefializacion generada por la transactivacion de un RTK con la fosforilacion de ERK

(Marinissen y Gutkind, 2001).

Sin embargo hay evidencias que indican que la sefializacion de los receptores de
siete dominios transmembrana es mucho mas compleja puesto que pueden activar la via
de las MAPKs a través de vias de sefializacion dependientes (Figura 4) e independientes
de proteinas G (Beaulieu y Gainetdinov, 2011; Luttrell et al., 1999; Daaka et al., 1998;
Lefkowitz, 1998). Un ejemplo paradigmdtico es la sefializacion mediada por la
fosforilacion del receptor por GRKs (G protein-coupled Receptor Kinases) la unidon de
—arrestinas y el subsiguiente secuestro del receptor de la superficie celular (Krupnick y
Benovic, 1998), que no so6lo es importante para la finalizacion de la sefial, sino que
también juega un papel importante en el intercambio entre las vias de sefializacion
dependientes de proteina G e independientes como las utilizadas normalmente por

receptores de factores de crecimiento (Luttrell et al., 1999).

Estudios relativamente recientes muestran que las f—arrestinas desempefian un
papel en la sefalizacion celular que va mas alld del simple desacoplamiento entre
receptor y la proteina G. El hecho de que las P—arrestinas puedan interaccionar
directamente con tirosina kinasas de la familia de las Src y con componentes de la
cascada de MAP kinasas (Reiter et al., 2011; Perry y Lefkowitz, 2002), sugiere que las
(—arrestinas pueden funcionar como adaptadores o scaffolds reclutando proteinas
involucradas en la sefializacion de un determinado receptor. De esta manera, se ha
demostrado la capacidad de diferentes tipos de receptores acoplados a proteina G de
reclutar componentes de las cascadas de las INKs o las ERKSs, incluyendo las kinasas

mas relevantes de la cascada, como pueden ser JNK3, Raf-1, MEK1 o ERK1/2. Estos
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complejos pueden permanecer unidos incluso durante la internalizacion del receptor,
presentando diferentes localizaciones subcelulares, presumiblemente en los endosomas
hacia donde el receptor es conducido en su proceso de internalizacién y por lo tanto
aproximando las kinasas a sus posibles substratos citosélicos. En este sentido, tal y
como se muestra en la figura 5, las p—arrestinas actian como scaffolds permitiendo al
receptor regular la actividad y la distribucion de dichas kinasas en el interior celular, lo

que puede tener unas implicaciones funcionales muy importantes (Reiter et al., 2011;
Kelly et al., 2008; Viloin y Lefkowitz, 2007).
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Figura 5. Representacion de las f—arrestinas regulando la funcion y localizacion subcelular de

otras proteinas.
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Ademas de las interacciones receptor-proteina intracelulares implicadas en la
transducciéon de sefial, se han descrito un gran nimero de interacciones receptor-
proteina que son importantes para la formacion de complejos macromoleculares
responsables de la localizacion de estos receptores en determinados dominios celulares.
Las proteinas andamio o scaffolding proteins o scaffolds, actualmente son consideradas
como organizadoras de complejos multiproteicos en diversos compartimentos celulares
como por ejemplo las densidades post-sindpticas neuronales y son las responsables de
mantener estos receptores en esta localizacién (Bruneau et al., 2009; Beresewicz, 2007,
Triller et al., 2005). En un mismo scaffold se agrupan varios dominios de interacciéon
proteina-proteina, proporcionando un soporte especifico que permite el ensamblaje de
complejos multiméricos concretos para cada necesidad estructural o funcional (Huber,
2001). Los GPCRs interaccionan con proteinas andamio que los conectan con el
citoesqueleto celular (Hering y Sheng, 2001). Las proteinas scaffolds son ricas en
dominios tales como los SH2 (Scr-Homology 2), SH3 o PDZ (Post-synaptic-Density-
95/Discs-large/Z01), que se han conservado a lo largo de la evolucion. En los tltimos
afios se ha descrito un gran nimero de interacciones entre los receptores acoplados a
proteina G y proteinas que contienen el dominio PDZ (Feng y Zhang, 2009; Pawson y
Scott, 1997). Estas proteinas tienen un papel importante en la modulacién de la sefial, ya
que definen la composicion molecular de los complejos de sefalizacion en
microcompartimentos y, en algunos casos, la localizacion precisa de estos complejos en
la célula. Por ejemplo, el factor regulador del intercambio Na+/H+ (NHERF: Na+/H+
Exchange Regulatory Factor) que interacciona con el receptor ap-adrenérgico, se ha
visto que promueve la clusterizacion y la endocitosis del receptor (Hall et al., 1998).
También la proteina Homer-1b que interacciona con el receptor metabotropico de
glutamato tipo 1 (mGluR,) se ha demostrado que, por acciéon del Ca®" induce
movilizacion hacia la membrana de estos receptores (Roche et al., 1999). Por otra parte,
proteinas con dominios PDZ, como la espinofilina, se ha visto que pueden interaccionar
con receptores D, de dopamina y op-adrenérgicos via un nuevo dominio no-PDZ,
actuando como una proteina andamio que liga estos GPCRs con proteinas sefializadoras
como PP-1 (Richman et al., 2001; Smith et al., 1999). Otros ejemplos de proteinas
andamio que interaccionan con receptores de siete dominios transmembrana son la o-
filamina y el receptor de dopamina D, (Lin et al., 2001), la a-actinina y el receptor

mGluRs de glutamato (Cabello et al., 2007), la a-actinina y el receptor Ajs de
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adenosina (Burguefio et al., 2003a) y la familia de proteinas Shank y varios GPCRs
como el receptor metabotropico de glutamato 1 (mGluR;) o el receptor de somatostatina

tipo 2 (SSTR») (Sheng y Kim, 2000).

Ademas de las interacciones receptor-proteinas intracelulares, existen crecientes
evidencias de que las interacciones receptor-proteina extracelulares pueden jugar un
papel importante en la farmacologia de los GPCRs. Un ejemplo es el caso del enzima
adenosina desaminasa (ADA), proteina multifuncional que puede estar presente en la
superficie de la célula anclada a diferentes proteinas como los receptores de adenosina
A, y Asa (Gracia et al.,, 2011; Herrera et al., 2001; Saura et al., 1996). Estas
interacciones parecen ser esenciales para que estos receptores muestren el estado de alta

afinidad por su ligando.

1.1.4 Actividad constitutiva de los receptores acoplados a

proteina

La activacion de un receptor acoplado a proteina G se basa en un cambio
conformacional de la estructura terciaria debido a la unién al receptor de un ligando
agonista. El receptor pasa de una conformacion inactiva a una activa, existiendo una
constante de equilibrio entre los dos estados del receptor. La actividad constitutiva que
presentan estos receptores representa una isomerizacion del receptor a la conformacion
activa en ausencia de ligando (Seifert, 2002). Como consecuencia se promueve el
intercambio GDP-GTP en la preotina G acoplada, aumentando asi la actividad basal de

dicha proteina G y de los siguientes sistemas efectores (Costa y Herz, 1989)

Esta actividad constitutiva es inhibida por los compuestos denominados agonistas
inversos, los cuales actuan sobre el receptor de manera que estabilizan la conformacion
inactiva y por lo tanto minimizan el intercambio GDP-GTP. Estos compuestos actuan
de forma opuesta a los agonistas, cuya funcién es estabilizar al receptor en la
conformacidn activa y, por lo tanto, inducir su sefializacion intracelular. Se ha propuesto
la existencia de multiples conformaciones de los receptores con distintas funciones
bioldgicas (Seifert y Wenzel-Seifert, 2002). Estas conformaciones estarian estabilizadas

por diferentes tipos de compuestos, siendo la més favorable para la sefializacidon aquella
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conformacidon del receptor estabilizada por el agonista; seguidas por los agonistas
parciales, que serian compuestos con una menor eficiencia para estabilizar el receptor
en la conformacion mas activa y por lo tanto promueven un menor intercambio GDP-
GTP. A continuacién vendrian los antagonistas neutros o simplemente antagonistas que
no alterarian el equilibrio entre las conformaciones activa e inactiva, pero con la
capacidad de bloquear el efecto de los agonistas y de los agonistas inversos. Por tltimo,
estarian los agonistas inversos parciales y los agonistas inversos, que serian capaces de
estabilizar al receptor en su estado inactivo, en un menor y mayor grado

respectivamente, reduciendo la actividad basal o constitutiva del receptor (Figura 6).
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Figura 6. Activacion de los receptores acoplados a proteina G segiin el modelo de dos estados.

a) El modelo de dos estados asume que el receptor isomeriza desde un estado inactivo R a uno activo R*. Los diferentes tipos
de ligando de un receptor se clasifican desde los que consiguen una mayor actividad del receptor, los agonistas totales, hasta los
que consiguen inhibir completamente la funcionalidad del receptor, los agonistas inversos totales. b) La actividad constitutiva
de los receptores acoplados a proteina G da lugar a una cierta actividad basal de la proteina G y del sistema efector asociado a
dicho receptor. Los agonistas incrementan esta actividad, los antagonistas no tienen ningun efecto sobre la actividad basal y los

agonistas inversos consiguen disminuirla.

1.1.5 Desensibilizacion de los receptores acoplados a proteina G

La répida atenuacidon de la respuesta del receptor tras su activacion mediante
unién de un agonista recibe el nombre de desensibilizacién (Moser et al., 2010; Golan et
al., 2009). Este fendmeno puede manifestarse mediante diferentes mecanismos como el
desacoplamiento del receptor de su proteina G en respuesta a la fosforilacion del

receptor (Golan et al., 2009; Ferguson, 2001; Lohse et al., 1990; Hausdorff et al.,
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1989), la internalizacién de los receptores de la superficie celular a compartimientos
intracelulares (Ferguson, 2001; Trejo et al.,, 1998; Hermans et al, 1997) y la
disminucion del nimero de receptores debido a la disminucion del RNA mensajero y a
la sintesis proteica, asi como la degradacion de los receptores preexistentes (Jockers et
al., 1999; Pak et al., 1999). En el caso de las fosforilaciones, estos fendémenos tienen
lugar en segundos, minutos en el caso de las endocitosis y horas cuando es regulada la
expresion. La desensibilizacion del receptor puede ser completa, como ocurre en el
sistema olfativo y visual o atenuada, disminuyendo la respuesta maxima, como ocurre
con el receptor B,- adrenérgico (Sakmar, 1998). La manera mas rapida por la cual un
GPCR se desacopla de la proteina G es a través de modificaciones covalentes en el
receptor como consecuencia de su fosforilacién por quinasas intracelulares, siendo de
especial importancia las quinasas especificas para GPCR o GRK (Golan et al., 2009;
Kelly et al., 2008).

La internalizacion de GPCR es un fendmeno comun tras la estimulacion por
agonista. El trafico de receptores a compartimentos endosomales permite la
desfosforilacion y reciclaje del receptor a la superficie celular (Boulay y Rabiet, 2005;
Gainetdinov et al., 2004; Ferguson, 2001; Pierce y Lefkowitz, 2001; Krueger et al.,
1997). Parte de los receptores internalizados pueden degradarse tras la exposicion
prolongada al agonista, lo que implica que el receptor sea marcado para entrar en la via
de degradacion (Bohm et al., 1997). El mecanismo de internalizacién de GPCR mejor
caracterizado es a través de la fosforilacion del receptor mediada por las proteinas
quinasas especificas de GPCR (GRK)y B-arrestinas (Kelly et al., 2008). Una vez el
receptor es fosforilado por GRK, la f -arrestina actia como molécula reguladora que
interactia con componentes de la via endocitica mediada por vesiculas de clatrina. En
respuesta a la activacion de los GPCR, la B-arrestina citosolica transloca a la membrana
plasmatica uniéndose a los receptores a la vez que se inicia el proceso de endocitosis
mediado por clatrina (Ritter y Hall, 2009) (Figura 7). Como se ha mencionado
anteriormente, las § -arrestinas no solo funcionan en el secuestro de GPCR para la
desensibilizacion e internalizacién, sino como proteinas para transducir y
compartimentar las sefiales alternativas (Golan et al., 2009). Ya queestas proteinas
tienen la habilidad de interaccionar con una gran variedad de proteinas endociticas y de

sefializacién como las c-Src (Lutrell et al., 1999), MAPK y Raf (DeFea et al., 2000).
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Figura 7. Ejemplo de un modelo de desensibilizacion, internalizacién y degradacion de los GPCRs.

Algunos GPCR se han encontrado en estructuras de membrana ricas en colesterol
llamadas caveolas (Jin et al., 2011; Burguefio et al., 2003b; Chun et al., 1994). Estos
dominios son otro mecanismo para mediar la internalizacién de un receptor inducida
por ligando (Wu et al., 2008; Kong et al., 2007; Escriche et al., 2003; Ginés et al.,
2001). Las caveolas también son conocidas como dominios de sefializacién donde los
GPCR pueden localizarse e interaccionar especificamente con proteinas de sefializacion

(Ostrom y Insel, 2004).

Una vez internalizados, los receptores son marcados para entrar en vias de
reciclaje o degradativas. Algunos GPCRs, entre los que se incluye el receptor f32-
adrenérgico, pueden ser reciclados a la membrana plasmatica, como receptores
totalmente competentes después de unos minutos tras ser internalizados (Ritter y Hall,
2009; Pipping et al., 1995). Otros como el receptor de vasopresina tipo 2 es retenido en
la célula durante un cierto periodo de tiempo antes de ser reciclado a la membrana
(Innamorati et al., 2001), mientras que otros como los receptores de O-opiodes o
trombina son mayoritariamente degradados (Tsao y Von Zastrow, 2000). Para la
mayoria de GPCRs parte es reciclada y parte es degradada, como ocurre con los

receptores de adenosina (Escriche et al., 2003).
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1.2 Los receptores acoplados a proteina G como

dianas terapéuticas

Los GPCRs han sido el centro de interés de fisidlogos y farmaco6logos mucho
antes de que se supiera que estaban acoplados a proteina G. Estos receptores
representan la familia de proteinas de mayor impacto social, terapéutico y econémico
(Fredholm et al., 2007; Lefkowitz, 2007). Hoy en dia, mas del 50% de los farmacos,
con unas ventas anuales en el mundo que superan los 50 billones de dolares, regulan la
funcion de los GPCR, y un 30% de estos farmacos estd directamente dirigidos a los
GPCRs (Jacoby et al., 2006; Lundstrom, 2006). Los GPCRs estan involucrados en una
amplia diversidad de enfermedades como son; alergias, disfuncidén cardiovascular,
depresion, obesidad, cancer, dolor, diabetes, y una variedad de trastornos del sistema
nervioso central. Dado que los GPCRs representan alrededor del 2% del genoma
humano, sdlo una proporcion muy pequefiia de todos los GPCRs son actualmente diana
de farmacos. Por lo tanto, hay mucho interés en la identificacién de nuevos receptores
que puedan ser utilizados para el desarrollo de farmacos (Fredholm et al., 2007; Lin y
Civelli, 2004). En la tabla 1 se muestra un pequefio ejemplo de los fdirmacos mas
vendidos dirigidos a GPCRs, donde se observa el amplio rango de indicaciones

terapéuticas que cubren.

Ventas

Keciln Nombre Entidad Conbatiia Indicacién mundiales

Comercial Molecular P terapéutica (Millones

de US$)
dA:T]._&;gomsta Allegra/Telfast® fexofenadine Sanofi-Aventis Alergias 1792
1

Antagonista : & . . .
de AT, Diovan valsartan Novartis Hipertension 2214
Antagonista & . : Ulcera

Gaster famotidine Yamanouchi S 656
de H- gastrica
?S?nsm de Imigran” sumatriptan  GlaxoSmithKline Migraifia 1454

1D

Cfﬁgﬁta de Leuplin/Lupron” leuprorelin Takeda/Abbot Cancer 904
Agonista de . ® . Dolor 4
GABAg Neurontin GABApentin Pfizer neurolégico 2480
Antagonista . ® . Bristol-Myers
de P2Y 2 Plavix clopidogrel Squibb Ictus 5277
Antagonista . ® — . .
de SHT/D, Risperdal risperidone Johnson&Johnson Esquizofrenia 371

Extraido y modificado de Jacoby et al., 2006

Tabla 1. Algunos de los fairmacos mas vendidos de GPCR.
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La mayoria de estrategias terapéuticas dirigidas a receptores acoplados a
proteina G involucrados en algun desorden se basan en el uso de agonistas o
antagonistas especificos del receptor. En los ultimos afios se han propuestos nuevas
estrategias que consideran el complejo funcionamiento de los GPCR. Asi, se considera
la complejidad de los receptores a diferentes niveles moleculares por lo que se buscan
farmacos especificos para un subtipo de GPCR, farmacos que reconocen un centro de
unidén alostérico, faArmacos que consideran la oligomerizacion de GPCR, farmacos que
neutralizan la actividad constitutiva y firmacos que tienen como diana otros elementos

moleculares que regulan las diferentes vias de sefializacion (Liebmann, 2004).

1.2.1 Ligandos Multiples

Se han descrito evidencias que indican que la aplicacion de tratamientos con
ligandos altamente especificos es insuficiente en la modulacién de algunos sistemas
complejos in vivo (Roth et al., 2004). Por otro lado, también existen evidencias que
seflalan la interaccién con mas de un receptor como una estrategia mas efectiva en
algunos desordenes, en contra de la establecida filosofia ‘una diana para una
enfermedad’. Los primeros farmacos con accién multiple fueron descubiertos de manera
fortuita y su modo de accion se ha ido descubriendo retrospectivamente. Sin embargo,
en la actualidad, el disefio deliberado y racional de ligandos multiples, capaces de
interaccionar con mas de un receptor simultdneamente, se ha establecido como una
nueva tendencia en el desarrollo de agentes terapéuticos y moduladores de receptores.
El uso de ligandos multiples presenta ciertas ventajas respecto a otras aproximaciones
para la interaccion simultdnea con multiples dianas, como son los cdcteles de farmacos
(un principio activo por preparado) o los farmacos multicomponente (varios principios
activos en un unico preparado). Si la aplicacion de una tnica diana da lugar a resultados
insuficientes (Roth et al., 2004; Law et al., 2003), la modulacion equilibrada de un
nimero pequefio de dianas es mas eficaz y da lugar a menos efectos secundarios que los
tratamientos con fAirmacos altamente selectivos (Morphy et al., 2004). El disefio de este
tipo de ligandos consiste en una primera etapa basada en el conocimiento adquirido y
focalizada en la interpretacion de datos bioldgicos de farmacos o ligandos antiguos; y en

una segunda etapa centrada en la evaluacion biologica de estos compuestos, que puede
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ser masiva (extensas colecciones de biomoléculas) o dirigida (compuestos de los que se

conoce su actividad en una de las dianas).

La aplicacién de ligandos multiples para la regulacion de la neurotransmision en
desérdenes del SNC es de especial relevancia, puesto que en numerosos casos, los
tratamientos dirigidos a la interaccién con una sola diana han dado lugar a resultados
insuficientes (Buccafusco y Terry, 2000). Un ejemplo de esta situacion son los
desérdenes poligénicos complejos como el ADHD y la esquizofrenia (Gray y Roth,
2006) o las enfermedades neurodegenerativas como Alzheimer y Parkinson (Cavalli et
al., 2008; Youdim y Buccafusco, 2005). Vendrell y colaboradores (Vendrell et al.,
2007) derivatizaron la estructura privilegiada del ergoleno con distintos tripéptidos
lineales consiguiendo ligandos duales para los receptores de dopamina y adenosina. Se
identificaron ergopéptidos (ergoleno-péptidos) con actividad agonista de receptores de
dopamina y antagonista de receptores de adenosina cuyo perfil farmacologico indica
que podrian ser utiles en el estudio del cross-talk dopamina-adenosina en el SNC y para

probar el potencial terapéutico de farmacos multiples en la enfermedad de Parkinson.

Utilizando las similitudes estructurales entre la fluoxetina (inhibidor selectivo de
la recaptacion de serotonina) y la rivastigmina (inhibidor de la acetilcolinesterasa) se ha
disefiado un ligando multiple que mantiene la alta afinidad por ambas dianas y puede

ser un tratamiento util en la enfermedad de Alzheimer (Toda et al., 2003).

En el campo de la depresion, actualmente se estan evaluando agentes multiples
de dople y triple accion para su tratamiento. Entre ellos estan los triple inhibidores de la
recaptacion de dopamina, serotonina y noradrenalina o los farmacos como la
agomelatina, que actlia como agonista de los receptores de melatonina y antagonista de

los receptores 5-HT,¢ (Millan, 2009).

1.2.2 Ligandos Alostéricos

Los ligandos clésicos de los GPCR modulan la sefializacion del receptor
estimulando directamente la respuesta del receptor (agonismo), bloqueando la unién de
los agonistas enddgenos (antagonismo competitivo), o bloqueando la actividad
constitutiva de los receptores (agonismo inverso). Estos ligandos clédsicos ejercen sus

efectos interaccionando con el centro de union ortostérico del receptor (por ejemplo, el
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centro que reconoce el agonista enddgeno) y esta interaccion ha sido caracterizada
clasicamente utilizando métodos de unidon de radioligandos ortostéricos (Oldham y
Hamm, 2006). En el caso del descubrimiento de farmacos, la mayor parte de la atencion
se focaliza en la identificacion y estudio de moléculas de actian como ligandos
ortostéricos de determinados receptores diana para obtener un efecto farmacologico (la
activacidn o inhibicion de la sefial de transduccion). Estos compuestos compiten con los
ligandos enddgenos impidiendo la ocupaciéon simultinea del receptor por ambas

moléculas.

Ademas de los sitios ortostéricos, se ha encontrado que muchos GPCR poseen
sitios de union alostéricos, los cuales son topograficamente distintos de los sitios
ortostéricos (Keov et al., 2011; Mohr et al., 2010; Bridges y Lindsley, 2008; Gilchrist,
2007; May et al., 2007). La presencia de sitios de unidn alostéricos permite numerosas
interacciones ligando-receptor, mas alld de las asociadas con el sitio ortostérico.
Ademas, los sitios alostéricos pueden estar menos conservados entre subtipos de
receptores que los sitios ortostéricos, proporcionando un medio para conseguir una
verdadera selectividad de la accion farmacologica (Keov et al., 2011; Bridges y
Lindsley, 2008; May et al., 2007). Un rasgo caracteristico de la interaccidn alostérica es
que un ligando ortostérico y un ligando alostérico pueden co-uniser al receptor. De este
modo, los ligandos alostéricos pueden introducir complejidad a las respuestas
farmacoldgicas modificando la afinidad y/o la sefial impartida por el receptor por la
uniéon concomitante del ligando ortostérico (Keov et al., 2011; May et al., 2007). La
habilidad de los moduladores alostéricos de afinar de manera precisa las respuestas
farmacoldgicas ha suscitado interés en sus posibles aplicaciones tanto en investigacion
basica como en clinica (Keov et al., 2011; Conn et al., 2009; Bridges y Lindsley, 2008;
Springael et al., 2007; Ballesteros y Ramsom, 2006). Este interés es mas relevante en el
caso de los receptores de neurotransmisores, dado que la transmision sinaptica tiene
lugar en circuitos extremadamente complejos y redes implicadas en numerosas
funciones neuroldgicas. Un modulador alostérico preservaria la relevancia fisioldgica de
la sefializacion del receptor mientras modula la eficiencia del neurotransmisor enddégeno
(Conn et al., 2009). Hasta la fecha, se ha descrito un gran numero de moduladores
alostéricos de receptores acoplados a proteina G, muchos de ellos dirigidos a receptores
del SNC, entre los que cabe destacar tanto moduladores exdgenos como enddgenos

(Conn et al., 2009). Entre las moléculas enddgenas que actuan como moduladores
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alostéricos encontramos, iones como Zn>", Na" y Ca", lipidos y péptidos (May et al.,
2007)

Los moduladores alostéricos de los GPCR acostumbran a presentar una o varias
de las siguientes propiedades farmacoldgicas, representadas en la figura 8: modulacion
de la afinidad, en general se asume que la interaccidn del ligando alostérico con su sitio
de unién causa un cambio conformacional en el receptor que es transmitido al sitio
ortostérico, y viceversa. La cualidad del efecto alostérico se define como modulacion
positiva si el modulador facilita la interaccion o modulacién negativa si el modulador
inhibe la interaccidon del ligando con el sitio de unidn ortostérico (Conn et al., 2009;

May, 2007). Modulacion de la eficacia, el efecto alostérico puede provocar el cambio de

las respuestas intracelulares, lo que conduce a un cambio en la capacidad de

sefalizaciéon (o eficacia intrinseca) de un ligando ortostérico; agonismo/agonismo

inverso, el modulador alostérico puede alterar la sefializacion del receptor en un sentido
positivo (agonismo) o negativo (agonismo inverso), independientemente de la presencia

o ausencia de un ligando ortostérico.

Se han propuesto, al menos, tres ventajas terapéuticas que pueden proporcionar
los moduladores alostéricos respecto a los ligandos ortostéricos. En primer lugar, el
efecto de los moduladores alostéricos es saturable, lo que significa que incluso a altas
dosis no sobreestimularia o sobreinhibiria al sistema entero y no se produciria toxicidad.
Esta saturabilidad depende del grado de cooperatividad que existe entre el ligando
alostérico y ortostérico. En segundo lugar, al menos que el farmaco presente actividades
adicionales no-alostéricas o agonismos por ellos mismos, el farmaco alostérico es activo
unicamente en los sitios del tejido donde se produce la liberacidn fisioldgica normal del
ligando enddgeno, y con la misma pauta temporal que el ligando enddgeno. Y por
ultimo, como se ha mencionado anteriormente, los moduladores alostéricos pueden ser
selectivos de un determinado subtipo de receptor mediante su unién a regiones no
conservadas y/o a la cooperatividad con ligandos ortostéricos de un determinado subtipo

de receptor (Conn et al., 2009; Ballesteros y Ransom, 2006).

Desde un punto de vista estructural, los centros alostéricos y ortostéricos pueden
estar cercanos o distantes entre si. Diversos experimentos de mutagénesis han dado
soporte a esta idea. Por ejemplo, en receptores muscarinicos se ha encontrado al menos

un sitio alostérico en el que intervienen epitopos de los bucles extracelulares y de la
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parte superior de los dominios de transmembrana (May et al., 2007; Prilla et al., 2006;
Matsui et al., 1995). Por lo contrario, en GPCR que unen péptidos, como los de
chemokinas o CRF1, se han localizado sitios alostéricos en las regiones transmembrana
lejos de los dominios extracelulares utilizados por los péptidos ortostéricos (Tsamis et
al., 2003; Dragic et al., 2000). Finalmente, para la clase C de GPCR se ha descrito la
separacion mas sorprendente entre sitios de unidn alostéricos y ortostéricos, la region
transmembrana de estos GPCR presenta mas de un posible sitio de unién alostéricos
para pequefias moléculas moduladoras mientras que la unién de ligandos ortostéricos
esta situada en los dominios extracelulares (Schaffhauser et al., 2003; Knoflach et al.,

2001).

Orthosteric Allosteric

—— Affinity modulation

—— Efficacy modulation

—— Allosteric agonism

— Control (orthosteric agonism)

Response

Extraido de Conn et al., 2009
Figura 8. Modos de accién de los moduladores alostéricos.

Los ligandos alostéricos se unen a un sitio topograficamente distinto en el receptor para modular la afinidad del ligando ortostérico
(rojo) y/o la eficacia (azul). Algunos ligandos alostéricos pueden por ellos mismos alterar directamente la sefializacion del receptor

(verde).
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1.3 HomoOmeros y heteromeros de receptores

acoplados a proteina G

Como consecuencia de las caracteristicas estructurales de los GPCR y de su
localizacion subcelular, éstos pueden interaccionar con otras proteinas tanto en el lado
intracelular como extracelular de la membrana plasmatica, asi como también pueden
exhibir interacciones proteina-proteina con otros receptores o canales idnicos a nivel de
membrana plasmatica (Rozenfeld y Devi, 2011; Franco et al., 2003). Este ultimo
aspecto ha suscitado un elevado interés. Desde mediados de los afios 90, diversos
estudios han demostrado la oligomerizaciéon de numerosos GPCR (George et al., 2002),
hoy en dia se acepta que la oligomerizacion es un hecho comuin en la biologia de estos
receptores y que pueden formar homodimeros, heterodimeros y/o homo o
heterooligdmeros de orden superior (Birdsall, 2010; Ferré et al., 2010; Ferré et al.,
2009; Prinster et al., 2005; Agnati et al., 2003; Franco et al., 2003; Pin et al., 2003;
Bouvier, 2001). La homomerizacidon de receptores se define como la asociacion fisica
entre receptores idénticos, mientras que la heteromerizacion es la asociacion entre
receptores distintos. Debido que hasta la fecha, las técnicas disponibles no permitian la
distincion entre dimeros u oligdmeros de orden superior, el término dimero es a menudo
usado entendiendo que es la forma mas simple de una unidad funcional oligomérica; a
pesar de ello, en la actualidad se empiezan a desarrollar técnicas que permiten discernir
entre dimeros, trimeros y tetrdmeros (Vidi y Watts; 2009; Carriba et al., 2008). Los
dimeros/oligdmeros presentan caracteristicas funcionales diferentes a las de los
receptores que los constituyen, asi la oligomerizacidn confiere nuevas propiedades a los
GPCR, lo que establece un posible mecanismo para generar nuevas funciones en estos
receptores. Este fenomeno ha dado lugar a un nuevo nivel de complejidad que gobierna

la sefializacidn y regulacidn de estas proteinas (Ferré et al., 2009).

A mediados de los afios 70, ciertas evidencias farmacolodgicas indirectas llevaron a
pensar a los investigadores en la posibilidad de que los receptores acoplados a proteina
G pudieran actuar como dimeros. Las complejas curvas de union de agonistas y
antagonistas de estos receptores se interpretaron como evidencias de una cooperatividad
que se podia explicar mediante interacciones entre lugares de union de los receptores en

complejos diméricos o multiméricos (Franco et al., 1996; Wreggett y Wells, 1995;
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Limbird et al., 1975). De igual manera, otros experimentos de tipo bioquimico apoyaron
también la idea de la oligomerizacion de los receptores acoplados a proteina G (Maggio
et al., 1993). Cuando los receptores a,-adrenérgicos marcados con los epitopos Myc y
HA se co-expresaban y se inmunoprecipitaban con un anticuerpo contra el epitopo Myc,
se detectaba inmunoreactividad para el epitopo HA en los inmunoprecipitados, lo que
evidenciaba una interaccidon intermolecular entre los dos tipos de receptores

diferencialmente marcados (Hebert et al., 1996).

Se ha demostrado la formacion de dimeros para una gran variedad de receptores.
En la tabla 2 se enumeran algunos ejemplos de homodimeros y heterodimeros, cuya
existencia permite comprender la diversidad funcional de estos receptores. Las
interacciones entre GPCRs son cruciales para entender el variado cross-talk que se
observa, sobre todo entre receptores de neurotransmisores. La oligomerizacion de
receptores neuronales permite hipotetizar sobre el alto grado de diversidad y plasticidad
que es caracteristico de una estructura altamente organizada y compleja como es el

cerebro.

Homodimeros Heterodimeros
Adenosina A; Adenosina A;-Dopamina D,
Adenosina A,y Adenosina A - mGlu;
Dopamina D, Adenosina A - Purinérgico P2Y,
Dopamina D, Adenosina A;a - Dopamina D,
Dopamina D; Adenosina A, - mGlus
Histamina H, Angiotensina AT;-AT,
Histamina Hy Dopamina D; - Dopamina D3
Melatonina MT; Melatonina MT; - MT,
Citoquina CCR, Muscarinico M, - M;
Serotonina 5-HT g Citoquina CCR; - CCR;
Vasopresina V, Serotonina 5-HT5 - 5-HTp
GABAGgpg; TIR;- TIR;

Tabla 2. Algunos ejemplos de homodimeros y heterodimeros de GPCR.
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1.3.1 Estructura cuaternaria de los homomeros y heteromeros de

receptores acoplados a proteina G

Para explicar el fendémeno de la dimerizacion de los GPCRs se consideran dos
posibilidades de interaccidn: interacciones indirectas o interacciones directas. En el caso
de las interacciones indirectas entre GPCRs es necesario la mediacion de terceras
proteinas que hagan de puente, como por ejemplo las proteinas citoesqueléticas. Muchas
de estas proteina son proteinas andamio o scaffolding proteins, que proporcionan una
estructura compleja en la cual diversos receptores pueden interaccionar entre ellos y con
otras proteinas involucradas en la transduccion de sefial, controlando la velocidad y la

especificidad de dicha sefializacion (Ciruela et al., 2010).

Las interacciones directas entre miembros de la familia de GPCRs no precisan de
otras proteinas. Se cree que para muchos receptores los oligomeros se forman en el
reticulo endoplasmatico (RE), por lo que los ligandos no modulan la interaccion. La
gran complejidad estructural que existe en esta superfamilia no permite pensar en un
unico mecanismo de interaccion directa. De este modo, las interacciones directas
pueden tener lugar mediante enlaces covalentes como puentes disulfuro y/o no
covalentes como fuerzas hidrofobicas y/o electroestaticas entre los dominios de
transmembrana y/o los dominios intracelulares de los receptores (Bouvier, 2001)
(Figura 9). En la familia C de receptores acoplados a proteina G, el gran dominio N-
terminal extracelular tiene varios residuos de cisteina que pueden contribuir en la
dimerizacion mediante puentes disulfuro (Romano et al., 2001). Este es el caso de los
receptores sensibles a calcio y los metabotropicos de glutamato, asi como de algunos
receptores de la familia A como los receptores K- y 0-opiodes o los receptores D; de

dopamina (Jordan y Devi, 1999)

Se ha descrito que la interaccion directa coiled-coil de la cola C-terminal de los
receptores GABAp, y GABAp, estd implicada en la formacién del heteromero
(Margeta-Mitrovic et al., 2000). Asi como también en la homodimerizacidn del receptor
d-opiode, en el que el dominio C-terminal tiene un papel fundamental en la formacion
del dimero ya que al delecionarse los ultimos 15 aminoacidos el receptor pierde la
capacidad de heteromerizar. Finalmente, la dimerizacién directa entre GPCR puede

estar mediada por interacciones idnicas o hidrofobicas entre los dominios extracelulares,
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intracelulares o transmembrana del receptor. Se ha demostrado la existencia de
interacciones ionicas entre péptidos presentes en los dominios intracelulares que
contienen respectivamente dos o mas cargas positivas adyacentes (RR, KK o RKR) y
dos o mas cargas negativas (DD o EE) o residuos aminoacidicos fosforilados. Un
ejemplo de estas interacciones seria la participacion de residuos cargados y/o
fosforilados en la heteromerizacion de los receptores A,a de adenosina y D, de
dopamina (Ciruela et al., 2004) o en la heterotrimeizacién de receptores A,s de

adenosina, CB; de cannabinoides y D, de dopamina (Navarro et al., 2010).

Disulphide bond formation

Calcium and glutamate receptors

Coiled-coil interaction

fo-adrenergic, dopamine, muscarinic
and angiotensin receptors

Extraido de Bouvier, 2001

Figura 9. Determinantes moleculares de la dimerizacién de GPCRs.

La idea de que las interacciones hidrofdbicas podrian tener un papel relevante en
la formacién de los dimeros se propuso por primera vez para el receptor .-
adrenérgico. Mediante el uso de péptidos sintéticos y mutagénesis dirigida se propuso

que residuos concretos de glicina y leucina situados en el sexto dominio transmembrana
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del receptor estaban involucrados en su dimerizacién (Hebert et al., 1996). Sin embargo,
todos estos mecanismos de interaccidn propuestos, mas que reflejar diferentes
estrategias utilizadas por diferentes clases de receptores, indican que multiples sitios de

interaccion estan implicados en el ensamblaje y la estabilizacion de los dimeros.

Mediante estudios computacionales (Gouldson et al., 2000) se propuso dos
modelos alternativos tridimensionales que explican la dimerizacion de los receptores
acoplados a proteina G (Figura 10). En ambos modelos se propone que los dominios de
transmembrana cinco y seis estan involucrados en el contacto o interfase entre los
receptores, asi como un papel importante del tercer bucle intracelular. El primer
modelo, denominado domain swapping model o modelo de intercambio de dominio,
considera que cada unidad funcional en el dimero estd compuesta por los cinco primeros
dominios de transmembrana de un receptor y los dos ultimos del otro. Este modelo
explica la complementacidn funcional en las quimeras de los receptores a,-adrenérgicos
y M; muscarinico observadas por Maggio y colaboradores (Maggio et al., 1993). El
segundo modelo, denominado de contacto, considera que los dimeros se forman por
empaquetamiento lateral de mondmeros individuales, donde los dominios cinco y seis
forman la interfase de interaccion. Este seria el caso para el recetor V, de vasopresina

(Schulz et al., 2000).
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El estudio de la estructura cuaternaria de los heterdmeros de receptores Asa de
adenosina, CB; de cannabinoides y D, de dopamina ha supuesto un avance en el

conocimiento de la estructura cuaternaria de heterémeros (Navarro et al., 2010). Se ha
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podido establecer que la disposicion de los receptores en el heteromero es triangular. Al
analizar los dominios de interaccion entre los receptores que cumplian con las
observaciones experimentales, los resultados fueron compatibles con los modelos
propuestos para dimeros de otros GPCRs de la familia A, en los que la heteromerizacion
involucra principalmente la interaccion entre las hélices TM4 y TMS. Una disposicion
triangular de los receptores en la que se forman interacciones entre estas hélices es
compatible con la existencia de homdmeros de cada uno de los protdmeros en los que la
hélice TM1 constituye la interfase entre los homodimeros, lo que es un fendmeno

descrito para GPCRs (Guo et al., 2008; Guo et al., 2005; Klco et al., 2003).

1.3.2 Consecuencias funcionales de la formacion de homomeros y

heteromeros entre receptores acoplados a proteina G

La formacion de homoémeros y heteroémeros tiene un papel importante en la
regulacion de la funcion de los receptores implicados (Ferré et al., 2009). Esta
regulacion tiene lugar a diferentes niveles, desde la modulaciéon de la expresion del
receptor en la superficie celular hasta el hecho de conferirles nuevas propiedades
farmacoldgicas a los oligdmeros, lo que tiene que tenerse muy en cuenta en el disefio

racional de drogas que actlian a través de estos receptores.

Un ejemplo claro del papel de la heteromerizaciéon en la modulaciéon de la
expresion del receptor en la superficie celular lo constituyen los receptores
metabotrépicos GABAg (Figura 11). La heteromerizacion de los receptores GABAgr; y
GABAgRr, es necesaria para el correcto plegamiento del receptor GABAgr; y su
transporte a la membrana plasmatica, ademds de para su sefializacion (Jones et al.,
1998; Kaupmann et al., 1998; White et al., 1998). Cuando se expresa individualmente la
isoforma GABAgr; del receptor, ésta queda retenida intracelularmente en el reticulo
endoplasmatico como glicoproteina inmadura. Por el contrario, cuando es la isoforma
GABAGgr: la que se expresa, ésta si que llega a la membrana plasmatica pero no puede
unir GABA ni iniciar la transduccion de la sefial. Cuando ambos receptores se
coexpresan, las dos proteinas alcanzan la superficie celular y forman el receptor
funcional (White et al., 1998). Posteriormente se demostré que GABAgg, sirve como

una chaperona que es esencial para el correcto plegamiento y el transporte a la
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membrana de GABAgr;. La dimerizacion a través de interacciones coiled-coil de las
colas C-terminales enmascara la sefial de retencion en el reticulo endoplasmatico; por lo
tanto, permite el transporte del receptor desde éste hasta la membrana plasmatica como

dimero (Margeta-Mitrovic et al., 2000).

En muchos casos la oligomerizacion es un evento temprano en la maduracién del
receptor y su transporte y, en este mismo sentido, cabe mencionar que los receptores
que forman heterémeros pueden tener diferentes caracteristicas de internalizacion, es
decir, la oligomerizacion puede también modular las propiedades de trafico de GPCRs
mediadas por agonista. Este es el caso de los heterodimeros de los receptores de
somatostatina SSTR; y SSTRs, en el cual la internalizacién del heterodimero ocurre a
pesar de la resistencia a la internalizacion que presenta el mondmero SSTR; (Rocheville

et al., 2000).
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Figura 11. Papel de la heteromerizacion de los receptores GABA g y GABA ;.

Los estudios de unidén de ligando han dado algunas pistas de la relevancia
fisiologica de la formacion de oligdmeros de GPCRs, ya que la formacién de estos
complejos puede resultar en la generacién de centros con nuevas propiedades para la
union de ligando. La formacion de homodimeros de GPCRs puede conferir
cooperatividad a la unién de ligandos ya que se ha visto que la unién de un ligando
especifico sobre uno de los protomeros del homomero puede incrementar o disminuir la

la afinidad del ligando para el otro protomero. En un escenario donde se asumia que los
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GPCRs actuaban como mondmeros, esta cooperatividad era dificil de explicar. Una
posible explicacion era que el receptor podia estar en dos estados conformacionales
diferentes con diferentes afinidades por los agonistas: un estado de alta afinidad en el
cual el receptor estaba acoplado a proteina G y otro de baja afinidad en el que no estaba
acoplado. En cambio la existencia de oligomeros permite un nuevo modelo en el cual la
interaccidn receptor-receptor es la base de la cooperatividad entre receptores. Un
ejemplo de ello lo constituye la cooperatividad negativa en el homodimero de
receptores de glutamato mGluR; (Suzuki et al., 2004) o de receptores A; de adenosina o
D; de dopamina (Casad¢ et al., 2009; Franco et al., 2008a). Considerando todos estos
aspectos, se han formulado modelos que tienen en cuenta la formacion de homodimeros
(Franco et al., 2008) y recientemente se han desarrollado las ecuaciones para ajustar los
datos de union de ligandos a partir de uno de estos modelos, el two-state dimer receptor

model (Casado et al., 2009; Casad¢ et al., 2007).

La formacién de heterémeros entre dos receptores distintos implica que se pueda
establecer una interaccion alostérica entre ellos, de manera que la unién de un ligando a
uno de los receptores en el heteromero modifique la afinidad del otro ligando por el otro
receptor en el heteromero. El primer heteromero descrito con distintas propiedades
respecto de los receptores constituyentes fue el heterémero formado por los receptores
K-opiodes y 0-opiodes (Jordan y Devi, 1999). Este heterodimero no presenta alta
afinidad por la unién de sus ligandos selectivos, en cambio si presenta alta afinidad por
ligandos selectivos parciales. Un caso especialmente interesante es el de los receptores
de dopamina y adenosina, entre los cuales se ha descrito un cross-talk negativo. Los
agonistas del receptor de adenosina A; inducen la desaparicion del lugar de alta afinidad
en preparaciones de membrana que contienen el receptor de dopamina D, (Gines et al.,
2000) y los ligandos del receptor de dopamina D, consiguen la desensibilizacion
heterdloga del receptor de adenosina A, (Hillion et al., 2002). Por otro lado, algunos
antagonistas del receptor de adenosina A muestran una mayor selectividad para el
heteromero de receptores de adenosina Aj-Asa que para el heteromero adenosina Aja-

dopamina D; (Orru et al., 2011)
La homomerizacidén y la heteromerizacion pueden afectar diferencialmente la

sefial inducida por diversos agonistas. Una de las primeras evidencias de que los

dimeros forman una unidad compleja de sefializacién proviene de la demostracion de
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que la disrupcidon del homodimero del receptor [3,-adrenérgico con un péptido derivado
del sexto dominio transmembrana, implicado en la dimerizacion, inhibia la produccion
de AMPc inducida por el agonista (Hebert et al., 1996). Estos resultados indican que el
dimero es la especie activa del receptor, aunque tampoco se puede descartar la
posibilidad de que el péptido esté modificando interacciones intramoleculares dentro del
monoémero que provocarian la falta de funcionalidad, siendo la pérdida de la unidad
dimérica mas una consecuencia que no una causa de la no sefializacion por parte del
receptor. La heteromerizacion entre los receptores de angiotensina AT, y B, de
bradikinina mejora la sefial del receptor AT, mientras que inhibe la del B, de
bradikinina, mostrando que la heteromerizacidn entre receptores diferentes puede ser un
nuevo modelo para la modulacién de la respuesta de GPCRs por sus respectivos
ligandos (AbdAlla et al., 2000). El acoplamiento del receptor de histamina Hs a la via
de las MAPKs solo se produce si el receptor Hs forma heteromeros con el receptor de
dopamina D; (Moreno et al., 2011; Ferrada et al., 2009). De todo lo comentado se
deduce que la oligomerizacion puede también tener relevancia en la funcionalidad de
los receptores que conforman el oligdmero. De hecho existen evidencias que indican
que es el dimero el que interacciona con una Unica proteina G y que la dimerizacion es
un prerrequisito para la activacion de la proteina G, como en el caso del receptor de

leucotrieno B4 (Banéres, 2003).

En la figura 12 se resumen las posibles implicaciones funcionales de la
oligomerizacion. La oligomerizacion puede estar implicada en la ontogénesis de
GPCRs, es decir en el control de calidad del plegamiento y de la destinaciéon a la
membrana de receptores sintetizados de novo (12.1). Asi mismo, confiere diversidad
farmacoldgica ya que la unién de un ligando especifico de uno de los receptores puede
verse afectada por la uniéon de un ligando al otro receptor (12.3). La oligomerizacion
también puede modificar las propiedades de sefializaciéon de un determinado ligando
afectando la selectividad de interaccidn entre el receptor correspondiente y su proteina
G, resultando en una potenciacion, atenuaciéon o acoplamiento con otra proteina G
(12.4). Finalmente, también se ha visto que la oligomerizacidon puede alterar el patron

endocitico para un determinado receptor (12.5).
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Figura 12. Posibles papeles funcionales de la oligomerizacién de GPCRs.

1.3.3 Técnicas para el estudio de la oligomerizacion de receptores

acoplados a proteina G

Las técnicas utilizadas para el establecimiento de la formacidn de oligémeros de
GPCRs son de indole muy variada, como técnicas farmacolodgicas, utilizacion de
quimeras, aproximaciones bioquimicas y técnicas de biofisica. A menudo la
demostracion de la oligomerizacion de GPCRs requiere la utilizacién de algunas o

incluso todas ellas.

Los estudios farmacoldgicos, como hemos comentado anteriormente, pueden
constituir la primera evidencia de la existencia de homodimeros entre GPCRs en
aquellos casos en los que se detecte tanto cooperatividad positiva como negativa en la
unién de ligando. El fendmeno de la cooperatividad no puede ser explicado
considerando la existencia de distintos estados de activacion de los receptores
monoméricos en equilibrio. La manera mas simple de explicar la cooperatividad
requiere la formulacion de un modelo que considera la forma dimérica del receptor y

explica la cooperatividad de manera natural por analogia con los enzimas (Franco et al.,
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2008b) (véase apartado 1.3.2.). Por otro lado, una evidencia farmacoldgica contundente
de la existencia de heterdmeros la constituyen los cambios cinéticos en la unién de
ligandos a un receptor provocados por la unién de ligandos al otro receptor en el
heteromero, en preparados de membrana de células o de tejido que expresen los
receptores. En preparaciones de membrana aisladas no existe ninguna maquinaria
celular que pueda producir un cross-talk indirecto (por ejemplo, un cross-talk a nivel de
segundos mensajeros) y la existencia de una modulacién a nivel de unién de ligandos
solo puede ser explicada mediante una interaccion molecular entre ambos receptores.
En estos casos la union de un ligando a un receptor induce cambios conformacionales
en el otro receptor que modulan su capacidad de unir ligandos. Estos cambios
conformacionales so6lo se pueden producir si ambas proteinas interaccionan

molecularmente.

La utilizacion de receptores quimera y mutantes es otra herramienta valida para
detectar oligébmeros. Un estudio pionero que demostraba que los GPCRs pueden
funcionar como dimeros fue el estudio llevado a cabo por Maggio y colaboradores
(Maggio et al.,, 1993), usando quimeras de los receptores op-adrenérgico/M;
muscarinico compuestas por los 5 primeros dominios transmembrana de uno de los
receptores y los dos ultimos dominios transmembrana del otro. En la misma linea se ha
observado que diversos receptores mutantes actian de dominantes negativos cuando son
expresados con su receptor en la forma nativa (wild type) (Bai et al., 1998; Zhu y Wess,
1998; Benkirane et al., 1997). En estos casos, la dimerizacion entre el wild type y el

receptor inactivo es la Unica explicacion de este fendomeno.

En los ultimos afios, una de las aproximaciones bioquimicas mas usadas para el
estudio de la dimerizacién de GPCRs ha sido la coinmunoprecipitacién de receptores
diferencialmente marcados. El primer estudio que se llevo a cabo utilizando esta
aproximacion fue realizado por Hebert y colaboradores (Hebert et al., 1996) en el cual
demostraban la existencia de interacciones especificas entre los receptores [3,-
adrenérgicos. Desde entonces, se han utilizado estrategias similares para documentar la
homodimerizacion de receptores D, de dopamina (Ng et al., 1996), receptores
metabotropicos de glutamato tipo 5 (mGluRs) (Romano et al.,, 1996) y otros. Mas
recientemente, se han efectuado experimentos de coinmunoprecipitacion para demostrar
la existencia de heterodimeros entre receptores relacionados, como los subtipos

GABAgr; y GABAgg: (Jones et al., 1998; Kaupmann et al., 1998; White et al., 1998) y
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menos relacionados como los receptores de adenosina A; y D; de dopamina (Gines et
al., 2000), los receptores de angiotensina AT, y bradikinina B, (AbdAlla et al., 2000),
el de d-opiodes y B,- adrenérgico (Jordan et al., 2001) o los de histamina H3 y dopamina
D; (Moreno et al.,, 2011). Aunque las coinmunoprecipitaciones y los andlisis por
western-blot son bastante convincentes requieren de la solubilizacion del receptor de la
membrana, lo que no permite descartar que los dimeros observados puedan ser
artefactos debidos al tratamiento con detergentes, considerando la naturaleza
hidrofébica de estas proteinas. A pesar de todos los controles usados para descartar esta
posibilidad, la aceptacion generalizada de la dimerizacion de GPCRs permanecia
pendiente de una demostracion directa de que estos complejos existen en células vivas.
Esto fue posible con el desarrollo y la utilizacién de métodos biofisicos basados en la

transferencia de energia por resonancia.

Estas aproximaciones estan basadas en la transferencia no radioactiva de energia
de excitacidon entre un dador energético y un aceptor. En el caso de la transferencia de
energia de resonancia fluorescente (FRET: Fluorescence Resonance Energy Transfer),
tanto el dador como el aceptor son moléculas fluorescentes, mientras que en la
transferencia de energia de resonancia bioluminiscente (BRET: Bioluminescence
Resonance Energy Transfer) el dador es bioluminiscente y el aceptor fluorescente (De
A, 2011; Schiferling y Nagl, 2011; Ciruela et al., 2010; Ferré et al., 2010; Gandia et al.,
2008; Bouvier et al., 2007). Para que este fendémeno tenga lugar es necesario que se
cumplan dos requisitos. El primero, que el espectro de emision del dador y el espectro
de excitacion del aceptor se solapen, de forma que el dador no emite completamente la
energia que debiera, si no que transfiere parte de su energia al fluoréforo aceptor, el cual
emite como si hubiera sido excitado directamente. Y el segundo, que la distancia entre
el emisor y el aceptor sea menor o igual a 100 A. Esta dependencia critica de la
distancia entre dador y aceptor para la transferencia de energia hace que los sistemas de
BRET/FRET sean los elegidos para monitorizar las interacciones proteina-proteina en

cultivos celulares.

Para la técnica de FRET se utilizan las diferentes variantes de la proteina verde
fluorescente (GFP: Green Fluorescence Protein) obtenidas por mutacidon. Estas
mutaciones confieren diferentes propiedades espectrales, de forma que utilizando dos
formas diferentes de mutantes con las caracteristicas espectrales adecuadas, fusionadas

a las proteinas en estudio, permite determinar si estas estan lo suficientemente cercanas
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como para transferirse energia (Schéferling y Nagl, 2011; Ferré et al., 2010; Pfleger y
Eidne, 2005). La pareja mas ampliamente utilizada para los experimentos de FRET son
las variantes YFP (Yellow Fluorescence Protein) y GFP?. Esta ultima variante de la
GFP ha sido optimizada para ser usada como pareja de FRET con la YFP. La GFP* se
excita a 400 nm y emite a 510 nm, mientras que la YFP se excita a 485 nm y emite a
530 nm. De esta forma, tal y como se muestra en la figura 13, la excitacion de la células
que expresan la proteina de fusion receptor-GFP? con un laser de una longitud de onda
de 393-403nm, produce la emision de energia a 510nm, que es capaz de excitar a la
proteina de fusion receptor-YFP, cuya emisidon a 530nm es cuantificable. Debido a que
hay un cierto solapamiento entre los espectros de emision de ambas proteinas de fusion,
es necesario separar los dos espectros de emision para cuantificar la sefial de FRET

(Zimmermann et al., 2002).

Figura 13. Representacién esquemaitica del fenomeno de FRET.

En la técnica de BRET se utiliza el enzima Renilla luciferasa (Rluc)
fusionado a uno de los receptores. Se produce la degradacion catalitica del substrato
coelenterazina H por la luciferasa en presencia de oxigeno, de forma que se genera luz
que al ser transferida a una variante de la proteina GFP fusionada al otro receptor, ésta
emite fluorescencia a su longitud de onda caracteristica si ambas proteinas estan lo
suficientemente cercanas (De A, 2011; Ciruela et al., 2010; Ferré et al., 2010; Bouvier
et al., 2007). En el estudio de la dimerizacion de GPCRs, se generan proteinas de fusion

que consisten en la union de la proteina fluorescente GFP o sus variantes (por ejemplo
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YFP) en el extremo carboxi terminal de un receptor y la proteina luminiscente Rluc en
el extremo carboxi terminal del otro receptor y, al igual que en la técnica de FRET, se
co-expresan ambas proteinas de fusion en células vivas. Como se muestra en la figura
14a, en ausencia de dimerizacion la adicion del sustrato coelenterazina H genera una
sefal bioluminiscente caracteristica, mientras que, como se muestra en la figura 14b, si
se produce dimerizacioén entre ambos receptores, la energia es transferida de la RLuc a
la proteina fluorescente, dando lugar a la apariciéon de una sefial adicional fluorescente

con un pico de emision caracteristico de la variante usada.

Figura 14. Representacién esquematica del fenomeno de BRET.

Hasta la fecha se han descrito dos variantes principales de esta técnica, la que se
conoce como BRET o BRET' y la denominada BRET?. Aunque el principio biofisico
de ambas técnicas es el mismo, difieren por el sustrato que cataliza la Rluc y por la
proteina aceptora. En el BRET el sustrato que se usa es la coelenterazine H, que al ser
metabolizado por la Rluc genera luz con un pico de emision a 480 nm; emision que
permite excitar a la YFP (ya que se solapa con su pico de excitacion), de forma que ésta
emite a 530 nm. En el BRET? el sustrato es DeepBlueC que al ser oxidado por la Rluc
emite una luz a 400 nm de forma que puede excitar a la GFP?; en este caso la longitud

de onda a la que emite esta variante de la GFP es 510 nm.

Mediante técnicas de transferencia de energia se ha demostrado la existencia de
homodimeros de los receptor P,-adrenérgico (Angers et al., 2000), d-opiodes (McVey et

al., 2001) y Asa de adenosina (Canals et al., 2004) entre muchos otros. También se ha
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realizado una aproximacion similar para el estudio de heterdmeros de receptores
acoplados a proteina G, como por ejemplo entre los receptores de somatostatina SSTR;a
y SSTR;5 (Rocheville et al., 2000), los receptores de somatostatina SSTR 5 y los D, de
dopamina (Rocheville et al., 2000), los receptores A,s de adenosina y D, de dopamina
(Canals et al., 2003), los receptores de dopamina D; y D3 (Marcellino et al., 2008), los
receptores A de adenosina y CB; de cannabinoides (Carriba et al., 2007) y los
receptores D; de dopamina y Hj; de histamina (Ferrada et al., 2009) entre otros. En los
ultimos afios se han desarrollado multitud de variantes de estas técnicas (véase Ciruela,
2008 como revision) entre las que cabe destacar la técnica de SRET (sequential
resonante energy transfer) basada en las técnicas de BRET y FRET (Carriba et al.,
2008) y la técnica de BRET y complementacidon bimolecular (Vidi y Watts, 2009) que

permiten la deteccion de heterdémeros de mas de dos receptores.

Las técnicas de transferencia de energia ponen de manifiesto que dos proteinas
tienen la capacidad de interaccionar molecularmente en cultivos celulares, y esta es
evidentemente la primera condicién que se debe cumplir para que las proteinas en
estudio estén formando heteromeros in vivo. Sin embargo, una sefial positiva en células
transfectadas con proteinas de fusidén no significa necesariamente que en un tejido que
exprese endogenamente estas proteinas, ¢stas formen heterdmeros. Para detectar

heterémeros en tejidos nativos deben utilizarse otro tipo de estrategias.

Existen técnicas directas para detectar oligdmeros en tejidos nativos. Una de
ellas utiliza la microscopia de fuerza atomica. Palczewski y colaboradores (Fotiadis et
al., 2003) usando microscopia de fuerza atomica demostraron, por primera vez,
oligomeros de rodopsina en la retina con un determinado patrén de distribucion. Esta
técnica es factible cuando la concentracion de receptores en el tejido es muy elevada
como ocurre con la rodopsina en la retina, pero es de dificil aplicacion para la mayoria

de receptores del sistema nervioso central cuya expresion es moderada.

La técnica de In Situ Proximity Ligation Assay (PLA) es una técnica directa muy
util para el estudio de heterdmeros de receptores si se dispone de anticuerpos
especificos para ello (Bonanomi et al., 2012; Carmena et al., 2012; Hervouet et al.,
2011; Renfrow et al., 2011; Vuoriluoto et al., 2010; Weibrecht et al., 2010). Como se
muestra en la figura 15, la técnica se basa en la union de los anticuerpos primarios a los

receptores a estudiar y la posterior unién de anticuerpos secundarios, previamente
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conjugados a las sondas PLA, a estos anticuerpos primarios. A continuacidn, se produce
la hibridacién de unos oligonucledtidos a las dos sondas PLA conjugadas utilizando una
solucion de ligacion. Esta hibridacion da lugar a un DNA circular que es posteriormente
amplificado utilizando polimersas y, a continuacién, detectado utilizando sondas

especificas previamente marcadas con un fluoréforo.
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Figura 15. Representacién de la técnica ‘In Situ Proximity Ligation Assay’ (PLA) utilizada para la

deteccion de interacciones entre receptores.

La utilizacién de ligandos para heterdmeros constituye otra técnica directa para
su deteccion. Como se muestra en la figura 16, se pueden seguir varias estrategias
dependiendo de las propiedades del heterodimero (Rozenfeld et al., 2006). Uno de los
enfoques consiste en el disefio y sintesis de ligandos bivalentes que interaccionen con
los dos receptores del dimero (Figura 16a). Estos ligandos pueden tener mayor afinidad
y selectividad si se compara con los ligandos clasicos de los receptores. Esta estrategia
se ha utilizado para determinar la presencia de heterémeros de receptores de adenosina
Asa y de dopamina D, en el estriado de cerebro de cordero (Soriano et al., 2009). Otra

aproximacion es el desarrollo de ligandos selectivos de un determinado heterodimero
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(Figura 16b). Estos ligandos interaccionan con el centro de unidn unicamente cuando
forma parte del heterodimero. Waldhoer y colaboradores (Waldhoer et al., 2005)
demostraron que el compuesto 6’-guanidinonaltrindole (6’-GNTI) no podia unirse a
receptores opioides individuales pero si era capaz de unirse y activar al heterodimero de
receptores opioides K-0. Experimentos in vivo demostraron que el compuesto 6’-GNTI
producia analgesia cuando se administraba directamente en la médula espinal, pero
practicamente no tenia efecto cuando se administraba directamente en el cerebro.
Ademas, este efecto analgésico selectivo de la médula espinal se bloqueaba por un
antagonista bivalente selectivo del heterdmero k -8 confirmando a éste como diana

funcional para la analgesia in vivo.

P O

! |  Ligando bivalente

Ligando selectivo
de heterodimeros

a) 7| h)
“ 'V S
Extraido de Rozenfeld et al., 2006

Figura 16. Ligandos que interaccionan especificamente con heterodimeros.

Un ejemplo interesante de ligando que no se une al heterdmero pero si
selectivamente a los receptores individuales es el antagonista del receptor adrenérgico
a;p denominado BMY 7378 (Hague et al., 2006). Este resultado sugiere que es posible
generar farmacos o ligandos que interaccionen selectivamente con homodimeros, y no
heterodimeros, de receptores o vice-versa. Tanto la estrategia de los ligandos bivalentes
como la de los ligandos selectivos de un heterodimero tiene sus pros y sus contras. En la
tabla 4 se indican las ventajas e inconvenientes de cada estrategia (Rozenfeld et al.,
2006). Actualmente existen varias empresas, como CARA Therapeutics, Dimerix
Bioscience o PatoBIOS Incorporated, que estan desarrollando estrategias adecuadas
para la identificacidon de heterodimeros o de moléculas que interaccionan selectivamente

con heterodimeros (Milligan, 2006).
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Ventajas Inconvenientes

Ligandos Bivalentes Alta selectividad. Alto peso molecular de los
Pocos efectos secundarios. compuestos.
Disefo racional del compuesto.  No  poseer  las propiedades

fisicoquimicas de un farmaco (i.e. no
satisfacer las reglas de Lipinski;
(Lipinski, et al., 2001)).

Ligandos selectivos  Alta selectividad. Se basa en el supuesto de que la

de heterodimero Pocos efectos secundarios. heterodimerizacion altera
Bajo peso molecular de los drasticamente el sitio de union.
compuestos. Dificil disefio racional de los

Pueden satisfacer las reglas de compuestos.
Lipinski (Lipinski, et al., 2001).  Necesita una extensa exploracion
para la identificacion del ligando.

Extraido y modificado de Rozenfeld et al., 2006

Tabla 4. Ventajas e inconvenientes del desarrollo de ligandos bivalentes y selectivos de

heterodimeros.

Existen técnicas indirectas para detectar oligdémeros en tejidos nativos como por
ejemplo la coinmunoprecipitacion de las proteinas implicadas a partir de tejido, pero
como hemos comentado anteriormente, la coinmunoprecipitacion requiere de la
solubilizacion de los receptores de la membrana, lo que no permite descartar que los
oligdbmeros observados puedan ser artefactos debidos al tratamiento con detergentes.
Una manera bastante eficaz de detectar oligémeros en tejidos nativos es determinar
alguna caracteristica especifica de los heteromeros en células donde se haya demostrado
la heteromerizacion y utilizar esta propiedad como huella dactilar para detectar el
heteromero en tejidos nativos. La determinacion de cross-talk entre cascadas de
sefalizacion intracelular, el antagonismo cruzado en el que un antagonista especifico de
un receptor inhibe la sefializacion mediada por un agonista del otro receptor o bien el
estudio de cambios en la unién de ligandos en uno de los receptores en presencia de un
ligando para el otro receptor en preparaciones de membranas obtenidas de tejidos vivos
pueden constituir una huella dactilar si se ha demostrado previamente que es una
caracteristica del heterdmero. Estas estrategias se han utilizado para detectar
heteromeros entre receptores de dopamina D; y histamina H3 o entre receptores de
dopamina D, y receptores sigma 1 en el tejido estriatal de cerebro (Moreno et al., 2011,

Navarro et al., 2010) entre otros.
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1.4  Receptores de dopamina y  vias

dopaminérgicas en el SNC

En el sistema nervioso central (SNC) se expresan un elevado numero de
receptores acoplados a proteina G, mas del 90% de los receptores de siete dominios
transmembrana se expresan en el cerebro y para algunos de ellos su expresion esta
restringida a este tejido. La combinacidn de técnicas de inmunohistoquimica, RT-PCR e
hibridacién in situ en diferentes regiones del cerebro ha permitido descubrir que la
expresion de estos receptores presenta patrones diferenciales, lo que sugiere que la
expresion de un grupo de receptores concretos y no otros, es clave en la regulacion de
diferentes procesos neurofisiolodgicos. Un ejemplo clasico lo constituyen los receptores

de dopamina.

1.4.1 La dopamina como neurotransmisor

La dopamina es la principal catecolamina que actlia como neurotransmisor en el
sistema nervioso central (representa el 80% del contenido total de catecolaminas del
cerebro) y controla una gran variedad de funciones como la modulacién de la actividad
sensorial, la actividad motora, la actividad endocrina, el aprendizaje, la memoria, la
emotividad, la afectividad y la motivaciéon (Missale et al., 1998). Como otros
neurotransmisores, la dopamina no es capaz de cruzar la barrera hematoencefélica, pero
si sus precursores fenilalanina y tirosina. Asi pues, a partir de sus precursores, la
biosintesis de dopamina tiene lugar en el citosol de las terminales nerviosas
dopaminérgicas (Cooper et al., 1996; Fuxe et al., 1965; Levitt et al., 1965). La
liberacién de dopamina en la hendidura sinaptica tiene lugar mediante un mecanismo
clasico de liberacién de neurotransmisores: la entrada de calcio a través de canales de
calcio dependientes de voltaje promueve la fusion de vesiculas con la membrana pre-
sinaptica, dando lugar a la exocitosis de la dopamina, de forma que ésta difunde a través

de la hendidura sindptica hasta unirse a sus receptores tanto pre- como post-sinapticos.

La sefial dopaminérgica finaliza con la eliminacién de la dopamina del espacio
inter-sindptico, implicando mecanismos de recaptacidon especificos en el terminal pre-

sinaptico donde se vuelve a almacenar o es metabolizada. Aunque existen enzimas
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extraneuronales que catabolizan la dopamina liberada, la terminacidn del efecto se debe
principalmente a la captura del neurotransmisor por los propios terminales nerviosos
que la liberaron. Esto tiene lugar mediante transportadores especificos (DAT:
DopAmine Transporters) (Feldman et al., 1997; Cooper et al., 1996; Amara y Kubhar,
1993; McGeer et al., 1987) que juegan un papel esencial en la funcion, inactivacion y

reciclaje de la dopamina liberada.

1.4.2 Receptores de dopamina D, y D,

Los receptores de dopamina se clasifican en dos subfamilias en funcién
de sus propiedades bioquimicas y farmacoldgicas: la subfamilia D;-/ike, que comprende
a los receptores D, y Ds, y la subfamilia D,-/ike que incluye a los receptores D,, D3 y
D4. Los receptores D;-like producen incrementos del AMPc intracelular a través de
proteinas Gyoir que estimulan a la AC y se localizan principalmente en los terminales
postsinapticos (Neve et al., 2004; Nieoullon y Almaric, 2002; Missale et al., 1998;
Civelli et al., 1993). Los receptores D,-/ike, en cambio, inhiben la AC por acoplamiento
a proteinas Gi,, ademas de activar canales de K y disminuir la entrada de Ca'* a través
de canales dependientes de voltaje (Gershon et al., 2007; Neve et al., 2004; Nicola et al.,
2000; Missale et al., 1998). Los receptores D2-like pueden localizarse en terminales
presinapticas y postsinapticas (Dal Toso et al., 1989). Los dos subgrupos presentan
peculiaridades estructurales diferentes como se muestra en la figura 17: los receptores
D-like tienen un dominio carboxiterminal unas siete veces mas largo que los receptores
D;-like, mientras que estos ultimos tienen un tercer bucle intracelular mucho mas largo,
caracteristica comuin en muchos receptores acoplados a proteina G; (Missale et al.,

1998).

Figura 17. Representacion esquematica de las dos subfamilias de receptores de dopamina.
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Existe una homologia del 80% en la secuencia entre los dos miembros de la
familia de receptores D;-like. En cambio, la homologia es del 75% entre los miembros
D, y D; de la familia D,-like y un 53% entre los D, y D4 de dicha familia. Por contraste,
la homologia entre los receptores D;-like y D;-like es solo del 42-46%. La regién con
homologia mas elevada es aquella que se encuentra en los dominios de transmembrana
y en aquellos residuos que son clave para la unién de catecolaminas. El extremo
carboxiterminal, en ambas familias, contiene lugares de fosforilacién y palmitoilacion
que se cree juegan un papel esencial en la desensibilizacion del receptor y en la
formacion de un cuarto bucle intracelular, respectivamente. Por el contrario, los
receptores de dopamina presentan diferencias en las modificaciones post-traduccionales,

como diferentes lugares consenso de N-glicosilacion.

Para el estudios de las propiedades farmacoldgicas de los receptores de
dopamina se dispone de ligandos que discriminan facilmente entre las subfamilias D;-
like y D;-like, sin embargo, es mucho mas dificil encontrar ligandos selectivos para los
miembros de cada subfamilia. Cada uno de los receptores D;-like muestra alta afinidad
por benzazepinas (agonistas) y baja afinidad por butiroferonas y benzanidas sustituidas
(antagonistas). Se ha detectado una diferencia remarcable de su afinidad por la
dopamina, presentado el receptor Ds una afinidad 10 veces superior a la que presenta el
receptor D; (Missale et al., 1998). Dentro de los receptores D»-like las afinidades por
muchos antagonistas y agonistas pueden variar en uno o dos 6rdenes de magnitud. Cada
uno de estos receptores se caracteriza por tener alta afinidad por butiroferonas, como las

espiperonas y el haloperidol y baja afinidad por benzazepinas como el SKF 38393.

De los tres receptores que componen la familia D,-like, el D, tiene las
propiedades farmacologicas mas distintivas, pues en general, presenta baja afinidad por
la mayoria de los antagonistas dopaminérgicos de esta subfamilia, por ejemplo, el
raclopride, exhibiendo a su vez una relativa afinidad por el neuroléptico atipico
clozapina (Missale et al., 1998). En cambio, el receptor D3 presenta una afinidad 20
veces mayor por la dopamina que el receptor D,, existiendo algunos ligandos
comerciales selectivos como el antagonista GSK 789472. Por ultimo, el receptor Dy es
el que presenta menor afinidad por la dopamina de entre los miembros de la subfamilia
D;-like, existiendo también algunos ligandos sintéticos selectivos para este receptor

como el agonista RO 10-5824 o el antagonista L-745,870.
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La diferencia de afinidad que presentan los receptores de dopamina por su
ligando enddgeno puede permitir la activacidon de unos receptores u otros en funcion de
la cantidad de dopamina liberada. Teniendo en cuenta los diferentes mecanismos de
transduccion de sefial de cada subtipo de receptor, se puede generar una gran variedad
de respuestas a una misma sustancia. Esta diversidad dentro de los receptores de
dopamina es un reflejo de la diversidad funcional que ejerce este neurotransmisor,
sobretodo si se considera la expresion diferencial de estos receptores dentro del SNC.
En la tabla 3 se resumen la informacidon mas relevante de los diferentes subtipos de

receptores de dopamina.

Familia D,R-like D,R-like

Subtipo D;R DsR

Proteina G Gj/o Gj/o

Mecanismo de -AC -AC
transduccion de +PLC +PLC
. - canales Ca™* - canales Ca’*
sefial + canales K* + canales K*

+ AMPc
T1P; 4 AMPc

1 ca** T &c. araquid.
TK* T NKE*

T NKE*

1 AMPc
T1IP;
1 ca?*
TK*

Moléculas T AMPc
T PKA

efectoras 1 1P,

Afinidad por la

dopamina 2340 261 2,8-474 4-27 28-450
Ks en nM

Agonista SKF-38393 NPA Quinpirole Bromocriptina (-) Apomorfina
Ko en nM 1-150 187 4,8-474 5-7,4 4

Antagonista SCH-23390 SCH-23390 Raclopride UH 232 Clozapina
Ko en nM 0,11-0,35 0,11-0,54 1-5 2,9-9,2 9-42

*NKE: Na'/K* exchange: intercambiador Na*/K".

Tabla 3. Resumen de las principales caracteristicas de los receptores de dopamina.

La expresion de los distintos subtipos de receptores de dopamina en el cerebro
ha sido determinada mediante la combinacién de técnicas de unioén de radioligandos y
de hibridacion in situ. Asi se ha demostrado, por ejemplo, que el receptor D; es el mas
abundante y su distribuciéon es la mas amplia de todos los receptores dopaminérgicos
(Beaulieu et al., 2011; Barishpolets et al., 2009; Dearry et al., 1990); en cambio, el
receptor Ds presenta una distribucidn mads restringida a regiones tales como el
hipocampo o el talamo (Centonze et al., 2003). Estudios de RT-PCR y proteémica han

demostrado la expresion del receptor D, en el estriado (tanto dorsal como ventral), en el
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ndcleo accumberns, el tubérculo olfatorio, y en menor medida en el sistema limbico, el
hipotdlamo y el tdlamo. La expresion mayoritaria del receptor D; se localiza
postsindpticamente en las neuronas GABA¢érgicas estriatales, junto con la expresion de
la sustancia P (Gerfen et al., 1990). El receptor Ds se localiza especificamente en
regiones limbicas del ntcleo accumbens con una localizacidn post-sindptica en
neuronas que expresan sustancia P y neurotensina. El receptor D4 se expresa en
interneuronas GABA¢érgicas tanto piramidales como no-piramidales de la corteza pre-
frontal e hipocampo, en el bulbo olfatorio, la amigdala, el mesencéfalo (Missale et al.,
1998), en la glandula pineal (Klein et al., 2010) y en menor medida en el nucleo

accumbens y estriado (Almeida y Mengod, 2010; Gasca-Martinez et al., 2010).

El receptor D, de dopamina ha sido ampliamente estudiado, demostrandose su
participacion en numerosas e importantes funciones fisioldgicas como el control de la
actividad motora. Este receptor se distribuye ampliamente en el cerebro y se localiza a
nivel postsinaptico y presindptico en funcion de su splice alternativo (short o long)
(Beaulieu y Gainetdinov, 2011; De Mei et al., 2009; Usiello et al., 2000; Giros et al.,
1989). El receptor D, presinaptico actua como un autoreceptor e inhibe la liberacion de
dopamina. Esto hace que los receptores D, representen la principal diana de drogas
antipsicéticas, ademas de estar implicados en varias neuropatologias como el Parkinson,
el sindrome de Tourette y la adiccion a drogas (Vallone et al., 2000). El receptor de
dopamina D, también se localiza en los lobulos anteriores y neurointermedios de la
glandula pituitaria, siendo uno de los principales receptores dopaminérgicos que regulan

la liberacion de hormonas (Vallone et al., 2000).

En el SNC se detecta una elevada densidad de este receptor en el caudato-
putamen o estriado dorsal, region del estriado responsable del control motor; en esta
region se detecta en neuronas GABAdrgicas estriatopalidales que coexpresan
encefalina. Su expresion es alta en el tubérculo olfatorio y el nucleo accumbens o
estriado ventral, region del estriado responsable de los fendmenos de recompensa
asociados a la adiccion a drogas de abuso. De forma moderada se detecta en neuronas
de la sustancia nigra, tanto reticulata como compacta; en esta ultima la expresion del
receptor D, tiene lugar en neuronas dopaminérgicas y actua como autoreceptor.
Ademas, también se ha encontrado una distribucion moderada de este receptor en la
corteza cerebral, el globus pallidus, el nucleo subtalamico, la amigdala, el talamo y el

hipotadlamo (Jackson et al., 1994). La distribucion del mRNA es practicamente paralela
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a la descrita para la proteina. Asi, se ha descrito un elevado nivel de mRNA para este
receptor en el area ventral tegmental, nicleo que da lugar a la mayor via dopaminérgica
del cerebro, lo que indica que el receptor D, es uno de los principales receptores
dopaminérgicos que controla directamente la actividad de neuronas que contienen
dopamina. El estriado recibe la mayor densidad de inervaciones dopaminérgicas y
contiene, como se ha comentado anteriormente, la mayor concentracion de receptores
de dopamina del cerebro (Seeman, 2006; Gerfen, 2000; Vallone et al., 2000; Bjorklund
et al., 1984).

El gen del receptor D, esta compuesto por 8 exones, 7 de los cuales se
transcriben. En el sexto exon tienen lugar un splicing alternativo, el cual codifica para
29 aminodcidos adicionales en el tercer bucle intracelular (IC3), generando las dos
isoformas que se encuentran tanto en rata como humano. El primer cDNA de los
receptores de dopamina aislado fue el del receptor D, (Bunzow et al., 1988) que se
clond a partir de una libreria de cDNAs de pituitaria de rata. La region codificadora de
esta proteina se encuentra en el cromosoma 11g23. El ¢cDNA aislado por Bunzow y
colaboradores contenia una secuencia de 1245 nucledtidos que codificaban para una
proteina de 415 residuos, que posteriormente se llamo D,sR (receptor de dopamina D,
short), con un perfil farmacoldgico tipico de los receptores D;-like. Mas tarde, varios
grupos clonaron una variante por splice de este receptor, el Dy R (receptor de dopamina
D, long) de diferentes especies (rata, ratén, bovino, humano) y tejidos (cerebro,

pituitaria, retina), que contenia 444 aminoacidos.

En la figura 18 se representa la estructura prototipo del receptor de dopamina
D,r. Los D2R tienen un extremo C-terminal corto y un IC3 largo, el cual parece estar
implicado en el acoplamiento a la proteina G (Ilani et al., 2002; Filteau et al., 1999;
Lachowicz et al., 1997; Malek et al., 1993), ademdas de permitirle interaccionar con

otras proteinas, como el receptor de adenosina A,, (Canals et al., 2003).

Ambas isoformas del receptor D,, Dy y Das, tienen la misma capacidad de unir
ligando pero difieren tanto en la expresion como en la capacidad de acoplarse a la
proteina G. La isoforma larga se expresa unas 10 veces mas que la corta y tiene una
capacidad de acoplarse a la proteina G; mucho menor, lo que da lugar a una diversidad
de sefial. De hecho existen evidencias que indican que los receptores Dy y el Dag se

acoplan a distintas proteinas G, G; y G, respectivamente, debido principalmente a sus
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diferencias estructurales (Beaulieu y Gainetdinov, 2011; De Keyser et al., 1989; Ohara

etal., 1988).

DR 3
i.‘ o B o
i e L Figura 18. Representacién esquematica de la
“ -~ B BN BB LS Y L estructura del receptor D,;, de dopamina.
'%.............-.‘ . Extraido de Borroto-Escuela et al., 2011

Las proteinas Gjy G, son sensibles a la toxina pertusis, por tanto, inhiben a la
adenilato ciclasa (AC), lo que parece ser la via de sefializacidon predominante utilizada
por los receptores D, al menos en el estriado (Missale et al., 1998). La inactivacion
genética tanto de la ACs, la principal isoforma de la AC en el estriado (Lee et al., 2002;
Mons et al., 1995), como de la PKA provoca un dafio importante en la funcidon de estos
receptores, como la pérdida de los efectos bioquimicos y del comportamiento de los
antagonistas de los receptores D, (Lee et al., 2002; Adams et al., 1997). La inhibicion
sobre la AC provocada por la activacion de los receptores D, se ha observado en varias

células y parece ser dependiente del acoplamiento del receptor a la proteina Giy

(Banihashemi y Albert, 2002; Ghahremani et al., 1999).

Ademas de inhibir la AC, la activacion de los receptores D, da lugar a cambios
en la actividad de canales de Ca’" (Hernandez-Lopez et al., 2000; Taraskevich y
Douglas, 1978) y de K (Castelletti et al., 1989; Missale et al., 1998) provocando una
hiperpolarizacidn celular. Los agonistas del receptor activan a la fosfolipasa C (PLC) e
incrementan la concentracién de Ca®" intracelular (Beaulieu y Gainetdinov, 2011;
Martemyanov y Arshavsky, 2009; Beaudry et al., 1986; Enjalbert et al., 1986)
dependiente de IP3 y la activacidon de la calcineurina, una serina-treonina fosfatasa
dependiente de Ca®" (PP-2A) (Hernandez-Lépez et al., 2000). Esta via parece implicar a
las subunidades Gpy de la proteina G,. La calcineurina no solo reduce las corrientes de
Ca®" a través de los canales de Ca*" dependientes de voltaje tipo L (L-type VDCC: L-
type Voltage Dependent Ca>* Channel) (Banihashemi y Albert, 2002; Herndndez-Lopez
et al., 2000; Ghahremani et al., 1999), sino que ademads, la calcineurina parece ser la

principal fosfatasa implicada en la desfosforilacion de DARPP-32 (Dopamine and
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cyclic adenosine 3’, 5’- monophosphate Regulated Phospho Protein, 32 kDa). Por lo
tanto, la activacion del receptor D, de dopamina produce la desfosforilacion de DARPP-
32 debida tanto a la inhibicion de la actividad de la AC como a la calcineurina

dependiente de Ca®" ¢ independiente de AC (Nishi et al., 1997).

La estimulacion de los receptores D, activa también la via de las MAPKs y la
fosforilacion de CREB (cAMP Response Element-Binding protein) en cortes cerebrales
(Yan et al., 1999), en cultivos estriatales primarios (Brami-Cherrier et al., 2002) y en
diferentes lineas celulares (Banihashemi y Albert, 2002; Oak et al., 2001; Faure et al.,
1994). Tanto la PKC como DARPP-32 y la calmodulina kinasa, junto con los
incrementos en los niveles de Ca®’, parecen ser importantes en la activaciéon de estas
vias (Sahu et al., 2009; Lee et al., 2004; Yan et al., 1999). La activacion de la via de las
MAPKSs, en las interneuronas estriatales, se cree juega un papel importante en la
regulacion de la expresion génica inducida por dopamina y la adaptaciéon neuronal a
largo plazo en el estriado. La activacion de la via de las MAPKs puede estar implicada
en la sensibilizacién locomotora en respuesta a la estimulacién del receptor D, en ratas
lesionadas unilateralmente con 6-hidroxidopamina (Santini et al., 2009; Cai et al.,
2000). Curiosamente existen datos contradictorios, los agonistas del receptor D, se ha
descrito que inhiben especificamente la activacion de la via de las MAPK en neuronas
de proyeccion estriatopalidales activadas por estimulacion aferente corticoestriatal
(Yoon et al., 2011; Chen et al., 2009; Gerfen et al., 2002). Para la activacion de la via de
las MAPKs es necesario la formacion de un complejo entre la calmodulina y el VDCC
tipo L, que juega un papel importante en la conversion de la informaciéon de la
membrana (activacién neuronal) hacia el nucleo (plasticidad neuronal) (Dolmetsch et
al., 2001). En las neuronas de proyeccion estriatopalidales el receptor D, media la
inhibicion de los VDCC tipo L lo que parece ser el principal mecanismo implicado en la

inhibicidén de la activacidn de las MAPKs.

Una de las diferencias mas significativas entre las dos isoformas del receptor D,
se encuentra en su trafico intracelular. El proceso de maduracion del receptor difiere
entre las dos isoformas; asi, los receptores D,g se procesan mas rapido que los Doy y
alcanzan en mayor proporcion la membrana. Un porcentaje significativo de receptores
D, permanece en una forma inmadura en compartimentos intracelulares sin alcanzar la
membrana plasmatica (De Mei et al., 2009; Fishburn et al., 1995). Mas relevante desde

un punto de vista terapéutico y patofisioldgico es la respuesta diferencial que presentan

53



1. Introduccion

ambas isoformas a la exposicion prolongada a agonistas. En algunas células se ha visto
que ambas isoformas experimentan una internalizacién tras exposicidn a agonista,
proceso que implica a GRKs y p-arrestinas (Kim et al., 2001; Ito et al., 1999). Sin
embargo, el grado de internalizacion del receptor Dog es mayor que el del Dy, (Ito et al.,
1999) de acuerdo con el hecho de que ambas isoformas pueden ser fosforiladas
diferencialmente por GRKs y p-arrestina (Guiramand et al., 1995; Senogles, 1994; Liu
et al., 1992) La resistencia a la internalizacién inducida por ligando del receptor Dy se
hace muy patente en algunas células en las que el receptor Dy se up-regula en respuesta
al pretratamiento con agonistas (Ng et al., 1997; Starr et al., 1995; Zhang et al., 1994;
Filtz et al., 1993) lo que es debido a la translocacion a la membrana de los receptores
intracelulares ya existentes y a la sintesis de novo de receptores (Thibault et al., 2011;
Ng et al., 1997). Se ha descrito que esta up- regulacion puede ser la causa de la
resistencia que presentan los receptores Dyr a la desensibilizacion (Hillion et al., 2002;

Ng et al., 1997; Starr et al., 1995; Zhang et al., 1994; Filtz et al., 1993).

Ambas isoformas presentan también diferencias en su distribuciéon. En general,
parece que hay pocos tejidos especificos para la expresion de las isoformas larga y corta
del receptor D,, aunque si que existe una distribucion diferencial en el neoestriado y la
hipofisis, donde se observa una mayor expresion de la forma larga (Jackson et al., 1994;
O’Dowd, 1993). Los receptores D,s son presinapticos y se encuentran principalmente
en neuronas dopaminérgicas del cerebro medio (Centonze et al., 2002; Usiello et al.,
2000; Mercuri et al., 1997) donde actua como autoreceptor inhibitorio (Lindgren et al.,
2003). En las neuronas del estriado, los receptores D se localizan preferencialmente de
forma post-sindptica (Rouge-Pont et al., 2002), y principalmente en neuronas
estriatopalidales GABAérgicas, donde colocalizan con diferentes receptores de

dopamina y adenosina, entre otros.

1.4.3 El receptor de dopamina D, y su relacion con el Trastorno

de Hiperactividad y Déficit de Atencion (ADHD)

El gen correspondiente al receptor D4 de dopamina se clond por primera
vez en 1991 por Van Tol y colaboradores; localizado en el extremo distal del brazo

corto de cromosoma 11 en la posicion 11p15.5 y préoximo al oncogen Harvey-RAS y al
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gen de la tirosina hidrolasa (Oak et al., 2000), el gen del receptor D4 contiene cuatro
exones y un numero de polimorfismos variable en la secuencia de codificacion. El
polimorfismo mas extendido es el que se encuentra en el tercer axon, cuya region
codifica para el tercer loop citoplasmatico. Este polimorfismo consiste en un numero
variable de repeticiones en tdndem (VNTR), es decir, unas secuencias de 48bp que
codifican para diferentes polipéptidos formados por 16 aminoacidos. Estos pueden
formar combinaciones distintas que pueden presentar de 2 a 11 repeticiones dando asi el
subnombre al receptor de Ds> a D4y y proporcionando un tamafio variable a cada

polimorfismo (Figura 19).

La frecuencia de la presencia de los diferentes polimorfismos varia de forma
considerable en funcion de la poblacion y etnia (Yilmaz et al., 2012; McGeary, 2009;
Swanson et al., 2001), a pesar de ello, estudios genéticos de poblacion sobre la
diversidad alélicas demostraron que los polimorfismos Da», Dss y D47 son los mas
prevalentes, presentdndose asi en el 90% de la poblacion. Como se muestra en la figura
20, dentro de los polimorfismos mas abundantes, el D44 ocurre con mas frecuencia, en
aproximadamente el 65% de la poblacion, seguido del D47 en aproximadamente el 19%

y D4, en aproximadamente el 8% (Floet et al., 2010; Ding et al., 2002).
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Extraido de Oak et al., 2000

Figura 19. Representacion de las diferentes VNTR presentes en el tercer loop intracelular de los

receptores D, de dopamina.

a) Representacion de los diferentes haplotipos presentes en la poblacion humana y las combinaciones de secuencias de 48bp que los
forman . b) Los péptidos formados por 16 aminoacidos correspondientes a los diferentes haplotipos. ¢) Representacion esquematica

del largo loop intracelular como consecuencia de las diferentes VNTR.
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Como se ha explicado anteriormente, el receptor D4 pertenece a la subfamilia de
receptores D,-like y, por lo tanto, presenta gran homologia con los otros miembros de
esta subfamilia, especialmente en los siete dominios de transmembrana que son
altamente conservados. Muestra una serie de modificaciones post-transcripcionales
como N-glicosilaciones en la cola amino-terminal extracelular, y la presencia de
regiones de fosforilacion de proteina quinasa A (PKA), proteina quinasa C (PKC) y
casein quinasa II (Rondou et al., 2010; Neve et al., 2004; Jovanovic et al., 1999;
Asghari et al., 1995).

El tercer loop citoplasmatico del receptor D4 es caracteristicamente largo si lo
comparamos con cualquier otro miembro de su subfamilia D,-like. Posee regiones ricas
en prolina ademas de la region hipervariable VNTR anteriormente descrita y contiene
una secuencia SH3 que le permite interaccionar con proteinas como Src, Grb2 y Nck
(Rondou et al., 2010; Oak et al., 2001, Oldenhof et al., 1998). Aunque se conocen las
diferentes regiones de unidn a proteinas de sefalizacion intracelular todavia se

desconocen sus funciones y el porqué de la existencia de los diferentes polimorfismos.

R
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Extraido y modificado de Ding et al., 2002

Figura 20. Representacién esquematica de la estructura del receptor D, de dopamina y la

frecuencia de los diferentes polimorfismos.

El receptor D4 se expresa mayoritariamente en cortex prefrontal, hipocampo,
amigdala, hipotdlamo (Missale et al., 1998) y en las neuronas piramidales
glutamatérgicas y no piramidales del cortex cerebral y en las terminaciones de sus

proyecciones estriatales (Lauzon et al., 2010; Svingos et al., 2000; Tarazi et al., 1998),
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en las que se incluyen el nucleo talamico, globus pallidus y sustancia nigra pars
reticulata, donde también se encuentran las interneuronas GABAérgicas. Estudios de
northern-blot, hibridaciéon in situ, inmunohistoquimica y RT-PCR han demostrado que
el receptor D4 presenta una gran diversidad de expresidon en diferentes tejidos como la
glandula pineal, linfocitos o retina (Beaulieu y Gainetdinov, 2011; Burguefio et al.,

2007)

Debido a la tardia clonacién de este receptor y a la limitacion en la
disponibilidad de agonistas selectivos y/o antagonistas, la farmacologia y los estudios
de sefializacidn intracelular del receptor D4 son todavia muy reducidos. A pesar de ello
ya se habia descrito que en células mesencefalicas MN9D de rata y en otras lineas
celulares éste receptor se acopla mayoritariamente a proteina G; (Kazmi et al., 2000;
Watts et al., 1999; Chio et al., 1994) pero también puede acoplarse a Goa, Gos Y Giars
dependiendo del tejido en el que se encuentra (O’Hara et al., 1996). Es el primer
receptor no-opsina capaz de unirse a la proteina mutante Gy, resistente a toxina pertusis
(Yamaguchi et al., 1997). La activacion de GIRK1 en oocitos de Xenopus mediada por

. .7 r 4 . . + r
D, sugiere también que éstos estan implicados en la apertura de canales de K por via

Gy, (Pillai et al., 1998; Werner et al., 1996).

Recientemente, tras la sintesis de nuevos ligandos para D4R como los agonistas
parciales RO 10-5824 (Kp 5,2nM), PD 168077 (Kp 8,7nM) o CP-226,269 (Kp 6nM) y
antagonistas como L-741,742 (Kp 3,5nM) o IPMPP (Kp 0,39nM), se ha comenzado a
entender y definir la vias de sefializacién mediante las cuales el receptor es capaz de
abrir canales i0nicos, fosforilar segundos mensajeros como las proteinas CaMKII y PP1
o activar factores de transcripcion (Lauzon et al., 2011; Newman-Tancredi et al., 2007;

Powell et al., 2003; Clifford y Waddington, 2000; Pillai et al., 1998).

Una de las caracteristicas mas interesantes del receptor D4 de dopamina humano
es que ha sido relacionado con trastorno de hiperactividad y déficit de atencion (ADHD:
Attention-Deficit Hyperactivity Disorder). El ADHD es un desorden del desarrollo
caracterizado por un patrdn persistente de inatencion e hiperactividad, asi como falta de
memoria y elevada impulsividad, agitacion y distraccion. Este desorden afecta del 1 al
5% de la poblacién infantil mundial, dependiendo del método de evaluacion (American
Academy of Pediatrics, 2001) con una prevalencia de 2 a 6 nifios por cada nifia; entre

los cuales, el 60% de los casos persiste en adultos (American Academy of Pediatrics,
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2001; Scahill y Schwab-Stone, 2000). Dicho trastorno se clasifica clinicamente en tres
subtipos en funcion de sus caracteristicas psicomotrices (Antshel et al., 2011; Faraone et

al., 2005; Mediavilla-Garcia, 2003; Adler y Chua, 2002; Carte et al., 1996):

a) Subtipo de hiperactividad-impulsividad: se caracteriza por movimientos de manos y

pies, gran dificultad para relajarse, habla excesiva y un patrén de agresividad en las

relaciones sociales.

b) Subtipo de déficit de atencidn: caracterizado por una inatencion en los detalles, no

sigue instrucciones ni escucha, presenta dificultad para organizar tareas, facil pérdida de

objetos y gran facilidad para la distraccion.

c¢) Subtipo combinado: es el mas perjudicial de los subtipos y el menos frecuente en la

poblacién. Presenta desordenes bipolares, ansiedad y gran dificultad en la integracion

social.

Diversos estudios clasifican las causas de ADHD en nifios con edad escolar en dos

subgrupos (Figura 21): factores socioambientales y factores genético-moleculares.

-Obstetric complications

-Prenatal exposure to
alcohol or tobacco Environmental factors
-Family conflict

-Poverty

-Family, adoption

and twin studies

-Genes with some effect:
DRD4, DRDS, DAT...

Genetic factors

DRD4, dopamine D4 receptor; DRD5, dopamine D5 receptor; DAT, dopamine transporter.

Extraido de Burguerio et al., Neurobiological Aspects of ADHD. Antidepressants,

Antipsychotics, Anxiolytics. Editado por Buschmann et al., Wiley-VCH. 2007

Figura 21. Grafico representativo de los factores causantes del trastorno de hiperactividad y déficit

de atencion (ADHD).

Factores socioambientales como complicaciones en el nacimiento, exposicion
prenatal a alcohol y/o tabaco, conflictos familiares y pobreza, entre otros, son causantes

de un trastorno de hiperactividad y falta de atencién que no tiene una base molecular,
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pero son igualmente perjudiciales y dificultan la capacidad del individuo para
concentrarse e integrarse socialmente (Burguefio et al., 2007). Por otro lado, los factores
genéticos tienen un caracter hereditario ya que estan relacionados con la presencia del
polimorfismo de un gen o el mal funcionamiento de una proteina, lo que implica un
patron de ADHD debido a una anomalia en el funcionamiento de la comunicacién
neuronal. En este tipo de casos, se observa, entre otras alteraciones, una disminucion de
un 8,1% en el metabolismo de la glucosa en el cerebro, asi como una disminucion de la

actividad en cortex prefrontal, ganglio basal y cerebelo.

Desde hace ya varios afios, se ha relacionado el receptor D4 de dopamina,
concretamente el polimorfismo D47, y el transportador de dopamina DAT, como
responsables en parte de ADHD, pero a pesar de ello, hoy en dia se desconocen las
bases moleculares mediante las cuales estas proteinas pueden causar dichas anomalias.
Estudios de meta-analisis realizandos con individuos ADHD e individuos control
(sanos) han descrito una relacion estadistica significativa entre la presencia del
polimorfismo D47 y el trastorno ADHD (Faraone et al., 2005; Grady et al., 2003;
Holmes et al., 2002; Roman et al., 2001). Estos estudios definen un odds ratio (OR) de
1.9 (OR superior a 1.0 implica un incremento de riesgo significativo) de asociacion
entre Ds7 — ADHD con un 95% de intervalo de confianza [CI] 1.4 — 2.2 (Faraone et al.,
2005; Faraone et al., 2001)

El receptor de dopamina D47 presente en los nifios con ADHD presenta una
mayor expresion en ciertas areas del cerebro como estriado y cortex prefrontal, y a su
vez, estas areas presentan una morfologia variable comparadas con un individuo sano
(Yang et al., 2008; Eisenberg et al., 2000). Filbey y colaboradores, han descrito que el
cortex prefrontal y el estriado de individuos con ADHD presentaban una activacion
menor respecto a individuos control tras la administracion de diferentes farmacos
dirigidos al receptor D4 de dopamina, pero actualmente se desconocen las causas de
estas diferencias en la actividad cerebral de estos individuos (Filbey et al., 2008). A
pesar de no existir diferencias significativas respecto al perfil farmacoldgico de los
diferentes polimorfismos de Dy, la activacion de D47 presenta una menor inhibiciéon de
la adenilato ciclasa y, por lo tanto, una mayor concentracién de AMP ciclico intracelular
comparada con los otros polimorfismos (Burguefio et al., 2007; Wang et al., 2004; Oak

et al., 2000).
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El transportador de dopamina DAT, que tiene la funcidn de recaptar la dopamina
liberada en el espacio sindptico, tiene una mayor actividad en nifilos que padecen este
trastorno, con lo que la concentracion de dopamina presente en la comunicacidn
sindptica es menor y, por consiguiente, también lo es la activacidon de los receptores
dopaminérgicos presentes en la sinapsis (Ciruela et al., 2007, Madras et al., 2005). Una
de las teorias mds aceptadas es la presencia de 10 repeticiones en tdindem (480-bp)
presentes en el extremo a 3’ del gen que codifica para el transportador DAT que da
lugar a un mRNA cuya conformacion le proporciona una gran estabilidad y resistencia
frente a la actividad de la RNAsas celulares. De este modo, se produce una gran
densidad presinaptica de transportadores DAT, dando lugar a una disminucion de la
concentracion de dopamina en el espacio sinaptico (Madras et al., 2005; Thapar et al.,

2005; Curran et al., 2001).
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Extraido de Ciruela et al., Pharmacology: Targets for Drug Action. Antidepressants,

Antipsychotics, Anxiolytics. Editado por Buschmann et al., Wiley-VCH. 2007

Figura 22. Estructura del gen del transportador de dopamina DAT

1.4.4 Los ganglios basales y las vias dopaminérgicas en el SNC

En roedores, los ganglios basales estan constituidos por cinco nucleos
principales: el estriado, la sustancia nigra, el globus pallidus, el nticleo subtaldmico y el
nicleo entopeduncular. El estriado es la principal estructura de entrada de los ganglios
basales y estd funcionalmente subdividido en estriado dorsal y ventral. El estriado
dorsal (nucleo caudato y putamen) esta implicado en la ejecucion y aprendizaje de actos

motores complejos. El estriado ventral (nticleo accumbens) forma parte de los circuitos
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cerebrales implicados en la conversién de la motivacion en accion. En el estriado, mas
del 90% de las neuronas son GABA¢érgicas de proyeccion o médium-size spiny neurons
y reciben dos vias de entrada que convergen en sus espinas dendriticas: por un lado las
neuronas dopaminérgicas del mesencéfalo, localizadas en la sustancia nigra pars
compacta y el area ventral tegmental y por otro lado las neuronas glutamatérgicas
procedentes de areas corticales, limbicas y taldmicas (hipocampo y amigdala) (Gerfen,
2004).

Hay dos subtipos de neuronas GABAérgicas eferentes en el estriado, que
proyectan al tdlamo a través de dos vias (Figura 23): las neuronas estriatopalidales (via
indirecta) y las neuronas estriatonigroentopedunculares (via directa). Los dos tipos de
neuronas GABAdérgicas estriatales se pueden distinguir neuroanatomicamente. Las
neuronas estriatopalidales contienen el péptido encefalina, receptores de dopamina,
(predominantemente del subtipo D,) y receptores A; y Aza de adenosina, entre otros.
Las neuronas estriatonigroentopedunculares contienen dinorfina, sustancia P,
receptores de dopamina (predominantemente de subtipo D;) (Alexander y Crutcher,
1990) y receptores A; de adenosina, pero no receptores Aa (Ferré et al., 2007;

Schiffmann et al., 2007;).

Cerebral Cortex

® »

Caudate Putamen
A D, D 4 . . . .
)____(. Figura 23. Funcionamiento de los ganglios
basales.
GPe
A
THAL Existen dos vias de salida del estriado: la via directa,
que conecta el estriado al nicleo entopeduncular (GPi
STN en humanos)/sustancia nigra pars reticulata (GPi/SNr) y
A la via indirecta, que conecta el estriado con el globus
. SNc pallidus (GP), el nucleo subtalamico (STN) y la
. sustancia nigra pars reticulata (GPi en humanos)/nucleo
entopeduncular (GP1/SNr).
.’ Cedido por Dr. Sergi Ferré
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La estimulacion de la via directa produce activacién motora, mientras que la de la
via indirecta produce inactivacion motora. La via directa tiende a activar los
movimientos voluntarios y la via indirecta a inhibir la apariciéon de componentes
involuntarios en el movimiento. Un adecuado equilibrio entre las dos produce los
movimientos normales. La dopamina induce la activacion de la actividad motora
mediante los receptores D; de las neuronas estriatonigroentopedunculares, mientras que
deprime la actividad de las neuronas estriatopalidales actuando sobre los receptores D»,
produciendo indirectamente una actividad motora (Alexander y Crutcher, 1990). La
dopamina por tanto, estimula el movimiento a través de las dos vias, porque estimula la

via estimuladora e inhibe a la via inhibidora (Figura 23).

La enfermedad de Parkinson esta producida por la degeneracion progresiva de
las neuronas dopaminérgicas nigroestriatales que proyectan de la sustancia nigra, al
caudado-putamen. Esto da lugar a una disminucion de la liberacion de dopamina en el
estriado, lo que provoca una hipoactividad de las neuronas GABA¢érgicas estriatonigro-
entopedunculares (via directa) y una hiperactividad de las neuronas GABAdérgicas
estriatopalidales (via indirecta) debido a la liberacion de los efectos inhibitorios de la
dopamina endogena (Obeso et al., 2008), con el consiguiente descontrol de la actividad
de los ganglios basales. Los sintomas clinicos mas relevantes incluyen bradiquinesia
(lentitud en los movimientos), rigidez, temblor en reposo y alteraciones en el equilibrio.
El tratamiento paliativo de esta enfermedad es suministrar un precursor de dopamina L-
DOPA, que aunque efectivo en los primeros estadios de la enfermedad, acaba por
perder la efectividad y provoca la aparicion de complicaciones motoras como la
discinesia (Nutt, 1990). Actualmente, existen avances importantes en el desarrollo de
nuevos farmacos dopaminérgicos y no dopaminérgicos para la enfermedad de
Parkinson, asi como para las complicaciones motoras de las terapias en uso (Schapira et

al., 2006).

Los ganglios basales constituyen solo una parte de los circuitos dopaminérgicos
del SNC. A pesar del reducido nimero de neuronas presentes en el cerebro que utilizan
dopamina como neurotransmisor, este sistema de transmision juega un papel esencial en
la regulacion del movimiento, conducta y liberaciéon de hormonas (Dale, 2000). Los
circuitos dopaminérgicos del SNC se pueden dividir en tres tipos: nigroestriado,

mesolimbico-mesocortical y tuberohipofisario (Figura 24). Cuya alteracion en
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cualquiera de estas vias de transmisidn esta asociada con una o mas patologias. Asi, por
ejemplo, una alteracidon en la via nigroestriada esta relacionada con la enfermedad de
Parkinson, una alteracion en la via mesolimbica-mesocortical esta relacionada con
esquizofrenia y una gran variedad de alteraciones hormonales estd relacionada con

anomalias en la via tuberohipofisaria (Dale, 2000).

El sistema nigroestriado se origina en la sustancia nigra, que es un nucleo de
neuronas localizado en el mesencéfalo. Este se divide en dos partes: la compacta,
formada por neuronas dopaminérgicas, y la reticulata, formada principalmente por
neuronas GABAérgicas. Las neuronas dopaminérgicas con origen en la sustancia nigra
constituyen el principal tracto dopaminérgicos en el cerebro, y proyectan axones que
proporcionan una densa inervacion al ndcleo caudado y al putamen del estriado;
aproximadamente un 80% de toda la dopamina que se encuentra en el cerebro se halla
en el estriado. Este sistema es el implicado en la regulacion motora y la ejecucion de
tareas, permitiendo que el movimiento se realice de forma armoniosa y obedezca a las
ordenes voluntarias del individuo de acuerdo con patrones motores bien establecidos

(Fléres y Pazos, 2003).

Tuberoinfundibular pathway
Hypothalamus to Pituitary gland

. Hormonal regulation
- Maternal behavior (nurturing)
. Pregnancy
. Sensory processes
and Prefrontal Cortex
. Memory
. Motivation and emotional response
- Reward and desire
- Addiction
. Can cause halluanations and

schizophrenia if not funclioning properly

Cedido por Dr. Sergi Ferré

Figura 24. Representacion de los circuitos dopaminérgicos.
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Como hemos comentado anteriormente, lo que ocurre en los pacientes de
Parkinson es que hay una pérdida de neuronas dopaminérgicas de la via nigroestriada,
dando lugar a claras anomalias motoras. La inervacion dopaminérgicas hacia regiones
limbicas y corticales también estd alterada, aunque en menor medida y al parecer, la
enfermedad se manifiesta cuando la pérdida neuronal en el estriado representa el 80%

(Elsworth y Roth, 1997).

El sistema mesolimbico-mesocortical tiene su origen en el area tegmental
ventral, también localizada en el mesensefalo. Dicho ntcleo contiene células
dopaminérgicas que envian proyecciones a la corteza frontal y el 1dbulo limbico,
conformando los circuitos mesocortical y limbico respectivamente (Figura 25). El
sistema mesolimbico se distribuye por el sistema limbico con excepcidn del hipocampo;
principalmente se proyecta hacia el nucleo accumbens, tubérculo olfatorio, ntcleo
central de la amigdala, septum lateral y nticleo intersticial de la estria terminal (Flores y

Pazos, 2003).
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Cedido por Dr. Sergi Ferré

Figura 25. Representacion de las vias dopaminérgicas que se proyectan desde el drea tegmental
ventral (VTA) hasta el cortex prefrontal (PFC) y el niicleo accumbens (NAc), responsables de la

conducta esencial del individuo.

El sistema mesocortical se proyecta desde la sustancia nigra y el area tegmental
ventral hacia las cortezas motoras, promotoras y suplementarias y a las cortezas parietal,

temporal y singular posterior, es decir, hasta las principales areas sensorimotoras y de
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asociacion. Ambos sistemas contribuyen a mantener la atencion, la ideacidn, la
evaluacion correcta de la realidad, la motivacidn y el control del pensamiento (Flores y
Pazos, 2003), es decir, estan implicados en todos aquellos procesos en los que la
motivacion forma parte esencial de la conducta, ya sea fisioldégica para atender
necesidades elementales del individuo, o patologica, creada por hiperestimulacion del
sistema, que es lo que ocurre en procesos de adiccion a sustancias de abuso. Los
mecanismos implicados en estos ultimos procesos se denominan sistemas de premio o
recompensa, ya que son circuitos que al activarse producen un efecto placentero (Wise,
1996). La mayoria de sustancias que provocan adiccidn, interaccionan directa o
indirectamente con proteinas presentes en las neuronas dopaminérgicas a nivel de via
mesolimbica-mesocortical, provocando un incremento de la liberaciéon de dopamina,
consiguiéndose sensaciones positivas y perdiéndose la sensibilidad a estimulos
habituales. Cuando se interrumpe la administracion aparecen sensaciones

desagradables, depresion o falta de motivacion (Noble et al., 1994).

El sistema mesolimbico-mesocortical parece jugar un papel importante en el
desarrollo de la esquizofrenia. Las conexiones con el nicleo accumbens tienen una
especial relevancia, ya que la falta de regulacion de las vias dopaminérgicas
mesolimbicas provocaria una descoordinacion en el nicleo accumbens, que a su vez
sobre-estimularia ciertas regiones implicadas en el procesamiento de la informacién de
los sentidos, contribuyendo a los sintomas positivos de la esquizofrenia (alucinaciones,
delirios, pensamientos incoherentes...). Por otro lado, dado que las vias dopaminérgicas
mesocorticales juegan un papel fundamental en el buen funcionamiento cognitivo de la
corteza prefrontal, alteraciones en este sistema estarian relacionadas con los sintomas
negativos de la esquizofrenia (aislamiento social, retraimiento social, falta de iniciativa)

(Abi-Dargham, 2004; Pani, 2002).

En las situaciones patoldgicas que se acaban de comentar se ha observado la
existencia de diferencias cuantitativas en cuanto a la expresion de los receptores de
dopamina o bien en su sefalizacion. Por ejemplo, los receptores D; se ven
incrementados en la esquizofrenia y su sefializacion varia en la enfermedad de Parkison.
La densidad de los receptores D, localizados post-sindpticamente incrementa en la
esquizofrenia y también en los enfermos de Parkinson no tratados con L-DOPA
(precursor de la dopamina capaz de traspasar la barrera hematoencefélica). Es por ello

que el estudio de los receptores de dopamina es altamente importante, tanto para poder
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entender una gran cantidad de anomalias funcionales tales como Parkinson, Alzheimer,
esquizofrenia e hiperactividad, como para crear nuevas dianas terapéuticas para dichas

anomalias.

Por ultimo, el sistema tuberohipofisario se origina en el hipotdlamo y se
proyecta hacia la hipdfisis. Las neuronas del sistema tuberohipofisario desempefian un
papel importante en la regulacidon de la liberacion de hormonas pituitarias, como por
ejemplo la prolactina, en la que la dopamina juega un papel inhibitorio en la liberacion

de esta hormona (Dale, 2000).
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1. 5 Receptores adrenérgicos y vias adrenérgicas

en el SNC

1.5.1 La adrenalina como neurotransmisor

A pesar de que fue en 1913 cuando se aisld por primera vez la adrenalina y se
probaron sus efectos sobre la vasodilatacion y la vasoconstriccion, no fue hasta la
década de 1950 que se establecid la funcion neurotransmisora de las catecolaminas
(noradrenalina y adrenalina) en el encéfalo. Fue en 1988 cuando se definié que las
neuronas noradrenérgicas de la periferia son neuronas simpdticas postganglionares,
cuyos cuerpos celulares se encuentran en los ganglios simpaticos (Marshall et al., 1991;
Fillenz, 1990; Weiner et al., 1967). Generalmente poseen largos axones que terminan en
una serie de varicosidades dispersas a lo largo de la red terminal ramificada. Estas
variosidades contienen numerosas vesiculas sindpticas que constituyen el lugar de
sintesis y liberacion de la adrenalina y noradrenalina, junto a otros mediadores tales

como ATP y neuropéptido Y.

El precursor metabolico de la adrenalina y noradrenalina es la L-tirosina, un
aminoacido aromatico presente en el plasma y los fluidos intersticiales, que es captado
por las neuronas adrenérgicas. La tirosina hidroxilasa, una enzima citosdlica que
cataliza la conversion de tirosina a dihidroxifenilalanina, se encuentra sélo en las células
que contienen catecolaminas (Figura 26). Es una enzima bastante selectiva, ya que a
diferencia de otras enzimas implicadas en el metabolismo de las catecolaminas, no
acepta derivados indo6licos como sustratos y, por tanto, no interviene en el metabolismo
de la 5-hidroxitriptamina. Este primer paso de hidroxilacién es el principal punto de
control para la sintesis de noradrenalina. La tirosina hidroxilasa es inhibida por el
producto final de la via biosintética, la adrenalina; lo que proporciona un mecanismo de
regulacion de la velocidad de sintesis (Kanagy, 2005; Wurtman, 2002; Sneader, 2001;
Fuller y Wong, 1977).

El siguiente paso, la conversion de DOPA en dopamina, estd catalizado por la
dopa descarboxilasa, una enzima citosolica que no se limita a las células que sintetizan
catecolaminas. Es una enzima relativamente inespecifica y cataliza la descarboxilacion

de otros aminoacidos L-aromaticos, como L-histidina y L-triptéfano, que son los
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precursores en la sintesis de histamina, y 5-hidroxitriptamina, respectivamente. La
actividad de la dopa descarboxilasa no limita la velocidad de sintesis de adrenalina, con
lo que, a pesar de que existen varios firmacos que actian sobre esta enzima, no es un
medio eficaz de regulacion de la sintesis de noradrenalina y adrenalina (Daubner, 2011;

Kanagy, 2005; Elsworth, 1997; Axelrod, 1972; Axelrod y Weinshilboum, 1972)
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La dopamina-pB-hidroxilasa también es una enzima relativamente inespecifica,
pero se encuentra restringida a las células que sintetizan catecolaminas y se localiza en
las vesiculas sinapticas, con lo que una pequefia cantidad se libera en las terminaciones
nerviosas adrenérgicas. Muchos farmacos que inhiben la dopamina-f-hidroxilasa, como
los quelantes de cobre y disulfiram, pueden causar deplecion parcial de los depodsitos de
noradrenalina y una interferencia en la trasmision simpdtica (Daubner, 2011; Liu y

Edwards, 1997).

La feniletanolamina N-metiltransferasa cataliza la N-metilacion de noradrenalina

a adrenalina. La principal localizacion de este enzima es la médula suprarrenal, pero
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también se encuentra en ciertas zonas del encéfalo donde la adrenalina puede funcionar

CcOmo neurotransmisor.

La mayor parte de noradrenalina y adrenalina de las terminaciones nerviosas se
encuentra en las vesiculas y s6lo una pequefia parte estd libre en el citoplasma en
circunstancias normales. La concentracion en las vesiculas es muy elevada (0,3-1mol/l)
y se conserva por un mecanismo de transporte similar al del transportador de aminas
responsable de la recaptacion de noradrenalina en la terminacion nerviosa. En estas
vesiculas, y junto a la noradrenalina, hay otros constituyentes como ATP y
cromogranina A que se liberan en el momento de la sinapsis (Sugita, 2008; Esler et al.,
2003; Lundberg, 1996), y tienen funciones diversas tal como la produccion del

potencial sinaptico excitador rapido.

Los procesos ligados a la llegada de un impulso nervioso a una terminacidon
nerviosa noradrenérgica para la liberacion de noradrenalina son basicamente los mismos
que los de otras sinapsis de transmision quimica. La despolarizacion de la membrana de
la terminacién nerviosa abre sus canales de calcio y la entrada resultante induce la
fusion y descarga de las vesiculas sinapticas. Se produce un mecanismo de efecto
inhibidor inducido por la adrenalina liberada al espacio sindptico denominado
retroalimentacidn autoinhibidora y mediado por receptores o,-adrenérgicos presentes en

la membrana de la neurona presinéaptica (Kanagy, 2005; Starke et al., 1989).

1.5.2 Clasificacion, estructura y farmacologia de los receptores

adrenérgicos

En la primera clasificacidon de los receptores adrenérgicos, realizada por Ahlquist
y colaboradores, se definid que el orden de la potencia de diversas catecolaminas, como
adrenalina, noradrenalina e isoprenalina, tenia dos patrones diferentes dependiendo de
la respuesta que se determinara. Asi, se postuld por primera vez la existencia de dos
tipos de receptores, definidos como o y f3, en funcion de la potencia del agonista. Los a
tenian mas afinidad por la noradrenalina y la adrenalina que por la isoprenalina (una
catecolamina sintética) y los  mostraban mas afinidad por isoprenalina que por

noradrenalina. Experimentos posteriores con antagonistas especificos para receptores o
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y B adrenérgicos hipotetizaron la existencia de subdivisiones adicionales dentro de estas
subfamilias (Rang et al., 2008). Esta hipdtesis se confirmé al analizar la farmacologia
de los receptores y permitid determinar la existencia de dos subfamilias dentro de los
receptores o adrenérgicos (a; y op) y tres subfamilias dentro de los receptores f3
adrenérgicos (B1, B2 y P3) (Figura 27). Todos los receptores adrenérgicos son receptores
acoplados a proteina G tipicos y su clonacion ha revelado que cada uno de los
receptores o y o, comprende tres subclases adicionales que se expresan en diferentes

localizaciones (Sugita, 2008; Liggett, 2003; Bylund et al., 1994).

Cada una de estas clases de receptor se asocia a un sistema de segundo mensajero
especifico. Por ejemplo, los receptores o; adrenérgicos estan acoplados a la fosfolipasa
C y ejercen sus efectos principalmente mediante la liberacidon de calcio intrcelular. Los
receptores o, adrenérgicos estan acoplados a Gj, con lo que su activacién hace
disminuir los niveles de cAMP intracelular e inhibe canales de calcio. Y por ultimo, los

tres subtipo de receptores 3 actuan estimulando la adenilato ciclasa y activando canales

de calcio (Figura 27).
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Figura 27. Esquema de la clasificacion de los receptores adrenérgicos y sus funciones principales.
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Los receptores adrenérgicos, como otros GPCRs, poseen un dominio N-terminal
extracelular y un dominio C-terminal intracelular y diferentes bucles intracelulares y
extracelulares producidos por los loops que conectan unas hélices con otras (Figura 28).
Los bucles intracelulares permiten a los receptores adrenérgicos interaccionar con
proteinas de la cascada de sefializacion tales como P-arrestina y dinamina (Cotecchia,
2010; Tan et al., 2009; Small et al., 2006; Volovyk et al., 2006), mientras que los bucles
extracelulares forman un ‘bolsillo’ estructural que permite la unidon del ligando al
receptor. A pesar de que la homologia en la secuencia aminoacidica entre la familia o y
[ es baja, no hay diferencias significativas en la estructura y tamafio entre ambas
familias. Cabe destacar que dentro de las distintas subfamilias se encuentran secuencias
muy homologas, indicando que probablemente estan relacionadas filogenéticamente y
que la similitud de su estructura transmembrana no se deba unicamente a
requerimientos funcionales comunes, sin6 a un antecesor funcional comun (Rang et al.,

2008; Garland y Biaggioni, 2001).

Extraido de Rang et al., Farmacologia. Editado por

ELSEVIER. 2008 y Warne et al., 2011

Figura 28. Estructura de un receptor adrenérgico.
(a) Modelo de distribucion de siete hélices de transmembrana de un receptor f3-adrenérgico. (b) Modelo tridimensional del receptor

B1 adrenérgico.

A pesar de que en el organismo, los ligandos enddgenos principales son la
adrenalina y noradrenalina (con diferente afinidad para cada receptor adrenérgico),

actualmente existe una gran variedad de agonistas y antagonistas selectivos y
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especificos para cada familia y cada miembro de las subfamilias que se utilizan como
farmacos para diferentes patologias. Estos farmacos, dirigidos directa o indirectamente
a los receptores adrenérgicos, se clasifican en cinco subclases dependiendo de su
funcionalidad (Kobilka, 2011; Rang et al., 2008; de Boer et al., 1999; Pfeffer y
Stevenson, 1996):

1-_Simpaticomiméticos: son farmacos selectivos para receptores o o 3 adrenérgicos

cuya accidon varia dependiendo de la subfamilia del receptor y el tejido de
accion. Por ejemplo, el salmeterol o la terbutalina son agonistas {3, seletivos que
permite la vasodilatacion en situaciones de asma o asfixia.

2- Antagonistas: son ligandos selectivos que se unen a los receptores a o
adrenérgicos que antagonizan la funcion de éstos y bloquean la unién del
ligando endogeno. Su efecto también varia en funcion del receptor y el tejido.
Por ejemplo, el propanolol o el alprenolol que actian sobre toda la familia de
receptores 3 adrenérgicos regulando la hipertensiéon mediante relajacion de la
musculatura lisa.

3- Inhibidores de sintesis: tales como la o-metil-p-tirosina o la metildopa, son

farmacos que inhiben la sintesis de noradrenalina enddgena alterando la
funcionalidad de los enzimas o la concentracion de precursores.

4- Inhibidores de liberacion: son farmacos que inhiben la liberacién de

noradrenalina enddgena causando deplecion de adrenalina y dafio irreversible en
neuronas noradrenérgicas. El mas conocido es la guanetidina.

5- Alteradores de la recaptacion: tales como la imipramina, son aquellos farmacos

que alteran la recaptacion de noradrenalina del espacio sindptico aumentando o
disminuyendo la funcionalidad de los transportadores de catecolaminas

presentes en la membrana de la neurona pre-sinaptica.

1.5.3 Los receptores o.; y f; adrenérgicos

El receptor a; adrenérgico es el primer miembro de la subfamilia de o -
receptores. Exixten tres subtipos de receptores denominados aa, i Y Op que se
diferencian entre ellos por sus propiedad farmacologicas y localizacion en el organismo.

En general, los receptores o adrenérgicos se acoplan a proteina G4, cuya activacion
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inducida por el intercambio de GDP por GTP produce la activacion de la fosfolipasa C
(PLC) y la consiguiente fosforilaciéon de la proteina quinasa C (PKC). Esta fosfolipasa
hidroliza al fosfatidilinositol 4,5-bifosfato (PIP2) dando lugar a inositol trifosfato (IP3)
y a diacilglicerol (DAG). Estos metabolitos secundarios permiten la apertura de los
canales de calcio de los reticulos endoplasmatico y sarcoplasmatico aumentando asi los
niveles de calcio intracelular, con la activacion de una cascada de fosforilacion que
conlleva la induccion de varios factores de transcripcion (Johnson y Liggett, 2011;

Cotecchia, 2010; Maronde y Stehle, 2007; Schmitz et al., 1981) (Figura 29).

El receptor f; adrenérgico es el primer miembro de la subfamilia de - receptores,
y actualmente no se han descrito submiembros dentro de esta subfamilia. Se acopla a
proteina Gs, con lo que su activacion produce un aumento de AMPc catalizado por la
adenilato ciclasa. Este incremento de AMPc intracelular induce la activacion de CREB
mediante fosforilacion y la inhibicion de la degradacion del enzima AA-NAT (Grimm y
Brown, 2010; Schiattarella et al., 2010; Maronde y Stehle, 2007), enzima responsable

de la sintesis de melatonina.
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Figura 29. Cascada de activacion intracelular inducida por la unién de noradrenalina a los

receptores o.1g y 1 adrenérgicos en la glandula pineal.
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La accién fisiologica inducida por la activacion de estos receptores depende
directamente de su localizacion en el organismo. El receptor a; adrenérgico se localiza
principalmente en la musculatura lisa, cuya activacion produce la vasoconstriccidon de
los vasos sanguineos (Elliott, 1997; Stiles et al., 1983a); y el receptor 3; adrenérgico se
localiza principalmente en glandulas salivales, cardiomiocitos y cortex cerebral, cuya
activacion produce la secrecion de amilasa y un aumento de la frecuencia cardiaca
(Grimm y Brown, 2010; Ranade et al., 2002; Moore et al., 1999; Stiles et al., 1983b).
Cabe destacar que la presencia de receptores adrenérgicos en el sistema nerviso central
(SNC) es minoritaria en comparacion con otros tejidos, ya que el nimero de neuronas
noradrenérgicas en el encéfalo es reducido y estos receptores ejercen una gran variedad

de funciones en diferentes tejidos del organismo.

Entre los ligandos mas utilizados para los receptores o encontramos la fenilefrina
(Kp = 4,7 nM) que actia como agonistas selectivo de la familia a; con mayor afinidad
por aia y o, (Morton et al., 2007; Minneman et al., 1994) y REC 15/2615 (Kp = 0,3
nM) que actua como antagonista selectivo de la familia a; con mayor afinidad por o5
(Morston et al., 2007). Y para los receptores [3; adrenérgicos se utiliza principalmente el
isoproterenol, que actlia como agonista de receptores [ adrenérgicos sin ser selectivo
para 3; (Akimoto et al., 2002; Schmitt y Stork, 2000) y CGP 20712 (Kp = 0,3 nM) que
actia como antagonista selectivo para receptores f3; adrenérgicos con mil veces mas

afinidad por (3 que por {3, (Hieble et al., 1995).

1.5.4 Vias noradrenérgicas en el SNC

Los primeros mapas detallados de las vias noradrenérgicas en el encéfalo se
realizaron a partir de estudios de fluorescencia basada en la formacion de un derivado
fluorescente de las catecolaminas cuando los cortes histologicos se exponian al
formaldehido. Los cuerpos celulares de las neuronas noradrenérgicas se agrupan en
pequefios nucleos situados en la protuberancia y el bulbo raquideo, desde donde envian
axones con extensas ramificaciones hasta otras muchas partes del encéfalo y la médula
espinal (Figura 30). El nticleo mas importante es el locus coeruleus (LC), localizado en

la sustancia gris de la protuberancia. Aunque en el ser humano sélo contiene unas
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10.000 neuronas noradrenérgicas, los axones acaban en muchos millones de
terminaciones nerviosas noradrenérgicas distribuidas por toda la corteza, el hipocampo,
el area tegmental ventral (VTA) y el cerebelo (Meitzen et al., 2011; Mandela y Ordway,
2006; Aston-Jones, 2005a; Aston-Jones y Cohen, 2005b). Estas terminaciones nerviosas
no establecen contactos sindpticos separados, sino que parecen liberar el transmisor de

una manera difusa.

El locus coeruleus (LC) es el origen de la mayor parte de la noradrenalina liberada
en el encéfalo y, por lo tanto, es el nucleo de neuronas noradrenérgicas que ha recibido
mas atencion, ya que en él se puede medir la actividad neuronal mediante electrodos
implantados. En general, las neuronas del LC permanecen silentes durante el suefio y su
actividad aumenta con la activaciéon conductual. Los estimulos amenazantes excitan a
estas neuronas con mucha mayor eficacia que los estimulos familiares y, debido a ello,
se cree que la depresion se debe, en parte, a una diferencia funcional de noradrenalina
en determinadas regiones encefalicas (Garland et al., 2002; Delgado y Moreno, 2000), a
pesar de que la 5-hidroxitriptamina (5-HT) también podria tener un papel importante en

las mismas areas del SNC en esta patologia.

Via noradrenérgica
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Extraido y modificado de Brain Vascular Disorder. Canada

Figura 30. Vias noradrenérgicas en el SNC que parten del locus coeruleus.

En las proximidades del locus coeruleus en la protuberancia y el bulbo raquideo

existen otras neuronas noradrenérgicas cuyos axones inervan el hipotdlamo y el
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hipocampo, entre otras partes, ademas de proyectarse hacia el cerebelo y la médula
espinal (Gargaglioni et al., 2010; Sara, 2009; Fung et al., 1994; Sasa y Yoshimura,
1994). Existe también otro grupo mas pequefio de neuronas adrenérgicas cuyos cuerpos
celulares se encuentran en una situacion mas ventral del tronco del encéfalo. Sus fibras
se dirigen sobre todo a la protuberancia, el bulbo y el hipotdlamo, y liberan adrenalina
en lugar de noradrenalina. Los conocimientos sobre estas ultimas neuronas son muy

escasos, pero se cree que son importantes para el control cardiovascular (Keys y Koch,

2004; Ma y Huang, 2002)
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1.6 Receptores adrenérgicos y dopaminérgicos en

la Glandula pineal

La glandula pineal, también llamada cuerpo pineal o epifisis, es una pequefia
glandula endocrina de secrecion interna en el sistema nervioso central presente en el
cerebro de los vertebrados. En los humanos, tiene un tamafio de cinco milimetros de
didmetro y presenta una formacion ovoidea y aplanada, que descansa sobre la lamina
cuadrigémina, en el tercer ventriculo cerebral en el techo del diencéfalo (Figura 31a).
En los roedores, su tamafio varia en funcion de la especie, pero se sitlia siempre en la

parte exterior del encéfalo, entre el cortex posterior y el cerebelo (Figura 31b).
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Figura 31. Localizacién de la glandula pineal en el SNC de humanos y roedores.

a) Representacion esquemdtica de la localizacion de la glandula pineal en el encéfalo de humanos. Situada en el techo del
diencéfalo. b) Representacion de la localizacion de la glandula pienal en el encéfalo de roedores. Situada en la parte posterior frente

al cerebelo.

Muchas de las funciones de la glandula pineal son actualmente desconocidas, asi
como su relacion con el suefio y las visiones y experiencias extra-corporeas. A pesar de
ello, que conoce que es la glandula responsable de la sintesis y secrecion de melatonina
(N-acetil-5-metoxitriptamina), una hormona que deriva de la serotonina y es
responsable de la regulacion de una gran variedad de procesos celulares

neuroendocrinos y neurofisioldgicos; entre los cuales, cabe destacar el ritmo circadiano
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de noche y dia y de las funciones estacionales (Arendt, 2005; Macchi et al., 2004;
Lerner et al., 1960).

A pesar de que la glandula pineal estd formada en un 90% por pinealocitos,

también posee otros tipos de células con funciones diversas:

- Pinealocitos: es la poblacion mayoritaria de células de la glandula pineal que son las
encargadas de la produccion y liberacion de melatonina. Poseen un organulo llamado
cinta sinaptica en el que se encuentran las enzimas serotonina N-acetiltransferasa y
acetilserotonina O-metiltransferasa capaces de transformar la serotonina en melatonina.
Los pinealocitos poseen prolongaciones citoplasmaticas largas que les permiten
establecer contacto con los capilares y liberar la melatonina al torrente sanguineo

(Maronde y Stehle, 2007; Borjigin y Deng, 2000).

- Células intersticiales: son células que se localizan entre los pinealocitos y tienen como
funcion dar soporte estructural a la glandula pineal y aportar nutrientes y metabolitos

para los pinealocitos (Kaissling et al., 1996).

- Fagocitos perivasculares: localizados en los microcapilares que penetran en la
glandula pineal, tienen como funcion la defensa inmunolédgica y la presentacion de

antigenos (Moller et al., 2006; Mgller y Baeres, 2002).

- Neuronas pineales: su poblacidon es muy reducida (<1%) y estan solo presentes en los
vertebrados superiores, pero no en roedores. Actualmente se desconoce su funcidon

(Kriegebaum et al., 2010; Lopez-Muiioz et al., 2010).

- Neuronas peptidérgicas: solo presentes en algunas especies de los mamiferos
superiores, la poblacién de estas neuronas es extremadamente reducida (<0,1%) y su
funcion es la liberacion de polipéptidos con accion paracrina (Nowicki et al., 2007;

Mpller y Baeres, 2002; Matsushima et al., 1999).

La glandula pineal recibe inervaciones simpaticas procedentes del ganglio
cervical superior e inervaciones parasimpaticas procedentes de la esfenopalatina y el
ganglio 6tico. Algunas de estas innervaciones penetran en la glandula, pero la mayor
parte de ellas la irrigan de forma superficial permitiendo la entrada del metabolito por
difusion. A su vez, neuronas procedentes del nicleo supraquiasmatico (Maronde y

Stehle, 2007), el ganglio cervical superior y del ganglio trigerminal inervan a la
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glandula pineal, liberando de forma superficial neuropeptina, PACAP (polipéptido
activador de la adenilato ciclasa pituitaria), dopamina y noradrenalina, que penetran en
ella por difusion pasiva (Tapp et al., 1972; Axelrod, 1970). Desde hace ya varias
décadas, se conoce que en la glandula pineal se expresan los receptores aug y Pi
adrenérgicos, a los cuales, se une la noradrenalina liberada permitiendo asi la activacion
o inhibicién de muchas funciones celulares como la regulacién de la sintesis de
melatonina y su liberacion. En los mamiferos superiores existe una inervacidn entre el
nervio ocular y la glandula pineal, lo que demuestra una relacion directa de las
funciones de esta glandula con los ciclos de luz y oscuridad y, por consiguiente, una

relacion directa con la regulacidn del ritmo circadiano.

tryptophan

Night Pinealocyte

Extraido de Borjigin y Deng. Madame Curie

Bioscience Database. Landes Bioscience. 2000

Figura 32. Localizacién de la glindula pineal en el SNC de humanos y roedores

Se ha demostrado que los receptores adrenérgicos presentes en la membrana de
los pinealocitos son los responsables directos de la sintesis y liberaciéon de melatonina
en la glandula pineal (Hardeland et al., 2011; Abbas et al., 2010; Mitchell et al., 2010;
Rios et al., 2010; Borjigin y Deng, 2000). La noradrenalina liberada en la glandula
pineal activa receptores f3 -adrenérgicos que inducen un incremento de los niveles de
AMPc, responsable de la activacion de los enzimas Triptéfano Hidroxilasa (TPH) y

Serotonina-N-Acetiltransferasa (NAT) induciendo la activaciéon de la sintesis de
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melatonina. A su vez, la noradrenalina activa receptores a-adrenérgicos que inducen la
liberacién de serotonina y melatonina mediante difusiéon vesicular probablemente

. . ., +2 .
mediada por incrementos en la concentracion de Ca™ intracelular.

A pesar de que la expresion de los receptores adrenérgicos no esta en funcion del
ritmo circadiano, se conoce que durante el periodo de oscuridad se produce un aumento
significativo de la produccion de melatonina durante las primeras horas del suefio,
mientras que durante el periodo de luz, esta produccion esta altamente inhibida (Sun et

al., 2002; Borjigin et al., 1999)

Ha sido recientemente cuando se ha descrito, por primera vez, que en la glandula
pineal se expresa también el receptor D4 de dopamina y que presenta un patréon de
expresion caracteristico regulado por el ritmo circadiano (Figura 33), siendo éste el
unico receptor dopaminérgicos presente en la glandula pineal de rata (Kim et al., 2010;

Baylei et col., 2008).
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Extraido de Kim et al., 2010
Figura 33. Variaciéon del mRNA de D, en la glindula pineal en periodos de luz/oscuridad.

a) Hibridacion in situ del mRNA del receptor de D4 de dopamina en la glandula pineal de rata durante el dia (luz) o la noche
(oscuridad). b) qRT-PCR del mRNA de D4 de glandulas pineales de ratas extraidas a diferentes horas del dia y la noche para

determinar el aumento de expresion en periodos de oscuridad.

Mediante técnicas de hibridacion in sifu se observo que la expresion del mRNA
de D4 era practicamente nula durante el periodo de luz, en cambio, la expresion de este
receptor aumentaba drasticamente durante el periodo de oscuridad (Figura 33a).
Mediante experimentos de qRT-PCR con gldndulas pineales de ratas extraidas a
diferentes horas del dia y la noche, se demostré que el mRNA del receptor D4 de

dopamina aumentaba hasta 300 veces su expresion en el periodo de oscuridad (Figura
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33b) (Kim et al., 2010), lo que indica que este receptor juega un papel importante en la
glandula pineal en los periodos de oscuridad y, por lo tanto, posiblemente tiene relacion

con la regulacion del ritmo circadiano.

Se ha descrito la existencia de receptores D; y D, de dopamina en la glandula
pineal de pollo y buey (Santanavanich et al., 2005; Zawilska et al., 2004; Simonneaux et
al., 1990). Se ha demostrado que la glandula pineal estd inervada por terminaciones
nerviosas que liberan dopamina. Esta catecolamina se une a los receptores D, y D, de
dopamina presentes en la membrana de los pinealocitos, produciendo una activacion y
una inhibicion de la sintesis de melatonina, respectivamente. Zawilska y colaboradores
demostraron que el tratamiento de glandulas pineales con el agonista SKF 38393
(agonista selectivo de D) producia la activacion del enzima AA-NAT, cuya funcién es
la sintesis directa de melatonina (Zawilska et al., 2004). Un afio después, otro estudio
demostro que el tratamiento de glandulas pineales con el mismo agonista SKF 38393
producia un aumento del AMPc intracelular que inducia la forforilacion de la proteina
CREB, responsable de la activacion del enzima AA-NAT. A su vez, se demostro que el
tratamiento de las gldndulas pineales con quinpirole (agonista selectivo de D;-like)
producia una disminucién del AMPc intracelular, disminuyendo la fosforilacion de la
proteina CREB y la consecuente inhibicion del enzima AA-NAT (Santanavanich et al.,
2005). Estos trabajos demostraron que existe algin tipo de interaccion (por ejemplo:
cross-talk intracelular) entre receptores de dopamina y adrenérgicos que permite una
fina regulaciéon de la sintesis de melatonina y un mantenimiento de los ritmos

circadianos en la glandula pineal.
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I1. OBJETIVOS

La dopamina desempefia un papel muy importante en la neurotransmision.
Ejerce sus acciones a través de la interaccion con receptores acoplados a proteina G que
se subdividen en dos grandes subtipos, los receptores de la familia D; (D; y Ds) y los
receptores de la familia D, (D2, D3 y Ds). Todos ellos estin expresados de manera
diferencial en distintas areas del cerebro por lo que son las dianas de un elevado
porcentaje de los agentes terapéuticos de accion en sistema nervioso central y contindan
siendo el principal foco de atencion de muchas investigaciones biomédicas. La mayoria
de estrategias terapéuticas dirigidas a GPCR neuronales se basan en el uso de agonistas
o de antagonistas especificos para un determinado tipo de receptor. Sin embargo, en la
actualidad, los ligandos alostéricos que discriminan entre distintos subtipos de
receptores se estan revelando como farmacos alternativos a agonistas o antagonistas
ortostéricos. Teniendo en cuenta este hecho, el primer Objetivo General de esta Tesis
ha sido caracterizar ligandos alostéricos para receptores de dopamina de la familia
D;-like. El grupo de investigacion, en el cual se ha desarrollado esta Tesis Doctoral,
dispone de una quimioteca de hibridos indoloquinolicidina-péptido como ligandos
multiples de receptores D; y D, de dopamina que podrian ser potenciales moduladores
alostéricos de estos receptores, por lo que el primer objetivo concreto de esta Tesis ha

sido:

* Objetivo 1.1. Caracterizar un ligando indoloquinolicidinapéptido como
modulador alostérico de los receptores de dopamina D; y su posible importancia

en alteraciones psicéticas.

La modulacién de los receptores acoplados a proteina G no solo ocurre a través
de ligandos. La visién de estos receptores ha evolucionado en los ultimos afios.
Cléasicamente se consideraban unidades individuales capaces de producir una sefial
intracelular pero actualmente esta aceptado que estas proteinas de membrana pueden
interaccionar con otros receptores acoplados a proteina G para formar heterémeros y
que estas interacciones pueden dar lugar a nuevas propiedades farmacologicas y
funcionales de los receptores involucrados. Los heterémeros son, por tanto, nuevas

entidades funcionales en las cuales un receptor puede modular la actividad del otro
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receptor en el heterémero. Teniendo en cuenta este hecho, un segundo Objetivo General
de esta Tesis ha sido investigar si distintos receptores de dopamina de la familia D-like
pueden modular su funcion mediante un proceso de heteromerizacion. Dado que los
receptores de dopamina D, y D4 pueden colocalizar en varias zonas del cerebro,
incluyendo el estriado y que existe una clara relacion entre la forma polimorfica Dy 7 del
receptor D4 humano con el trastorno de hiperactividad y déficit de atencion, se

plantearon los siguientes objetivos concretos:

* Objetivo 2.1. Determinar si los receptores D, y D4 de dopamina pueden formar
heteromeros en células vivas y, en tal caso, estudiar su funcionalidad y la existencia
de diferencias en la heteromerizacion entre las distintas formas polimdrficas del

receptor D4 humano.

* Objetivo 2.2. Investigar la presencia de heteromeros de receptores de dopamina
D,-D4 funcionales en el tejido estriatal y estudiar su papel en la liberacion de

glutamato en el estriado

Recientemente, se ha descrito la presencia del receptor D4 de dopamina como
unico receptor dopaminérgico en la glandula pineal de rata. Este receptor presenta un
patron de ritmo circadiado, ya que su expresion aumenta durante la noche (oscuridad) y
disminuye durante el dia (luz) sin que se conozca cual es su funcién en la glandula
pineal. Ello sugiere que quizés su funcion principal sea la modulacién de otros
receptores. Se conoce que la funcionalidad de la glandula pineal est4 bajo el control de
los receptores o y 31 adrenérgicos, cuya activacion estd altamente relacionadas con la
regulacion del ritmo circadiano y la sintesis y liberacion de serotonina y melatonina.
Dentro de este marco, un tercer Objetivo General de esta Tesis ha sido investigar si los
receptores de dopamina Dy pueden modular la funcion de los receptores adrenérgicos
de la glandula pineal mediante un proceso de heteromerizacion. Para ello se han

propuesto los siguientes objetivos concretos:
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* Objetivo 3.1. Determinar si los receptores D; de dopamina pueden formar
heterémeros con los receptores o y B1 adrenérgicos en células vivas y, en tal caso,

estudiar su funcionalidad.

* Objetivo 3.2. Investigar la presencia de heteromeros funcionales entre receptores
de dopamina D4 y receptores a1z y 1 adrenérgicos en la glaindula pineal de rata y

estudiar su funcion en la sintesis y liberacion de serotonina y melatonina.

Si bien técnicas biofisicas de transferencia de energia como BRET, FRET o sus
derivados han permitido detectar la formacion de heterdmeros entre receptores
acoplados a proteina G en células vivas, es dificil la aplicacion de estas técnicas para
determinar la expresion de heteromeros en tejidos nativos. Por ello la busqueda de
ligandos especificos para receptores que puedan acoplarse a un sistema de transferencia
de energia es de gran interés. A este respecto un ultimo Objetivo General de esta Tesis
ha sido contribuir al desarrollo de ligandos para receptores de dopamina utiles para
detectar heteromeros que contengan estos receptores. Para ello se ha propuesto el

siguientes objetivo concreto:

* Objetivo 4.1. Desarrollar y caracterizar ergopéptidos biotinilados como
herramientas para el estudio de heterOmeros que contengan receptores de

dopamina
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La tesis doctoral de Sergio Gonzéalez Gonzéalez ‘“Receptores de Dopamina y
Heteromeros de Receptores de Dopamina en la Modulacién de la Neurotransmision” se

presenta como un compendio de publicaciones.

El manuscrito “A Hybrid Indoloquinolizidine Peptide as Allosteric Modulator
of Dopamine D; Receptors” ha sido publicado en The Journal of Pharmacology and
Experimental Therapeutics con un factor de impacto de 4,090. El manuscrito
“Dopamine D4 receptor, but not the ADHD-associated Dj; variant, forms
functional heteromers with the dopamine D, receptor in the brain” ha sido
publicado en Molecular Psychiatry con un factor de impacto de 15.049. El manuscrito
“Circadian-related heteromerization of adrenergic and dopamine D4 receptors
modulates melatonin synthesis and release in the pineal gland” se encuentra en vias
de publicacion. El manuscrito “Biotin Ergopeptide Probes for Dopamine Receptors”

ha sido publicado en Journal of Medical Chemistry con un factor de impacto de 5.207.

En el trabajo “A Hybrid Indoloquinolizidine Peptide as Allosteric Modulator
of Dopamine D; Receptors” el doctorando Sergio Gonzalez ha realizado los
experimentos de disociacién en presencia o ausencia del ligando IP28 con todos los
miembros de las subfamilias de receptores D1-/ike y D2-like. En el trabajo “Dopamine
D4 receptor, but not the ADHD-associated D,; variant, forms functional
heteromers with the dopamine D; receptor in the brain”, exceptuando la obtencion
de los ratones transgénicos y los experimentos de microdidlisis y liberacion de
neurotransmisores, el doctorando Sergio Gonzélez ha realizado la totalidad del trabajo
experimental. En el trabajo “Circadian-related heteromerization of adrenergic and
dopamine D4 receptors modulates melatonin synthesis and release in the pineal

gland” exceptuando la determinacién de serotonina por HPLC y los experimentos de
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PLA, el doctorando Sergio Gonzalez ha realizado la totalidad del trabajo experimental.
Finalmente, en el trabajo “Biotin Ergopeptide Probes for Dopamine Receptors” el
doctorando Sergio Gonzdlez ha realizado los experimentos de competicion del

compuesto 13 por los receptores Dy, D, y D3 y los experimentos de funcionalidad y

sefializacidn intracelular.

Barcelona, a 16 de Abril de 2012

Dra. Josefa Mallol Montero Dr. Rafael Franco Fernandez
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Los resultados de la presente tesis estan reflejados en los siguientes manuscritos:

3.1 Aroa Soriano, Marc Vendrell, Sergio Gonzalez, Josefa Mallol, Fernando Albericio,
Miriam Royo, Carmen Lluis, Enric 1. Canela, Rafael Franco, Antoni Cortés y Vicent
Casad6. A Hybrid Indoloquinolizidine Peptide as Allosteric Modulator of

Dopamine D Receptors.

Manuscrito publicado en The Journal of Pharmacology and Experimental Therapeutics.

332(3):876-85, Mar. 2010

3.2 Sergio Gonzalez, Claudia Rangel-Barajas, Marcela Peper, Ramiro Lorenzo,
Estefania Moreno, Francisco Ciruela, Janusz Borycz, Carme Lluis, Rafael Franco, Peter
J. McCormick, Nora Volkow, Marcelo Rubinstein, Benjamin Floran y Sergi Ferré.
Dopamine D4 receptor, but not the ADHD-associated D47 variant, forms functional

heteromers with the dopamine D; receptor in the brain.

Manuscrito publicado en Molecular Psychiatry. 2010. August 16. doi: 10.1038/mp.20
11.93. [Epub ahead of print]

3.3 Sergio Gonzalez, David Moreno-Delgado, Estefania Moreno, Kamil Pérez-Capote,
Josefa Mallol, Antoni Cortés, Vicent Casadd, Carme Lluis, Jordi Ortiz, Sergi Ferré,
Enric Canela y Peter J. McCormick. Circadian-related heteromerization of
adrenergic and dopamine D4 receptors modulates melatonin synthesis and release

in the pineal gland.

Manuscrito en vias de publicacidon.

3.4 Marc Vendrell, Anabel Molero, Sergio Gonzalez, Kamil Pérez-Capote, Carme
Lluis, Peter J. McCormick, Rafael Franco, Antoni Cortés, Vicent Casadd, Fernando

Albericio y Miriam Royo. Biotin Ergopeptide Probes for Dopamine Receptors.

Manuscrito publicado en Journal of Medical Chemistry. 24,54(4):1080-90, Feb. 2011
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3.1 A Hybrid Indoloquinolizidine Peptide as Allosteric Modulator of Dopamine D,

Receptors.

Aroa Soriano, Marc Vendrell, Sergio Gonzalez, Josefa Mallol, Fernando Albericio,
Miriam Royo, Carmen Lluis, Enric 1. Canela, Rafael Franco, Antoni Cortés y Vicent

Casado

Manuscrito publicado en The Journal of Pharmacology and Experimental Therapeutics.

332(3):876-85, Mar. 2010

El ligando indoloquinolicidina-péptido 28, un hibrido trans-indoloquinolicidina-péptido
que se obtuvo mediante una aproximaciéon combinatoria, se comportd como un
modulador alostérico negativo de la unioén tanto de agonistas como de antagonistas a
receptores D; de dopamina estriatales. En presencia de concentraciones crecientes de
indoloquinolicidina-péptido 28 se observé que la constante de disociacidén aparente para
el antagonista incrementaba hiperbdlicamente. Este compuesto también alterd la
cinética de disociacidn del antagonista del receptor de dopamina D,. Esta modulacion
alostérica negativa también se encontrd cuando se investigd la unién de un agonista. El
ligando indoloquinolicidina-péptido 28 se comporté como un modulador ago-alostérico
débil que provoca una considerable disminucidén de la potencia sin reducir el efecto
maximo mediado por el agonista en los niveles de AMPc. Compuestos capaces de
disminuir la potencia mientras preservan la eficacia de los agonistas del receptor D; son

prometedores para su exploracion en patologias psicdticas.
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ABSTRACT

The indoloquinolizidine-peptide 28 [(3S,12bR)-N-((S)-1-((S)-1-((S)-
2-carbamoylpyrrolidin-1-yl)-3-(4-fluorophenyl)-1-oxopropan-2-
ylamino)-4-cyclohexyl-1-oxobutan-2-yl)-1,2,3,4,6,7,12,
12b-octahydroindolo[2,3-a]quinolizine-3-carboxamide], a trans-
indoloquinolizidine-peptide hybrid obtained by a combinatorial
approach, behaved as an orthosteric ligand of all dopamine D,-
like receptors (D, D5, and D,) and dopamine Dy receptors, but as
a negative allosteric modulator of agonist and antagonist binding
to striatal dopamine D, receptors. Indoloquinolizidine-peptide 28
induced a concentration-dependent hyperbolic increase in the

antagonist apparent equilibrium dissociation constant values and
altered the dissociation kinetics of dopamine D, receptor antag-
onists. The negative allosteric modulation was also found when
agonist binding to D, receptors was assayed. Indoloquinolizidine-
peptide 28 was a weak ago-allosteric modulator but markedly led
to a decreased potency without decreasing the maximum partial/
full agonist-mediated effect on cAMP levels. Compounds able to
decrease the potency while preserving the efficacy of D, receptor
agonists are promising for exploration in psychotic pathologies.

G-protein-coupled receptors (GPCRs) represent a high per-
centage of the current market for therapeutic agents and
remain a primary focus of many biomedical research and

This work was supported by the Spanish Ministerio de Ciencia y Tecnologia
[Grants SAF2008-00146, SAF2009-07276] (to E.I.C. and R.F., respectively);
and Fundacié La Marat6 de TV3 [Grant 060110 ] (to E.I.C.).

A.S. and M.V. contributed equally to this work.

! Current affiliation: Laboratory of Bioimaging Probe Development, Singa-
pore Bioimaging Consortium, Helios, Singapore.

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.

doi:10.1124/jpet.109.158824.

The online version of this article (available at http:/jpet.aspetjournals.org)
contains supplemental material.

pharmaceutical drug discovery programs. Much attention is
focused in the identification and study of molecules that act
as orthosteric ligands at a given GPCR to elicit a pharmaco-
logical effect. These compounds compete with the endogenous
ligand(s) and thus preclude simultaneous occupation of the
receptor by the two molecules. In addition to orthosteric sites,
many GPCRs have been found to possess allosteric binding
sites that are structurally distinct from the orthosteric sites
(Christopoulos, 2002; May et al., 2007; Bridges and Lindsley,
2008). Allosteric sites may be less conserved across subtypes
than orthosteric sites, providing a means for true selectivity
(Bridges and Lindsley, 2008). One characteristic feature of

ABBREVIATIONS: GPCR, G-protein-coupled receptor; IP28, indoloquinolizidine-peptide 28, (3S,12bR)-N-((S)-1-((S)-1-((S)-2-carbamoylpyrrolidin-1-yl)-
3-(4-fluorophenyl)-1-oxopropan-2-ylamino)-4-cyclohexyl-1-oxobutan-2-yl)-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizine-3-carboxamide
(C4oH5:FNgO,); SCH 23390, R-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine; SKF 38393, 2,3,4,5-tetrahydro-7,8-
dihydroxy-1-phenyl-1H-3-benzazepine; SKF 81297, (+)-6-chloro-7,8-dihydroxy-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrobromide;
A77636, (1R,3S)-3-(1'-adamantyl)-1-aminomethyl-3,4-dihydro-5,6-dihydroxy-1H-2-benzopyran; SKF 83566, 8-bromo-2,3,4,5-tetrahydro-3-methyl-5-
phenyl-1H-3-benza zepin-7-ol hydrobromide; YM-09151-2, cis-5-chloro-2-methoxy-4(methylamine)-N-[2-methyl-1-(phenylmethyl)-3-pyrrolidinyl]-
benzamide; HBSS, Hank’s balanced salt solution; FRT, Flp recombination target; HEK, human embryonic kidney.
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the allosteric interaction is that the receptor is able to simul-
taneously bind an orthosteric and an allosteric ligand, intro-
ducing complexity into pharmacological responses by modi-
fying the affinity or the signal imparted by orthosteric ligand
(May et al., 2007). The ability of allosteric modulators to fine
tune pharmacological responses has sparked interest in their
potential applications in both clinical and basic science set-
tings (Bridges and Lindsley, 2008; Conn et al., 2009). This
interest is more relevant in the case of neurotransmitter
receptor targets, where synaptic neurotransmission occurs in
extremely complex circuits implicated in many neurological
functions. An allosteric modulator will preserve the physio-
logical relevance of receptor signaling while modulating the
potency of the endogenous neurotransmitter (Conn et al.,
2009).

Allosteric sites have been described for dopamine receptors
(Schetz, 2005). Dopamine receptors are grouped into two
classes: D;-like receptors, which include D; and D5 receptors,
and D,-like receptors, which include D, D5, and D, receptors
(Neve et al., 2004). As for many GPCRs (see Ferré et al., 2009
for review), there is evidence that dimerization/oligomeriza-
tion of D; receptors (Ng et al., 1994; George et al., 1998) is
important for membrane expression (Kong et al., 2006). In
addition, dopamine D, receptors form higher-order oligomers
at physiological expression levels with dimers, the minimal
repetitive structural unit (Guo et al., 2008; Han et al., 2009).
An allosteric site associated with the D, dopamine receptor is
recognized by amiloride and analogs of this diuretic drug,
such as benzamil and methylisobutylamiloride (Hoare et al.,
2000). These compounds also decrease antagonist binding to
D,, D;, and D, dopamine receptors (Hoare et al., 2000).
L-Proline-L-leucine-L-glycine, an endogenous hypothalamic
factor that inhibits the release of melanocyte-stimulating
hormone from the anterior pituitary, is another dopamine
receptor allosteric modulator enhancing agonist binding to
D, and D, receptors (Verma et al., 2005). The allosteric
modulation of dopamine receptors by ions has been described
extensively (Schetz, 2005). At millimolar concentrations, so-
dium decreases agonist binding but increases antagonist
binding to D, dopamine receptors (Ericksen et al., 2009). Zinc
ion allosterically modulates dopamine receptors (Schetz and
Sibley, 2001), and it may be therapeutically relevant in an-
tipsychotic drug treatments (Schetz, 2005).

Because dopamine is an important neurotransmitter in-
volved in the regulation of several biological functions, in-
cluding locomotor activity, emotion, cognition, and neuroen-
docrine secretion, and because striatum receives the densest
dopamine innervations and contains the highest density of
dopamine receptors in the brain (Gerfen, 2004), dopamine
receptors are targets in the pathophysiology of Parkinson’s
disease and schizophrenia (Andersen and Nielsen, 1991; Wu
et al., 2005). We have recently developed a library of indolo-
quinolizidine-peptide hybrids as multiple ligands for differ-
ent dopamine receptor subtypes by a combinatorial approach
that combines the solution-phase synthesis of two indolo[2,3-
alquinolizidine scaffolds with solid-phase peptide chemistry
(Vendrell et al., 2009). Some trans-indoloquinolizidine-pep-
tide hybrids were selected showing an affinity (K,) in the
low-micromolar range for both families of dopamine recep-
tors (Vendrell et al., 2009). Here, the functional character-
ization of one of these compounds, the indoloquinolizidine-
peptide 28 (IP28), on binding to dopamine D,-like and D,-like
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receptors is described. By means of kinetic assays and com-
petition experiments in radioligand binding, it has been dem-
onstrated that the IP28 behaved as an orthosteric ligand of
dopamine D,, D, D,, and Dy receptors but as an allosteric
modulator of the D; dopamine receptors. IP28 decreased the
affinity of both agonist and antagonist binding to the receptor
and, at the same time, behaved as a D; receptor partial
agonist. P28, which was then the first described ago-allos-
teric modulator of D; dopamine receptors, decreased receptor
potency, whereas it preserved agonist-induced maximal
cAMP production. This type of compound may be relevant to
treat some psychotic pathologies.

Materials and Methods

Cell Transfection and Generation of an Inducible Cell Line
Expressing the Human Dopamine D, Receptor. Human embry-
onic kidney 293 (HEK-393) cells were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum, 100
units ml~! penicillin, 100 wg ml~! streptomycin, 2 mM L-glutamine,
and 100 pg ml~! sodium pyruvate (all from Invitrogen, Paisley, UK),
at 37°C in a humidified atmosphere of 5% CO,. HEK-293 cells were
grown to 60% confluence and transfected by the polyethylenimine
(Sigma-Aldrich Chemie, Steinheim, Germany) method with 5 pg of
c¢DNA corresponding to human dopamine Dg, D, 4, or D receptors.
Cells were incubated (4 h) with the corresponding cDNA together
with polyethylenimine (5.47 mM in nitrogen residues) and 150 mM
NaCl in a serum-starved medium. After 4 h, the medium was
changed to a fresh complete culture medium. Forty-eight hours after
transfection, cells were washed twice in quick succession in Hank’s
balanced salt solution (HBSS) with 10 mM glucose, detached, and
resuspended in the same buffer containing 1 mM EDTA. Human
dopamine receptor expression was tested by binding to membranes
from these cells.

The Flp-In T-REx System (Invitrogen) was used to generate a
stable mammalian cell line exhibiting tetracycline-inducible expres-
sion of human dopamine D, receptor from a specific genomic cDNA
location. The Flp-In T-REx-293 cells used in this system contain a
single integrated Flp recombination target (FRT) site, stably express
the Tet repressor, and allow research to proceed directly to the
generation of a stable cell line. The human dopamine D, receptor
cDNA was amplified by use of sense and antisense primers and the
iProof kit (Bio-Rad, Hercules, CA) as indicated by the manufacturer.
To the amplified fragment, an adenine nucleotide was added in its 3’
end, with use of the iTaq kit (Bio-Rad), to be cloned into pcDNA5/
FRT/TO-TOPO vector (Invitrogen), as indicated by the manufac-
turer, to generate the pcDNA5/FRT/TO-TOPO-D,R construct. Flp-In
T-REx-293 cells were cotranfected with the pcDNA5/FRT/TO-TOPO-
D;R construct and the pOG44 plasmid (Invitrogen) to allow the
integration of the expression vector pcDNA5/FRT/TO-TOPO-D;R
under the control of a tetracycline-inducible promoter into the ge-
nome via Flp recombinase-mediated DNA recombination at the FRT
site. A polyclonal selection of isogenic cell lines was performed by use
of 15 pg/ml blasticidin and 200 pg/ml hygromycin B, as recom-
mended by manufacturer. Flp-In T-REx-293-D,R cells were cultured
in Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented
with 4.5 mg/ml glucose and 0.11 mg/ml sodium pyruvate, 10% fetal
bovine serum, 100 units/ml penicillin, 100 pg/ml streptomycin, 2 mM
L-glutamine, 15 pg/ml blasticidin, and 200 pg/ml hygromycin B (all
supplements were from Invitrogen) at 37°C in a humidified atmo-
sphere of 5% CO,. Expression of human dopamine D, receptor was
induced by overnight incubation of Flp-In T-REx-293-D;R cells with
different concentrations of tetracycline (Invitrogen) and tested by
binding experiments.

Membrane Preparation and Protein Determination. Mem-
brane suspensions from sheep brain striatum or from cells express-
ing particular subtypes of dopamine receptors were processed as
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described previously (Casadé et al., 1990; Sarri6 et al., 2000). Tissue
or cells were disrupted with a Polytron homogenizer (PTA 20 TS
rotor, setting 3; Kinematica, Basel, Switzerland) for three 5-s periods
in 10 volumes of 50 mM Tris-HCI buffer, pH 7.4, containing a
proteinase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Cell
debris was removed by centrifugation at 1500g for 10 min at 4°C, and
membranes were obtained by centrifugation at 105,000g (40 min,
4°C). Membranes were resuspended and recentrifuged under the
same conditions. The pellet was stored at —80°C, washed once more
as described earlier, and resuspended in 50 mM Tris-HCI buffer for
immediate use. Protein was quantified by the bicinchoninic acid
method (Pierce Chemical Co., Rockford, IL) by use of bovine serum
albumin dilutions as standard.

Radioligand Binding Experiments. For competition experi-
ments, membrane suspensions (0.5 mg of protein/ml) were incubated
for 2 h at 25°C in 50 mM Tris-HC]1 buffer, pH 7.4, containing 10 mM
MgCl, with the indicated free concentration of the dopamine D,-like
receptor antagonist [*PH]SCH 23390 (PerkinElmer Life and Analyti-
cal Sciences, Wellesley, MA) or the D,-like receptor antagonist
[PHIYM-09151-2 (PerkinElmer Life and Analytical Sciences) and
increasing concentrations of IP28 (11 different concentrations from
10 nM to 50 wM), increasing concentrations of YM-09151-2 (10 dif-
ferent concentrations from 0.01 nM to 10 pM; Tocris, Aronmouth,
UK), increasing concentrations of SCH 23390 (13 different concen-
trations from 0.01 nM to 50 pM; Sigma-Aldrich) in the absence or in
the presence of the indicated concentration of IP28 (preincubated 60
min with membranes) or increasing concentrations of dopamine D;-
like receptor agonist SKF 38393 (13 different concentrations from 0.1
nM to 50 wM; Tocris) in the absence or in the presence of the
indicated concentration of IP28 (preincubated 60 min with mem-
branes). Nonspecific binding was determined in the presence of 50
wM SKF 83566 (the same values were obtained in the presence of 50
M SCH 23390 or SKF 38393) or 50 nM YM-09151-2 (the same
nonspecific binding was obtained in the presence of 50 pM quinpi-
role). Free and membrane-bound ligand were separated by rapid
filtration of 500-ul aliquots in a cell harvester (Brandel, Gaithers-
burg, MD) through Whatman GF/C filters embedded in 0.3% poly-
ethylenimine that were subsequently washed for 5 s with 5 ml of
ice-cold Tris-HCI buffer. The filters were incubated with 10 ml of
Ecoscint H scintillation cocktail (National Diagnostics, Atlanta, GA)
overnight at room temperature, and radioactivity counts were deter-
mined by use of a Tri-Carb 1600 scintillation counter (PerkinElmer
Life and Analytical Sciences) with an efficiency of 62% (Sarri6 et al.,
2000).

For dissociation kinetic assays, sheep brain striatum membranes
(0.5 mg of protein/ml) or membranes from receptor-expressing cells
(0.2 mg of protein/ml) were incubated 60 min at 25°C with medium,
the indicated concentrations of SKF 83566 (Tocris) or IP28 in Tris-
HCI buffer (50 mM, pH 7.4) containing 10 mM MgCl,, before adding
the indicated concentrations of [PH]SCH 23390 or [PH]YM-09151-2.
After 2 h the dissociation was initiated by the addition of 10 .M SCH
23390 or YM-09151-2. At the indicated time interval total binding
was measured by rapid filtration and determination of radioactivity
counts as indicated above. Nonspecific binding was measured after a
90-min incubation in the presence of 50 pM SKF 83566 or 50 pM
quinpirole.

All displacers were dissolved in dimethyl sulfoxide and diluted in
the binding medium. The dimethyl sulfoxide concentration in the
binding incubates was less than 0.5% and, at this concentration, it
did not affect agonist or antagonist affinity for dopamine receptors.

Binding Data Analysis. Because dopamine D, and D, receptors
are expressed as dimers or higher-order oligomers (see the introduc-
tion), radioligand competition curves were analyzed by nonlinear
regression with use of the commercial Grafit curve-fitting software
(Erithacus Software, Surrey, UK), by fitting the specific binding data
to the mechanistic two-state dimer receptor model (Franco et al.,
2005, 2006). This model considers a homodimer as the minimal
structural unit of the receptor. To calculate the macroscopic equilib-

rium dissociation constants, the following equation for a competition
binding experiment deduced by Casadé et al. (2007) was considered:

Agotat bound = (Kpaz A + 2A% + Kpay A B/Kpap)R1/(Kpai Kpas
+ Kppo A + A? + Kpps A B/Kpyp + Kpay Kpae B/Kpp;
+ Kpa1 Kpas BY(Kpg1 Kpgs)) + A onspecific bouna (1)

where A represents free radioligand (the D;-like receptor antagonist
[PHISCH 23390 or the Dy-like receptor antagonist [H]YM-09151-2)
concentration, R is the total amount of receptor dimers, and Kp,,
and Kp,, are the macroscopic equilibrium dissociation constants
describing the binding of the first and the second radioligand mole-
cule (A) to the dimeric receptor; B represents the assayed competing
compound (the dopamine D;-like receptor antagonist SCH 23390, the
dopamine D;-like receptor agonist SKF 38393, or the dopamine D,-like
receptor antagonist YM-09151-2) concentration, and Kpp; and Kppy
are, respectively, the macroscopic equilibrium dissociation constants of
the first and second binding of B; Kp,p is the hybrid equilibrium
radioligand/competitor dissociation constant, which is the dissociation
constant of B binding to a receptor dimer semioccupied by A.

Because the radioligand A (A being the antagonist [PH]SCH 23390
or the antagonist [PH]YM-09151-2) showed noncooperative behavior
(Franco et al., 2006; Casado et al., 2007), eq. 1 was simplified to eq.
2 because Ky, = 4Kp,a; (Casadé et al., 2007):

Agotatbouna = (4Kpa1 A + 2A% + 4Kpy; A B/Kpap)R1/(4Kpa?
+ 4Kppa A + A2 + 4Kpp A B/Kpag
+ 4Kpa,® B/Kpg; + 4Kpar? B¥(Kppy Kpps)) + Anonspecific bound (2)

The dimer cooperativity index for the competing ligand B (the
dopamine D, receptor agonist SKF 38393) was calculated as (Casadé
et al., 2007):

Dcp = log(4Kpp1/Kpps) @

When Kyy,5 = 2Kpg,, the binding of the radioligand to one protomer
in the dimer does not modify the binding of the competing ligand to
the other empty protomer in the dimer. In contrast, values of K, <
2K g, or Kpap > 2K, indicate, respectively, a positive or negative
effect (see radioligand/competitor modulation in Supplemental
Data). According to this, a new parameter, “the dimer radioligand/
competitor modulation index” (D,g), (“SCH 23390/SKF 38393 mod-
ulation index” for the D, receptor ligands reported here) is intro-
duced, which is defined as D,g = log(2Kp/Kpap). The index is
defined in such a way that its value is “0” when the presence of
radioligand does not affect the competitor binding to the empty pro-
tomer in the dimer. Positive or negative values of Dy indicate that the
presence of radioligand increases or decreases, respectively, the com-
petitor affinity for binding to the empty protomer in the dimer.

A direct calculation of the concentration of B providing half-satu-
ration (Bj,) was obtained according to (Casadé et al., 2007):

Bso = (Kppi Kpp2)"? (4)

In the experimental conditions, when both radioligand A (the
antagonist [*H]SCH 23390) and competitor B (the dopamine D,
receptor agonist SKF 38393) show noncooperativity, Kpro = 4Kpa;
and Kpp, = 4Kpg,, and eq. 1 is simplified to:

Aggtat bound = (4Kpa1 A + 2A% + 4Kpa; A B/Kpap)R1/(4Kpa®
+ 4Kppa A + A% + 4Kpyy A B/Kpsg + 4Kpai? B/Kpg1
+ KDAIZ Bz/KDBlz) + Anonspeciﬁc bound (5)

When both radioligand A (A being the antagonist [PHISCH 23390
or the antagonist [’H]YM-09151-2) and competitor B (SCH 23390 or

2102 ‘Gz Aenuer uo oljgig yip3/euojaoieg JO AlUNOU| [[oMoe|g S1oMS Je Bio sjeuinofladsejadl woly papeojumoq



aSDet’ PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS phidsa8

YM-09151-2) are the same compound and the binding is noncooper-
ative, eq. 5 is simplified to:

Atotal bound = (4Kpa1 A + 2A% + A B)Ry/(4Kps,®
+ 4Kpy A + A% + A B + 4Kpp B + B?) + Appnepecificbound (6)

Dissociation kinetic data were fitted to the following empirical
equation:

n
— —thi
Atotal bound — _EAeie + Anonspecific bound (7)

i=1

where A,; represents the initial radioligand (the D, receptor antag-
onist [*’H]SCH 23390 or the D, receptor antagonist [*H]YM-09151-2)
bound at equilibrium for each molecular specie i, ¢ is time, and £; is
the dissociation rate constants for the n different molecular species.
For monophasic curves (or simple dissociation kinetics), n = 1, and
for biphasic curves (or complex dissociation kinetics), n = 2.

Goodness of fit was tested according to reduced x? value given by
the nonlinear regression program. The test of significance for two
different population variances was based on the F' distribution (see
Casado et al., 1990 for details). By use of this F test, a probability
greater than 95% (p < 0.05) was considered the criterion to select a
more complex equation to fit binding data over the simplest one. In
all cases, a probability of less than 70% (p > 0.30) resulted when one
equation to fit binding data was not significantly better than the
other. Results are given as parameter values = S.E.M. of three to
four independent experiments.

cAMP Determination. The Flp-In T-REx-293-D;R cells were
grown in six-well plates to 80% confluence and incubated with 15
ng/ml tetracycline for 16 h in serum-free medium before the exper-
iment [in these conditions, the expression level of dopamine D,
receptors was similar to the expression in brain striatum (0.4-0.5
pmol/mg protein)]. Cells (equivalent to 0.4 mg of protein) were har-
vested, washed twice in HBSS containing 10 mM glucose, and sus-
pended in HBSS supplemented with 10 mM glucose and 10 mM
MgCl, to a final volume of 1 ml in plastic tubes. Cells were preincu-
bated with 50 wM zardaverine (Tocris) as phosphodiesterase inhib-
itor for 10 min at 37°C and treated or not with the indicated ligands.
After 5 min, cells were placed on ice and centrifuged at 2500g for 5
min at 4°C. The pellet was washed with ice-cold HBSS with 10 mM
glucose and resuspended with 200 pl of ice-cold HC1O, (4%) for 30
min; 1.5 M KOH was added to reach neutral pH. Samples were
centrifuged at 15,000g for 30 min at 4°C, and the supernatant was
frozen at —20°C. The accumulation of cAMP in the samples was
measured by a [’H]cAMP assay system (GE Healthcare, Little Chal-
font, Buckinghamshire, UK) as instructed by the manufacturer.
Student’s ¢ test for unpaired samples was used for statistics.

Results

The IP28 Binds to Dopamine D; Receptors but Is
Unable to Completely Displace Agonist Binding. The
I1P28 (Fig. 1a) is a trans-indoloquinolizidine-peptide hybrid
obtained as described previously by applying a combinatorial
approach that combines the solution-phase synthesis of an
indolo[2,3-a]quinolizidine scaffold with solid-phase peptide
chemistry (Vendrell et al., 2009). As described in Vendrell et
al. (2009), IP28 binds to dopamine D; and D, receptors. We
have tested whether IP28 has some degree of selectivity for
dopamine receptors because its affinity constants for other
GPCRs, namely adenosine A; or histamine Hj; receptors,
were 70 or 50 pM, respectively (results not shown). These
values are more than 30-fold higher than the affinity for the
D, receptors (1.5 nM; Vendrell et al., 2009). To characterize
the IP28 binding to dopamine D, receptors, IP28 was com-
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Fig. 1. Competition curves of dopamine D, receptor antagonist [PHISCH
23390 binding versus increasing concentrations of SCH 23390 or IP28.
a, structure of IP28, Smiles formula: O=C(N[C@@H](CC1=CC=C(F)C=C1)
C(N2CCC[C@H]2C(N)=0)=0)[C@H](CCC3CCCCC3)NC([C@H](C4)CC
[C@@]5([H])N4CCC6=C5NC7=CC=CC=C76)=0. b, competition experi-
ments of the antagonist [PHISCH 23390 (2.5 nM) versus increasing concen-
trations of SCH 23390 (0.01 nM to 50 pM) (@) or IP28 (10 nM to 50 pM) (O)
were performed as indicated under Materials and Methods by use of brain
striatal membranes. Data are mean * S.E.M. from a representative exper-
iment (n = 3) performed in triplicate. For some data points, error is smaller
than symbol.

pared with the D, dopamine receptors antagonist SCH 23390
as displacer of [*H]SCH 23390 binding. Competition experi-
ments were performed with a constant concentration of
[*H]SCH 23390 (2.5 nM) and increasing concentrations of
unlabeled SCH 23390 (0.01 nM to 50 uM) or IP28 (10 nM to
50 pM) by using brain striatal membranes as described un-
der Materials and Methods. As expected (see Fig. 1b), SCH
23390 fully displaced the specific binding of the [PH]SCH
23390, whereas IP28 decreased the radioligand binding with
a ECyy of 25 = 0.2 pM, but it was unable to completely
inhibit the specific binding of [PH]SCH 23390 (Fig. 1b). Very
high TP28 concentrations led to 78% reduction of radioligand
binding, and this cannot be explained by binding to the
orthosteric site. Therefore, the results suggested that IP28
might behave as an allosteric effector of D, receptors.

IP28 Is a Negative Allosteric Modulator of Antago-
nist SCH 23390 Binding to Dopamine D, Receptors. To
test whether the IP28 was an allosteric modulator of the
antagonist binding to dopamine D, receptors, its effect on the
antagonist SCH 23390 binding affinity was carefully evalu-
ated. Competition experiments were performed with a con-
stant amount of [PH]SCH 23390 (2.8 nM) and increasing
concentrations of unlabeled antagonist (0.01 nM to 50 nM) in
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the absence or presence of different IP28 concentrations
(1-50 wM) using brain striatal membranes. From Fig. 2a, two
related effects can be seen. One is that total amount of
[PHISCH 23390 bound is decreased by increasing IP28 con-
centration in agreement with the results shown in Fig. 1b.
The other is that IP28 concentration-dependently increased
the SCH 23390 concentration needed to displace 50% the
radioligand binding, indicating that antagonist affinity de-
creases in the presence of IP28. Because it has been described
that D, receptors are dimers or higher-order oligomers (Ng et
al., 1994; George et al., 1998; Kong et al., 2006), binding data
were fitted to a dimeric receptor model as described under
Materials and Methods, i.e., to eq. 6, and the equilibrium
dissociation constant Kp,,,; values, which are a measure of
affinity for the antagonist, were calculated by nonlinear
regression (K, was calculated as 4K, ,; for this noncoop-
erative antagonist; see Materials and Methods). IP28 concen-
tration-dependently increased the apparent antagonist equi-

[*H]SCH 23390 binding %
(pmol/mg protein)

20

o

SCH 23390 apparent Ky, (nM)

0 T T T T T
0 10 20 30 40 50 60

[1P28] (uM)

Fig. 2. Competition curves of dopamine D, receptor antagonist [PHISCH
23390 binding versus increasing concentrations of SCH 23390 in the
presence or in the absence of IP28. a, competition experiments of the
antagonist [PHISCH 23390 (2.8 nM) versus increasing concentrations of
SCH 23390 were performed with brain striatal membranes as indicated
under Materials and Methods in the presence of increasing concentra-
tions of IP28 (top to bottom: 0 (@), 1 (O), 3 (M), 10 ((J), 20 (A), 30 (»), 40
(¥), 50 (V) pM). Binding data were fitted to eq. 6 (see Materials and
Methods) to obtain the equilibrium binding parameters. b, the calculated
values for the apparent equilibrium dissociation constant (apparent
Ky, 4,) versus the IP28 concentrations are plotted. The dotted straight line
represents the plot of the apparent equilibrium dissociation constants,
assuming that IP28 binds to the orthosteric site and competes for the
[*H]SCH 23390 binding (see Supplemental Data). Data are mean *
S.E.M. from a representative experiment (n = 3) performed in triplicate.
In a, for some data points, error is smaller than symbol.

librium dissociation constant (K4, values until a seemingly
constant K5, value was reached (Fig. 2b). To better under-
stand the results, an analysis of the variation of dissociation
constants assuming the binding of IP28 to the orthosteric site
was performed (see Supplemental Data). The results of this
analysis (dotted line in Fig. 2b) indicate that, in such circum-
stances, when the [*H]SCH 23390 binding is noncooperative
and there is not radioligand-competitor modulation (K, =
2K5q; see Supplemental Data), a linear relationship be-
tween apparent K, ,; and the IP28 concentration would hap-
pen. Therefore, the apparently hyperbolic relationship de-
picted in Fig. 2b (solid line connecting real data points)
indicates that IP28 is not an orthosteric ligand and suggest
that it is a negative allosteric modulator of the antagonist
binding to dopamine D, receptors.

To further prove the allosteric behavior of IP28 on do-
pamine D; receptors binding, dissociation kinetic experi-
ments were performed. First, 2.5 nM [PH]SCH 23390 was
incubated with brain striatal membranes in the absence or
in the presence of 3 nM dopamine D; receptor antagonist
SKF 83566 or 3 pM IP28, as indicated under Materials and
Methods; dissociation was then initiated by the addition of
10 pM SCH 23390. The time course of the different disso-
ciations is displayed in Fig. 3. In the absence of SKF 83566
or IP28, the dissociation of [*PH]SCH 23390 is biphasic, and
dissociation rate constants are listed in Table 1. As ex-
pected, the presence of the orthosteric competitor, SKF
83566, did not affect the values of the dissociation rate
constants for [PH|SCH 23390 (Table 1). In contrast, IP28
led to a different dissociation curve in such a way that the
presence of the indoloquinolizidine-peptide led to simple
[PH]SCH 23390 dissociation kinetics and to the disappear-
ance of the slow radioligand dissociation rate constant
(Fig. 3, Table 1). This suggests that IP28 modifies the
receptor conformation increasing orthosteric ligand disso-
ciation. This finding is consistent with a negative allosteric
modulation exerted by IP28 on the antagonist SCH 23390
binding to dopamine D, receptors. Thus, IP28 binds to an
allosteric site on D, receptors.

0.7
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Fig. 3. Dissociation kinetic curves for [PHISCH 23390 binding to dopa-
mine D, receptors in the absence or in the presence of the antagonist SKF
83566 or IP28. Brain striatal membranes were incubated with 2.5 nM
[3H]SCH 23390 in the absence (@), or in the presence of 3 nM SKF 83566
(A), or in the presence of 3 uM IP28 (M). In all cases, the dissociation was
initiated by the addition of 10 pM unlabeled SCH 23390 (see Materials
and Methods). Data are mean + S.E.M. from a representative experiment
(n = 3) performed in triplicate. For some data points, error is smaller
than symbol.
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TABLE 1

Dissociation rate constants for [PH]SCH 23390 binding to dopamine D,
receptors determined in the absence or in the presence of either the
antagonist SKF 83566 (3 nM) or IP28 (3 pM)

Data points in Fig. 3 were fitted assuming monophasic (n = 1 in eq. 7) and biphasic

(n = 21in eq. 7) dissociation curves. Parameter values represent the mean = S.E.M.
of three experiments.

ki slow ki fast
min~!
Control 0.004 + 0.001 0.041 + 0.004
SKF 83566 0.002 £ 0.001 0.037 = 0.002
P28~ — 0.031 + 0.001

“ Using the F test, no significantly better fit was obtained by considering n = 2
(see Materials and Methods).

Because the D, receptor expression in striatal membranes
is very high with respect to D5 receptor expression (Araki et
al., 2007), the above-described results are representative of
the IP28 binding to D, receptors. There is no selective radio-
labeled ligand available for the different subtypes of D;-like
receptors (D; and Dy receptors); therefore, the IP28 binding
to D receptors was analyzed in membranes from HEK-293
cells expressing Dy receptors. Cells were generated, and
membranes were obtained as described under Materials and
Methods. Dissociation kinetic experiments were performed
by incubating cell membranes (0.2 mg of protein/ml) with
2.5 nM [*H]SCH23390 in the absence or in the presence of
3 pM IP28, and dissociation was then initiated by the
addition of 10 uM SCH23390. In the presence of IP28, the
[*HISCH23390 binding decreased by 40%. In the absence of
IP28, the dissociation of [PH]SCH 23390 was monophasic,
and the dissociation rate constant was 0.12 = 0.02 min~*. It
is noteworthy that the presence of IP28 did not change the
[PHISCH 23390 dissociation rate for D5 receptor, which was
0.11 = 0.02 min ! for the calculated constant. Thus, IP28 is
not an allosteric modulator of dopamine D; receptors, which
suggests that IP28 behaves as an orthosteric ligand.

IP28 Is a Negative Allosteric Modulator of Agonist
SKF 38393 Binding to Dopamine D, Receptors. To test
whether IP28 was an allosteric modulator of agonist binding
to dopamine D; receptors, competition experiments were per-
formed with a constant amount of [*H]SCH 23390 (2.3 nM)
and increasing concentrations of the D; receptor agonist SKF
38393 (0.1 nM to 50 wM), in the absence or presence of
different IP28 concentrations (1 pM to 30 pM) using brain
striatal membranes. Binding data (Fig. 4) were fitted assum-
ing that D; receptors are dimers and statistically (¥ test)
testing whether the agonist SKF 38393 binding was cooper-
ative (fitting to eq. 2) or noncooperative (fitting to eq. 5). In
the absence of IP28 or at low IP28 concentrations (1 and 3
pM), binding data were well fitted to eq. 2. In contrast, at
high concentrations (10-30 wM), binding data fitted to eq. 5.
Therefore, the presence of IP28 led to a progressive disap-
pearance of agonist binding cooperativity (see Table 2). One
advantage provided by the two-state dimer receptor model is
the quantification of cooperativity by calculation of a cooper-
ativity index (Dog; Table 2). D measures the affinity mod-
ifications occurring when a protomer senses the binding of
the same ligand molecule to the partner protomer in a dimer
(see Materials and Methods). The Dp value of —0.7 indicates
negative cooperativity for SKF 38393 binding. The Dy val-
ues (Table 2) changed in the presence of IP28 until cooper-
ativity completely disappeared (Do = 0), which indicates
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Fig. 4. Competition curves of dopamine D, receptor antagonist [PHISCH
23390 binding versus increasing concentrations of the receptor agonist
SKF 38393 in the presence or in the absence of IP28. Competition exper-
iments of [*H]SCH 23390 (2.3 nM) versus increasing concentrations of
SKF 38393 (0.1 nM to 50 uM) were performed with brain striatal mem-
branes, as indicated under Materials and Methods, in the presence of
increasing concentrations of IP28 (top to bottom: 0 (@), 1 (O), 3 (W), 10 ((J),
20 (A), 30 (A) pM). Data are mean = S.E.M. from a representative
experiment (n = 3) performed in triplicate. For some data points, error is
smaller than symbol.

that IP28 binding to its allosteric site prevents the homo-
tropic cooperativity in agonist binding. Furthermore, appar-
ent dissociation constants for the agonist/competitor (Kpz,
and Kpp,) increased (p < 0.01) in the presence of increasing
IP28 concentrations until a constant value was attained.
These results indicate that IP28 is also a negative allosteric
modulator of the agonist binding.

The two-state dimer receptor model can even provide an
hybrid equilibrium dissociation constant (Kp,g; Table 2) that
corresponds to the equilibrium dissociation constant of the
agonist SKF 38393 binding to a receptor dimer semioccupied
by another compound, such as an antagonist (SCH 23390; see
Casado6 et al., 2009a,b). Accordingly, a “dimer radioligand/
competitor modulation index” (D,g) can be calculated as
indicated under Materials and Methods. D ,p is a measure of
competitor affinity modifications occurring when a protomer
senses the binding of another molecule to the partner pro-
tomer (in a dimer). As shown in Table 2, in the absence of
IP28, the antagonist [PH]SCH 23390 binding to an empty
receptor dimer positively modulates the agonist SKF 38393
binding to the other subunit in the dimer (D,p = 0.43),
whereas the modulation is completely disrupted by IP28
(Dpg = 0).

IP28 Is a Weak Ago-Allosteric Effector but a Strong
Negative Modulator of D, Receptor Potency. Dopamine
D, receptors couple to Gs/olf proteins and its main signaling
pathway is the stimulation of the adenylyl cyclase-protein
kinase A cascade (Neve et al., 2004). Thus, to investigate the
IP28-mediated consequences on dopamine D; receptor sig-
naling, cAMP assays were performed. Flp-In T-REx-293-D;R
cells were treated with increasing concentrations of IP28 or
with the dopamine D, receptor partial or full agonists in
the absence or the presence of 10 pM IP28. IP28 was able
by itself to increase concentration-dependently the cAMP
concentration (Fig. 5) in cells induced with tetracycline,
but not in noninduced cells, which lack D, receptor expres-
sion. The maximum effect was approximately 22% of that
exerted by the partial agonist (Fig. 6a) and approximately
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TABLE 2

Parameter values obtained by fitting data of antagonist [*H]SCH 23390 binding to dopamine D, receptors in competition experiments with the

agonist SKF 38393 and different concentrations of IP28

Data points in Fig. 4 were fitted assuming radioligand binding to D, receptor dimers. Values were calculated by fitting data to eq. 2 or 5, introducing the Kp,; value for
[®*H]SCH 23390 binding to D; receptor obtained from Fig. 2 to calculate the macroscopic dissociation constants in the absence or in the presence of IP28. Data are mean +

S.E.M. values of three experiments.

1P28
Parameters®
0 1 3 10 20 30
wM
Apparent K5, pnM 0.020 = 0.002 0.35 £ 0.04 1.2+02 1.7+ 0.3 3x1 22*+05
Apparent Kpp,, pM 04 =*=0.1 7*+1 9+1 7*+1 12 +4 9+2
Apparent K5, pM 0.015 = 0.009 0.70 £ 0.08 24*04 34 *06 6+3 4+1
Dcg -0.7+0.1 -0.7+0.1 -0.3*+0.1 0 0 0
D,y 0.5+0.3 0 0 0 0 0
B;,, pM 0.09 £ 0.01 1.5+0.2 3304 3406 6+ 2 44 +09

“ Kppy and Kpps, respectively, are the equilibrium dissociation constants of the first and second binding of B (SKF 38393) to the dimer. Kp,p is the hybrid equilibrium
dissociation constant of B binding to a receptor dimer semioccupied by A ([*H]SCH 23390). Dy, is the dimer cooperativity index for the binding of ligand B. Dy is the dimer
radioligand/competitor modulation index (SCH 23390/SKF 38393 modulation index). Bj, is the concentration providing half-saturation for B.

w

cAMP accumulation

0O+—+ T T T
-7 -6 -5 -4
Log [IP28] (M)

Fig. 5. cAMP production induced by IP28. cAMP concentration was
measured in Flp-In T-REx-293-D,R cells after human dopamine D, re-
ceptor induction with tetracycline. Cells were treated with increasing
concentrations of the IP28 (100 nM to 50 wM) and cAMP was determined
as described under Materials and Methods. Values are represented as
infolds over the basal (nontreated cells). Data are mean * S.E.M. of a
representative experiment (n = 3) performed in duplicate.

17% of that exerted by the full agonist (Fig. 6b); therefore,
IP28 behaved as a weak ago-allosteric agonist. It is note-
worthy that the presence of IP28 led to a marked shift to
the right of the dose-response curves of any orthosteric
agonists (Fig. 6). The EC;, values for the partial agonist
SKF 38393 or the full agonist SKF 81297 in the absence of
P28 (116 = 15 nM or 41 = 8 nM, respectively) were lower
(»p < 0.001) than the values obtained in the presence of
1P28 (4.4 = 0.5 pM or 1.2 = 0.2 uM, respectively), indicat-
ing that IP28 strongly decreased the receptor potency.
IP28 did not decrease the efficacy of full/partial agonists
(Fig. 6). All of these results indicate that IP28 is an ago-
allosteric modulator of dopamine D,; receptors that de-
creases the agonist potency while preserving the receptor
efficacy.

IP28 Is Not an Allosteric Modulator of Dopamine D,
Receptors. IP28 not only binds to dopamine D, receptors,
but also to dopamine D,, receptors (Vendrell et al., 2009). To
characterize IP28 binding to dopamine D, receptors, IP28
was compared with the D, dopamine receptors antagonist
YM-09151-2 as displacer of [PH]YM-09151-2 binding. Com-
petition experiments were performed with a constant concen-
tration of [PH]YM-09151-2 (1 nM) and increasing concentra-
tions of unlabeled YM-09151-2 (0.01 nM to 50 pM) or IP28
(10 nM to 100 pM) using brain striatal membranes as de-

25

204

cAMP accumulation
—
(=]
1

8 7 6 5 4
Log [SKF 38393] (M)

cAMP accumulation T

L L Ll L] L}
-8 -7 -6 -5 -4
Log [SKF 81297] (M)
Fig. 6. Modulation of agonist-induced cAMP production by IP28. Cyclic
AMP concentration was measured in Flp-In T-REx-293-D,;R cells after
human dopamine D, receptor induction with tetracycline as described
under Materials and Methods. Cells were treated with increasing concen-
trations of the partial agonist SKF 38393 (5 nM to 50 nM) in the absence
(@) or presence (O) of 10 uM IP28 (a); the full agonist SKF 81297 (5 nM
to 50 wM) in the absence (M) or presence ([J) of 10 uM IP28 (b). Values are
represented as infolds over the basal (nontreated cells). Data are mean *
S.E.M. of a representative experiment (n = 3) performed in duplicate. For
some data points, error is smaller than symbol.

scribed under Materials and Methods. Both YM-09151-2 and
IP28 fully displaced the specific binding of [*H]YM-09151-2
(Fig. 7a). For IP28 a EC;, of 2.6 = 0.4 nM was calculated.
These results are compatible with IP28 binding to the ortho-
steric site of D, receptors. To further prove this hypothesis,
dissociation kinetic experiments were performed. First of all,
0.5 nM [®H]YM-09151-2 was incubated with brain striatal
membranes in the absence or in the presence of 3 nM IP28 as
indicated under Materials and Methods and dissociation was
then initiated by the addition of 10 pM YM-09151-2. The
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Fig. 7. Effect of IP28 on ligand binding to dopamine D, receptors.
a, competition experiments of the dopamine D, receptor antagonist
[*H]YM-09151-2 (0.65 nM) versus increasing concentrations of YM-
09151-2 (0.01 nM to 10 pM) (®) or IP28 (0.1 nM to 100 uM) (O) were
performed with brain striatal membranes as indicated under Materials
and Methods. b, dissociation kinetic experiments were performed with
brain striatal membranes incubated with 0.45 nM [*H|YM-09151-2 in the
absence (@), or in the presence of 3 pM IP28 (). In all cases, the
dissociation was initiated by the addition of 10 wM unlabeled YM-09151-2
(see Materials and Methods). Data are mean = S.E.M. from a represen-
tative experiment (n = 3) performed in triplicate. For some data points,
error is smaller than symbol.

time course of dissociation is displayed in Fig. 7b. In the
presence of IP28 the [PH]YM-09151-2 binding decreased
(55%). In the absence of IP28, the dissociation curve was
biphasic, and dissociation rate constants were 0.08 *= 0.01
and 0.002 + 0.001 min~*. The presence of IP28 did not affect
the dissociation rate, and the values of the dissociation rate
constants were 0.09 = 0.01 and 0.003 + 0.001 min~*. This
indicated that IP28 did not modify the dissociation of the
orthosteric ligand. This finding indicates that IP28 is not
an allosteric modulator of D, receptors and is consistent
with a orthosteric binding of IP28 to dopamine D,
receptors.

Because the D, receptor expression in striatal membranes
is very high with respect to the expression of other D,-like
receptors, namely D; and D, (Lidow et al., 1998; Araki et al.,
2007), the above-described results are representative of the
IP28 binding to D, receptors. Because there are no selective
radiolabeled ligands for the different subtypes of D,-like re-
ceptors, the IP28 binding to D; and D, receptors was ana-
lyzed in cells expressing D5 or D, receptors. Cells were gen-
erated and membranes were obtained as described under
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Materials and Methods. Dissociation kinetic experiments
were performed by incubating cell membranes (0.2 mg of
protein/ml) from HEK-293 expressing D5 or D, receptors
with 0.5 nM [*H]YM-09151-2 in the absence or in the pres-
ence of 3 pM IP28, as indicated under Materials and Meth-
ods, and dissociation was then initiated by the addition of 10
wM YM-09151-2. In both cases, the [FH]YM-09151-2 binding
decreased in the presence of IP28 (33% for the D5 receptor
and 86% for the D, receptor), and the dissociation of [*H]YM-
09151-2 was biphasic. It is noteworthy that the presence of
IP28 did not affect the values of the dissociation rate con-
stants (Table 3). This indicates that IP28 did not modify the
orthosteric ligand dissociation from D5 or D, receptors. This
finding is consistent with orthosteric binding of IP28 to all
dopamine D,-like receptors.

Discussion

The indoloquinolizidine scaffold constitutes a novel and
synthetically accessible structure, which can potentially in-
teract at transmembrane binding sites and exhibits good
solubility in ethanol-aqueous media. The combinatorial ex-
ploration of indoloquinolizidine-peptide hybrids and their
behavior at dopamine receptors has been studied recently
(Vendrell et al., 2009). Here, we reported that one of the
indoloquinolizidine peptide hybrids, IP28, is able to de-
crease the antagonist affinity for D; dopamine receptors. The
increase in the K values for the antagonist in the presence
of increasing concentrations of IP28 was nonlinear, thus in-
dicating that IP28 binds to an allosteric site. To detect and
quantify such allosteric interaction, the allosteric modulator
effect on the rates of dissociation of orthosteric ligands has
been one of the methods of election (May et al., 2007). Affinity
modulators induce a conformational change that may alter
one or both association or dissociation rates of binding to the
orthosteric site. The most common method is to assay disso-
ciation kinetics, because the only way dissociation of a pre-
bound GPCR orthosteric ligand complex can be modified is by
the concomitant binding of a modulator to a topographically
distinct site (May et al., 2007). For this purpose, dissociation
experiments (of a radiolabeled orthosteric ligand) can be
performed in the presence of the allosteric modulator. These
assays demonstrated that IP28 is an allosteric modulator
that increased the dissociation rate of the radiolabeled neu-
tral antagonist bound to D; dopamine receptors. This effect is
specific for D; dopamine receptors because the dissociation
rate of the radiolabeled antagonist bound to membranes from
cells expressing D5 dopamine receptors did not change in the
presence of IP28. In addition, IP28 did not change the disso-

TABLE 3

Dissociation rate constants for [PHJYM-09151-2 binding to dopamine D,
and D, receptors determined in the absence or in the presence of IP28
(3 uM)

Binding data from dissociation kinetic experiments were fitted assuming monopha-
sic (n = 1in eq. 7) and biphasic (n = 2 in eq. 7) dissociation curves. By the F test, a
significant better fit was obtained by considering n = 2 (see Materials and Methods).
Parameter values represent the mean = S.E.M. of three experiments.

Receptor Subtype Experimental Conditions R slow Ry past
min~!
D, Control 0.002 + 0.001 0.13 = 0.08
D, P28 0.003 = 0.002 0.13 = 0.04
D, Control 0.0033 = 0.0003 0.04 = 0.02
D P28 0.004 = 0.001 0.05 = 0.02

N

2102 ‘Gz Aenuer uo oljgig yip3/euojaoieg JO AlUNOU| [[oMoe|g S1oMS Je Bio sjeuinofladsejadl woly papeojumoq



aSDe’C’ PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS phidsa8

884

Soriano et al.

ciation rate of the radiolabeled antagonist bound to D, D5, or
D, dopamine receptors, indicating that IP28 is not an allo-
steric modulator of D,-like receptors and suggesting that it
behaves as an orthosteric ligand of D,-like dopamine recep-
tors. Although IP28 binds to all subtypes of dopamine recep-
tors, it is a specific allosteric modulator for dopamine D;
receptors. This is interesting from a pharmacological point of
view, because the study of IP28 could open new avenues for
the design of more affinity and selective drugs acting as
allosteric modulators.

An allosteric effect results in a positive modulation if the
modulator facilitates an interaction, or in a negative modu-
lation if it inhibits the interaction of the ligand with the
orthosteric binding site (May et al., 2007; Schwartz and
Holst, 2007; Conn et al., 2009). According to these concepts,
IP28 is an allosteric ligand of dopamine D, receptors that
negatively modulates the agonist and antagonist binding to
the orthosteric site of the receptor. Moreover, IP28 was able
to disrupt the homotropic cooperativity in agonist binding to
dopamine D, receptors and also the positive cross talk ob-
served between the antagonist and the agonist binding in
competition experiments. In summary, the binding of IP28 to
its allosteric site reduces the orthosteric-mediated ligand-
induced molecular cross-talk between the two protomers in
the D, receptor dimer. In terms of signaling, it is interesting
that IP28 was able to induce cAMP increases in cells express-
ing D, dopamine receptors (and not in parental cells). This
result suggested that IP28 would be an ago-allosteric modu-
lator, which recently has been defined as a ligand that func-
tions both as an agonist on its own and as an allosteric
modulator of the effect of the agonists (Schwartz and Holst,
2006, 2007; Bridges and Lindsley, 2008). This distinguishes
ago-allosteric from allosteric modulators, i.e., modulators
that, as defined by International Union of Pharmacology
(IUPHAR: http://www.iuphar.org/) (Neubig et al., 2003), en-
hance or inhibit the affinity and/or the effect of the ortho-
steric agonist but have no effect on their own. The effect of
the ago-allosteric modulator can be positive with regard to
both efficacy and potency but might also be negative or in-
hibitory in terms of, for example, potency while being positive
in terms of efficacy (Schwartz and Holst, 2007). As demon-
strated in this article, IP28 increased the EC;, values ob-
tained from curves of cAMP response versus increasing D;
dopamine receptor agonist concentrations. This indicates
that IP28 is an ago-allosteric negative modulator of agonist
potency without decreasing the agonist-mediated maximum
effect, i.e., without affecting efficacy of the full/partial ago-
nists used.

Diverse evidence suggests that D; dopamine antagonists
may have neuroleptic properties (Andersen and Nielsen,
1991; Wu et al., 2005). An important role for D; dopamine
receptors in the pathophysiology of schizophrenia has been
described (Goldman-Rakic, 1999; Sedvall et al., 1995). It was
demonstrated that selective D; antagonists had antipsy-
chotic activity in preclinical studies, but a clinical trial of
selective D; antagonists demonstrated no antipsychotic ac-
tivity, and instead may have aggravated psychoses in some
patients (Miyamoto et al., 2005). In contrast to the ineffec-
tiveness of D; antagonists in the treatment of schizophrenia,
low doses of selective full D, receptor agonists, such as dihy-
drexidine, A77636 and SKF81297, have been reported to
have cognitive-enhancing actions in non-human primates

(Cai and Arnsten, 1997). Cognitive impairment has been
found across all subtypes of schizophrenia. It is postulated
that either insufficient or excessive D, receptor stimulation
is deleterious to cognitive function of the prefrontal cortex;
thus, an “optimal” level of D, receptor activation is necessary
for normal cognitive function (Goldman-Rakic et al., 2000),
and overactivation of D; dopamine receptors may exacerbate
psychotic symptoms in patients with schizophrenia (Bubeni-
kova-Valesova et al., 2009). It may be speculated that com-
pounds able to decrease the potency while preserving the
efficacy of D; receptor agonists are promising targets of ex-
ploration as modulators of dopamine compounds in psychotic
pathologies. Because IP28 binding to an allosteric site on D;
dopamine receptors decreases the ligand affinity and the
receptor potency while preserving the receptor efficacy, a
D,-like receptor agonist stimulation in the presence of this
type of compound, showing weak agonist properties by its
own, is promising in terms of therapeutic potential. Mapping
the interacting zone in the D; receptor combined with strat-
egies to improve selectivity and the affinity of the interaction
between the allosteric compound and the receptor are re-
quired to meet this desirable objective.
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A) RADIOLIGAND/COMPETITOR MODULATION

k;
R, + B €4+—» R,B
ki
virop = ki [B] [free sites in Ry] =k; [B] 2 [Rz]

varzs = k. [occupied sites in R,B] = k.i[R,B]

in the equilibrium:  k; [B] 2[R2] =k, [R2B]

ki/ki = 2[B] [Rz2] / [RoB] = 2 Kpg:

kj
R, A + B «—» R,AB
k;j



viroas = Kj[B] [free sites in RyA] =k; [B] [RoA]

varoaB = k. [occupied sites in R,AB] = k;[R,AB]

in the equilibrium:  k; [B] [R2A] =k, [R,AB]

kjkj = [B] [RoA]/[RAB] = Kpas

when:

ki/ki = kjkj — Kpas = 2Kppi (non A /B modulation)

ki/ki > kijki — Kpas > 2Kpgpi (negative A /B modulation)

ki/ki < kjki — Kpas < 2Kpgpi (positive A /B modulation)

B) APPARENT EQUILIBRIUM DISSOCIATION CONSTANTS AS FUNCTION

OF COMPETITOR CONCENTRATION

According to the two-state dimer receptor model, in competition experiments between
two orthosteric ligands, the radioligand A and the competitor B, the saturation function

of the receptor by A (Y4) can be easily deduced by rearranging eq. 1 in Materials and

Methods:
2A% + AKDAZ(I + B)
Ya= Apound = Kous
R 2
T A2+AKDA2(1+B)+KDA1KDA2(1+B+ B )
KDAB KDBI KDB lKDB 2

From this expression, the apparent macroscopic equilibrium dissociation constants for

the radioligand A (K and K, ,,,) are deduced as function of the competitor (B)

DAI1_app

concentration as follows:



B
KDAszpp = KDAZ(I + K)
DAB

B B’
b+ K K. K
KDAliupp = KDAI DB1 DB1">DB2
1+

DAB

When the competitor B is non-cooperative, Kpgy is 4-:Kpg;, and the apparent Kpa;

expression simplifies to:

B 2
(1 + K )
DB1
K B

K

DAl_app = ™ DAl
1+

DAB

The graphical representation of this function is a parabolic, non-hyperbolic, curve.
When there is not radioligand-competitor modulation Kpap is 2-Kpg; (see A in

supplemental data) and the relationship between the K,,, ,, and the competitor B

concentration is a straight line:

B )
I+
2](DE‘I

Assuming that IP28 (B) competes with ["TH]SCH 23390 (A) for the binding to dopamine

K =Ky

DA1_app

D, receptor orthosteric site, the competition curves in Figure 1 (see Results) were fitted
to the equation derived from the dimer receptor model (equations 2 and 6, see Materials
and Methods), and the parameter values obtained were: Kpa; = 0.62 nM, Kpg; = 1.1
uM, Kppz = 4.4 uM and Kpag = 2.2 puM. Taking into account these values and
considering the above last equation, it was simulated the linear dependence between the
apparent equilibrium dissociation constants and the concentration of IP28 depicted as a

dotted line in Figure 2b (see Results).
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3.2 Dopamine D, receptor, but not the ADHD-associated D47 variant, forms

functional heteromers with the dopamine D, receptor in the brain.

Sergio Gonzalez, Claudia Rangel-Barajas, Marcela Peper, Ramiro Lorenzo, Estefania
Moreno, Francisco Ciruela, Janusz Borycz, Carme Lluis, Rafael Franco, Peter J.

McCormick, Nora Volkow, Marcelo Rubinstein, Benjamin Floran y Sergi Ferré

Manuscrito publicado en Molecular Psychiatry. 2010. August 16. doi: 10.1038/mp.
2011.93. [Epub ahead of print]

Las variantes polimdrficas del receptor de la dopamina D4 se han asociado al desorden
de hiperactividad y déficit de atencion (ADHD). Sin embargo, la significacion funcional
de los diferentes polimorfismos (niimero variable de repeticiones en tdndem en el exon
3) se desconoce todavia. En este trabajo se describe que las variantes polimodrficas mas
frecuentes que contienen 4 (Ds4) y 2 (D) repeticiones, forman heterdmeros
funcionales con los receptores de dopamina D,, mientras que la forma polimdrfica
asociada a ADHD, que contiene 7 repeticiones en tandem (Ds7), no es capaz de
heteromerizar. La activacion del receptor D, en el heterdémero D,-D4 potencia la
sefializacion de las MAPK mediada por la activacién del receptor D4 en células
transfectadas y en estriado de raton, pero no ocurre lo mismo en células que expresan el
receptor D47 0 en ratones knock-in que expresan el receptor D47 humano. En el estriado,
el heterémero D,-D4 modula la liberacion de glutamato. Se concluye que la disrupcion
funcional del heterdmero D,-D4 puede alterar el control dopaminérgico presindptico de
la neurotransmision glutamatérgica cortico-estriatal lo que podria estar asociado al

déficit funcional del trastorno de ADHD.
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Dopamine D, receptor, but not the ADHD-associated
D, -, variant, forms functional heteromers with the
dopamine D,s receptor in the brain

S Gonzalez', C Rangel-Barajas?, M Peper®, R Lorenzo®, E Moreno', F Ciruela*, J Borycz®, J Ortiz®,
C Lluis", R Franco’, PJ McCormick', ND Volkow®, M Rubinstein®, B Floran? and S Ferré®

'Department of Biochemistry and Molecular Biology, Centro de Investigacion Biomédica en Red sobre Enfermedades
Neurodegenerativas, University of Barcelona, Barcelona, Spain; 2Departamento de Fisiologia, Biofisica y Neurociencias,
Centro de Investigacion y de Estudios Avanzados del Instituto Politécnico Nacional, México D.F., México; ®Departamento de
Fisiologia y Biologia Molecular y Celular, Instituto de Investigaciones en Ingenieria Genética y Biologia Molecular, Consejo
Nacional de Investigaciones Cientificas y Técnicas, Buenos Aires, Argentina; *Unitat de Farmacologia, Departament Patologia
i Terapéutica Experimental, Universitat de Barcelona, L’Hospitalet de Llobregat, Barcelona, Spain; *CNS Receptor-Receptor
Interactions Unit, National Institute on Drug Abuse, Intramural Research Program, National Institutes of Health, Baltimore, MD,
USA; ®Department of Biochemistry and Molecular Biology, Neuroscience Institute, Universitat Autonoma de Barcelona,
Bellaterra, Spain; "Departamento de Neurociencias, Centro de Investigacion Médica Aplicada, Universidad de Navarra,
Pamplona, Spain and 8National Institute on Drug Abuse, National Institutes of Health, Bethesda MD, USA

Polymorphic variants of the dopamine D, receptor have been consistently associated with
attention-deficit hyperactivity disorder (ADHD). However, the functional significance of the risk
polymorphism (variable number of tandem repeats in exon 3) is still unclear. Here, we show
that whereas the most frequent 4-repeat (D,,) and the 2-repeat (D,,) variants form functional
heteromers with the short isoform of the dopamine D, receptor (D,s), the 7-repeat risk allele
(D,7) does not. D, receptor activation in the D,s—D, receptor heteromer potentiates D, receptor-
mediated MAPK signaling in transfected cells and in the striatum, which did not occur in cells
expressing D, ; or in the striatum of knockin mutant mice carrying the 7 repeats of the human
D, in the third intracellular loop of the D, receptor. In the striatum, D, receptors are localized
in corticostriatal glutamatergic terminals, where they selectively modulate glutamatergic
neurotransmission by interacting with D,s receptors. This interaction shows the same
qualitative characteristics than the D,s—D, receptor heteromer-mediated mitogen-activated
protein kinase (MAPK) signaling and D,s receptor activation potentiates D, receptor-mediated
inhibition of striatal glutamate release. It is therefore postulated that dysfunctional D,s-D,
heteromers may impair presynaptic dopaminergic control of corticostriatal glutamatergic
neurotransmission and explain functional deficits associated with ADHD.

Molecular Psychiatry advance online publication, 16 August 2011; doi:10.1038/mp.2011.93

Keywords: dopamine receptors; receptor heteromers; ADHD; striatum; glutamate

Introduction

Dopamine D, receptors are expressed in the prefrontal
cortex, in GABAergic interneurons and in gluta-
matergic pyramidal neurons, including their striatal
projections.’” D, receptors have been implicated in
attention-deficit hyperactivity disorder (ADHD)."*°
In fact, the prefrontal cortex and associated fronto-
striatal circuits are critical for executive function and
are involved in ADHD.® The gene encoding the
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human D, receptor contains a large number of
polymorphisms in its coding sequence.* The most
extensive polymorphism is found in exon 3, a region
that codes for the third intracellular loop (3IL) of the
receptor. This polymorphism consists of a variable
number of tandem repeats in which a 48-bp sequence
exists as 2- to 11-fold repeats.” The three most
common variants contain 2, 4 and 7 repeats (D,.,
D,., and D, ,, respectively). D,, constitutes the most
frequent variant, with a global frequency of 64%,
followed by D, (21%) and D, (8%).? Importantly, a
high prevalence of the D, , variant has been demon-
strated in children diagnosed with ADHD.® Though
stimulation of the D, , variant has been reported to be
less potent at inhibiting cAMP than D, , or D,,,° the
functional significance of these variants are poorly
understood.
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Receptor heteromers are becoming the focus of
extensive research in the field of G-protein-coupled
receptors.’® A receptor heteromer is currently defined
as a macromolecular complex composed of at least
two (functional) receptor units with biochemical
properties that are demonstrably different from those
of its individual components.’”” In some cases,
receptor heteromers provide a framework in which
to understand the role of receptors with no clear
functional significance, and example being the Ds
receptor, which forms heteromers with the D, recep-
tor and modifies its function.” A recent study
showed that in mammalian transfected cells, the long
isoform of the D, receptor (D,;) heteromerizes with
the three main D, receptor variants, D,,, D,, and
D,,.'” Interestingly, results from the same study
suggested that D,, was less effective in forming
heteromers with D, receptors.’? In view of the
reported evidence of predominant co-localization of
D, receptors with the short isoform of the D, receptor
(Dys) in corticostriatal glutamatergic terminals,**'* we
first investigated if any of the three main human
variants of the D, receptor could interact both
physically and functionally with D,s. By using the
Bioluminescence Resonance Energy Transfer (BRET)
technique, here we show evidence for the formation
of heteromers between D,5 and D, , and D, , variants
of the D, receptor. In contrast, the D, , variant failed to
form heteromers with the D, receptor. In transfected
cells, we found a biochemical property of the D,s—D,
receptor heteromer, which consists of the ability of
D,s receptor activation to potentiate D, receptor-
mediated mitogen-activated protein kinase (MAPK)
signaling. A similar result was observed in striata
from wild-type (WT) mice, a species that expresses D,
receptors with a short 3IL comparable to human D, ,.
In contrast, potentiation of D, receptor-mediated
MAPK signaling was not observed in transfected
cells expressing D, ; or in striata taken from knockin
mice carrying a humanized 7-repeat intracellular
loop identical to that found in human D, ,. Finally,
analyzing neurotransmitter release in striatal slices
and with in vivo microdialysis in rats, evidence
was obtained for a key role of D,-D, receptor inter-
action in the modulation of striatal glutamatergic
neurotransmission.

Materials and methods

Fusion proteins and expression vectors

The synthetic cDNAs for the human D, ,, D,, and, D, ,
receptor gene (kindly provided by TP Sakmar, Rocke-
feller University, USA) were amplified using sense
oligonucleotide primer (5-TCAACGGGACTTTCCA
AAATGT-3') and antisense primer (5-CTCCGAGAT
CAACTTCTGCTCGCTTCGGTTACCC-3'), resulting in
a cDNA fragment of 200bp. A second product was
generated using the sense oligonucleotide primer
(5"-AAGTTGATCTCGGAGGAAGATACAGCAGATGC
AG-3’) and antisense primer (5’- GCGAATTCGCAGC
AAGCACGTAGAGCCTTACG-3'), resulting in a cDNA
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fragment of 1500bp. Equimolar quantities of both
fragments were used to produce a third product
corresponding to the myc-D, ,, myc-D,, or myc-D, ;-
tagged gene using the sense primer (5'-GTGCTCGAG
CACCATGGGTAACCGAAGCACAG-3') and antisense
primer without its stop codon (5-GCGAATTCTCAG
CAGCAAGCACGTAGAGCCTTACG-3'), harboring un-
ique Xhol and EcoRI restriction sites, respectively.
The fragments were then subcloned in-frame into
Xhol/EcoRI sites of the pcDNA3.1 vector (Invitrogen,
Paisley, Scotland, UK). Next, the human cDNAs
for the adenosine A, receptor and dopamine D,.,,
D,4, D,, and D,s receptors, cloned in pcDNA3.1
were amplified without their stop codons using sense
and antisense primers harboring unique Xhol and
EcoRlI sites to clone A,, D, ,, D, 4 and D, ; receptors in
the RLuc and the yellow fluorescent protein (YFP)
corresponding vectors, and HindIll and BamHI to
clone D,s in the RLuc and the YFP corresponding
vectors. The mouse cDNAs for the D, and D,g
receptors, cloned in pCMV-SPORT6 (American Type
Culture Collection, Manassas, USA) and pReceiver-
M16 vectors, respectively (GeneCopoeia, Rockville,
MD, USA), were amplified without their stop codons
using sense and antisense primers harboring unique
Xhol and EcoRV sites to clone D, receptor in the RLuc
corresponding vector, and Xhol and Kpnl to clone D,g
receptor in the RLuc and the YFP corresponding
vectors. The amplified fragments were subcloned to
be in-frame into restriction sites of the multiple
cloning sites of EYFP-N3 vector (enhanced yellow
variant of YFP; Clontech, Heidelberg, Germany) or the
mammalian humanized pRluc-N1 vectors (Perkin-
Elmer, Waltham, MA, USA) to give the plasmids that
express the receptors fused to either Rluc or YFP on
the C-terminal end of the receptor (D,.-RLuc, D, -
RLuc, D, ,-Rluc, D,s-RLuc and A,-RLuc or D,s-YFP,
D,,-YFP and D,-YFP, respectively). All constructs
were verified by nucleotide sequencing and the
fusion proteins are functional and expressed at the
membrane level (see Results).

Cell culture and transient transfection

HEK (human embryonic kidney)-293T cells were
grown in DMEM (Dulbecco’s modified Eagle’s
medium) (Gibco Paisley, Scotland, UK) supplemented
with 2 mM L-glutamine, 100 Uml™" penicillin/strepto-
mycin and 5% (v/v) heat-inactivated fetal bovine
serum (all supplements were from Invitrogen).
CHO cell lines were maintained in 4-MEM
medium without nucleosides, containing 10% fetal
calf serum, 50 ugml~" penicillin, 50 pgml~" strepto-
mycin and 2mM L-glutamine (300pgml™"). Cells
were maintained at 37°C in an atmosphere of 5%
CO,, and were passaged when they were 80-90%
confluent, twice a week. HEK-293T or CHO cells
growing in six-well dishes or in 25cm?® flasks were
transiently transfected with the corresponding
fusion protein cDNA by the PEI (PolyEthylenImine;
Sigma, Steinheim, Germany) method as previously
described.™



Immunostaining

For immunocytochemistry, HEK-293T cells were
grown on glass coverslips and transiently transfected
with 1 pg of cDNA corresponding to human D, ,-RLuc,
D,,-RLuc or D,,-RLuc and 0.5pg of cDNA corre-
sponding to human D,s-YFP or 0.8pg of cDNA
corresponding to mouse D,-RLuc and 0.5 pg of cDNA
corresponding to mouse D,s-YFP. After 48h of
transfection, cells were fixed in 4% paraformalde-
hyde for 15 min and washed with phosphate-buffered
saline contraining 20mM glycine to quench the
aldehyde groups. After permeabilization with phos-
phate-buffered saline containing 0.05% Triton X-100
for 15 min, cells were treated with phosphate-buffered
saline containing 1% bovine serum albumin. After 1h
at room temperature, cells were labeled with the
primary rabbit monoclonal anti-human D, receptor
(1/10000; Abcam, Cambridge, UK) or with the
primary goat polyclonal anti-D, receptor (1/500; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 1h,
washed and stained with the secondary antibody Cy3
anti-rabbit (1/200; Jackson ImmunoResearch, Balti-
more, PA, USA) or with the secondary antibody Cy3
anti-goat (1/200; Jackson ImmunoResearch). The D,s-
YFP construct was detected by its fluorescence
properties. Samples were rinsed and observed in an
Olympus confocal microscope.

BRET assay

HEK-293T cells were co-transfected with a constant
amount of cDNA encoding for the receptor fused to
RLuc and with increasingly amounts of cDNA
encoding to the receptor fused to YFP to measure
BRET as previously described.’ Both fluorescence
and luminescence for each sample were measured
before every experiment to confirm similar donor
expressions (~ 100000 bioluminescence units) while
monitoring the increase in acceptor expression (2000—
20000 fluorescence units). The relative amounts of
BRET acceptor are expressed as the ratio between the
net fluorescence of the acceptor and the luciferase
activity of the donor being the net fluorescence the
fluorescence of the acceptor minus the fluorescence
detected in cells only expressing the donor. The BRET
ratio is defined as [(emission at 510-590)/(emission at
440-500)]—Cf, where Cf corresponds to (emission at
510-590)/(emission at 440-500) for the D,-RLuc or
D.s-RLuc constructs expressed alone in the same
experimental conditions. Curves were fitted by using
a non-linear regression equation, assuming a single
phase with GraphPad Prism software (San Diego,
CA, USA).

Generation of knockin mutant mice carrying human
expansions in the 3IL of the D, receptor

A targeting vector was designed such that coding
sequences of the 3IL of mouse Drd4 were replaced by
human ortholog sequences corresponding to the most
frequent 7-variable number of tandem repeat human
variant allele (see Figure 4). The vector included a
selectable PGK-neo cassette, flanked by two loxP
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sites, placed just downstream of Drd4 polyadenyla-
tion site and an herpes simplex virus-thymidine
kinase cassette placed at one of the extremes of the
targeting vector to select for the absence of random
integrations. A long and short arm of Drd4 homology
were inserted flanking the swapped sequence and the
selectable marker, respectively. The linearized vector
was used to electroporate hybrid 129svev/C57BL/6 ES
cells (inGenious Targeting Laboratory, Stony Brook,
NY, USA) and homologous recombinant clones were
selected in the presence of G418 and gancyclovir.
Two selected clones carrying the human 7-variable
number of tandem repeat were used to microinject
C57BL/6] blastocysts and one high percentage chi-
meric male mouse was used to produce heterozygote
Drd4+/7repeatnec mijce, The neo cassette was excissed
from the recombinant allele by crossing mutant mice
with transgenic mice expressing Cre recombinase
from an Ella promoter (Jackson Laboratories; Cat.
No. 003724). The resulting heterozygote Drd4 */7erea
(D..» knockin) mice were successively bred to C57BL/
6] mice to obtain a congenic heterozygote strain
(n=10) that was used to establish a breeding colony.
Homozygous D, knockin mice and their WT litter-
mates were used for the experiments. Knockin
animals were characterized as indicated in Figure 4.

Mouse striatal slices preparation

Mice were housed five per cage in a temperature
(21 +1°C) and humidity-controlled (55 10%) room
with a 12:12-h light/dark cycle (light between 0800
and 2000 hours) with food and water ad Ilibitum. All
animal procedures were conducted according to
the standard ethical guidelines (National Institutes
of Health Animal care guidelines and European
Communities Council Directive 86/609/EEC) and
approved by the Local Ethical and Animal Care
Committees. Transgenic mice and littermattes were
decapitated with a guillotine and the brains were
rapidly removed and placed in ice-cold oxygenated
(0,/C0O,:95%/5%) Krebs-HCOj; buffer (124 mM NaCl,
4mM KCl, 1.25 mM NaH,PO,, 1.5 mM MgCl,, 1.5 mM
CaCl,, 10mM glucose and 26 mM NaHCO,, pH 7.4).
The brains were sliced at 4 °C in a brain matrix (Zivic
Instruments, Pittsburgh, PA, USA) into 0.5mm
coronal slices. Slices were kept at 4 °C in Krebs-HCO3
buffer during the dissection of the striatum. Each slice
was transferred into an incubation tube containing
1ml of ice-cold Krebs-HCO5 buffer. The temperature
was raised to 23 °C and after 30 min, the media was
replaced by 2 ml Krebs-HCO3; buffer (23 °C).

ERK phosphorylation assay

Striatal slices from transgenic mice and littermattes
were incubated wunder constant oxygenation
(0,/C0O;:95%/5%) at 30°C for 4-5h in an Eppendorf
Thermomixer (5 Prime, Boulder, CO, USA) with
Krebs-HCO; buffer. The media was replaced by
200 ul of fresh Krebs-HCOj; buffer and incubated for
30min before the addition of ligands. Transfected
CHO cells were cultured in serum-free medium for

- @D
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16 h before the addition of the indicated concentra-
tion of ligands for the indicated time. Both, cells and
slices were lysed in ice-cold lysis buffer (50 mM Tris-
HCl pH 7.4, 50mM NaF, 150mM NaCl, 45mMm
B-glycerophosphate, 1% Triton X-100, 20 uM phenyl-
arsine oxide, 0.4mM NaVO, and protease inhibitor
cocktail). Cellular debris was removed by centrifuga-
tion at 13000¢g for 5min at 4°C and protein was
quantified by the bicinchoninic acid method using
bovine serum albumin dilutions as standard. To
determine the level of extracellular signal-regulated
kinases 1 and 2 (ERK1/2) phosphorylation, equivalent
amounts of protein (10 ug) were separated by electro-
phoresis on a denaturing 10% sodium dodecyl
sulfate-polyacrylamide gel and transferred onto poly-
vinylidene fluoride for fluorescence membranes.
Odyssey blocking buffer (LICOR Biosciences, Lincoln,
NE, USA) was then added and membranes were
blocked for 90min. Membranes were then probed
with a mixture of a mouse anti-phospho-ERK1/2
antibody (1:2500; Sigma) and rabbit anti-ERK1/2
antibody (1:40000; Sigma) for 2-3h. Bands were
visualized by the addition of a mixture of IRDye 800
(anti-mouse) antibody (1:10000; Sigma) and IRDye
680 (anti-rabbit) antibody (1:10 000; Sigma) for 1 h and
scanned by the Odyssey infrared scanner (LICOR
Biosciences). Bands densities were quantified using
the scanner software and exported to Excel (Microsoft,
Redmond, WA, USA). The level of phosphorylated
ERK1/2 isoforms was normalized for differences in
loading using the total ERK protein band intensities.

In vivo microdialysis in rat striatum

Male Sprague-Dawley rats (Charles River Laboratory,
Wilmington, MA, USA), weighing 300-350g were
used. Concentric microdialysis probes with 2mm
long dialysis membranes were prepared as described
previously.” Animals were anesthetized with Equithe-
sin (NIDA Pharmacy, Baltimore, MD, USA) and
microdialysis probes were implanted in the ventral
striatum (core of the nucleus accumbens); coordinates
with respect to bregma: A 1.7, L. +1.2 and V —7.6 mm.
The experiments were performed on freely moving rats
24h after the probe implantation. A Ringer solution
(in mmoll™") of 147 NaCl, 4 KCIl and 2.2 CaCl, was
pumped through the dialysis probe at a constant rate
of 1l per minute. After a washout period of 90 min,
samples were collected at 20min intervals and split
into two fractions of 10pl, to separately measure
glutamate and dopamine contents. Each animal was
used to study the effect of one treatment by local
administration (perfusion by reverse dialysis) of the
D, receptor agonist RO-10-5824 or the D, receptor
antagonist L-745870. At the end of the experiment,
rats were killed with an overdose of Equithesin and
methylene blue was perfused through the probe. The
brain was removed and placed in a 10% formaldehyde
solution, and coronal sections were cut to verify
the probe location. Dopamine content was measured
by reverse high-performance liquid chromatography
coupled to an electrochemical detector, as described in
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detail previously. Glutamate content was measured
by high-performance liquid chromatography coupled
to a flourimetric detector, as described before.”® The
limit of detection (which represents three times base-
line noise levels) for dopamine and glutamate was
0.5 and 50nM, respectively. Dopamine and glutamate
values were transformed as percentage of the mean
of the three values before the stimulation and trans-
formed values were statistically analyzed with
one-way repeated measures analysis of variance
followed by Newman-Keuls tests, to compare gluta-
mate and dopamine values of the samples obtained
after drug perfusion with those obtained just before
drug perfusion.

Neurotransmitter release in rat striatal slices

Rat brain slices were obtained from male Wistar rats
weighing 180-220g. After rapid killing of the rat, the
brain was immersed in oxygenated ice-cold artificial
cerebrospinal fluid (ACSF) solution, and coronal
brain slices (300pum thick) were obtained with a
vibratome. The striatum (caudate-putamen and
nucleus accumbens) was microdissected under a
stereoscopic microscope and the slices were incu-
bated for 30min at 37°C in ACSF (in mM: NaCl
118.25, KCl 1.75, MgSO0, 1, KH,PO, 1.25, NaHCO, 25,
CaCl, 2 and D-glucose 10), gassed continuously with
0,/CO, (95:5, v/v). For y-aminobutyric acid (GABA)
release, the slices were then incubated for 30 min
with 8nM [*HJGABA in 2ml solution containing
10 uM aminooxyacetic acid (to inhibit GABA transa-
minase, thus preventing degradation of the labeled
GABA). At the end of this period, excess radiolabeled
compound was removed by washing twice with ACSF
containing, in addition to aminooxyacetic acid and
10 uM nipecotic acid (to prevent the reuptake of the
released [PH]JGABA). Both compounds were present
in the perfusion solution for the rest of the experi-
ment. For dopamine release, the slices were labeled
with 77 nM [*H]dopamine in Krebs—Henseleit solution
containing 10puM pargyline, 0.57 mM ascorbic acid
and 0.03mM EDTA, which were present in the
solutions for the rest of the experiment. For glutamate
release, the tissues were incubated for 30 min with
100nM [*Hlglutamate in 2ml of ACSF containing
200 M aminooxyacetic acid (to inhibit glutamate
decarboxylase and prevent the conversion of gluta-
mate to GABA) and 200puM dihydrokainic acid (to
prevent the uptake of [*H]glutamate by astrocytes).
Dihydrokainic acid was present in the medium only
during the incubation period. At the end of this
period, the excess radiolabeled compound was re-
moved by washing twice with ACSF. Methods for
measuring [*H]neurotransmitter release and data
analysis used in the present work were the same as
those described previously.'”'® The slices were
apportioned randomly between the chambers (usually
three slices per chamber) of a superfusion system
(volume of each chamber 80ul; 20 chambers in
parallel) and perfused with the ACSF at a flow
rate of 0.5ml per minute for 1h. Basal release of



[*Hlneurotransmitter was measured by collecting four
fractions of the superfusate (total volume 2 ml) before
depolarizing the slices with a solution in which the
[K*] was raised to 25 mM. The composition of the
high K* solution was (in mMm): NaCl 101.25, KCl
23.75, MgS0, 1, KH,PO, 1.25, NaHCO; 25, CaCl, 2
and D-glucose 10. Six more fractions were collected in
the high K* medium. All drugs were added to the
medium at fraction 2, before changing the superfusion
to the high K* medium, to explore effects on basal
release. To determine the total amount of tritium
remaining in the tissue, the slices were collected,
treated with 1ml of 1M HCI and allowed to stand for
1h before adding the scintillator. The [*H]neurotrans-
mitter release was expressed initially as a fraction of
the total amount of tritium remaining in the tissue.
The effect of drugs on the basal release of [*H]neuro-
transmitter was assessed by comparing the fractional
release in fraction 2 (immediately before exposure of
the tissue to the drug) and fraction four (immediately
before exposure to 25mM of K*), using Student’s
paired t-test. Changes in depolarization-induced
[PHIGABA release by drugs and treatments were
assessed by comparing the area under the appropriate
release curves between the first and last fractions
collected after the change to high K*. The signifi-
cance of drug effects was assessed by one-way
analysis of variance and Tukey—Kramer test, using
Prism Graph Pad Software 4.0 (Graph Pad Software).
To obtain an unbiased estimate of IC,, values,
concentration-response data were fitted by non-linear
regression using the same software.

Statistical analysis

Statistical analyses were performed with Prism Graph
Pad Software 4.0 (Graph Pad Software). See above and
figure legends (Figure 1 to Figure 7) for details.

Results

D.s and D, receptors form heteromers in transfected
cells

BRET experiments were performed where one of the
receptor is fused to the bioluminescent protein
Renilla Luciferase (RLuc) and the other receptor is
fused to a YFP. The fusion proteins were functional
(Supplementary Figure 1) and expressed at the
membrane level (Figure 1c). Clear BRET saturation
curves were obtained in cells expressing D, ,-RLuc or
D, ,-RLuc receptors and increasing amounts of D,g-
YFP (Figure 1a), but not in cells expressing D, ,-RLuc
or D, ,-RLuc receptors and increasing amounts of D,-
YFP (Figure 1a), indicating that the D,, and the D, ,
form heteromers with D,s but not with D, receptors.
Interestingly, in cells expressing the D, ,-Rluc variant
and D,-YFP or D,s-YFP (Figure 1a) low linear BRET
was detected, which was qualitatively similar to the
results obtained with the negative control, with
adenosine A,-RLuc and D,s-YFP receptors (Figure
1a). This result was not due to the particular BRET
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donor and acceptor chosen, as low and linear BRET
were obtained when we swapped the fused proteins,
that is, in cells co-expressing D,s-Rluc and D, ,-YFP
(Figure 1a). These results strongly suggest that the
human D,, polymorphic variant does not form
heteromers with the human D,s receptor or if
heteromers are formed, the fusion proteins are not
properly oriented or are not within proximity to allow
energy transfer (<10nm). One way to test if the
receptors are indeed forming heteromers in such a
way that impedes energy transfer is to titrate one
receptor in the presence of the heteromer and look for
changes in the BRET signal. In BRET displacement
experiments, D, ,, but not D, , receptors were able to
compete with D, ,-Rluc and alter heteromer formation
with D,s-YFP (Figure 1b), meaning that D, , and D, ,,
but not D,, receptors use the same molecular
determinants to establish intermolecular interactions
with D,s receptor and strongly suggesting that D, ,
receptors are unable to form heteromers with D,s.

D,s—D, receptor heteromer signals through MAPK

To investigate the function of the D,s—D, receptor
heteromer, MAPK signaling (ERK1/2 phosphoryla-
tion) was determined. RO-10-5824 and quinelorane,
selective D, and D,; receptor agonists respec-
tively,’®?° selectively stimulated MAPK in cells
transfected with D, or D,s receptors, respectively
(Supplementary Figure 2). Dose-response experi-
ments with RO-10-5824 showed no significant differ-
ences between cells transfected with D, ,, D,, or D, ,
receptors (Supplementary Figure 2). However, in co-
transfected cells, stimulation of D,s receptors poten-
tiated D, receptor-mediated MAPK activation, but not
the other way around. Importantly, this functional
interaction only occurred in cells transfected with D,s
and D,, or D,,, but not in cells expressing D,
receptors (Figure 2). Since disruption of D,s—D,
receptor heteromers (by substituting D, , or D, , with
the D, , variant) is associated with the loss of the D,s—
D, receptor interaction at the MAPK level, this
interaction constitutes a specific biochemical prop-
erty of the D,s—D, receptor heteromer and can be used
as a biochemical fingerprint to detect the heteromer in
native tissues.*®

D,s-D, receptor heteromers in the mouse brain

D, receptors are preferentially expressed in limbic
areas and the prefrontal cortex, where they can be
found in interneurons and also projecting neurons.!
In corticostriatal neurons, D, receptors have also been
localized at their nerve terminals,*® where they can
co-localize with D,s receptors.’® We therefore inves-
tigated the existence of D,s—D, receptor heteromers in
the striatum. Biophysical techniques cannot be easily
applied in native tissues, but indirect methods can be
used, such as the identification of a biochemical
property of the heteromer (biochemical fingerprint).*°
In this case, the biochemical fingerprint would be the
potentiation by D,s receptor activation of D, receptor-
mediated MAPK activation, which should not occur
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Figure 1 Human D,s and D, receptors form heteromers in transfected cells. (a) Bioluminescence Resonance Energy Transfer
(BRET) saturation curves were obtained from experiments with cells co-expressing, top to bottom, D,s-YFP (yellow
fluorescent protein) and D, ,-RLuc (red), D, ,-RLuc (green) or D, ,-Rluc (blue), D,s-RLuc and D, ,-YFP (purple), A;-RLuc and
D,s-YFP (black) or D,,-RLuc and D,-YFP (gray). Co-transfections were performed with a constant amount of cDNA
corresponding to the receptor-RLuc construct (2 pug of ¢cDNA for D,-RLuc or 1pg of cDNA for A,-RLuc) and increasing
amounts of cDNA corresponding to the receptor-YFP construct (0.2—6 pug of cDNA for D,s-YFP or 1-4 pug of cDNA for D,-YFP).
Both fluorescence and luminescence of each sample were measured before every experiment to confirm equal expression of
Rluc (about 100 000 luminescence units) while monitoring the increase of YFP expression (2000—20 000 fluorescence units).
BRET data are expressed as mean values £ s.d. of four to nine different experiments grouped as a function of the amount of
BRET acceptor. (b) BRET displacement experiments were performed in cells expressing constant amounts of D, ,-RLuc (2 pg
cDNA transfected) and D,s-YFP (2 ng cDNA transfected) and increasing amounts (1-5 pg of cDNA transfected) of D, , (blue) or
D, (green). Both fluorescence and luminescence of each sample were measured before every experiment to confirm no
changes in the expression of D,,-RLuc and D,s-YFP. BRET data are expressed as mean valuests.d. of five different
experiments grouped as a function of the amount of BRET acceptor. Significant differences with respect to the samples
without D,, or D,, were calculated by one-way analysis of variance (ANOVA) and Bonferroni’s test (**P<0.01 and
***P<0.001). In (a, b), the relative amounts of BRET acceptor are expressed as the ratio between the fluorescence of the
acceptor minus the fluorescence detected in cells only expressing the donor, and the luciferase activity of the donor. In the
top, schematic representations of BRET (a) or BRET displacement (b) are shown. (¢) Confocal microscopy images of cells
transfected with 1ug of cDNA corresponding to, left to right, D,,-RLuc, D,,-RLuc or D,,-RLuc and 0.5pg cDNA
corresponding to D,s-YFP. Proteins were identified by fluorescence or by immunocytochemistry. D,-RLuc receptors are
shown in red, D,s-YFP is shown in green and co-localization is shown in yellow. Scale bar: 5 pm.

with the human D, ; variant. Before these experiments
with mouse brain, we demonstrated by BRET satura-
tion experiments in transfected cells that the mouse
D,s receptor forms heteromers with the mouse D,
receptor (which has an amino-acid sequence in the
3IL similar to that from the human D, ,). Mouse fusion
proteins were expressed in the plasma membrane of
transfected cells (Figure 3a) and shown to be func-
tional (Supplementary Figure 3). Like the human
receptors, mouse D,s receptors were found to form
heteromers with mouse D, receptors and also with
human D,, receptors, but not with human D,,
receptors (Figure 3b). Furthermore, it was also shown
that, in co-transfected cells, stimulation of the mouse
D,s receptor potentiates the effect of the mouse D,, but
not the human D, ;, on MAPK signaling (Figures 3c
and d). This result was not reciprocal (Supplementary
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Figure 4) and mirrors the results obtained with
human D, and D,s receptors (Figure 2). We next
analyzed the effects of D, and D, receptor agonists on
MAPK signaling on striatal slices taken from knockin
mice carrying the 7 repeats of the human D, in
replacement of the mouse region and from WT
littermates (Figure 4). Neither quinelorane nor RO-
10-5824 induced a significant ERK1/2 phosphoryla-
tion in striatal slices of WT mice when administered
alone, but co-administration of both agonists pro-
duced a significant dose-dependent effect with an
increase of up to fourfold (Figure 3e). This synergistic
interaction between D, and D, receptors, which
constitutes the biochemical fingerprint of the D,s—D,
receptor heteromer, was completely absent in the D, ,
mutant mouse (Figure 3e), confirming both the
existence of D,s—D, receptor heteromers and the
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Figure 2 Crosstalk between human D, and D,s receptors in ERK1/2 phosphorylation. Cells were transiently co-transfected
with 2.5 ug of cDNA corresponding to D,s and 2.5 pg of cDNA corresponding to D, , (a, d), D, (b, €) or D, ; (c, f). In (a—c), cells
were treated for 10 min with increasing concentrations of RO-10-5824 in the presence (O) or in the absence (®) of
quinelorane (50 nM). In (d—f), cells were treated for 10 min with increasing concentrations of quinelorane in the presence (O)
or in the absence (@) of RO-10-5824 (50 nM). The immunoreactive bands, corresponding to ERK1/2 phosphorylation, of three
to six experiments were quantified and expressed as arbitrary units. For each curve, EG;, values were calculated as
mean * s.e.m. and statistical differences between curves obtained in the presence or in the absence of quinelorane (a—c) or
RO-10-5824 (d—f) were determined by Student’s t-test. EC5, with and without quinelorane: (a) 9+ 1 and 26 £ 1nM (P<0.01),
(b) 7+1 and 23+ 1nM (P<0.01), (c) 18 £1 and 22 + 1nM (N.S.). EC;, with and without RO-10-5824: (d) 22+ 1 and 20+ 1nM
(N.S.), (e) 20+ 1 and 17+ 1nM (N.S.), (f) 18+ 1 and 13 + 1nM (N.S.). N.S., non-statistical differences.

absence of functional interactions between D, and D, ,
receptors in the brain.

D.-D, receptor interactions modulate striatal glutamate
release

To investigate the functional significance of D,
receptor activation, we determined D, receptor-
mediated modulation of striatal glutamate release by
in vivo microdialysis in freely moving rats. The local
perfusion of the D, receptor agonist RO-10-5824 in the
ventral striatum (in the nucleus accumbens) pro-
duced a dose-dependent decrease in the striatal
extracellular concentration of glutamate and a con-
comitant increase in the extracellular concentration of
dopamine (Figures 5a and 5b), which were counter-
acted by co-perfusion with the selective D, receptor

antagonist L-745870 (which was inactive when
perfused alone) (Figures 5a—c). These results suggest
that inhibitory D, receptors are located in glutamater-
gic terminals, whose activation decreases basal
striatal glutamate release. The increase in dopamine
concentration can best be explained by a decreased
activation of striatal GABAergic efferent neurons that
tonically inhibit dopaminergic mesencephalic neu-
rons. This interpretation could be confirmed in
experiments with striatal slices, where dopamine
should not be modified due to the interruption of
the striatal-mesencephalic loop. In fact, in slices of
dorsal or ventral rat striatum, the D, receptor agonist
RO-10-5824 decreased K*-induced glutamate release,
an effect that was counteracted by the selective D,
receptor antagonist L-745870, but did not change

o)

Molecular Psychiatry



Dopamine D,-D, heteromers
S Gonzalez et al

B

a :
& & ]o O 0oluwy

b € o3
g
=
=¥
EE 0.2
= -9
2 gE
£ B
~8 04
=<
=
: &
T T T T 1 0.0 & /= ; . . )
0 100 200 300 400 500 -9 -8 -7 -6 -5
YFRIRLuc log [RO 10-5824] (M)
d e
0.4
[ - s
3 £
;E‘ 0.3 s
_EE 2&
2z 02 38
£5 58
e o3t
2% 04 Iz
o x
z &
4“4 g0 o fr . . T )

RO 10-5824 (uM) 0.1 0.5[10) - 0105 10| 0.1 05/10 - 0.1 0.5 10
Quinelorane (uM) - - |- (01010101 - | -loa0a0 0
log [RO 10-5824] (M)

Figure 3 D,.—D, receptor heteromers in the mouse brain. (a) Confocal microscopy images of cells transfected with 1 pg of
cDNA corresponding to, left to right, mouse D,-RLuc, human D,,-RLuc and human D,,-RLuc and 0.5pg of cDNA
corresponding to D,s- yellow fluorescent protein (YFP). Proteins were identified by fluorescence or by immunocytochem-
istry. D,-RLuc receptors are shown in red, D,s-YFP is shown in green and co-localization is shown in yellow. Scale bar: 5 pm.
(b) Mouse D, receptor heteromerization with mouse and human D, receptors. Bioluminescence Resonance Energy Transfer
(BRET) saturation curves were obtained from cells co-expressing mouse D,-Rluc (green), human D, ,-RLuc (red), human D, ,-
RLuc (blue) or human A,-RLuc (gray) and mouse D,s-YFP receptors. Co-transfections were performed with a constant amount
of cDNA corresponding to the receptor-RLuc construct (2 pg of cDNA for mouse D,-RLuc, 2.5 pg of cDNA for human D,-RLuc
or 1 pg of cDNA for A;-RLuc) and increasing amounts of cDNA corresponding to the receptor-YFP construct (0.2—6 pg cDNA).
Both fluorescence and luminescence of each sample were measured before every experiment to confirm equal expression of
Rluc (about 100 000 luminescence units) while monitoring the increase of YFP expression (2000-20 000 fluorescence units).
The relative amounts of BRET acceptor are expressed as the ratio between the fluorescence of the acceptor minus the
fluorescence detected in cells only expressing the donor, and the luciferase activity of the donor. BRET data are expressed as
mean values * s.d. of three to six different experiments grouped as a function of the amount of BRET acceptor. (¢, d) Crosstalk
between mouse D, receptors and mouse or human D, receptors in ERK1/2 phosphorylation. Cells transiently co-expressing
mouse D, receptors and mouse D, receptors (c¢) or human D, ; receptors (d) were treated for 10 min with increasing RO-10-
5824 concentrations in the presence (O) or in the absence (®) of quinelorane (50 nM) before the ERK1/2 phosphorylation
determination. The immunoreactive bands of three experiments (mean ts.e.m.; n=3) were quantified and expressed as
arbitrary units. EC;, values with or without quinelorane were: (c) 7£0.1 and 15+ 0.1 nM (Student’s t-test: P<0.01) or (d)
18+0.1 and 15 £ 0.1 nM (Student’s t-test: N.S.). (e) Striatal slices from wild-type (WT) or D, , mutant mice were treated for
10min with the indicated concentrations of RO-10-5824 (orange) or quinelorane (green) or with RO-10-5824 plus
quinelorane (blue) and ERK1/2 phosphorylation was determined. For each treatment, the immunoreactive bands from four to
six slices from a total 10 WT and 10 D,, mutant animals were quantified and values represent the mean *s.e.m. of the
percentage of phosphorylation relative to basal levels found in untreated slices (100%). No significant differences were
obtained between the basal levels of the WT and the D, ; mutant mice. Significant treatment and genotype effects were shown
by a bifactorial analysis of variance (ANOVA) followed by post hoc Bonferroni’s tests (**P<0.01 and ***P<0.001, as
compared with the lowest concentration of RO-10-5824).

dopamine or GABA release (Figure 6), indicating that
striatal D, receptors selectively and locally modulate
glutamate release. This role of D, receptors in the
striatum can also explain previous results obtained
with D, receptor KO mice, which show an increase
and decrease in the striatal extracellular concentra-
tion of glutamate and dopamine, respectively.?"*?

As mentioned before, there is evidence for
co-localization of both D, and D, receptors in
corticostriatal glutamatergic terminals®*'® and pre-
vious studies have demonstrated that presynaptic
D,-like receptors have an inhibitory role in the
modulation of striatal glutamate release."*?* However,
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since those studies did not use selective compounds,
they could not distinguish between effects due to D,
or D, receptor stimulation. Therefore, in this study we
tested the effect of quinelorane alone and in combina-
tion with RO-10-5824 on glutamate release in rat
striatal slices. To eliminate endogenous dopamine,
rats were treated with reserpine, and the experiments
performed in the presence of the D,-like receptor
antagonist SCH-23390. Quinelorane significantly
decreased K*-induced glutamate release, whereas
the co-application of quinelorane with RO-10-5824
showed a more significant effect (Figure 7a).
Dopamine strongly decreased K*-induced glutamate
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Figure 4 Targeted insertion of human variable number of tandem repeats (VNTRs) carrying 7 repeats into the mouse Drd4
exon 3 by homologous recombination in ES cells. (a) Structure of the Drd4 locus, targeting vector and targeted allele. (b)
Southern blot analysis detected double homologous recombination events at the 5’ and 3’ ends using external probes after
digestion with BamHI or EcoRI. (c) The presence of inserted human VNTR was verified by PCR using mouse primers flanking
the expansion.
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Figure 5 In vivo D, receptor-mediated modulation of basal extracellular levels of glutamate in the rat ventral striatum.
Effects of the local perfusion with the D, receptor agonist RO-10-5824 and the D, receptor antagonist L-745 870 on the basal
extracellular concentrations of glutamate (GLU) and dopamine (DA) in the ventral striatum (core of the nucleus accumbens).
Horizontal bars show the periods of drug perfusion (concentrations are indicated in M). Data represent mean values + s.e.m.
of the percentage of the mean of the three basal values before the first drug perfusion (n=6-8 per group): *P<0.05 and
**P<0.01, compared with the values previous in time ‘0’ (repeated measures analysis of variance (ANOVA) followed by
Newman—Keuls tests).

release, an effect partially counteracted by the D, (D,-mediated effect) than in the presence of the D,
receptor antagonist L.-741626 or by the D, receptor  receptor antagonist (D,-mediated effect) (Figure 7b).
antagonist L-745 870, but completely counteracted by  Finally, and more importantly, the D, receptor agonist
the simultaneous application of both antagonists  quinelorane synergistically potentiated the inhibitory
(Figure 7b). In agreement with the reported higher  effect of the D, receptor agonist RO-10-5824 on K-
in vitro affinity of D, versus D, receptor for dopa- induced glutamate release (significant decrease in
mine,* the IG5, of dopamine-mediated inhibition of  ICs, value) (Figure 7c), but not the other way around
K*-induced glutamate release was significantly  (Figure 7d). These results therefore show the same
higher in the presence of the D, receptor antagonist  kind of D,-D, receptor interaction demonstrated by
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Figure 6 D, receptor-mediated modulation of [*H]glutamate, but not [PH]dopamine or [PH|GABA release from slices of
dorsal and ventral striatum. Slices from the dorsal striatum (caudate-putamen; a, ¢, e) or the ventral striatum (nucleus
accumbens; b, d, f) of reserpine-treated rats were treated with the D, receptor agonist RO-10-5824 (100nM) or with the D,
receptor antagonist L-745870 (10 nM) alone or in combination and the time course of K*-stimulated [*H]glutamate (a, b),
[*Hldopamine (c, d) or [PHIGABA (e, f) release was determined. The RO-10-5824-induced effect (open circles) was prevented
by the antagonist L-745 870 (dark squares), which itself had no effect (open squares). Values are mean * s.e.m. of samples
from three different animals performed in four replicates. Drug effect was assessed by comparing the relative area under the
curve for each condition. **P<0.01 with respect to the control (analysis of variance (ANOVA) followed by Tukey—Kramer

multiple comparison post hoc test).

D,s—D, receptor heteromers in transfected cells with
MAPK signaling. Our combined in vitro and in vivo
data strongly suggest that D,s—D, receptor heteromers
are likely to have a key role in dopamine-mediated
modulation of striatal glutamate release.

Discussion

The present study shows that dopamine D,s and D, ,
or D, , receptors, but not the ADHD-associated human
D, , variant, form functional heteromers in transfected
cells and in the rodent brain. Co-stimulation of D,g
and D, receptors in the D,s—D, receptor heteromer has
a synergistic effect on MAPK signaling, which could
be demonstrated in transfected cells and in the mouse
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striatum, but not in cells expressing D,, or in the
striatum of a mutant mouse carrying the 7 repeats of
the human D, , in the 3IL of the D, receptor. These
results provide a significant functional difference of
one of the human receptor variants, D, ,, compared
with the D,, and D,, variants, which can have
important implications for the understanding of the
pathogenesis of ADHD. Importantly, we also demon-
strated, for the first time, that D,s—D, receptor
interactions modulate striatal glutamate release, sug-
gesting that the D,s—D, receptor heteromer allows
dopamine to fine-tune glutamate neurotransmission.

The molecular mechanism involved in preventing
heteromer formation between D,s and D, , receptors is
not yet known. Indeed, the control of heteromer
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Figure 7 D, and D, receptor interactions in the modulation of striatal [*H]glutamate release. Striatal slices (dorsal striatum)
from reserpine-treated rats were incubated with SCH-23390 (100nM) to block D, receptor activation. In (a), slices were
treated for 32 min (fraction 2 to fraction 10) with medium (control), with the D, receptor agonist RO-10-5824 (100 nM), with
the D,,; receptor agonist quinelorane (100 nM) or with both and K*-stimulated [*Hlglutamate release was determined. Values
are mean +s.e.m. of samples from three different animals performed in four replicates. Drug effects were assessed by
comparing the relative area under the curve for each condition. **P<0.01 and ***P<0.001 with respect to the control and
#*#P<0.01 with respect to slices treated with RO-10-5824 or quinelorane alone (analysis of variance (ANOVA) followed by
Tukey—Kramer multiple comparison post hoc test). In (b), slices were treated for 32min with increasing dopamine
concentrations in the absence (dark circles) or in the presence of the D, receptor antagonist L-45 870 (10 nM, dark squares),
the D, receptor antagonist L-741626 (10nM, open circles) or both (open squares) and K*-stimulated [*H]glutamate release
was determined. Values are mean + s.e.m. of samples from three different animals performed in four replicates. Drug effects
were assessed by comparing the relative area under the curve for each condition. The IC;, values were: 25.25 1M (C.I.: 9.63—
66.20 nM) for dopamine alone, 5.75nM (2.12—15nM) for dopamine in the presence of L-741626 and 357.27 nM (C.L.: 73.40—
1739 nM) for dopamine in the presence of L-745870. In (c), slices were treated for 32 min with increasing concentrations of
RO-10-5824 in the absence (black circles) or in the presence (open circles) of quinelorane (10nM) and K™ -stimulated
[*Hlglutamate release was determined. In (d), slices were treated for 32 min with increasing concentrations of quinelorane in
the absence (black circles) or in the presence (open circles) of RO-10-5824 (10 nM) and K+ -stimulated [*H]glutamate release
was determined. In (c, d), values are mean + s.e.m. of samples from three different animals performed in four replicates. The
IC;, values were (c) 15 1M (35.15-6.55 nM) for RO-10-5824 alone and 0.05 nM (1.21-0.02 nM) for RO-10-5824 in the presence
of quinelorane (Student’s t-test: P<0.01) and (d) 2.55nM (7.31-0.89 nM) for quinelorane alone and 1.48 nM (4.5-0.45 nM) for
quinelorane in the presence of RO-10-5824 (Student’s t-test; N.S.).

formation between G-protein-coupled receptors is still
a large question in the field. Since the D, , receptor
variant has the longest 3IL and is the only poly-
morphic form not forming heteromers with the D,s
receptor, steric hindrance of the 3IL of D, ; receptor is
a probable mechanism responsible for this lack of
heteromerization, but other mechanisms cannot be

ruled out. Using two-hybrid methodologies as well as
proteomic studies, interactions between dopamine
receptors and a cohort of DRIPs (dopamine receptor
interacting proteins) have been demonstrated, forming
signaling complexes or signalplexes.?>*® Some of these
DRIPs show selectivity for some dopamine receptor
subtypes. For example, filamin or protein 4.1N

=
— ‘IILE' ’
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interact with D, and D, receptors but not with D,, Dy
or D, receptors,”?® the PDZ domain-containing
protein, GIPC (GAIP interacting protein, C terminus)
interacts with D, and D; receptor but not with the D,
receptor subtype® and paralemmin interacts exclu-
sively with Ds, but not with D, or D, receptors.®® All of
these interactions modulate receptor targeting, traf-
ficking and signaling. Proline-rich sequences of the D,
receptor, mainly located in the polymorphic region of
the 3IL, constitute putative SH3 binding domains,
which can potentially interact with adapter proteins
like Grb2 and Nck, which do not have any known
catalytic activity but are capable of recruiting multi-
protein complexes to the receptor.®* It can be
hypothetized that differences in DRIPs recruitment
by D,, and the other D, polymorphic forms can
influence the D, ability to form heteromers, but
future studies will be required.

Previous experiments indicated that locally in the
striatum, dopamine inhibits glutamate release by
activating D, receptors (predominantly D,s) localized
in glutamatergic terminals."®'® Other studies also
indicate that striatal postsynaptic D, receptors
(predominantly D,;) indirectly modulate glutamate
release by retrograde endocannabinoids signaling.®!
The present results indicate that D, receptors also
have a key role in the modulation of striatal glutamate
release, likely through its ability to form heteromers
with presynaptic D,s receptors. In the striatal D,s—D,
receptor heteromer, low concentrations of dopamine
should bind to the D, receptor, which has more
affinity for dopamine than the D,s receptor,®* causing
a certain degree of inhibition of glutamate release.
However, at higher concentrations, dopamine should
also bind to the D,s receptor and under these
conditions, the synergistic interaction in the D,s-D,
receptor heteromer will produce an even stronger
inhibition of glutamate release. Therefore, the D,s—D,
receptor heteromer seems to act as a concentration-
dependent device that establishes two different
degrees of presynaptic dopaminergic control over
striatal glutamatergic neurotransmission. Since the
strong modulation observed with higher concentra-
tions of dopamine depends on D,s—D, receptor
heteromerization, the existence of a D,, variant
implies a weaker control of glutamatergic neurotrans-
mission, which could be a main mechanism involved
in the pathogenesis of ADHD. This could also explain
at least part of the so far not understood successful
effect of psychostimulants in ADHD, which amplify
dopaminergic signaling and these medications appear
to be more effective in ADHD patients with the D, ,
than with the D, , variants.?**®* We have to take into
account that the existence of a D, , variant does not
imply ADHD is the result of this variant, but rather
that it is one factor that contributes to its develop-
ment. In fact, the D,, variant might constitute a
successful evolutionary trait under the appropriate
environmental exposure.”** The present study pro-
vides a new element of interest in the field of receptor
heteromes, which now become new targets to be

Molecular Psychiatry

studied when dealing with functional differences
associated with polymorphisms of G-protein-coupled
receptor genes.
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Suppl. Fig. 1. Functionality of the human fusion proteins. Cells were
transfected with 2.5 pg of cDNA corresponding to the human D4.2, D4.4, D4.7 or
D2S dopamine receptors or to the corresponding fusion proteins D4.2-RLuc, D4.4-
RLuc, D4.7-RLuc or D2S-YFP. 48 h post- transfection, cells expressing D4 or D4-
RLuc receptors were treated for 10 minutes with RO 10- 5824 (100 nM) and cells
expressing D2S or D2S-YFP receptors were treated for 10 min with quinelorane
(300 nM) and ERK1/2 phosphorylation was determined. The immunoreactive
bands of three to four experiments were quantified and expressed as arbitrary

units. A representative Western blot is shown at the top.
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Suppl. Fig. 2. Agonist selectivity and time-response of ERK1/2
phosphorylation in cells transfected with D4 or D2 receptors. In (a) and (c)
cells were transfected with 2.5 pg of cDNA corresponding to the human D4.2
(black), D4.4 (white) or D4.7 (gray) dopamine receptors. 48 h post-transfection,
cells were treated for increasing time (a) or for 10 min (c¢) with 500 nM (a) or
increasing concentrations (c) of RO 10-5824. In (b) and (d) cells were transfected
with 2 pg of cDNA corresponding to the human D2S receptor and 48 h post-
transfection, cells were treated for increasing time (b) or for 10 min (d) with 300
nM (a) or increasing concentrations (d) of quinelorane. In all cases the
immunoreactive bands of three to four experiments were quantified and
expressed as arbitrary units. Statistical differences with respect to non-treated
cells were determined by Student’s t test (*p<0.05 and **p<0.01). In (e) the
selectivity of RO-10-5824 and quinelorane was proved by the lack of ERK1/2
phophorylation observed in cells not expressingD4 receptors or D2S receptors,

respectively, when stimulated by high concentrations (1 uM) of these agonists.
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Suppl. Fig. 3. Functionality of the mouse fusion proteins. Cells were transfected
with 2.5 pg of cDNA corresponding to mouse D4 or D2S dopamine receptors or to
the corresponding fusion proteins D4-RLuc or D2S-YFP. 48 h post-transfection, cell
expressing D4 or D4-RLuc receptors were treated for 10 minutes with RO 10-5824
(100 nM) and cells expressing D2S or D2S-YFP receptors were treated for 10 min
with quinelorane (300 nM) and ERK1/2 phosphorylation was determined. The
immunoreactive bands of three to four experiments were quantified and

expressed as arbitrary units. A representative Western blot is shown at the top.
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Suppl. Fig. 4. Crosstalk between mouse D2 receptors and mouse or human D4
receptors. Cells transiently co-expressing mouse D2S receptors and mouse D4
receptors (a) or human D4.7 receptors (b) were treated for 10 minutes with
increasing quinolerane concentrations in the presence (©) or in the absence (®) of
RO 10-5824 (50 nM) prior to the ERK1/2 phosphorylation determination. The
immunoreactive bands of three experiments (mean * SEM; n = 3) were quantified
and expressed as arbitrary units. EC50 values with or without RO 10-5824 were:
(a) 23.8+ 0.1 and 21.4 £ 0.1 nM (Student’s t test: N.S.) or (b) 15.2 + 0.1 and 18.2 *
0.1 nM (Student’s t test: NS).
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modulates melatonin synthesis and release in the pineal gland.
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El papel de la glandula pineal es traducir los ciclos ritmicos de noche y dia controlados
por la retina en sefiales hormonales que son transmitidas al resto del sistema neural en
forma de sintesis y liberacién de serotonina y melatonina. En este trabajo se describe
que la produccidn y secrecion de melatonina y serotonina de la glandula pineal esta
regulada por la formacién de heterdmeros entre receptores adrenérgicos o y 1y de
dopamina D4 que sigue un patrén de ritmo circadiano. Por unién a los heteromeros ap-
Ds yB 1-D4, la dopamina es capaz de inhibir la sefializacion de los receptores
adrenérgicos y bloquear la sintesis y liberacion de serotonina inducida por activacion
con agonistas de los receptores adrenérgicos. Estos resultados proporcionan una nueva
perspectiva en la funcion de la dopamina y constituyen el primer ejemplo de
heteromeros de receptores controlados por el ritmo circadiano. La formaciéon de
heterdmeros entre receptores adrenérgicos y de dopamina D4 permite un mecanismo de
feedback en el sistema neuro-hormonal, en el cual, la dopamina controla los inputs

circadianos.
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Abstract

The role of the pineal gland is to translate the rhythmic cycles of night and day
encoded by the retina into hormonal signals that are transmitted to the rest of the
neuronal system in the form of serotonin and melatonin synthesis and release.
Here we describe that the production of both melatonin and serotonin by the
pineal gland is regulated by a circadian-related heteromerization of adrenergic and
dopamine D4 receptors. Through a1B-D4 and [31-D4 receptor heteromers
dopamine inhibits adrenergic receptor signaling and blocks the synthesis of
melatonin induced by adrenergic receptor ligands. This inhibition was not
observed at hours of the day when D4 was not expressed. These data provide a
new perspective on dopamine function and constitutes the first example of a
circadian-controlled receptor heteromer. The unanticipated heteromerization
between adrenergic and dopamine D4 receptors provides a feedback mechanism
for the neuronal hormone system in the form of dopamine to control circadian

inputs.
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Introduction

Dopamine receptors are G protein-coupled receptors (GPCRs) that consist of two
major families, the Di-like and D»-like receptors. Di-like receptors include D, and
Ds subtypes that are known to stimulate adenylate cyclase activity via a Gs
mechanism and D»-like receptors include Dz, D3 and D4 subtypes that inhibit
adenylate cyclase activity via a Gi mechanism [1]. Of these subtypes, D1 and D2 and
their heteromers constitute the most abundant in the brain [2-4]. The function of
the other dopamine receptor subtypes has been more difficult to determine. The
dopamine D4 receptor was discovered twenty years ago and initially drew a lot of
attention in view of its significantly higher affinity for the atypical antipsychotic
clozapine compared to the previously discovered D2 and D3 receptors [5,6]. In the
retina, D4 receptors modulate phototransduction through a mechanism that
requires cAMP [7]. It has been described that Drd4 is the dominant dopamine
receptor gene expressed in the rat pineal gland and that it is expressed in
pinealocytes and retina at levels which are greater than in other tissues [8]. Rat
pineal Drd4 mRNA expression was found to be circadian in nature and under
photoneural control [8,9]. In the pineal gland, mRNA expression for D4 receptors
has been shown to be tightly regulated and stimulated by norepinephrine through
a mechanism involving thyroid hormone [8]. Nevertheless, the amount of D4
receptor protein expression or function in the pineal gland is currently not known.
In this study, the primary issue under consideration is whether or not dopamine
D4 receptor is active within the pineal gland and what is the physiological role of

agonist binding to D4 receptors with respect to pineal gland function.
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The role of the pineal gland is to translate light inputs from the retina into
chemical signals for the rest of the body. This is achieved via production and
secretion of melatonin by the pineal gland. Melatonin production occurs on a night
/ day cycle and is heavily dependent on the concentration of serotonin (5-HT)[10-
14]. The P1 and aip adrenergic receptors are the main receptors that control
melatonin production by different mechanisms. One of them is to control the
availability of 5-HT, the melatonin precursor, by increasing both the activity of
tryptophan hydroxylase (TPH) and the release of 5-HT. Another is via a strict
regulation of the enzyme that converts 5-HT to melatonin, the arylalkylamine N-
acetyltransferase (AANAT)[15-18]. Despite tight regulation by the adrenergic
receptors it is unclear what limits the nighttime and daytime rates of melatonin
and 5-HT production. We hypothesized that one important role of dopamine D4
receptors in the pineal gland can be the modulation of 1 and aig adrenergic
receptor function. One possibility for such a modulation could be through a
concept becoming widely accepted for GPCRs, the modulation of function through
receptor heteromer formation [19-29]. A receptor heteromer is a macromolecular
complex composed of at least two functional receptor units with biochemical
properties that are demonstrably different from those of its individual receptors
[30]. Here, using a combination of approaches including biophysical, molecular
and cellular biology, and metabolic assays from cultured cells to whole, intact,
pineal gland, we explored the possibility that D4 receptor might modify adrenergic
receptor function through direct receptor-receptor interaction. We report, to our
knowledge, the first heteromer between dopamine and adrenergic receptors,

provide new data that adrenergic receptor control of 5-HT levels can be modulated
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via the D4 receptor, and show that Ds-adrenergic receptor regulation can alter

melatonin production from the pineal gland.

Results

D4 receptors are functional in the pineal gland.

The expression of Dsreceptor mRNA in the pineal gland during the dark period has
been described but the functional role of the protein is unknown [8,31]. Thus we
first assessed whether the receptor was active in the pineal gland. Pineal gland
dissected from rats 1 h from the start of the light period were stimulated with
increasing concentrations of dopamine or with the D4 receptor agonist RO 10-5824
and the levels of p-ERK 1/2 and p-Akt/PKB were determined. Dopamine increased
both p-ERK 1/2 and p-Akt/PKB to a similar extent as RO 10-5824 (Figure 1A and
B). Moreover, primary cultures of pinealocytes stimulated with RO 10-5824, the
adrenergic a1 receptor agonist phenylephrine or the adrenergic 3 receptor agonist
isoproterenol showed signaling via p-ERK 1/2 (Figure 1C, red staining). The
subcellular distribution of the pinealocyte marker S-arrestin (green staining) in
the absence of ligands was diffuse, suggesting cytosolic localization, and in the
presence of ligands, was found in punctate structures, indicating recruitment to
membrane structures. In addition, these punctate structures co-localized with the
p-ERK 1/2, confirming receptor activation, since endosomes containing receptor-
arrestin complexes are known to serve as a signaling platform for p-ERK 1/2 [32]
(Figure 1C). Thus, in both intact pineal gland and isolated pinealocytes Da

receptors are functional.
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D4 receptors form heteromers with o.1s and f31 receptors in transfected cells.
Having shown that D4 receptors are functional in the pineal gland, we sought to
test whether D4 receptors might form heteromers with the adrenergic receptors
aig and P1. We first examined this possibility using transfected cells. The best
assay for detecting an interaction between two membrane receptors in transfected
cells is through biophysical means using Bioluminescence Resonance Energy
Transfer (BRET) assays. BRET experiments were performed by fusing one of the
receptors to the bioluminescent protein Renilla Luciferase (RLuc) and the other to
a yellow fluorescent protein (YFP) (Experimental Procedures). Prior to BRET
experiments, preliminary experiments showed that fusion proteins were able to
bind their respective ligands with similar affinities (data not shown). Next, we
confirmed that the fusion proteins were able to activate p-ERK 1/2 in the same
manner as the native protein (Figure S1) and that all receptors were properly
trafficked to the cell membrane as observed by confocal microscopy (Figure 2D).
Clear BRET saturation curves were obtained in cells expressing D4-RLuc receptors
and increasing amounts of a1 -YFP or B1-YFP receptors (Figure 2A) with BRET max
values of 74 + 4 mBU and 120 + 10 mBU respectively and BRETso values of 37 * 2
and 61 *+ 4 respectively, indicating that the two receptors are indeed forming a
higher order structure that allows energy transfer. In contrast, a low and linear
BRET was detected in cells expressing ai1g-RLuc and increasing amounts of 31-YFP
(Figure 2A, gray line); this was qualitatively similar to the results obtained with
the negative control, cells expressing D4-RLuc receptors and increasing amounts of
D1-YFP (Figure 2A, green line). Taken together, these results strongly suggest that
the D4 receptor forms heteromers with both, a1 and 1 receptors, but heteromers

are not formed between a1 and 1 receptors.

138



Although these results show that a1g and 1 do not form heteromers in cells not
expressing Ds receptors, they do not discount the possibility that there are
heterotrimers between D4, a1 and 1 receptors in cells expressing all three, as has
been previously reported for other GPCRs [33]. If aig-P1-D4 heterotrimers are
formed, the molecular determinants on the D4 receptor which interact with ous
receptor must be different from those required to interact with 1 receptors. On
the other hand, if aig and 1 receptors interact with the same molecular
determinants on the D4 receptor, auis-f1-D4 receptor heterotrimers will not form
due to the steric hindrance of two receptors competing for the same region. To test
this we performed two parallel experiments. In the first one we titrated ous
receptors in cells expressing a constant amount of D4-RLuc and a1s-YFP (Figure
2B). As more unlabeled a1z was expressed (red line) energy transfer was
decreased due to the receptor competing with itself. We observed a nearly
identical decrease in energy transfer when we titrated 1 receptor. We obtained
similar results in the second experiment, when we titrated o or 1 receptors in
cells expressing a constant amount of D4-RLuc and [:-YFP (Figure 2C). One
important observation is that the BRET approached zero as more competing
receptor was added, arguing against the possibility that the unlabeled receptor is
forming a complex with an existing BRET complex. In the latter scenario, the BRET
is likely to remain relatively constant over a range of concentrations of the

competing receptor.

The advantage of BRET experiments is that they are performed on live cells in
native membranes. However, we sought to confirm these interactions using the

classical method of co-immunoprecipitation. We first confirmed that aig and 1
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receptors could be co-precipitated with D4 receptor. In cells expressing D4-YFP, auis
and 1 receptors (Figure 2E) immunoprecipitating with anti-D4 receptor antibodies
led to co-precipitation of both ai1g and B1 receptors (Figure 2F lanes 7 and 14). We
also performed the reverse, immunoprecipitating with antibodies to oup or f1
receptors and looking for co-precipitation of Dsreceptor. However, the Dsreceptor
antibodies do not function by Western Blot, so we blotted the membrane with an
anti-YFP antibody. Immunoprecipitating with either a.1p and 31 receptor antibodies
led to co-precipitation of D4 receptors (Figure 2E lanes 1 and 8). As controls we
performed the immunoprecipitation with an unrelated antibody and no a1 and 1
receptors were precipitated (Figure 2F lanes 6 and 13). Next, to confirm the BRET
competition experiments detailed above (Figures 2B and C) we examined the
ability of aig and P1 receptors to co-precipitate each other. As can be seen in
Figure 2F lanes 2 and 9, ais and P1 receptors did not co-precipitate. Taken
together, these results confirm the BRET experiments and prompted us to discard
the possibility of ous-f1-Ds4 receptor heterotrimers. Control experiments using
cells expressing a single receptor or two receptors were also performed (Figure

S2) confirming the above described results.

Functional consequences of a1p-Ds and f1-D4 receptor heteromer formation
in transfected cells. A common and often essential attribute of receptor
heteromers is the ability to modify downstream signaling versus the single
constituent receptors. This type of receptor-receptor interaction has been observed for
several receptor heteromers [34-37]. To understand the function of a1g-D4 and B1-D4
receptor heteromers, we investigated whether there were changes in MAPK (ERK

1/2 phosphorylation) and Akt/PKB (Ser-473 Akt phosphorylation) signaling when
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heteromers were co-stimulated with both agonists or blocked with antagonists. In
terms of pineal function, phosphorylation of ERK 1/2 is the last step in a cascade of
signaling that modulates the enzyme that converts 5-HT to N-acetyl serotonin, thus we
felt it pertinent to study changes in this signaling pathway. First, the selectivity of
receptor agonists, RO 10-5824, phenylephrine and isoproterenol was tested in
cells expressing D4, g or 1 receptors (Figure 3A). Using selective agonist in time-
response assays we found an increase in ERK 1/2 and Akt/PKB phosphorylation in
cells only expressing D, aiig or 1 receptors (Figure S3). We next explored whether
any cross-talk between the receptors could be detected in cells co-expressing the
receptors. In ais-Ds and f1-D4 receptor co-expressing cells, stimulation of D4
receptors for 7 min with the D4 specific ligand RO 10-5824 inhibited a1 and f1
receptor-mediated ERK 1/2 and Akt/PKB activation induced by increasing
amounts of phenylephrine and isoproterenol (Figure 3 B to E). We observed an
almost complete block in the amount of p-ERK 1/2 induced by adrenergic agonists
in the presence of RO 10-5824 (Figure 3B and D), indicating that D4 activation
inhibited the o and 1 receptor-mediated ERK 1/2 phosphorylation. In addition,
a complete block of p-Akt production was observed in the presence of both
adrenergic receptor agonist and Ds receptor agonist (Figure 3C and E),
demonstrating that D4 receptor activation inhibited the ais and (1 receptor-
mediated Akt/PKB phosphorylation and vice-versa. These results are not due to a
change in the time in which the signaling peaks, since differences were not
observed in time-response curves when co-transfected cells were activated with
one or both agonists (Figure S4). In addition, as a negative control, we confirmed

that RO 10-5824 did not modify ERK 1/2 or Akt/PKB phosphorylation induced by
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phenylephrine or isoproterenol in cells transfected with ais or P1 receptors alone

(Figure S5).

In addition to cross-talk at the level of receptor signaling, some GPCR heterodimers
act at the level of ligand binding [35,38-40]. To explore whether D4 receptor
ligands can modify the binding of aig or fi1 receptor ligands we performed
radioligand competition assays in transfected cells in the presence or absence of
the D4 receptor specific ligand RO 10-5824. As can be seen in figure 3F, the
addition of RO 10-5824 led to a decrease in the ability of phenylephrine, the aus
receptor agonist, to displace the radiolabeled aip receptor antagonist [3H]-
prazosin. The monophasic competition curve giving an affinity constant (Kp1) of
10+1 nM changed to a biphasic curve giving a Kp1 of 27+7 nM and Kpz of 1600+400
nM in the presence of RO 10-5824, showing negative cooperativity (cooperativity
index of -1.17). These results point out that agonist binding to D4 receptor in the
heteromer decreases the affinity of agonist binding to ais receptor. Interestingly,
when similar experiments were performed testing agonist binding to 1 receptors,
there were no differences observed in the displacement curve or the affinity in the
presence or absence of RO 10-5824 (Kp: of 30050 nM and 460+80 nM
respectively)(Figure 3G). Taken together, these results imply differences between

a1g-D4 and P1-D4 receptor heteromers in their allosteric interactions.

We next looked for a heteromer specific biochemical property. Antagonists, by
definition, do not signal; thus, cross-antagonism, any change in a1 or 31 mediated
signaling caused by an antagonist of D4 receptors, could only be due to protein-
protein contact between the receptors, and would constitute a specific biochemical

characteristic of the heteromer. Prior to looking for cross-antagonism, we
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investigated the selectivity of D4, aig and (1 receptor antagonists by measuring
MAPK and Akt/PKB signaling in cells transfected with only D4, aiig or 1 receptors
and stimulated or not with agonist and treated with the selective D4, a1g and 1
receptor antagonists L-745,870, REC 15/2615 and CGP 20712, respectively. All
antagonists behaved as classical antagonists, since none demonstrated any
signaling properties in transfected cells (Figure S6). Importantly, all antagonists
were selective, as expected and were able to attenuate agonist-induced signaling in
only their respective receptors (Figure S6). Next, cells co-expressing oig-Ds4 and
B1-D4 receptors were treated with antagonists prior to activation with agonist. We
obtained a striking cross-antagonism in MAPK and Akt/PKB activation (Figure 4).
In both cases, the D4 receptor antagonist, L-745,870 was able to completely block
signaling caused by isoproterenol or phenylephrine. Moreover, signaling induced
by the D4 receptor agonist was blocked by the adrenergic receptor antagonist REC
15/2615 and CGP 20712. These results demonstrate that the dopamine Dq
receptor is able to modify a1s and B1 function via receptor heteromers and vice-
versa. In addition, this cross-antagonism constitutes a specific biochemical
property of the oauip-Ds and P1-Ds receptor heteromers and can be used as a

biochemical fingerprint to detect the heteromers in native tissues.

Functional a18-D4 and B 1-D4 receptor heteromers in the pineal gland.

We next sought to detect ai1g-D4 and B1-Dareceptor heteromers in the pineal gland.
We looked for the heteromer biochemical property identified above, the cross-
antagonism, as an initial demonstration of the existence of aip-Ds and f1-Ds
receptor heteromers in the pineal gland. Therefore, whole pineal glands were

isolated one hour after starting the light period and stimulated with the respective
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D4, a1g and P1 agonists RO 10-5824, phenylephrine and isoproterenol and p-ERK
1/2 (Figure 4E) and p-Akt (Figure 4F) signaling were measured with respect to
basal levels. As can be seen in Figure 4E and F, all three receptors showed robust
signaling that could be attenuated with the respective antagonist (L-745,870, REC
15/2615, and CGP 20712). We also detected a cross-antagonism in MAPK and
Akt/PKB activation. In both cases, the D4 receptor antagonist, L-745,870, was able
to block completely the signaling caused by isoproterenol or phenylephrine and
the signaling induced by the D4 receptor agonist was blocked by the adrenergic
receptor antagonist REC 15/2615 and CGP 20712 (Figure 4E and F). These results
matched the cross-antagonism observed in transfected cells, thus strongly
indicating that D4 receptors form functional heteromers with a1g and 1 receptors

in the pineal gland.

Direct detection of a.1g-D4 and 1-D4 receptor heteromers in the pineal gland.
Biophysical techniques to detect heteromers directly cannot be easily applied in
native tissue, but other direct methods can be used. One example is the application
of the newly developed proximity ligation assay (PLA). This technique has been
successfully employed to detect protein dimers in cells and in tissue [41]. Prior to
performing PLA, we first confirmed the antibody specificity. The antibody against
D4, a1 or 1 receptor, only stained cells expressing the corresponding receptor but
not non-transfected cells and cells expressing D4 receptors were not stained by
antibodies against adrenergic receptors and cells expressing aig or 1 receptors
are not stained with anti-Ds receptors antibody (Figure S7). The selectivity for
anti-D4 antibody was also demonstrated by taking advantage of the fact that rat

pineal Drd4 mRNA expression was found to be circadian in nature being high at the
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last part of the dark period and very low during the light period [8,9]. Thus,
without the need of genetically manipulated animals, we observed that the anti-D4
antibody was able to stain pinealocytes from pineal glands extracted just after the
darkness period but not pinealocytes from glands extracted at the end of the light
period (Figure 5A). The expression of both adrenergic receptors was similar in
both periods (Figure 5B and C). After testing the expression of the individual
receptors using immunofluorescence in pinealocytes, we next looked for evidence
of expression of a1g-Ds and P1-D4 receptor heteromers in pineal gland using the
proximity ligation assay. This direct method requires that both receptors be close
enough to allow the two different antibody-probes to be able to ligate (<17nm)
[41,42]. If the receptors are within sufficient proximity, a punctate fluorescent
signal can be detected by confocal microscopy (see Experimental Procedures). We
found that the endogenously expressed D4 receptors do indeed form heteromers
with the endogenous expressed oig and 1 receptors in a primary culture of
pinealocytes obtained from a pineal gland dissected 1 h after the start of the light
period (Figure 5D and E, punctate pattern of fluorescence in the upper images) but
we did not observe receptor interaction, in the form of a fluorescent signal, for
negative controls tested in the absence of primary antibodies (Figure S8) or for auis
- P1 receptors (Figure 5F). These results were consistent with the BRET
experiments and demonstrated aig-D4 and f1-D4 receptor heteromers expression
in pinealocytes. As we observed a severe depletion of D4 receptor expression in
pinealocytes from glands isolated at the end of the light period, we performed the
PLA experiments also with glands isolated at the end of the light period. As
expected, no a1g-D4 and P1-D4 receptor heteromers were detected (Figure 5D and

E, lower images). These results not only confirm the specificity of the results in
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Figure 5D and E (top images), but also demonstrate the circadian nature of
heteromer formation. To confirm the circadian nature of heteromer formation we
performed co-immunoprecipitation experiments using glands dissected 1 h after
the start of the light period (sunrise) or glands isolated at the end of the light
period (sunset). Although adrenergic receptors are expressed in sunrise and
sunset periods (Figure 5G), immunoprecipitating with anti-D4 receptor antibodies
led to co-precipitation of both aip and B1 receptors only from glands extracted at
the sunrise period and not from glands extracted at the sunset period (Figure 5H)
indicating the heteromer expression in the pineal gland and the circadian nature of
the heteromerization. The lack of heteromer formation between aig and f1
receptors seen earlier by BRET and immunoprecipitation in transfected cells was

confirmed in pineal gland by co-immunoprecipitation experiments (Figure 5 H).

Functional consequences of a.1g-Ds and (1-D4 receptor heteromer formation

in the pineal gland.

To test the effect of receptor co-activation in ai1g-D4 and B1-Dasreceptor heteromers
in the p-ERK 1/2 and p-Akt/PKB production, pineal glands, isolated at 9:00h, one
hour after the start of the light period (at sunrise), were stimulated with RO 10-
5824, phenylephrine or isoproterenol alone or in combination. Co-activation with
RO 10-5824 and phenylephrine or with RO 10-5824 and isoproterenol induced a
significant decrease of p-ERK 1/2 production compared with stimulation with one
agonist alone (Figure 6A). Co-activation completely blocked the formation of p-
Akt/PKB in cells stimulated with RO 10-5824, phenylephrine or isoproterenol
(Figure 6B). These results indicate that there is a negative cross-talk between D4

and a1 or B1 receptors not only in transfected cells but also in the pineal gland. To
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be sure that the data reflected a true negative cross-talk between D4 and a1 or 31
receptors, and not a time displacement of the signaling, we performed time-
response experiments with pineal glands (Figure S9). The effect of co-activation
with RO 10-5824 and phenylephrine or with RO 10-5824 and isoproterenol on o
and B signaling was not due to a change in timing of the signal with maximal signal
obtained at 10 min. In addition, at all times examined no p-Akt/PKB signal was
detected in the presence of both adrenergic agonists and RO 10-5824. These data
support the conclusion that the result observed in Figure 6A and B were indeed

due to a true negative cross-talk.

As the expression of D4 receptor in the pineal gland is regulated by a cycle of
light/dark, we reasoned that if we isolated pineal gland after 12 hours of light (at
sunset) when the levels of D4 receptor are low, then we should now lose the
negative cross-talk seen in Figure 6 A and B. To test this, we stimulated pineal
gland extracted at 20:00 h and compared signaling after stimulation with RO 10-
5824 in the presence or absence of phenylephrine and isoproterenol. As shown in
Figure 6C and D, there was no inhibition of aip and 1 receptor-mediated MAPK
and Akt/PKB activation by the D4 receptor agonist RO 10-5824 in glands isolated
at the end of the light period (sunset), a time of low D4 receptors expression. This
was in contrast to signaling in glands extracted at 9:00h, just after the dark period
(sunrise) where D4 receptors are expressed and negative cross-talk in agonist-

induced signaling was observed (Figure 6 A and B).

The metabolic consequences of aip-Ds and Pi1-Ds receptor heteromers

activation in the pineal gland.
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Finally, we sought to understand how a1g-D4 and p1-D4 receptor heteromers might
modulate pineal gland function. A major role of the pineal gland is controlling the
levels of melatonin and its precursor 5-HT via synthesis and release. The s
receptor controls 5-HT and melatonin release via potentiation of the calcium-
induced exocytosis, while the 31 receptors can modify the synthesis of both 5-HT
and melatonin [15-18]. With this in mind, we tested the role of the a1g-D4 and p1-
D4 receptor heteromers in 5-HT and melatonin synthesis and release. Ideally, to
test the physiological importance of heteromers, one would like to create a
targeted knockout animal lacking one of the partner receptors in the tissue of
interest to be compared with wild type animals. However, in the case of D4
receptor expression in the pineal gland nature provided a suitable alternative. We
decided to take advantage of the fact that D4 receptor expression is altered by the
cycle of light and dark and compare results obtained with pineal gland extracted at
the end of the light period (sunset) when D4 receptors are not expressed with
those obtained with glands extracted at the end of the dark period (sunrise) when

D4 receptors are expressed.

We treated pineal glands, isolated at 20:00h, when a1g-Ds and f1-D4 receptor
heteromers are not expressed, with specific agonists or/and antagonists and
measured the amount of 5-HT synthesized (Figure 7A and C) or released (Figure7B
and D) and the amount of melatonin synthesized (Figure 7E and G) or released
(Figure7F and H). As can be seen in Figure 7A to H, treatment with the D4 specific
agonist, RO 10-5824, showed no increase in either 5-HT or melatonin synthesis or
release compared to basal levels. In contrast, we observed a large increase in

melatonin synthesis and release when the glands were treated with the 1 receptor
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agonist isoproterenol or the aig agonist phenylephrine respectively (Figure 7E to
H) and a significant increase in 5-HT synthesis and release when the glands were
treated with isoproterenol or phenylephrine (Figure 7A to D). The increases in 5-
HT and melatonin synthesis and release could be blocked only by the
corresponding specific antagonists of adrenergic receptors but not by the D4
receptor antagonist L-745,870 (Figure 7A, B, E and F) demonstrating a lack of
cross-antagonism due to the absence of the heteromers. In addition, when we
treated the glands with either phenylephrine or isoproterenol in the presence of
the dopamine D4 receptor agonist RO 10-5824 (Figure 7C, D, G and H) no negative
cross-talk between dopamine D4 and adrenergic receptors could be detected. The
role of adrenergic receptors is represented in Figure 7I. In contrast and very
interestingly, when pineal glands were isolated at 9:00h, at sunrise, (when D4
receptor expression increases and ouip-Ds and f1-Ds receptor heteromers are
expressed) and were stimulated as before with agonists of both oz and f1
receptors in the presence of either the pertinent antagonist or the D4 antagonist,
we observed that 5-HT and melatonin synthesis and release could be blocked not
only by the corresponding specific antagonists of adrenergic receptors but also by
the D4 receptor antagonist L-745,870 (Figure 7], K, N and O). This demonstrates a
clear cross-antagonism. In addition, when we treated the glands with either
phenylephrine or isoproterenol in the presence of the dopamine D4 receptor
agonist RO 10-5824, a complete block in the ability of either ligand to increase 5-
HT or melatonin synthesis or release was observed (Figure 7L, M, P and Q). This
shows that, in these conditions, a negative cross-talk between dopamine D4 and
adrenergic receptors exists in the pineal gland. A schematic representing the

influence of dopamine on 5-HT and melatonin synthesis and release in these
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conditions is represented in Figure 7R. These data provide strong evidence that
the role of the dopamine D4 receptor via either aig-Ds and Pi-Ds receptor

heteromers is to modify the melatonin metabolic pathway in the pineal gland.

Discussion

In the present study we identified a previously unknown mechanism for how
dopamine can regulate adrenergic receptor function in a circadian fashion. By
applying a number of different experimental approaches, we were able to identify:
1) That functional dopamine D4 receptors form heteromers with both ais- and p1
adrenergic receptors in transfected cells and in the pineal gland; 2) that the a1z-D4
and B1-D4 receptor heteromers allow direct modulation of the adrenergic agonist-
induced MAPK and Akt signaling by the D4 receptor agonist and antagonist in
transfected cells and in the pineal gland; 3) that the synthesis of melatonin and its
precursor 5-HT, promoted by adrenergic receptor stimulation in the pineal gland,
can be controlled by Di receptor activation via ais-Ds and Pi-Ds receptor
heteromers and 4) that this Ds receptor heteromer-mediated modulation is
dependent on the circadian light/dark cycle. This is the first example, to our
knowledge, of a circadian-dependent modulation of receptor heteromerization.
Together these findings point to a new role for the D4 receptor in the pineal gland
where D4 receptor activation modifies a1s- and 1 adrenergic receptor function by
a direct receptor-receptor interaction which can limit the levels of melatonin

secreted by the pineal gland.
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The adrenergic receptors are the mainstay receptors of pineal gland function.
They form the bridge between the circadian controlled release of norepinephrine
by the surrounding sympathetic nerve terminals and the melatonin production of
the pineal gland. The adrenergic receptors are thought to control the production of
melatonin through a variety of mechanisms, including control of the levels of the
melatonin precursor 5-HT [15,16]. Dopamine is also present in the afferent
sympathetic nerves in the pineal gland, not only as a precursor of norepinephrine,

but is also proposed to be co-released to a lesser extent with norepinephrine [8].

The ‘receptor heteromer’ concept, in which receptors of the same and different
gene families can combine among themselves to generate new and unique
biochemical and functional characteristics, is becoming widely accepted for GPCRs
and constitutes an emerging area in the field of GPCR signaling and function
regulation [30]. To date there had been no demonstration of heteromers involving
dopamine and the adrenergic receptors. Here, by means of BRET experiments in
transfected cells and by proximity ligation assays in pinealocytes, we present
direct evidence that the D4 receptor forms heteromers with both the aip and 1
adrenergic receptors. The formation of aiig-Ds4 and B1-D4 receptor heteromers in
the pineal gland manifests itself in the form of cross-antagonism. We observed that
a D4 receptor specific antagonist was able to block the signaling through both as-
and f1 adrenergic receptors. The specific antagonists of ai- and 31 adrenergic
receptors were also able to block signaling through D4 receptors. This is a clear
example of cross-antagonism in a receptor heteromer [43-45], since, by definition
an antagonist is not able to induce intracellular signaling. This statement is a

propos in our case since none of the antagonists used here demonstrated any
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signaling activity. Thus the simplest way to explain the effect of a D4 receptor
antagonist on ag and B1 receptor activation and vice-versa, is through a direct

protein-protein interaction between both receptors.

The functional consequences of this protein-protein interaction is a negative cross-
talk between both receptors in the aig-Ds and P1-Ds receptor heteromers, i.e. the
block in the amount of p-ERK 1/2 induced by adrenergic agonists in the presence
of D4 receptor agonist and the complete block of p-Akt production when both
receptors in the heteromer were co-stimulated. In the pineal gland, D4 receptor
mRNA expression is tightly regulated so that it is highest during the last part of the
dark period [8]. Accordingly, we show that the D4 receptor is expressed and is
functional in pineal glands isolated at sunrise and we saw no activity and no
expression when pineal glands were isolated at sunset, the end of the light period.
Our finding that the D4 receptor can modify the downstream signaling of the ais
and P1 adrenergic receptors is particularly interesting as D4 receptor expression
was found to be modified by an increase in norepinephrine levels [8].
Norepinephrine levels are also known to increase at night and it is through its
binding to the adrenergic receptors that the level of D4 receptor mRNA is thought
to reach the maximum at the end of the dark period [8]. Thus, the mechanism we
describe may represent a feedback inhibition, where increased expression of D4
receptor via adrenergic signaling leads to an increase of a.1g-D4 and f1-D4 receptor
heteromers which then inhibit adrenergic-induced signaling through the above
described cross-talk. The detailed molecular mechanism for how this feedback
occurs is less clear. It is known that heteromers can function in a variety of

different mechanisms, including allosterically, asymmetrically, and / or through
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cooperativity [23,29,46]. The binding experiments in transfected cells suggest, at
least for the aip-D4 receptor heteromer, there is inhibition at the level of ligand
binding. Why is this not seen for f1-Ds4 receptor heteromer? Does this reflect
differences in heteromer plasticity?, e.g. protomer-protomer molecular
interactions promoted by ligand binding to one protomer inducing structural
changes in the other protomer that are sensed at both ligand binding and signaling
levels in one case and only at the signaling level in the other case. Or are these
results due to something experimentally related eg. the differences of ligands
used? More experiments will be required to identify how exactly these particular
heteromers function. An interesting corollary to heteromer function and the data
presented here is that a recent proposal arguing against the existence of
heteromers and heteromer function suggested that GPCRs were competing for
available G-proteins and that any cross-signaling effects observed were due to this
competition [47]. Our results argue against this possibility, at least in the case of
a18-D4 and B1-D4 receptor heteromers, as none of these receptors use the same G-
proteins to signal. We have observed cross-talk at the level of p-ERK 1/2 and p-
Akt, two steps along the production and release of melatonin. Separately all three
receptors studied can activate both signaling pathways, thus heteromer formation
by a protein-protein interaction clearly alters the ability of these receptors to
signal using these pathways. Cross-talk has been observed for other heteromers
[24,25,37,48], the mechanisms have varied from changes in -arrestin recruitment,
changes in receptor trafficking, changes in G-protein coupling, and / or changes in
ligand binding. More experiments will be required to understand the molecular
mechanism at play in the pineal gland.  Another possible interpretation of our

signaling results is that some downstream effect after D4 receptor activation might
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cause adrenergic receptor signaling to be inhibited. This does not seem to be the
mechanism of action for the oaig-Ds heteromers based on the fact that the
inhibition occurs at the binding level as well. However, although we cannot
completely rule out this possibility for i-D4, the fact that there is cross-
antagonism and that the receptors are in a complex suggests an indirect

mechanism of inhibition is less likely.

We have also studied the metabolic consequences of aig-Ds4 and P1-D4 receptor
heteromer activation at the level of melatonin synthesis and release, as well as the
precursor of melatonin, 5-HT. Melatonin levels are increased at night while 5-HT
levels fluctuate in the opposite manner, with production and secretion increasing
during the day with the levels of AANAT, the enzyme in the last step to melatonin
synthesis. Through mass action, large changes in AANAT activity at night can
rapidly decrease the levels of 5-HT, yielding large increases in melatonin [49]. It is
important to point out that 5-HT synthesis is thought to occur both during the day
and at night and nocturnal synthesis and release of 5-HT is required for maximal
adrenergic stimulation of melatonin synthesis [50,51]. Extracellular 5-HT is either
taken up by surrounding sympathetic nerves or binds 5HT2c receptors on the
pineal gland, which in turn can lead to increased melatonin synthesis and release
[50,52]. To date it has not been entirely clear what limits the maximum nighttime
and minimum daytime rates of melatonin production. Our data suggest that a1g-D4
and P1-D4 receptor heteromers may play an important role in this process. In
pineal glands, isolated at the end of the light period (sunset) when the expression
of D4 receptor is negligible, treated with adrenergic ligands, we have seen a large

increase in melatonin and a moderate increase in 5-HT synthesis mediated by 1
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receptors and release mediated by aig receptors (Figure 71I). In this case neither
synthesis nor release of 5-HT or melatonin were blocked by treating the gland
simultaneously with a D4 receptor agonist or were modified in the presence of D4
receptor antagonist. In these conditions the pineal gland is starting the melatonin
production during the dark period. In pineal glands, isolated at the end of the dark
period (sunrise) when the D4 receptor is expressed, treated with adrenergic
ligands, we have also seen a large increase in melatonin and 5-HT synthesis
mediated by 1 receptors and release mediated by aig receptors. Interestingly,
both synthesis and release were blocked by treating the gland simultaneously with
a D4 receptor agonist (Figure 7). Thus, dopamine appears to be able to regulate the
melatonin and 5-HT levels as seen in Figure 7R. This suggests that dopamine, via
a1g-Ds and P1-D4 receptor heteromers, may serve both as a buffer to control the
amount of 5-HT that can be made and released during the light period, limiting
total melatonin production, and be partially responsible for the block of melatonin
production after the dark period. During the day, D4 receptors would begin to be
down-regulated, less ais-Ds and B1-D4 receptor heteromers would be formed,
AANAT would be also down regulated, maintaining a reduced melatonin
production, 5-HT levels would gradually increase, and the cycle could repeat.
These findings provide the first report of a role for the D4 receptor in the pineal
gland and suggest a new area of research on how dopamine receptors, by means of
a circadian-related heteromerization with adrenergic receptors, may help maintain

the circadian rhythm signals emulating from the pineal gland.
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Experimental Procedures

Fusion proteins and expression vectors. The cDNA for human dopamine D4, and
adrenergic o and P1 receptor genes expressed in the pcDNA3.1 vector were
amplified without its stop codon using sense and antisense primers to be cloned in
the mammalian humanized pRluc-N1 or in the EYFP-N3 vectors (See

Supplementary Experimental Procedures).

Cell culture and transient transfection. CHO or HEK-293T cells were grown in
supplemented a-MEM or Dulbecco’s modified Eagle’s medium (DMEM) medium,
respectively, and they were transfected by the polyethylenimine (PEI) method.

(See Supplementary Experimental Procedures).

Immunostaining. HEK-293T cells were grown on glass coverslips and transiently
transfected. After 48h of transfection, cells were fixed and labeled with the

corresponding antibodies. (See Supplementary Experimental Procedures).

BRET assay. HEK-293T cells were co-transfected with a constant amount of cDNA
encoding for the receptor fused to Rluc and with increasing amounts of cDNA
encoding to the receptor fused to YFP to measure BRET. BRET was expressed as
milli BRET Units (mBU) and is the BRET ratio x 1000. (See Supplementary

Experimental Procedures).
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Pineal glands dissection and culture. Male Sprague Dawley rats (3 month old,
~350g), receiving water and food ad libitum, were obtained from the animal facility
of the Faculty of Biology (University of Barcelona). Rats were housed in light:dark
12:12 lighting cycles starting light at 9:00 h and dark at 21:00 h 4% Isoflurane (2-
chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane) anesthetized animals were
killed by decapitation at 9:00h (just after the dark period) or at 20:00h (after light
period) and pineal glands were immediately dissected. All procedures were
approved by the Catalan Ethical Committee for Animal Use (CEAA/ DMAH 4049
and 5664). Rat pineal glands were cultured in defined culture medium (BGJb,
Invitrogen, Carlsbad, CA) containing 10% (v/v) fetal bovine serum (heat-
inactivated) for 24-36h and cultured in serum-free medium for 16 h before the
addition of agonists and/or antagonist for signaling experiments or were over-
night cultured in HBSS medium (137 mM NaCl, 5 mM KCl, 0.34 mM
Na;HPO04.12H:0, 0.44 mM KH2P0O4, 1.26 mM CaCl2.2H:0, 0.4 mM MgS04.7H20, 0.5
mM MgClz, 10 mM HEPES, pH 7.4), supplemented with 0,1% glucose, 100 U/ml
penicillin/streptomycin and 1mg/ml bovine serum albumin, containing agonist

and/or antagonist for serotonin synthesis and release determination .

Coimmunoprecipitation. Transfected cells or pineal glands were solubilized by
homogenization in ice-cold immunoprecipitation buffer and were processed for
immunoprecipitation as described in immunoprecipitation protocol using a

Dynabeads Protein G kit (Invitrogen) (See Supplementary Experimental Procedures)

Detection of MAPK and Akt/PKB phosphorylation. Transfected cells or pineal

glands were cultured in serum-free medium before the addition of the indicated
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concentration of ligands for the indicated time. Both, cells and pineal glands were
washed and lysed. Proteins were separated by electrophoresis and ERK 1/2
(Thr183-Tyr185) and Akt (Ser#73) phosphorylation was determined by western blot

and band densities were quantified (See Supplementary Experimental Procedures).

Radioligand Binding Experiments. Competition experiments were performed
using membranes from cells expressing D4 and o or B1 receptors. Membranes
were incubated with the indicated concentration of the aig receptor antagonist
[3H]prazosin or B1 receptor antagonist [3H]CGP-12177 (PerkinElmer Life and
Analytical Sciences) and increasing concentrations of phenylephrine or
isoproterenol respectively, in the absence or in the presence of the indicated
concentration of the D4 receptor agonist RO 10-5824 (Tocris, Aronmouth, UK) (See

Supplementary Experimental Procedures).

Pinealocyte culture, signaling and immunocytochemistry. Pinealocytes were
prepared from rat pineal glands as previously described by Silveira Cruz-Machado
et al. [53] and maintained in culture no more than 48h. For signaling experiments,
pinealocytes were treated with specific agonist, fixed with paraformaldehyde and
treated with the corresponding antibodies (See Supplementary Experimental

Procedures).

In situ Proximity Ligation Assay (PLA). The primary cultures of pinealocytes
were fixed and permeabilized as described above. The receptor-receptor
molecular interaction was detected using the Duolink II in situ PLA detection Kit

(See Supplementary Experimental Procedures).
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Serotonin synthesis and release determination. After 36 h of culture in BGJb
medium, pineal glands were incubated in supplemented HBSS medium for 12 h
with specific agonist and/or antagonist and radioactive ['*C]-Tryptophan (10 uM).
Medium and pineal glands were collected separately and ['“C]-serotonin in medium
or in homogenized glands, was separated by HPLC chromatography coupled to
detection by fluorescence and counted in a liquid scintillation counter (See

Supplementary Experimental Procedures).

Melatonin synthesis and release determination. After 36 h of culture in BGJb
medium, the pineal glands were incubated for 12 h with specific agonist and/or
antagonist in supplemented HBSS medium. After incubation, media were collected
into eppendorf tubes and pineal glands were homogenized by sonication in a
Dynatech/Sonic Dismembrator (Dynatech Labs, Chantilly, VA) for 15 seconds. An
aliquot was reserved for protein quantification by the Lowry method and cellular
debris was removed by centrifugation at 10,000 g for 10 min at 42C. Melatonin was

125

quantified using a radioimmunoassay kit with [ “I]-melatonin (DiaSource,

Belgium) following the instructions of the supplier.
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Figure 1. Functionality of dopamine D4 receptors in pineal gland and
pinealocytes. Pineal glands extracted at 9:00 h were treated for 10 min with
increasing amounts of dopamine or with 1 uM of RO 10-5824 (RO). The
immunoreactive bands, corresponding to ERK 1/2 (Thr183-Tyr185) phosphorylation
(A) and Akt (Ser#’3) phosphorylation (B), of two separate experiments performed
in duplicate were quantified and values represent the mean * S.D. of the fold
increase relative to basal levels found in untreated cells. Significant differences
with respect to basal levels were determined by one way ANOVA followed by a

Dunnett’s multiple comparison post hoc test (*p < 0.05, **p < 0.01 and ***p <
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0.001). A representative Western blot is shown at the top (see Experimental
Procedures). (C) Pinealocytes were isolated from pineal glands extracted at 9:00h
and were treated with medium (Control), 1 uM of RO 10-5824 (RO), 1 uM
phenylephrine (Phenyl) or 1 uM isoproterenol (Iso) for 10 min before labeling
with anti-S-arrestin (green) and anti-phospho- ERK1/2 (red) as indicated in

Experimental Procedures. Cell nuclei were stained with DAPI (blue). Scale bar: 5 pm.
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Figure 2. D4 receptors form heteromers with aig and f1 receptors in
transfected cells. (A) BRET saturation curves were performed in HEK-293T cells

co-expressing a constant amount D4-RLuc construct (2 pg of plasmid transfected)
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and increasing amounts of $1-YFP construct (0.4-5 pg plasmid transfected, red),
a18-YFP construct (0.4-5 pg of plasmid transfected, blue) or D1-YFP construct (1-4
ug of plasmid transfected, gray ) or with cells co-expressing a constant amount of
a1g-RLuc construct (3 pg of plasmid transfected) and increasing amounts of $1-YFP
construct (0.4-5 pg of plasmidtransfected, green). Both fluorescence and
luminescence of each sample were measured prior to every experiment to confirm
equal expression of Rluc construct (~ 100,000 luminescence units) while
monitoring the increase of YFP construct expression (2000 to 40,000 fluorescence
units). Milli BRET Units (mBU) are BRET ratio (see Experimental Procedures) x
1000 and are expressed as means * S.D. of five different experiments grouped as a
function of the amount of BRET acceptor normalized with respect to the BRET
donor (YFP/RLuc). (B and C) BRET was determined in HEK-293T cells expressing
a constant amount of D4-RLuc construct (2 pg of plasmid transfected) and (B) a.s-
YFP construct (4 pug of plasmid tranfected) or (C) 31-YFP construct (4 pg of plasmid
transfected) and increasing amounts (2-12 pg of plasmid transfected) of (B) ous
receptor (red) or B1 receptor (blue) or (C) 1 receptor (red) or ais receptor (blue).
Both fluorescence and luminescence of each sample were measured prior to every
experiment to confirm that there were no changes in the expression of D4-RLuc,
a18-YFP or 1-YFP constructs. BRET data (see above) are expressed as means * S.D.
of three different experiments. Significant differences with respect to cells not
expressing aip or Pi1 receptors were calculated by one way ANOVA followed by a
Dunnett’s multiple comparison post hoc test (*p < 0.05 and **p < 0.01). (D)
Confocal microscopy images of HEK-293T cells transfected with 1 pg of plasmid
coding for Ds-RLuc and 0.5 pg of plasmid coding for ai1g-YFP or p:-YFP. Proteins

were identified by fluorescence or by immunocytochemistry. D4-RLuc receptor is
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shown in red, a.1g-YFP and p1-YFP receptors are shown in green and co-localization
is shown in yellow. Scale bar: 5 pm. (E and F) Co-immunoprecipitation of D4 and
a1 or D4 and P1 receptors expressed in HEK-293T cells. Membranes from cells
transfected with the indicated receptors were solubilized and processed for
immunoprecipitation as described under Experimental Procedures using goat anti-
D4R, rabbit anti-a1 or goat anti-p1 receptor antibodies or, as negative controls (NC),
goat anti-adenosine Azg receptor antibody (top in F) or rabbit anti-adenosine A;
receptor antibody (bottom in F). Solubilized membranes (E) and
immunoprecipitates (F) were analyzed by SDS-PAGE and immunoblotted using
rabbit anti-YFP, rabbit anti-oi1 or goat anti-B1 antibody. IP: immunoprecipitation;

WB: western blotting (numbers are included to delineate the different lanes on the

SDS-PAGE); MW, molecular mass.
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Figure 3
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Figure 3. Functional characteristics of a18-D4 and f31-D4 receptor heteromers
in transfected cells. CHO cells were transfected with 2 pug of plasmid coding for D4
receptors or with 3 pg of plasmid coding for ais receptors or 1 receptors alone
(A) or in combination (B to G). In (A), the selectivity of ligands was tested by
measuring ERK 1/2 (Thr18-Tyr18) and Akt (Ser4’3) phosphorylation in cells
expressing D4, aip or P1 receptors, treated for 7 min with 1 pM RO 10-5824,

phenylephrine or isoproterenol. In (B to E), cells expressing D4 and auip receptors

169



(B and C) or D4 and p1 receptors (D and E) were treated for 7 min with increasing
concentrations of phenylephrine (B and C) or isoproterenol (D and E) in the
presence (o) or in the absence (e) of 500 nM RO 10-5824. The immunoreactive
bands, corresponding to ERK 1/2 (B and D) and Akt (C and E) phosphorylation of
four experiments were quantified and expressed as mean * S.E.M. of arbitrary
units. In (F and G) membranes of cells expressing D4 and a1 receptors (F) or D4
and P1 receptors (G) were used to perform competition binding experiments of oy
receptor antagonist [3H]prazosin (1 nM) versus increasing concentrations of
phenylephrine (1 nM to 1 mM) (F) or 1 receptor antagonist [3H]CGP-12177 (1
nM) versus increasing concentrations of isoproterenol (1 nM to 1 mM) (F) in the

presence (©) or in the absence (o) of 500 nM RO 10-5824.
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Figure 4. Cross-antagonism between D4 and ais or Pi1 receptors in

transfected cells and in pineal gland. In (A to D) CHO cells were transiently co-
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transfected with 2 pg of plasmid coding for D4 receptors and with 3 pg of plasmid
coding for aig receptors (A and B) or (1 receptors (C and D). In (E and F) rat
pineal glands were extracted at 9:00 h and processed as indicated in Experimental
Procedures. Cells were treated for 7 min and pineal glands were treated for 10 min
with 500 nM of RO 10-5824 (RO), phenylephrine (Phenyl) or isoproterenol (Iso) or
with 1 uM of L-745,870 (L-745), REC 15/2615 (REC) or CGP 20712 (CGP), alone or
in combination. The immunoreactive bands, corresponding to ERK 1/2 (Thr183-
Tyr185) phosphorylation (A, C and E) and and Akt (Ser473) phosphorylation (B, D
and F) of four experiments were quantified and values represent the mean + S.E.M.
of the fold increase with respect to basal levels found in untreated cells. Significant
differences were calculated by an one way ANOVA followed by post-hoc
Bonferroni’s tests (***p < 0.001, as compared to the basal level. #p < 0.001, as
compared to the sample treated with RO 10-5824. ¥p < 0.001, as compared to the
sample treated with phenylephrine. &p < 0.001, as compared to the sample treated
with isoproterenol). A representative Western blot is shown at the top of each

panel.
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Figure 5
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Figure 5. D4 receptors form heteromers with a1s and p1 receptors in the

pineal gland. In (A to C), pinealocytes were isolated from pineal glands extracted

at 9:00 h (top) or at 20:00 h (bottom) and stained using anti-S-arrestin antibody

(green) and anti-D4 (A), anti-aig (B) or anti-B1 (C) antibodies (red) as indicated in

Experimental Procedures. Scale bar: 5 um. In (D to F), pinealocytes were isolated

from pineal glands extracted at 9:00 h (top) or at 20:00 h (bottom) and the

expression of aig-D4 (D) and P1-D4 (E) receptor heteromers was visualized as

punctate red fluorescent spots detected by confocal microscopy using the

proximity ligation assay (see Experimental procedures). Any expression of a1g-f1
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receptor heteromers was seen (F). Scale bar: 20 um. In (G and H), co-
immunoprecipitation of D4 and ais or Ds and 1 receptors from pineal gland
extracted at 9:00 h (sunrise) or at 20:00 h (sunset) was performed. Glands were
solubilized and processed for immunoprecipitation as described under
Experimental Procedures using goat anti-D4, rabbit anti-o1 or goat anti-f§1 receptor
antibodies or goat anti-adenosine Azp receptor antibody as a negative control
(N.C.). Solubilized gland membranes (G) and immunoprecipitates (H) were
analyzed by SDS-PAGE and immunoblotted using rabbit anti-a, rabbit anti-f1
receptor antibodies or goat anti-f:1 receptor antibody. Immunoprecipitation
experiments with anti-a; or anti-f; receptor antibodies (right image in H) were
performed with pineal glands extracted at 9:00 h. IP: immunoprecipitation; WB:

western blotting; MW, molecular mass.
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Figure 6
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Figure 6. Functional characteristics of a1s-D4 and f31-D4 receptor heteromers
in pineal gland. Pineal glands extracted at 9:00 h (A and B) or at 20:00 h (C and
D) were treated for 10 min with RO 10-5824 (RO), phenylephrine (Phenyl) or
isoproterenol (Iso) at 1 uM concentration alone or in combination. The
immunoreactive bands, corresponding to ERK 1/2 (Thr!83-Tyr185) (A and C) or Akt
(Ser#73) (B and D) phosphorylation, of three experiments performed in duplicates
were quantified and values represent the mean * S.E.M. of the fold increase with
respect to basal levels found in untreated pineal glands. Significant differences

were calculated by an one way ANOVA followed by post-hoc Bonferroni’s tests (**p
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< 0.01 and ***p < 0.001, as compared to the basal level. #p < 0.05 and ##p < 0.01, as
compared to the sample treated with phenylephrine. $p < 0.05 and $%%p < 0.001, as
compared to the sample treated with isoproterenol). A representative Western

blot is shown at the bottom of each panel.
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Figure 7. Metabolic consequences of a.1-D4 and p1-D4 receptor heteromers
activation. 5-HT synthesis (A, C, J, L) and release (B, D, K, M) and melatonin
synthesis (E,G, N, P) and release (F, H,0, Q) were measured as described in
Experimental Procedures in pineal gland extracted at 20:00 h (A to H) or at 9:00 h
(J to Q). Pineal glands were not treated (basal) or treated with 500 nM RO 10-5824
(RO), 500 nM phenylephrine (Phe), 500 nM isoproterenol (Iso), 1 uM L-745,870
(L-745), 1 uM REC 15/2615 (REC) or 1 uM CGP 20712 (CGP), alone or in
combination. Three experiments were quantified and values represent the mean *
S.E.M. of the fold increase with respect to basal levels found in untreated pineal
glands. Significant differences were calculated by an one way ANOVA followed by
post-hoc Bonferroni’s tests (*p < 0.01 as compared to the basal level. #p < 0.005 as
compared to the sample treated with isoproterenol or with phenylephrine). In (I

and R) the overall results are presented as a scheme.
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SUPPLEMENTARY INFORMATION

Supplementary Experimental Procedures

Fusion proteins and expression vectors. The cDNA for the human dopamine D4
receptor expressed in the pcDNA3.1 vector (Invitrogen, Paisley, Scotland, UK) was
amplified without its stop codon using sense and antisense primers harboring
unique Xhol and EcoRI sites to be cloned it in the mammalian humanized pRluc-N1
vectors (Perkin-Elmer, Waltham, MA, USA). The cDNA for the human adrenergic
a1 receptor gene, cloned in pOmicsLink ORF Expression Clone (GeneCopoeia,
Maryland, USA) was amplified without its stop codon using sense and antisense
primers harbouring unique Kpnl and Apal restriction sites, to be subcloned into
Kpnl/Apal sites of the pcDNA3.1 vector, the pRluc-N1 vector or the EYFP-N3 vector
(enhanced yellow variant of YFP; Clontech, Heidelberg, Germany). Finally, the
cDNA for the human adrenergic (1 receptor gene, (kindly provided by Dr. S.
Dorsch, University of Wuerzburg, Germany) and D; receptor cloned in pcDNA3.1
vector were amplified without their stop codon using sense and antisense primers
harboring unique BamHI and HindlIII sites or EcoRI and Kpnl, respectively to be
cloned in the EYFP-N3 vector. The resulting plasmids express the receptors fused
to either Rluc or YFP on the C-terminal end of the receptor (Ds-RLuc, ais-RLuc,
a1s-YFP, PB1-YFP, and Di-YFP, respectively). All constructs were verified by
nucleotide sequencing and the fusion proteins were functional and expressed at

the membrane level (see Results).

Cell culture and transient transfection. CHO cell were maintained in a-MEM

medium without nucleosides (Invitrogen), containing 10% fetal calf serum, 50
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pg/ml penicillin, 50 pg/ml streptomycin and 2 mM L-glutamine. Human embryonic
kidney (HEK)-293T cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2 mM L-glutamine, 100 U/ml penicillin/streptomycin,
and 5% (v/v) heat inactivated Foetal Bovine Serum (FBS) (all from Invitrogen).
Cells were maintained at 372C in an atmosphere of 5% CO2, and were passaged
every 3 or 4 days when they were 80-90% confluent. HEK-293T or CHO cells
growing in 6-well dishes or in 25 cm? flasks were transiently transfected with the
corresponding fusion protein cDNA by the polyethylenimine (PEI)
(PolyEthylenlmine, Sigma, Steinheim, Germany) method. Cells were incubated (4
h) with the corresponding cDNA together with ramified PEI (5 ml of 10 mM PEI for
each mg cDNA) and 150 mM NaCl in a serum-starved medium. After 4 h, the
medium was changed to a fresh complete culture medium. Forty-eight hours after
transfection, cells were washed twice in quick succession in Hanks' balanced salt
solution HBSS (137 mM NaCl, 5 mM KCl, 0.34 mM Na;HPO4-12H;0, 0.44 mM
KH2PO4, 1.26 mM CaClz-2H20, 0.4 mM MgS04-7H;0, 0.5 mM MgClz, 10 mM HEPES,
pH 7.4) supplemented with 0.1% glucose (w/v), detached, and resuspended in the
same buffer. To control the cell number, sample protein concentration was
determined using the Bradford assay kit (Bio-Rad, Munich, Germany) using bovine

serum albumin dilutions as standards.

Immunostaining. For immunocytochemistry, HEK-293T cells were grown on
glass coverslips and transiently transfected as indicated in the Figure legends.
After 48h of transfection cells were fixed in 4% paraformaldehyde for 15 min and
washed with phosphate-buffered saline (PBS) containing 20 mM glycine to quench
the aldehyde groups. After permeabilization with PBS containing 0.05% Triton X-

100 for 15 min, cells were incubated 1 h at room temperature with PBS containing
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1% bovine serum albumin and were labeled with the primary goat polyclonal anti-
D4 receptor antibody (1/500, Santa Cruz Biotechnology), rabbit anti-a: receptor
antibody (1:100, Abcam, Cambridge, UK) or rabbit anti-B1 receptor antibody
(1:100, Santa Cruz Biotechnology) for 1 h, washed and stained with the secondary
antibody Cy3 labeled anti-goat (1/200, Jackson ImmunoResearch, Baltimore, PA)
or Cy3 labeled anti-rabbit (1/200, Jackson ImmunoResearch, Baltimore, PA). The
D4-YFP, a18-YFP and B1-YFP constructs were detected by monitoring fluorescence
emission at 530 nm. Samples were rinsed and observed using an Olympus FV1000

confocal microscope.

BRET assay. HEK-293T cells were co-transfected with a constant amount of cDNA
encoding for the receptor fused to Rluc and with increasing amounts of cDNA
encoding the receptor fused to YFP and used after 48 h of transfection. With
aliquots of transfected cells (20 pg of total protein), three different determinations
were performed in parallel: i) To quantify fluorescence protein expression, cells
were distributed in 96-well microplates (black plates with a transparent bottom,
Porvair, King’s Lynn, UK),) and fluorescence was read in a Fluostar Optima
Fluorimeter (BMG Labtechnologies, Offenburg, Germany) equipped with a high-
energy xenon flash lamp, using a 10 nm bandwidth excitation filter at 400 nm
reading. Receptor-fluorescence expression was determined as fluorescence of the
sample minus the fluorescence of cells expressing receptor-Rluc alone. ii) For
BRET measurements, the equivalent of 20 pg of cell suspension were distributed in
96-well microplates (Corning 3600, white plates with white bottom, Sigma) and 5

UM coelenterazine H (Molecular Probes, Eugene, OR) was added. After 1 minute of
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adding coelenterazine H, the readings were collected using a Mithras LB 940 that
allows the integration of the signals detected by a filter at 485 nm and a filter at
530 nm. iii) To quantify receptor-Rluc expression luminescence readings were also
performed after 10 minutes of adding 5 pM coelenterazine H. Both fluorescence
and luminescence for each sample were measured before every experiment to
confirm similar donor expressions (approximately 100,000 bioluminescence
units) while monitoring the increase in acceptor expression (2000 to 40,000
fluorescence units). The relative amounts of BRET acceptor are expressed as the
ratio between the net fluorescence of the acceptor and the luciferase activity of the
donor being the net fluorescence the fluorescence of the acceptor minus the
fluorescence detected in cells only expressing the donor. The BRET ratio is defined
as [(emission at 510-590)/(emission at 440-500)] - Cf, where Cf corresponds to
(emission at 510-590)/(emission at 440-500) for the D4-RLuc construct expressed
alone in the same experimental conditions. BRET was expressed as mili BRET
Units (mBU) and is the BRET ratio x 1000. Curves were fitted by using a non-linear
regression equation, assuming a single phase with GraphPad Prism software (San

Diego, CA, USA).

Coimmunoprecipitation. Transfected cells or pineal glands were disrupted with a
Polytron homogenizer in 50 mM Tris-HCl buffer, pH 7.4, containing a protease
inhibitor mixture (1/ 1000, Sigma). The cellular debris was removed by
centrifugation at 13,000 g for 5 min at 4 °C, and membranes were obtained by
centrifugation at 105,000 g for 1 h at 4 °C. Membranes were washed two more
times at the same conditions and were solubilized by homogenization in ice-cold
immunoprecipitation buffer (phosphate-buffered saline, pH 7.4, containing 1%

(v/v) Nonidet P-40) and incubated for 30 min on ice before centrifugation at
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105,000 g for 1 h at 4 °C. The supernatant (1 mg/ml of protein) was processed for
immunoprecipitation as described in the immunoprecipitation protocol using a
Dynabeads Protein G kit (Invitrogen) using goat anti-D4 receptor antibody (1:1000,
Santa Cruz Biotechnology), rabbit anti-a; receptor antibody (1:1000, Abcam),
rabbit anti-f31 receptor antibody (1:1000, Santa Cruz Biotechnology) or goat anti-[31
receptor antibody (1:1000, Abcam). As negative control goat anti-adenosine Azg
receptor antibody (1:1000, Santa Cruz Biotechnology) or rabbit anti-adenosine A;
receptor antibody (1:1000, Affinity BioReagents, Rockford USA) was used. Protein
was quantified by the bicinchoninic acid method (Pierce) using bovine serum
albumin dilutions as standard. Immunoprecipitates were separated on a
denaturing 10% SDS-polyacrylamide gel and transferred onto PVDF membranes.
Membranes were blocked for 90 min in 5% milk and PBS-Tween 20 (0.05% V/V).
The following primary antibodies were incubated overnight at 4°C in 5% milk and
PBS-Tween 20 (0.05% V/V): rabbit anti-YFP antibody (1:800, Santa Cruz
Biotechnology), rabbit anti-a: receptor antibody (1:800, Abcam), rabbit anti-f1
receptor antibody (1:500, Santa Cruz Biotechnology) or goat anti-f1 receptor
antibody (1:800, Abcam). The following day the membranes were washed 3 times
for 10 minutes in PBS Tween-20 (0.05% V/V) and the secondary antibodies:
mouse anti-rabbit-peroxidase (1:20,000, Sigma) or donkey anti-goat-peroxidase
(1:20,000, Jackson ImmunoResearch Laboratories, West Grove, PA) incubated for
1 hr at room temperature in 5% milk and PBS-Tween 20 (0.05% V/V). Following
an additional three washes for 10 min each with PBS Tween-20 (0.05% V/V) and a
final wash with PBS, bands were detected with the addition of SuperSignal West

Pico Chemiluminescent Substrate (Pierce) and visualized with a LAS-3000
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(Fujifilm). Analysis of detected bands was performed by Image Gauge software

(version 4.0) and Multi Gauge software (version 3.0).

MAPK and Akt/PKB determination. Transfected CHO cells or pineal glands were
cultured in serum-free medium for 16h before the addition of the indicated
concentration of ligands for the indicated time. Both, cells and pineal glands were
rinsed with ice-cold PBS and lysed by the addition of 300ul of ice-cold lysis buffer
(50mM Tris-HCI pH 7.4, 50mM NaF, 150 mM NaCl, 45 mM f3-glycerophosphate, 1%
Triton X-100, 20 mM phenylarsine oxide, 0.4 mM NaVO4 and protease inhibitor
cocktail) and by shaking (cells) or sonicating (pineal glands, Branson Digital
Sonifier S-250 from Branson Ultrasonic Corporation, Dambury, USA with an
amplitude of 10% for 10 seconds). Cellular debris was removed by centrifugation
at 13,000 g for 5 min at 42C and protein was quantified by the bicinchoninic acid
method using bovine serum albumin as a standard. To determine the level of
MAPK (ERK1/2) and Akt/PKB phosphorylation, equivalent amounts of protein
(10pg) were separated by electrophoresis on a denaturing 10% SDS-
polyacrylamide gel and transferred onto PVDF-FL membranes. Odyssey blocking
buffer (LICOR Biosciences, Lincoln, Nebraska, USA) was then added and
membranes were blocked for 90 min. Membranes were then probed for 2-3 h with
a mixture of a mouse anti-phospho-Thr183-Tyr185-ERK 1/2 antibody (1:2500,
Sigma, Steinheim, Germany), a rabbit anti-phospho-Ser473-Akt antibody (1/2500,
SAB Signalway Antibody, Pearland, USA) and a rabbit anti-ERK 1/2 antibody
(1:40000, Sigma, Steinheim, Germany) to control differences in loading. Bands
were visualized by the addition of a mixture of IRDye 800 (anti-mouse) antibody
(1:10000, Sigma) and/or IRDye 680 (anti-rabbit) antibody (1:10000, Sigma) for 1

h and scanned by the Odyssey infrared scanner. Bands densities were quantified
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using the scanner software and exported to Excel (Microsoft, Redmond, WA, USA).
The level of phosphorylated ERK 1/2 isoforms or phosphorylated Akt in the same
membrane were normalized for differences in loading using the total ERK protein

band intensities.

Radioligand Binding Experiments. Competition experiments were performed.
Membrane suspensions (2 mg of protein/ml) from CHO cells expressing D4 and o13
or 1 receptors, were incubated for 2 h at 25°C in 50 mM Tris-HCI buffer, pH 7.4,
containing 10 mM MgCl; with the indicated concentration of the aig receptor
antagonist [3H]prazosin or p1 receptor antagonist [3H]CGP-12177 (PerkinElmer
Life and Analytical Sciences) and increasing concentrations of phenylephrine or
isoproterenol respectively, in the absence or in the presence of the indicated
concentration of the D4 receptor agonist RO 10-5824 (Tocris, Aronmouth, UK).
Free and membrane-bound ligand were separated by rapid filtration of 500 pl
aliquots in a cell harvester (Brandel, Gaithers- burg, MD) through Whatman GF/C
filters embedded in 0.3% polyethylenimine that were subsequently washed for 5 s
with 5 ml of ice-cold Tris-HCl buffer. The filters were incubated with 10 ml of
Ecoscint H scintillation cocktail (National Diagnostics, Atlanta, GA) overnight at
room temperature, and radioactivity counts were determined by use of a Tri-Carb
1600 scintillation counter (PerkinElmer Life and Analytical Sciences) with an

efficiency of 62%.

Competition curves were analyzed by non-linear regression, using the
commercial Grafit software (Erithacus Software), by fitting the binding data to the

two-state dimer receptor model [1,2]. To calculate the macroscopic equilibrium
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dissociation constants the equations deduced by Casadé et al. were used [3].
Goodness of fit was tested according to reduced chi-squared value given by the
non-linear regression program.

Pinealocyte culture, signaling and immunocytochemistry. Pinealocytes were
prepared from rat pineal glands as previously described by Silveira Cruz-Machado
et al. [4]. Briefly, pinealocytes were obtained by trypsinization (0.25%, 37°C, 15
min) followed by mechanical dispersion in the presence of fetal bovine serum.
Cells were pelleted and resuspended in BG]b medium supplemented with 10% v/v
fetal bovine serum (heat- inactivated), 100 U/mL penicillin/streptomycin (pH 7.4).
The total number of cells and fractional survival was estimated by Trypan blue
exclusion. Cells (200.000 x well) were plated on polylysine coated 6-well chamber
plate and maintained at 37°C, 5% CO: for 48 h prior to use. For signalling
experiments, pinealocytes were treated with specific agonist for 10 min, fixed in
4% paraformaldehyde for 15 min and washed with PBS containing 20 mM glycine.
After permeabilization with PBS containing 0.05% Triton X-100 for 15 min,
pinealocytes were treated 1 h at room temperature with PBS containing 1%
bovine serum albumin and were labeled with the mouse monoclonal anti-S-
arrestin 2 (1/100, Thermo Scientific, Rockford, USA) and the rabbit polyclonal
anti-phospho-Thr202/Tyr204 ERK1/2 (1/300, Cell Signaling Technology, Danvers,
MA) for 1 h, washed and stained with the secondary chicken anti-rabbit (1/200,
Alexa Fluor 594, Invitrogen) and goat anti-mouse (1/200, Alexa Fluor 488,
Invitrogen). For D4, a1s or B1 receptor staining pinealocytes were labeled with the
goat anti D4 receptor antibody (1:100, Santa Cruz Biotechnology, Heidelberg,
Germany), rabbit anti-a; receptor antibody (1:100, Abcam, Cambridge, UK) or

rabbit anti-f;1 receptor antibody (1:100, Santa Cruz Biotechnology) and mouse
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monoclonal anti-S-arrestin 2 (1/100, Thermo Scientific) and the secondary
antibody Cy3 labeled anti-goat (1/200, Jackson ImmunoResearch, Baltimore, PA)
or Cy3 labeled anti-rabbit (1/200, Jackson ImmunoResearch) and Cy3 labeled anti-
mouse (1/200, Jackson ImmunoResearch . Coverslips were rinsed with PBS three
times at room temperature and fluorescence was observed in a Leica SP2 confocal
microscope equipped with an Argon UV lamp with excitation at 351nm or 364nm,

an Argon laser at 488nm and a DPSS laser at 561nm. A 63X oil objective was used.

In Situ Proximity Ligation Assay (PLA). The primary cultures of pinealocytes
were fixed and permeabilized as described above. The receptor-receptor
molecular interaction was detected using the Duolink II in situ PLA detection Kit
(OLink; Bioscience, Uppsala, Sweden). After 1 h incubation at 37°C with the
blocking solution in a pre-heated humidity chamber, pinealocytes were incubated
overnight with the primary antibodies: goat anti-D4 antibody (1:100, Santa Cruz
Biotechnology, Heidelberg, Germany) and rabbit anti-a; antibody (1:100, Abcam,
Cambridge, UK) to detect a1s-Ds receptor heteromers, goat anti-D4 antibody and
rabbit anti 31 antibody (1:100, Santa Cruz Biotechnology) to detect 1-D4 receptor
heteromers or rabbit anti-a; antibody and goat anti-f31 antibody (1:100, Abcam) to
detect oaup-f1 receptor heteromers, in the antibody diluent medium. The
pinealocytes were washed with buffer A ( 10 mM Tris, 150mM NacCl, and 0.05%
(v/v )Tween-20,) at room temperature and incubated for 2 h in a pre-heated
humidity chamber at 37°C with PLA probes detecting rabbit or goat antibodies
(Duolink II PLA probe anti-Rabbit plus and Duolink II PLA probe anti-Goat minus
diluted in the antibody diluent to a concentration of 1:5). After washing with wash

buffer A at room temperature, pinealocytes were incubated in a pre-heated
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humidity chamber for 30 min at 37°C, with the ligation solution (Duolink II
Ligation stock 1:5 and Duolink II Ligase 1:40). Detection of the amplified probe
was done with the Duolink II Detection Reagents Red Kit. After exhaustively
washing at room temperature with wash buffer B (200 mM Tris and 100 mM
Na(l), the pinealocytes were mounted using the mounting medium with DAPI. The
samples were observed in a Leica SP2 confocal microscope. As negative controls
for the technique, the same procedure was done but omitting the primary
antibodies. As negative control for heteromerization, heteromers between aig and

1 receptors were tested.

Serotonin synthesis and release determination. After 36 h of culture in BGJb
medium (Invitrogen, Carlsbad, CA), the pineal glands were incubated in HBSS
medium supplemented with 0,1% glucose, 100 U/ml penicillin/streptomycin and
1mg/ml bovine serum albumin for 12 h with specific agonist and/or antagonist
and radioactive ['*C]-Tryptophan (10 uM). After incubation, medium and pineal
glands were collected separately into eppendorf tubes with 35 ul of trichloroacetic
acid (TCA 1%) and were kept at 42C. Pineal glands were homogenized in a
Dynatech/Sonic Dismembrator (Dynatech Labs, Chantilly, VA) for 15 seconds. An
aliquot was reserved for protein quantification by the Lowry method and cellular
debris were removed by centrifugation at 10,000 g for 10 min at 4°C. ["*C]-
Serotonin present in the supernatant was separated from ['*C]-Tryptophan by HPLC
coupled to detection by fluorescence (excitation: 252nm; emission:382). The
chromatography system consisted of a reverse-phase C18 column (2.5um particle Fortis

C18, 100 x 4.6, Sugelabor, Spain) and an ion-pair mobile phase, made up of 500mM
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sodium acetate, S00mM citric acid, ImM EDTA, 5 mM octanesulfonic acid plus 20%
methanol (v/v) , pH 3.8. The flow rate was Iml/min. Serotonin fractions were recovered
in scintillation vials, mixed with Optiphase HiSafe III cocktail, and ['*C]-serotonin was

quantified in a liquid scintillation counter.
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Supplementary Figures
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Figure S1. Functionality of the fusion proteins. HEK 293T cells were transfected
with 2 pg of plasmid coding for the D4 receptor or with 3 pg of plasmid coding for
the adrenergic a.ig or 1 receptors or to the corresponding fusion proteins Ds4-RLuc,
a18-YFP, aiig-RLuc or B1-YFP. 48 h post-transfection, cells expressing D4 or D4-RLuc
receptors were treated with 500 nM RO 10-5824, cells expressing ag, ouig-YFP or
a1g-RLuc receptors were treated with 1 pM phenylephrine or cells expressing 1 or
B1-YFP were treated with 1 uM isoproterenol for 7 min and ERK 1/2 (Thr183-
Tyr185) phosphorylation was determined. The immunoreactive bands of three
experiments performed in duplicates were quantified and expressed as mean *
S.E.M. of arbitrary units. A representative Western blot is shown at the top.
Significant differences with respect to basal levels were calculated one way
ANOVA followed by a Dunnett’s multiple comparison post hoc test (**p < 0.01 and

*¥p < 0.001).
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Figure S2
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Figure S2. Specificity of the antibodies used for co-immunoprecipitation

experiments. Membranes from cells expressing the indicated receptors were

solubilized and processed for

Experimental Procedures using goat anti-D4 or rabbit anti-a; receptor antibodies
or goat anti-adenosine Azp or rabbit anti-adenosine A; receptor antibodies as
negative controls. Solubilized membranes (Load) and immunoprecipitates were
analyzed by SDS-PAGE and immunoblotted using rabbit anti-YFP, rabbit anti-a,

rabbit anti-f1 or goat anti-f; receptor antibodies. IP: immunoprecipitation; WB:

western blotting; MW, molecular mass.
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Figure S3
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Figure S3. ERK 1/2 and Akt phosphorylation in cells transfected with D4, a1s
or 1 receptors. CHO cells were transfected with 2 pg of plasmid coding for the D4
receptor (A, D), 3 pg of plasmid coding for the aip receptor (B, E) or 3 pg of
plasmid coding for the 1 receptor (C, F). 48 h post-transfection, cells were treated
for increasing time with 500 nM RO 10-5824 (A, D), 1uM phenylephrine (B, E) or 1
uM isoproterenol (C, F). The immunoreactive bands, corresponding to ERK 1/2
(Thr183-Tyr185) (A to C) and Akt (Ser4’3) (D to F) phosphorylation of three
experiments were quantified and expressed as mean * S.E.M of arbitrary units.
Statistical differences over non-treated cells were determined one way ANOVA
followed by a Dunnett’s multiple comparison post hoc test (*p < 0.05, **p < 0.01

and ***p < 0.001).
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Figure S4
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Figure S4. Time-response on ERK 1/2 and Akt phosphorylation by co-
activation of a.1g-D4 and B 1-D4 receptor heteromers in cell cultures. CHO cells
were transfected with 2 pg of plasmid coding for the D4 receptor and 3 pg of
plasmid coding for the aip receptor (A) or the 1 receptor (B). 48 h post-
transfection, cells were treated with 1 uM phenylephrine (Phenyl, A) or 1 pM

isoproterenol (Iso, B) alone or in the presence of 1 puM RO 10-5824 for different

times. A representative Western blot is shown.
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Figure S5
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Figure S5. Selectivity of D4, a1 or f1 receptor agonists. The selectivity of
ligands was tested by measuring ERK 1/2 (Thr183-Tyr185) (A) and Akt (Ser473) (B)
phosphorylation in cells expressing D4, aiig or 1 receptors, treated for 7 min with
1 uM RO 10-5824 (RO), phenylephrine (Phe) or isoproterenol (Iso) alone or in

combination as indicated.
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Figure S6
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Figure S6. Selectivity of D4, at1s or 1 receptor antagonists. CHO cells were
transfected with 2 pg of plasmid coding for the D4 receptor or with 3 pg of plasmid
coding for aiip or B1 receptors. 48 h post-transfection, cells were treated for 7 min
with 500 nM RO 10-5824 (RO), 500 nM phenylephrine (Phenyl), 500 nM
isoproterenol (Iso), 1 uM L-745,870 (L-745), 1 uM REC 15/2615 (REC) or 1 uM
CGP 20712 (CGP) alone or in combination. The immunoreactive bands,
corresponding to ERK 1/2 (Thri8-Tyr18) (A) and Akt (Ser4’3) (B)
phosphorylation, of three experiments were quantified and values represent the
mean * S.E.M. of the fold increase over basal levels found in untreated cells (basal).
Significant differences over basal levels were determined by one way ANOVA
followed by a Dunnett’s multiple comparison post hoc test (***p < 0.001). A

representative Western blot is shown at the top.
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Figure S7
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Figure S7. Specificity of the antibodies tested by immunocytochemistry. In

(A) non transfected HEK-293T cells (right panels) and cells transfected with, top to
bottom, 1 pg of plasmid coding for D4 receptor, 0.5 pg cDNA coding for ous
receptor or 0.5 pg cDNA coding for 31 receptor (left panels) were stained using, top
to bottom, anti-D4, anti-a:1 or anti-B: antibodies as indicated in Experimental
Procedures. Scale bar: 5 pm. In (B to J), cells were transfected with 1 pg of plasmid
coding for D4-YFP receptor (B to D), 0,5 pg cDNA coding for a1s-YFP receptor (E to
G) or 0.5 pg cDNA coding for B1-YFP receptor (H to J). The expression of the
receptors was detected by its own YFP fluorescence (B, E and H) or by using anti-
a1 (C and J), anti-B1 (D and G) or anti-D4 (F and I) receptor antibodies. Scale bar: 5

{m.
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Figure S8

Figure S8. Negative controls for in situ proximity ligation assays. Negative
controls for in situ proximity ligation assays (PLA, see Experimental Procedures)
are shown demonstrating a lack of punctate red fluorescence staining in
pinealocytes in the absence of primary antibodies, left to right, anti-D4, anti-a; or

anti-; antibodies. Scale bar represents 20 pm.
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Figure S9

Time (min) 0O 5 10 20 40 60 0O 5 10 20 40 60

p-Akt
pERKL2 B e e =B ==
— e, — e — — —
ERKL/2 | — . . | . S a——
Phenyl + RO 10-5824 Iso + RO 10-5824

Figure S9. Time-response on ERK 1/2 and Akt phosphorylation by co-
activation of a1g-D4+ and B1-D4 receptor heteromers in pineal gland. Pineal
glands extracted at 9:00 h were treated with 1 uM phenylephrine (Phenyl) or 1 uyM

isoproterenol (Iso) in the presence of 1 pM RO 10-5824 for the times indicated. A

representative Western blot is shown.
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3.4 Biotin Ergopeptide Probes for Dopamine Receptors

Marc Vendrell, Anabel Molero, Sergio Gonzalez, Kamil Pérez-Capote, Carme Lluis,
Peter J. McCormick, Rafael Franco, Antoni Cortés, Vicent Casadd, Fernando Albericio

y Miriam Royo

Manuscrito publicado en Journal of Medical Chemistry. 24,54(4):1080-90, Feb. 2011

La incorporacion de modificaciones quimicas dentro de la estructura de compuestos
bioactivos es a menudo dificil debido a que las propiedades biologicas de las nuevas
moléculas deben conservarse respecto a las del ligando nativo. Los ergopéptidos, con
gran afinidad por los receptores D; y D, de dopamina, son ejemplos particularmente
complejos. En este trabajo se estudia la derivacion sistematica de dos ergopéptidos con
diferentes espaciadores de base peptidica y su evaluacidon usando técnicas de unién de
radioligando. Se seleccionaron ergopéptidos que contenian espaciadores selectivos que
producian minimas alteraciones biologicas y se derivatizaron usando un compuesto
biotinilado. Se identificd el compuesto 13 como el ergopéptido que mantenia una buena
afinidad y un comportamiento como agonista. Este compuesto es una herramienta util

para el estudio de heteromeros que contienen receptores D;, D, o D3 de dopamina.
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The incorporation of chemical modifications into the structure of bioactive compounds is often difficult
because the biological properties of the new molecules must be retained with respect to the native ligand.
Ergopeptides, with their high affinities at D; and D, dopamine receptors, are particularly complex
examples. Here, we report the systematic derivatization of two ergopeptides with different peptide-
based spacers and their evaluation by radioligand binding assays. Selected spacer-containing ergopep-
tides with minimal biological alteration and a proper anchoring point were further derivatized with a
biotin reporter. Detailed characterization studies identified 13 as a biotin ergopeptide maintaining high
affinity and agonist behavior at dopamine receptors, being a useful tool for the study of heteromers

involving DR, D>R, or D;R.

Introduction

Ergopeptides, with their high affinity at D, and D, dopa-
mine receptors (D;Rs and D,Rs?), are valuable molecules to
study dopamine receptors.! The therapeutic significance of
dopamine receptors containing heteromers has been extensively

*To whom correspondence should be addressed: Phone: 0034
934037122. Fax: 0034 934037126. E-mail: mroyo@pcb.ub.cat.

“ Abbreviations: A;4R, adenosine A,4 receptor; A R, adenosine A,
receptor; Ac,O, acetic anhydride; ACN, acetonitrile; Alloc, allyloxy-
carbonyl; All, allyl ester; Ahx, aminohexanoic acid; Akt, protein kinase
B; Boc, - butoxycarbonyl CDI, 1,1'- carbonyldnmldazole CHO
Chlnese hamster ovary; DCM, dlchloromethane ¢DNA, ¢cDNA; [*H]-
CP55940, tritium labeled 2-[(1R,2R,5R)-5- hydroxy -2-(3- hydroxypropyl)—
cyclohexyl]-5-(2-methyloctan-2-y1)phenol; DIPCDI, N,N'-diisopropyl-
carbodiimide; DIEA, diisopropylethylamine; DMF, dimethylforma-
mide; DPCPX, 8-cyclopentyl-1,3-dipropylxanthine; DR, dopamine
D, receptor; D,R, dopamine D, receptor; D3R, dopamine D5 receptor;
ERK, extracellular-signal-regulated kinases; Fmoc, fluorenylmethylox-
ycarbonyl; GPCR, G-protein coupled receptor; HEPES, 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid; HOBt, hydroxybenzotriazole;
HOALt, 1-hydroxy-7-azabenzotriazole; HRMS, high resolution mass
spectrometry; MAPK, mitogen-activated protein kinases; PEG, poly-
ethylene glycol; PEIL, polyethylenimine; Rink-MBHA-PS, 4-(2' 4’ dimethoxy-
phenyl-Fmoc-aminomethyl)-pheoxyacetamido p-methylbenhidryla-
mine resin; RP-HPLC, reversed phase-high performance liquid chro-
matography; RP-HPLC-MS, reversed phase-high performance liquid
chromatography—mass spectroscopy; SKF81297, (£)-6-chloro-2,3.4,5-
tetrahydro-1-phenyl-1H-3-benzazepine hydrobromide; TFA, trifluor-
oacetic acid; TMUCI Cl, N-[chloro(dimethylamino)methylene]-N-
methylmethanaminium chloride; TBTU, O-(benzotriazol-1-yl)-N,N,
N',N'-tetramethyluronium tetraﬂuoroborate Tris-HCI, tris(hydroxy-
methyl)dmmomethdne hydrochloric acid; [PH]-RAMH, tritium labeled
R-methyl histamine; [*H]-R-PIA, tritium labeled R- phenyhsopropyld-
denosine; [PH]-SCH23390, tritium labeled [R-(+)-8- chloro 2,3.4,5-tet-
rahydro- 3 methyl-3-phenyl-1H-3-benzazepine-7-ol); [*H]-YM09151-2,
tritium labeled nemonapride (N-(1-benzyl- 2-methy1pyrrolldm 3-yl)-5-
chloro-2-methoxy-4-(methylamino)benzamide); [*H]-ZM241358, tri-
tium labeled 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3- a][1,3,5]tr1azin—
S-ylaminoJethyl)phenol. Abbreviations used for amino acids follow the
TUPAC-TUB Commission of Biochemical Nomenclature in Jones, J. H.
J. Pept. Sci. 2003, 9, 1—8.

pubs.acs.org/jmc Published on Web 01/31/2011

reported.> * Dual ligands have been successfully applied
to the study of G-protein coupled receptors (GPCRs)
oligomerization.>® While ergopeptides may provide insights
into the Dy or D, receptors containing heteromers, they require
a proper reporter tag prior to their use in protein localization
and profiling studies.”'° The modification of hit compounds
is a critical step as the biological properties of the labeled
molecules can be significantly altered with respect to the native
ligand."" This step is particularly important when applied to
small molecule ligands, such as ergopeptides, because the
ligand affinity and efficacy of the pharmacophore is likely to
be compromised.'? In the present work, we report a systematic
study to optimize the length and chemical nature of different
spacer moieties attached to two ergopeptides with high affi-
nity at D;R and D,R (1 and 2, Chart 1) and identify those
linkers that retain their binding profile. Trifunctional amino
acids, such as lysine and glutamic acid, are excellent scaffolds
for the synthesis of peptide-based spacers. In addition to their
low toxicity, they can be easily adapted to a solid-phase
synthesis approach to allow the incorporation of a range of
functional groups (amines, anilides, and carboxamides) with-
in the spacer structure. A number of peptide-based spacers
were incorporated to 1 and 2 to render a 40-member library of
new ergopeptides, and the evaluation of their affinities at D;R
and D;R identified two linker moieties with minimal biologi-
cal interference. The subsequent incorporation of a biotin
reporter led to identification of 13 as a biotin ergopeptide for
dopamine receptors with nanomolar binding affinities and
agonist behavior.

Results

Design of the Library. The incorporation of a spacer
moiety into a bioactive molecule requires the selection of a
suitable attachment point, which must be well separated

©2011 American Chemical Society



Article

Journal of Medicinal Chemistry, 2011, Vol. 54, No. 4 1081

Chart 1. Ergopeptides with High Affinity at D; and D, Dopamine Receptors

from the pharmacophore in order to prevent any interference
on the binding between biomolecule and receptor. The
binding mode analysis of 1 and 2 revealed the interaction
of the ergolene scaffold at the transmembrane binding sites
while the peptide moieties interacted with adjacent amino
acids.! Bearing this in mind, the attachment of distinct spacer
moieties into 1 and 2 was designed by means of the C-term-
inal carboxamide group modification, which would presum-
ably produce a minor change to the biological properties of
the final compounds.

Several spacer moieties were designed on the basis of two
trifunctional amino acids, lysine and glutamic acid, which
are key scaffolds for the derivatization of biomolecules when
a suitable protecting group scheme is used.'* The introduc-
tion of a number of building blocks onto the lysine and
glutamic acid side chains afforded 19 spacer moieties with
various length and chemical functionalities (Table 1), includ-
ing aromatic and saturated rings, primary amines, carbox-
amides, anilides, and poliethylenglycol (PEG) units. Moreover,
a common N*-group at the C-terminus was acetylated to
mimic the further incorporation of a reporter molecule.

Synthesis of the Spacer-Containing Ergopeptides. The synthe-
sis of the peptide-based spacers was entirely performed on solid-
phase, using Rink-MBHA-PS as a polymeric support.
Coupling Fmoc-Lys(Alloc)-OH or Fmoc-Glu(OAll)-OH onto
the resin, Fmoc elimination, acetylation of the N*-group, and
removal of the side chain protecting groups led to resins 3 and 4,
which were used for the construction of the 19 peptide-based
spacers (Scheme S1 in Supporting Information (SI)).

The introduction of distinct units (amino acids, diamines,
anhydrides, and dicarboxylic acids) onto resins 3 and 4 was
carried out using standard solid-phase peptide synthesis
(SPPS) protocols and 1,1’-carbonyldiimidazole (CDI) for
the activation of supported carboxylic acids. The poor nucleo-
philicity of some anilines required the use of a previously
described procedure, based on N-[chloro(dimethylamino)-
methylene]- N-methylmethanaminium chloride (TMUCI Cl)
as the activating reagent, for the solid-phase synthesis of
anilides' (compounds 1p, 2p, 1r, and 2r). The incorporation
of the 19 spacer moieties into the ergopeptides structure was
carried out in two steps: (1) N*-Boc-tripeptides 5 and 6 were
attached to the supported spacers in a convergent protocol
instead of a stepwise procedure to favor the parallelization
synthetic process; (2) the crude mixtures released after
cleavage (TFA-H,0, 95:5) were further coupled to the p-
lysergic acid in solution using DIPCDI and HOAt (Scheme 1).
Although this method involved an extra step compared to

O,N

the direct coupling of ergopeptides onto the spacer moieties,
the amount of the costly p-lysergic acid could be minimized.
The purification of the whole library by semipreparative RP-
HPLC afforded the 38 final products with excellent purities
(la—s and 2a—s, Table S1 in SI).

Biological Assays: Binding Properties of Spacer-Contain-
ing Ergopeptides. The binding properties of 1la—s and 2a—s
were assayed by displacement experiments of D;R or D;R
radiolabeled ligands (concentration indicated in the legends
of Figures 1 and 2) by 25 uM la—s or 2a—s. The binding
screening at DR and D,R (Figures 1 and 2) indicated a
significant decrease of binding affinity when aromatic rings
were included within the spacer moieties (1p (mainly at D,R),
2i, 2j, 2p, and 2r). In contrast, the incorporation of linear
aliphatic spacers resulted in compounds showing a more
favorable binding, with slightly stronger interactions in the
presence of medium-length spacers (1c, 1f, In at D;R; 11, 1n,
2f, and 2k at D,R) and some shorter ones (1a, Im at D;R; 1a,
1m, 2a at D,R). Regarding the inclusion of primary amines
within the spacer structure, the results were both ergopeptide
and receptor-dependent; 1d did not show a significantly differ-
ent binding at DR, but 1d and 1e binding affinities were
remarkably improved at D,R. Whereas determining the
exact nature of this enhancement would require further studies,
the incorporation of medium-sized aliphatic spacers (¢ and f,
Table 1) at the C-terminus of ergopeptides 1 and 2 proved
to be successful in preserving their binding affinities at both
D]R and DzR

We further investigated the behavior of the modified
ergopeptides (1¢, 1f, 2¢, and 2f) at A; and A, adenosine
receptors because heteromers containing adenosine-dopa-
mine receptors have been very well described.'>~!7 The binding
affinities of lc, 1f, 2¢, and 2f were assayed by displacement
experiments of AjR or A;sR radiolabeled ligands (con-
centration indicated in the Figure S1 and S2 legends in SI)
by 25 uM ergopeptides. The binding of 1c, 1f, 2¢, and 2f at
adenosine receptors (Figures S1 and S2 in SI) proved to be
much lower than at D;R and D>R and confirmed their
specificity for dopamine receptors.

Synthesis and Pharmacological Characterization of Biotin
Ergopeptides (9—16). Biotin has been extensively used for
protein profiling studies because its tight interaction with
avidin can facilitate the isolation of protein complexes.'®
Moreover, the availability of numerous biotin/streptavidin-
labeled antibodies and reagents makes biotin one of the most
versatile reporters for protein characterization. To construct
the corresponding biotin ergopeptide probes, a biotin molecule
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Table 1. Chemical Structures of Ergopeptides after the Incorporation of Peptide-Based Spacers
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was incorporated to the C-terminus of lc, 2¢, 1f, and 2f.
Biotin ergopeptides were synthesized using a slightly mod-
ified procedure from the previously described (Scheme 2),
and the biotin reporter was coupled to the N*-group of the

C-terminus of ergopeptides using TBTU and HOBL.

The larger size of the biotin ergopeptides facilitated the
isolation of the two ergolene diastereomers derived from the
epimerization of p-lysergic acid under the coupling con-
ditions,?! and eight biotin ergopeptides (9—16, Chart 2) were
subjected to primary radioligand binding assays at DR and
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Scheme 1. Synthesis of Representative Compounds 1¢ and 2s
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“Conditions: (a) Fmoc-Ahx-OH, DIPCDI/HOBY; (b) piperidine-DMF (2:8); (c) 5, DIPCDI/HOBt; (d) TFA-H,O (95:5); (e) p-lysergic acid,
DIPCDI/HOALt, DIEA; (f) (Fmoc-4-amino) piperidine- HCl, DIEA, CDI; (g) piperidine-DMF (2:8); (h) 6, DIPCDI/HOBt.

D,R. The binding properties of 9—16 were initially evaluated
using displacement experiments of a fixed concentration of
DR, D>R, AR or A;5R radiolabeled ligands (indicated
in the legends of Figures S3—S6 in SI) by 25 uM 9—16
(Figures S3—S6 in SI). The incorporation of the biotin
molecule retained the binding properties of the parent com-
pounds 1 and 2 and confirmed that both selected spacers
(c and f) separate well the pharmacophore from the reporter
tag. We selected compounds 9, 12, 13, and 14 for their
pharmacological characterization, and their affinity con-
stants at D;R and D,R were calculated by competition
experiments: brain membranes (0.5 mg/mL) were incubated
with a fixed concentration of D;R or D,R radiolabeled
antagonists in the absence or in the presence of increasing
concentrations of compounds 9, 12, 13, or 14, as described in
the Experimental Section. From the resulting competition
curves (Figure 3 for compound 13, and Figures S7—S9 in SI
for compounds 9, 12, and 14), their corresponding Kp values
were determined (Table 2). The biotin ergopeptide 13 proved
to be the compound that best maintained the nanomolar
range affinities at both dopamine receptor subtypes.

To test whether the compound 13 behaved as an agonist,
we examined two different signal transduction pathways
(e.g., MAPK and Akt (PKB)) in cells that were separately
transfected with D;R and D,R. As shown in Figure 4a.b, 13
increased the ERK1/2 phosphorylation in cells expressing

DR or D,R in a dose-dependent manner and to a similar
extent than a DR full agonist (e.g., SKF 81297)** or a D,R
agonist (e.g., quinpirole).”* The 13-mediated effect (at 0.1 or
1 uM) was also reverted when cells were preincubated with 5
or 50 uM of DR (e.g., SCH 23390) or D,R antagonists (e.g.,
raclopride), further demonstrating the agonist behavior of
13 at both dopamine receptor subtypes. Regarding the Akt
(PKB) pathway, both SKF 81297 and quinpirole (D;R and
D5R agonists, respectively) induced a decrease in the Akt
Ser*” phosphorylation, a signaling that has been also observed
in mouse brain.*** Similarly, 13 decreased the Akt phosphor-
ylation in a dose-dependent manner in cells expressing DR
or D,R, and its effect was also reverted upon preincubation
with DR (e.g., SCH 23390) or D,R antagonists (e.g.,
raclopride), confirming the agonist behavior of 13 at both
D;R and D;R (Figure 4c,d).

Since it has been described that D;Rs can also heteromer-
ize with dopamine D3Rs,?® we analyzed the binding affinity
of compound 13 at D;R. Because of the low expression level
of D3R in the striatum when compared to D,R, we transi-
ently transfected CHO cells with D3R to study the binding
affinity of compound 13 to this receptor. Membranes
(0.5 mg/mL) from transfected cells were incubated with
4 nM [*H]-raclopride, a D5R antagonist, in the absence or
in the presence of increasing concentrations of compound 13.
The competition curve was used to determine the corresponding
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Figure 1. Displacement experimentsat D|R. Specific binding of 0.9
nM DR antagonist [’H]-SCH23390 in the absence or in the
presence of competing ligands was measured as indicated in the
Experimental Section. C, control of radioligand binding without
competing ligand; 1a—2s, radioligand specific binding in the pre-
sence of 25 uM ergopeptides; 1—2, radioligand specific binding in
the presence of 25 uM ergopeptides 1 and 2, respectively. Values are
represented as means + SD (n = 3). Student’s z-test for unpaired
samples showed significant differences (**p < 0.01) compared to
the ergopeptides 1 or 2.

Kp values (Kpg; = 23 &+ 9 nM and Kpg, = 93 £ 36 nM),
proving that 13 can be a useful tool for the study of hetero-
mers involving Dy, D,, or D3 dopamine receptors (Figure 5).
The binding properties of 13 were also examined at other
GPCRs that can form heteromers with D;Rs or D,Rs (e.g.,
histamine Hs, metabotropic glutamate 5, somatostatin SSTS,
and cannabinoids CB, receptors).”’ *! Displacement experi-
ments (Figure S10 in ST) showed that high concentrations of
13 did not significantly decrease the radioligand binding at
the studied receptors and proved that the binding of 13 at
other GPCRs was very low when compared to dopamine
receptors.

Conclusions

The derivatization of two ergopeptides showing high affi-
nity at dopamine receptors has been optimized using a com-
binatorial chemistry approach to develop of a novel biotin
ergopeptide that maintained both nanomolar binding affi-
nities and an agonist behavior at dopamine receptors. The
systematic modification of the two parent ergopeptides using
a solid-phase synthesis approach afforded a 40-member li-
brary including different peptide-based spacers at the C-ter-
minus of the ergopeptides. The binding analysis of the library
identified two modified ergopeptides incorporating medium-
length aliphatic spacers as the compounds that best retained
the affinity profile at D;R and D,R. Subsequent derivatiza-
tion of the spacer-containing ergopeptides with a biotin mole-
cule rendered a set of biotin ergopeptides that bound at D;R
and D,R with Kp values in the nanomolar range. Further
characterization studies identified 13 as a biotin ergopeptide
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Figure 2. Displacement experiments at D,R. Specific binding of
0.7 nM DR antagonist [’H]-YM 09151-2 in the absence or in the
presence of competing ligands was measured as indicated in the
Experimental Section. C, control of radioligand binding without
competing ligand; 1a—2s, radioligand specific binding in the pre-
sence of 25 uM ergopeptides; 1—2, radioligand specific binding in
the presence of 25 uM ergopeptides 1 and 2, respectively. Values are
represented means = SD (n = 3). Student’s r-test for unpaired
samples showed significant differences (*p < 0.05; **p < 0.01)
compared to the ergopeptides 1 or 2.

with agonist behavior and significantly higher binding affi-
nities at D|R, D;R, and D3R when compared to adenosine
(A1/A5A), histamine H3, metabotropic glutamate 1/5, soma-
tostatin SST, and cannabinoid CB; receptors. These results
attest the potential application of 13 to study heteromer com-
plexes involving dopamine receptors. Experiments with biotin
ergopeptides to study dopamine receptors heteromers are
currently ongoing and will be reported in due course.

Experimental Section

Materials and Equipment. All Fmoc-amino acids were pur-
chased from Neosystem (Strasbourg, France), and Fmoc-Rink-
PS and 2-chlorotrityl resins were supplied by Calbiochem-
Novabiochem AG. DIPCDI was obtained from Fluka Chemika
(Buchs, Switzerland) and HOBt from Albatross Chem, Inc.
(Montreal, Canada). Solvents for peptide synthesis and RP-
HPLC equipment were obtained from Scharlau (Barcelona,
Spain). Trifluoroacetic acid was supplied by KaliChemie (Bad
Wimpfen, Germany). Other chemicals of the highest commer-
cially available purity were purchased from Aldrich (Milwaukee,
WI). All commercial reagents and solvents were used as received.

Adenosine deaminase (EC 3.5.4.4) was purchased from
Roche (Basel, Switzerland), and [’H]-R-PIA was supplied by
Amersham Biosciences (Buckinghamshire, UK). Raclopride,
polyethylenimine (PEI), MgCl,, DPCPX, mouse antiphospho-
ERK1/2 antibody, rabbit anti-ERK1/2 antibody, IRDye 800
antimouse antibody, and IRDye 680 antirabbit antibodies were
purchased from Sigma (St Louis, MO). Rabbit anti-P-Ser*’> Akt
antibody was purchased from SAB Signalway (Pearland, USA).
ZM?241385, SCH23390, RAMH, quisqualic acid, somatostatin,
and CP55940 were supplied by Tocris Biosciences (Avonmouth,
UK). [PH]-SCH23390, [*H]-YM09151—2, [*H]-quisqualic acid,



Article

Journal of Medicinal Chemistry, 2011, Vol. 54, No. 4 1085

Scheme 2. Synthesis of Representative Biotin Ergopeptides 11 and 13. ¢
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“Conditions: (a) Pd(PPhs)4-PhSiH; in DCM,,,;,; (b) biotin, TBTU/DIEA, HOBt; (c) piperidine-DMF (2:8); (d) sequential peptide synthesis:
couplings in DIPCDI/HOBt, Fmoc removal in piperidine-DMF (2:8); (e) TFA-H,O (95:5); (f) p-lysergic acid, DIPCDI/HOAL.

[*H]-CP55940, ['*°T]-Tyr!'!-somatostatin 14, and [*H]-ZM241385
were supplied by Perkin-Elmer (Boston, MA). [PH]-RAMH was
purchased from GE Healthcare (Buckinghamshire, U.K). Ecos-
cint H scintillation cocktail was purchased from National Diagnos-
tics (Atlanta, GA). Bradford assay kit was purchased from Bio-Rad
(Munich, Germany). All other supplements were purchased from
Invitrogen (Paisley, UK).

Analytical RP-HPLC-MS was performed using 2795 Waters
(Milford, MA) Alliance with a Micromass ZQ mass spectro-
meter and a 996 PDA detector. Semipreparative RP-HPLC was
performed on a 2767 Waters chromatography system with a
Micromass ZQ mass spectrometer. Multiple sample evapora-
tion was carried out in a Discovery SpeedVac ThermoSavant
(Waltham, MA). Radioligand binding experiments were per-
formed using a Brandel (Gaithersburg, MD) cell harvester and a
Packard 1600 TRI-CARB scintillation counter. Fitting data
binding program GRAFIT was obtained from Erithacus Soft-
ware (Surrey, UK). For ERK1/2 or P-Ser*’>Akt phosphoryla-
tion determination, the Odyssey infrared scanner (LI-COR
Biosciences, Lincoln, Nebraska, USA) was used. Band densities
were quantified using the scanner software and exported to
Excel (Microsoft, Redmond, WA, USA).

Synthesis. Solid-Phase General Procedure. Peptide syntheses
were performed manually in a polypropylene syringes, each
fitted with a polyethylene porous disk. Solvents and soluble
reagents were removed by filtration. Washings between depro-
tection, coupling, and subsequent deprotection steps were carried

out with DMF (5 x 1 min) and DCM (5 x 1 min) using 10 mL of
solvent/g of resin each time.

Coupling using DIPCDI and HOBt-HOAt. Fmoc-AA-OH,
carboxylic acids or Boc-peptides (3 equiv) were coupled using
DIPCDI (3 equiv) as coupling reagent and HOBt (3 equiv) or
HOATt (3 equiv) as additives in DCM-DMF (1:1) for 2—4 h at rt.
After each coupling, the resin was washed with DMF (5 x 1 min)
and DCM (5 x 1 min). Reaction completion was checked by
means of the Kaiser or chloranil tests.*”

Anhydrides Coupling. Anhydrides (10 equiv) were coupled
using DIEA (10 equiv) in DCM for 2—4 h at rt. After each
coupling, the resin was washed with DMF (5 x 1 min) and DCM
(5 x 1 min). Reaction completion was checked by means of the
Kaiser or chloranil tests.

Coupling using CDL* Solid-supported carboxylic acids were
washed with DCM (5 x 1 min) and DMF (5 x 1 min) and treated
with CDI (25 equiv) in DMF (30 min). After filtering the resin
and washing with DMF, amines (5 equiv) were added in DCM-
DMF (1:1) and kept under orbital agitation for 2—4 h at rt. After
each coupling, the resin was washed with DMF (5 x 1 min) and
DCM (5 x 1 min). Reaction completion was checked by means
of the malachite green test.>*

Coupling using TMUCI CL'* Solid-supported carboxylic
acids were washed with DCM (5 x 1 min) and treated with
TMUCI CI (10 equiv) and DIEA (10 equiv) in DCM (10 min).
After filtering the resin and washing with DCM and DMF,
anilines (5 equiv) were added in DCM-DMF (1:1) and left
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Chart 2. Structures of Biotin Ergopeptides 9—16
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under orbital agitation for 2 h at rt. After each coupling, the
resin was washed with DMF (5 x 1 min) and DCM (5 x
1 min).

Fmoc Group Removal involved the following sequence: (i)
DMF (5 x 1 min); (i) piperidine-DMF (2:8) (1 x 1 min 4 2 x
15 min); (iii) DMF (5 x 1 min).

Alloc/All Group Removal involved the following sequence: (i)
DCM (5 x 1 min); (ii) Pd(PPhj3), (0.1 equiv) and PhSiH;
(10 equiv) in anhydrous DCM (3 x 15 min); (iii) anhydrous
DCM (5 x 1 min); (iv) DCM (5 x 1 min); (v) DMF (5 x 1 min);
(vi) 0.02 M solution of sodium diethyldithiocarbamate in DMF
(3 x 15 min), DMF (5 x 1 min), DCM (5 x 1 min), and DMF
(5 x 1 min).

N®Terminus Acetylation. The resins were treated with Ac,O
(10 equiv) and DIEA (10 equiv) in DCM (2 x 15 min). Reaction
completion was checked by the Kaiser test.

Cleavage Conditions. A. 2-Chlorotrityl-Based Resins. The resins
were treated with a solution of TFA-DCM (5:95) (5 x 1 min).
Filtrates were collected, washed with DCM (3 x 1 min), and
evaporated under vacuum.

B. Rink-Based Resins. The resins were treated with a solution
of TFA-H,0 (95:5) and orbitally shaken for 2 h at rt. Filtrates
were collected, washed with TFA (2 x 1 min) and DCM (3 x
1 min), and evaporated under vacuum.

Synthesis of Boc-Val-pNO,Phe-Pro-OH (5). Starting from
2-chlorotrityl resin (6.0 g, loading: 1.3 mmol/g), the peptide was
synthesized as described above. Cleavage and lyophilization
in HO—ACN (2:1) rendered a white solid powder; 1.75 g
(vield: 39%); Mexp 507.1 (Mca1e 506.3), 96%.
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Synthesis of Boc-pNO,Phe-pFPhe-Nip-OH (6). Starting from
2-chlorotrityl resin (6.0 g, loading: 1.3 mmol/g), the peptide was
synthesized as described above. Cleavage and lyophilization
in HO—ACN (2:1) yielded a white solid powder; 3.58 g (yield:
68%); Mexp 587.0 (Mcqic 586.2), 95%.

Coupling of p-Lysergic Acid. Evaporated crude cleavages for
the different peptide moieties (23.7—79.0 mg, 0.03—0.09 mmol)
were dissolved in individual vials using 0.5 mL of DMF, treated
with DIEA (1 equiv, 5—15 uL, 0.03—0.09 mmol), and stirred for
5 min at rt. Second, Dp-lysergic acid (1.2 equiv, 11—29 mg,
0.04—0.11 mmol) and HOAt (1.5 equiv, 6—18 mg, 0.05—0.14
mmol) were dissolved in 1 mL of DMF (each reaction) and
added to every vial. Finally, DIPCDI was added (2 equiv, 9—
27 uL, 0.06—0.18 mmol) and the set of reactions was stirred in a
parallel synthesizer for 16 h. Multiple sample evaporation
rendered the crude mixtures further purified by semipreparative
RP-HPLC.

Library Characterization. The purified compounds la—1s
and 2a—2s were characterized by analytical RP-HPLC-MS,
using a reverse-phase Symmetry Cig (5 um, 3.9 mm x 150 mm)
column and 1 mL/min flow. Elution system A: H,O—TFA,
99.9:0.1; B: ACN—TFA, 99.9:0.1; gradient 0% B to 100% B in
25 min. The purities of all library compounds (average =95%)
were determined by UV absorption at 220 nm (HPLC-MS data,
quantities, and purities of all library compounds are included in
Table S1 in SI).

Synthesis of Biotin Ergopeptides (9—16). Rink-MBHA PS
(1 g, loading: 0.56 mmol/g) was swollen with DCM (1 x
I min, 2 x 10 min) and DMF (§ x 1 min, 1 x 15 min) before
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Figure 3. Competition curves of dopamine receptors antagonists binding versus increasing concentrations of compound 13. Competition
experiments of 0.9 nM DR antagonist [’H]-SCH23390 (a) or 0.7 nM D5R antagonist [°’H]-YM 09151—2 (b) versus increasing concentrations of
compound 13 were performed with brain striatal membranes (0.5 mg prot/mL) as indicated in the Experimental Section. Data are represented
as means £+ SD from a representative experiment (n = 3) performed in triplicate.

Table 2. Kp Values of Selected Biotin Ergopeptides at D{R and D,R

DR D.R
Kppi (nM) Kppa (uM) Kpgi (nM) Kpgs (uM)
9 107+9 32403 260 4+ 60 T+2
12 2100 £ 300 >50 2000 =400 23+8
13 56+6 1.5+0.2 17+5 9+3
14 490 4+ 80 >50 160 £ 50 10+ 4

“Kpg) and Kpg, are respectively the equilibrium dissociation con-
stants of the high and low binding affinities of ergopeptides to the
dimeric D;R and D;R.

use. After washing, Alloc-L-Lys(Fmoc)-OH (3 equiv) was
coupled to the resin, using DIPCI (3 equiv) and HOBt (3 equiv)
as a coupling system in DMF. The resin was washed and the
Fmoc group removed, yielding Alloc-L-Lys(NH,)-AM-MBHA.
At this point, the resin was split into two equal aliquots. Ac-
Lys(Fmoc)-OH (3 equiv) and the Fmoc-Ahx-OH (3 equiv) were
respectively coupled on each one as previously described to
render the resins 7 and 8. After that, Alloc group was eliminated
in both resins and biotin (3 equiv) was introduced using TBTU
(3 equiv), DIEA (6 equiv), and HOBt (3 equiv) in DMF for 1 h at
rt. After the Fmoc group removal, the resins were again divided
in two parts, obtaining at that point four different resins. From
this point onward, the attachment of the three different amino
acids (corresponding to the tripeptides of 1 and 2) was per-
formed according to the procedure described previously. The
biotin peptide moieties were cleaved following the B cleavage
conditions, and the coupling of D-lysergic acid was carried out as
described above. Evaporated crude cleavages for the different
biotin peptide moieties (95—127 mg, 0.10—0.13 mmol) were
dissolved in individual vials using 0.5 mL of DMF, treated with
DIEA (1 equiv), and stirred for 5 min at rt. Second, p-lysergic
acid (1.2 equiv) and HOAt (1.5 equiv) were dissolved in 1 mL of
DMF (each reaction) and added to every vial. Finally, DIPCDI
was added (2 equiv) and the set of reactions were stirred for 16 h
at rt. Evaporation rendered the crude mixtures further purified
by semipreparative RP-HPLC-MS under basic conditions
(A: 20 mM NH4COOCHs;3, pH 9; B: ACN) using a reverse-
phase X-Bridge Cg column (5 gm, 19 mm x 100 mm?) to yield
the biotin ergopeptides 9—16.

Biotin Ergopeptides Characterization (9—16). Biotin ergopep-
tides 9—16 were characterized by analytical RP-HPLC-MS and
RP-HPLC using a reverse-phase XBridge Cg column (3.5 um,
4.6 mm x 50 mm?) at 2 mL/min (two separate elution solvent
systems: (a) A, H,O—HCOOH (99.9:0.1); B, ACN-HCOOH
(99.93:0.07). (b) A, H,O—TFA (99.9:0.1); B, ACN-TFA
(99.9:0.1). The purities of 9—16 were determined by RP-HPLC
at 220 nm UV absorption using as elution system b and a
gradient 5% B to 50% B in 4.5 min. All purities were confirmed
to be 295%. HRMS spectra for 9—16 were recorded confirming
the identity of each biotin ergopeptides (Table 3).

Identity of compound 13 was confirmed by '"H NMR
(400 MHz, DMSO-dg): 10.7 (s, 1H), 8.44 (s, 1H), 8.37 (s, 1H),
8.29 (s, 2H), 8.17 (d, 2H), 7.90 (s,1H), 7.54 (d, 2H), 7.3—6.9 (m,
7H), 7,30 (s,1H), 7.09 (s, 1H), 7.02 (s, 1H), 6.42 and 6.36 (s, 2H),
6.26 (s, 1H), 4.98 (m, 1H), 4.64 (m, 1H), 4.4—3.8 (m, 7H), 3.00
(dd, 1H), 2.78 (m, 1H), 2.59 (m, 2H), 2.51 (s, 3H), 2.3—1.24
(m, 41H).

Biological Assays. Radioligand Binding Experiments. Gener-
al Procedure. Membrane suspensions from lamb brain striatum
or D3R transiently transfected CHO cells were obtained by
following the method previously described.*® Radioligand bind-
ing assays using membrane suspensions (0.5 mg prot/mL deter-
mined with bicinchoninic acid kits) were carried out at 22 °C in
50 mM Tris-HCI buffer, pH 7.4 (see conditions below used for
each receptor). After radioligand incubation, free and mem-
brane-bound ligand were separated by rapid filtration of 500 uL
aliquots in a cell harvester through Whatman GF/C filters
embedded in 0.3% polyethylenimine (PEI) that were subse-
quently washed for 5 s with 5 mL of ice-cold Tris-HCI buffer.
The filters were incubated with 10 mL of Ecoscint H scintillation
cocktail overnight at room temperature, and radioactivity
counts were determined using a scintillation counter with an
efficiency of 62% for tritium labeled compounds and 99% for
the '**I-labeled compound.

Screening of the Library. Binding experiments of the whole
library were performed at a concentration of 25 uM for compounds
1,2, 1a—1s, 2a—2s and 9—16.

Dopamine D¢, D,, and D3, Histamine H3, and Metabotropic
Glutamate 1/5 Receptors. Membranes were incubated with
0.9 nM [*H]-SCH23390 (85 Ci/mmol), 0.7 nM [*H]-YMO09151-
2(85.5 Ci/mmol), 4 nM [*H]-raclopride (82.8 Ci/mmol), 2.5 nM
PHJ-RAMH (34 Ci/mmol), or 27 nM [*H]-quisqualic acid
(30.9 Ci/mmol) in 50 mM Tris-HCI buffer (pH 7.4) containing
10 mM MgCl, for 2 h in the absence or in the presence of tested
compounds. Nonspecific binding was measured in the presence
of 10 uM SCH23390, raclopride, RAMH, or quisqualic acid,
respectively.

Somatostatin Receptors. Membranes were incubated with
0.1 nM [*’I]-Tyr''-somatostatin 14 (2,200 Ci/mmol) in 50 mM
Tris-HCl buffer (pH 7.4) containing 10 mM MgCl, for 3 hin the
absence or in the presence of tested compound. Nonspecific
binding was measured in the presence of 100 nM somatostatin.

Adenosine A and A, Receptors. Membranes were incubated
with 1.0 nM [*H]-R-PIA (30.5 Ci/mmol) or 1.6 nM [*H]-
ZM?241385 (27.4 Ci/mmol) in 50 mM Tris-HCI bufter (pH 7.4)
containing 10 mM MgCl, and 0.2 U/mL ADA for 2 h in the
absence or in the presence of tested compounds. Nonspecific
binding was measured in the presence of 10 uM DPCPX or ZM
241385, respectively.

Cannabinoid CB; Receptor. Membranes were incubated in
siliconated tubes with 0.5 nM [*H]-CP 55940 (144 Ci/mmol) in
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Figure 4. Functional characterization of the biotin ergopeptide 13. CHO cells expressing DR (a and ¢) or D,R (b and d) were cultured
in serum-free medium for 16 h prior to the addition of any ligand. Cells were treated (or not) with 50 uM of the DR antagonist SCH23390
(a and ¢) or the D,R antagonist raclopride (b and d). After 5 min, increasing concentrations of compound 13, DR agonist SKF 81297, or the
D,R agonist quinpirole were added for further 5 min of incubation, and ERK 1/2 phosphorylation (a and b) or P-Ser*’*Akt (c and d) were
determined as indicated in the Experimental Section. Results are expressed as means + SEM of four independent experiments. Student’s z-test
for unpaired samples showed significant increases (a and b) or decreases (¢ and d) over basal (not treated cells, *p < 0.05, **p < 0.01) or
significant decreases (a and b) or increases (¢ and d) respect to cells stimulated with the same concentration of compound 13 in the absence of

antagonist (*p < 0.05, #p < 0.01).
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Figure 5. Competition curve of a D3R antagonist binding versus
increasing concentrations of compound 13. Competition experi-
ments of 4 nM D3R antagonist ["H]-raclopride versus increasing
concentrations of compound 13 were performed with membranes
(0.5 mg prot/mL) from CHO cells transiently transfected with 2 ug
of the cDNA corresponding to D3R, as indicated in the Experi-
mental Section. Data are represented as means £+ SD from a
representative experiment (# = 3) performed in triplicate.

50 mM Tris-HCl buffer (pH 7.4) containing 10 mM MgCl, and 1
mg/mL fatty acid-free bovine serum albumin (BSA) for 2 h in
the absence or in the presence of tested compounds. In this case,
filters were presoaked with buffer containing BSA, and BSA was
maintained in the washing medium. Nonspecific binding was
measured in the presence of 10 uM CP55940.

Kp Determination. Competition experiments of 0.9 nM [*H]-
SCH23390, 0.7 nM [’H]-YMO09151-2, or 4 nM [*H]-raclopride
binding versus increasing concentrations of compounds 9, 12,

13, or 14 were performed by incubating membranes under the
same conditions as described above for DR, D>R, or D3R
binding. Nonspecific binding was determined as previously
outlined. Radioligand displacement curves were analyzed by
nonlinear regression using the commercial program GRAFIT
(Erithacus Software, Surrey, UK) by fitting the specific binding
data to the mechanistic two-state dimer receptor model.*>**® To
calculate the macroscopic equilibrium dissociation constants,
the equations used for a competition binding experiment were
deduced by Casadé.* Goodness-of-fit was tested following the
reduced y~ value given by the nonlinear regression program
GRAFIT. A modified Ftest was used to analyze whether the fit
to cooperativity model significantly improved upon the fit to
noncooperative model, and p < 0.05 was taken as a criterion of
significance; when no significant improvement over the non-
cooperative model was detected, the p values were >0.30.

Cell Culture, Transient Transfection, and Protein Determination.
Chinese hamster ovary (CHO) cells were cultured in MEM
o medium without nucleosides supplemented with 100 U/mL
penicillin/streptomycin and 10% (v/v) heat inactivated fetal
bovine serum (FBS). CHO cells were maintained at 37 °C in a
humidified atmosphere of 5% CO, and were passaged when
they were 80—90% confluent, i.e., approximately twice a week.
CHO cells were transiently transfected with 2 ug cDNA corre-
sponding to human DR, D,R, or D;R by the ramified PEI
method. Cells were incubated for 4 h with the corresponding
cDNA together with ramified PEI (5 mL/mg cDNA of 10 mM
PEI) and 150 mM NaCl in a serum-starved medium. After 4 h,
the medium was changed to a fresh complete culture medium.
Forty-eight h after transfection, cells were washed twice in quick
succession in HBSS (Hanks’ balanced salt solution: 137 mM
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Table 3

compd tr (min) molecular formula M a1c My, (HRMS) purity (220 nm) (%) mg
9 3.33 Cs;H7sN 150,08 1122.5685 1123.5747 95 12.6
10 3.68 Cs7H75N 120,08 1122.5685 1123.5747 99 14.3
11 3.20 CsoHg1N;50¢,S 1179.5899 1180.5961 99 14.5
12 3.58 CsoHg N 30,;S 1179.5899 1180.5963 98 13.6
13 3.88 CeH79FN,040S 1202.5747 1203.5815 99 14.7
14 3.85 Ce2H79FN1,010S 1202.5747 1203.5804 94 15.5
15 3.81 Ce4HgoFN50¢,S 1259.5961 1260.6015 95 12.9
16 3.77 CesHgoFN1304,S 1259.5961 1260.6016 96 25.1

NaCl, 5 mM KCl, 0.34 mM Na,HPO,-12H,0, 0.44 mM
KH,PO,, 1.26 mM CaCl,-2H,O, 0.4 mM MgSO,-7H,0,
0.5 mM MgCl,, 10 mM HEPES, pH 7.4) supplemented with
0.1% glucose (w/v), detached by gently pipetting and resus-
pended in the same buffer. To control the cell number, sample
protein concentration was determined using a Bradford assay
kit using BSA dilutions as standards.

ERK and Akt Phosphorylation Assay. Transfected CHO cells
were cultured in serum-free medium for 16 h before the addition
of any agent. Cells were treated or not with 5 or 50 uM of the
D4R antagonist SCH 23390 or the D>R antagonist raclopride.
After S min, increasing concentrations of compound 13, 1 uM
DR agonist SKF 81297, or 1 uM D,R agonist quinpirole were
added for further 5 min incubation. Cells were rinsed with ice-
cold phosphate-buffered saline and lysed by the addition of
500 uL of ice-cold lysis buffer (S0 mM Tris-HCI pH 7.4, 50 mM
NaF, 150 mM NaCl, 45 mM f-glycerophosphate, 1% Triton
X-100, 20 uM phenyl-arsine oxide, 0.4 mM NaVOy, and pro-
tease inhibitor cocktail). The cellular debris was removed by
centrifugation at 13000g for 5 min at 4 °C, and the protein was
quantified by the bicinchoninic acid method using bovine serum
albumin dilutions as standard. To determine the level of ERK 1/
2 or Akt-phosphorylation, equivalent amounts of protein (10 ug)
were separated by electrophoresis on a denaturing 7.5% SDS-
polyacrylamide gel and transferred onto PVDF-FL membranes.
Odyssey blocking buffer was then added, and the membrane was
rocked for 90 min. The membranes were then probed with a
mixture of antiphospho-ERK1/2 antibody (1:2500) or anti-P-
Ser** Akt antibody (1:2500) and anti-ERK1/2 antibody that
recognizes both phosphorylated and nonphosphorylated ERK1/2
(1:40000) for 2—3 h. Bands were visualized by the addition of a
mixture of IRDye 800 (antimouse) antibody (1:10000) and
IRDye 680 (antirabbit) antibody (1:10000) for 1 h and scanned
by the Odyssey infrared scanner. Bands densities were quanti-
fied using the scanner software, exported to Excel. The level of
phosphorylated ERK 1/2 isoforms or P-Ser*’?Akt was normal-
ized for differences in loading using the total ERK protein band
intensities.
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1. Synthetic schemes for the preparation of the resins 3 and 4.

Scheme S1. Preparation of resins 3 and 4.
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Reaction conditions: a) Fmoc-Lys(Alloc)-OH, DIC/HOBt, b) piperidine-DMF (2:8), c¢)
Ac,O-DIEA, d) Pd(PPh3)4-PhSiH; in DCM, e) Fmoc-Glu(OAll)-OH, DIC/HOBt.



2. Table with chemical structures and complete HPLC data for the whole library
of ergopeptides containing peptide-based spacers.

Table S1. Chemical structures and HPLC data for the whole library of ergopeptides
containing peptide-based spacers.
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HPLC system 1: A: H,O-TFA: 99.9:0.1. B: ACN-TFA: 99.9:0.1; gradient 0% B to
100% B in 25 min. HPLC system 2: A: H,O-HCOOH: 99.9:0.1. B: ACN-HCOOH:
99.9:0.1; gradient 0% B to 100% B in 25 min. The purities of all compounds were
determined by UV absorption at 220 nm. * m/z corresponding to [M+2H]** and [M+H]*
respectively.




3. Radioligand binding assays of 1c, 1f, 2¢, and 2f at A; and A;, adenosine
receptors.
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Figure S1. Displacement experiments at AjR. Specific binding of 10 nM A;R agonist
[*H]-R-PIA in the absence or in the presence of competing ligands was measured as
indicated in the Experimental Section. C: control of radioligand binding without
competing ligand; 1¢, 1f, 2¢, 2f: radioligand specific binding in the presence of 25 uM
ergopeptides; 1-2: radioligand specific binding in the presence of 25 uM ergopeptides 1
and 2 respectively. Values are represented as means = SD (n=3). Student's z-test for
unpaired samples showed significant differences (**p < 0.01) compared to the
ergopeptides 1 or 2.
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Figure S2. Displacement experiments at AsR. Specific binding of 1.6 nM A;R
antagonist [’H]-ZM 241385 in the absence or in the presence of competing ligands was
measured as indicated in the Experimental Section. C: control of radioligand binding
without competing ligand; 1¢, 1f, 2¢, 2f: radioligand specific binding in the presence of
25 uM ergopeptides; 1-2: radioligand specific binding in the presence of 25 uM
ergopeptides 1 and 2 respectively. Values are represented as means + SD (n=3).
Student's #-test for unpaired samples showed significant differences (*p < 0.05)
compared to the ergopeptides 1 or 2.



4. Radioligand binding assays of 9-16 at D;R, D,R, A{R and A;,R.
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Figure S3. Displacement experiments at D;R. Specific binding of 0.9 nM D;R
antagonist [’H]-SCH 23390 in the absence or in the presence of competing ligands was
measured as indicated in the Experimental Section. C: control of radioligand binding
without competing ligand; 9-16: radioligand specific binding in the presence of 25 uM
biotin ergopeptides; 1-2: radioligand specific binding in the presence of 25 uM
ergopeptides 1 and 2. Values are represented as means + SD (n=3). Student's #-test for
unpaired samples showed significant differences (*p < 0.05; **p < 0.01) compared to
the ergopeptides 1 (9 to 12) or 2 (13 to 16).
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Figure S4. Competition experiments at D,R. Specific binding of 0.7 nM D,R antagonist
[*H]-YM 09151-2 in the absence or in the presence of competing ligands was measured
as indicated in the Experimental Section. C: control of radioligand binding without
competing ligand; 9-16: radioligand specific binding in the presence of 25 uM biotin
ergopeptides; 1-2: radioligand specific binding in the presence of 25 uM ergopeptides 1
and 2. Values are represented as means = SD (n=3). Student's ¢-test for unpaired
samples showed significant differences (**p < 0.01) compared to the ergopeptides 1 (9
to 12) or 2 (13 to 16).
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Figure S5. Competition experiments at A R. Specific binding of 1.0 nM [’H]-R-PIA in
the absence or in the presence of competing ligands was measured as indicated in the
Experimental Section. C: control of radioligand binding without competing ligand; 9-
16: radioligand specific binding in the presence of 25 uM biotin ergopeptides; 1-2:
radioligand specific binding in the presence of 25 uM ergopeptides 1 and 2. Values are
represented as means + SD (n=3). Student's z-test for unpaired samples showed
significant differences (*p < 0.05; **p < 0.01) compared to the ergopeptides 1 (9 to 12)
or 2 (13 to 16).
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Figure S6. Competition experiments at AssR. Specific binding of 1.6 nM [*H]-
ZM?241385 in the absence or in the presence of competing ligands was measured as
indicated in the Experimental Section. C: control of radioligand binding without
competing ligand; 9-16: radioligand specific binding in the presence of 25 uM biotin
ergopeptides; 1-2: radioligand specific binding in the presence of 25 uM ergopeptides 1
and 2. Values are represented as means + SD (n=3). Student's ¢-test for unpaired
samples showed significant differences (*p < 0.05; **p < 0.01) compared to the
ergopeptides 1 (9 to 12) or 2 (13 to 16).
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5. Binding curves of D;R and DR antagonists in competition with increasing
concentrations of compounds 9, 12 and 14.
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Figure S7. Competition curves of dopamine receptors antagonists binding vs increasing
concentrations of compound 9. Competition experiments of: a) 0.9 nM [°H]-SCH23390
(D;R antagonist), b) 0.7 nM [SH]—YMO9151—2 (D,R antagonist) with increasing
concentrations of ergopeptide 9 were performed in brain striatal membranes (0.5 mg
prot/mL) as indicated in the Experimental Section. Data plotted as means = SEM from a
representative experiment (n = 3) performed in triplicate.
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Figure S8. Competition curves of dopamine receptors antagonists binding vs increasing
concentrations of compound 12. Competition experiments of: a) 0.9 nM [3H]—
SCH23390 (D;R antagonist), b) 0.7 nM [*H]-YMO09151-2 (D;R antagonist) with
increasing concentrations of ergopeptide 12 were performed in brain striatal membranes
(0.5 mg prot/mL) as indicated in the Experimental Section. Data plotted as means +
SEM from a representative experiment (n = 3) performed in triplicate.
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Figure S9. Competition curves of dopamine receptors antagonists binding vs increasing
concentrations of compound 14. Competition experiments of: a) 0.9 nM [*H]-
SCH23390 (D;R antagonist), b) 0.7 nM [SH]—YMO9151—2 (D;R antagonist) with
increasing concentrations of ergopeptide 14 were performed in brain striatal membranes
(0.5 mg prot/mL) as indicated in the Experimental Section. Data plotted as means +
SEM from a representative experiment (n = 3) performed in triplicate.
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6. Affinity of compound 13 at histamine, glutamate, somatostatin and cannabinoid
receptors.
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Figure S10. Affinity of compound 13 for different GPCRs. The ability of compound
13 (at different concentrations) to decrease the binding of 2.5 nM [3H]—RAMH
(histamine Hj receptors agonist), 27 nM [*H]-quisqualic acid (metabotropic glutamate
1/5 receptors agonist), 0.1 nM [1251]—Tyr11—somatostatin 14 (somatostatin receptors
agonist) and 0.5 nM [H]-CP55940 (cannabinoid CB, receptors agonist) was measured
as indicated in the Experimental Section. Specific binding as percentage of radioligand
binding in the absence of compound 13 was shown. Values are represented by means +
SD (n=3).
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« ...Elles ne vous disent jamais: Quel est le son de
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[V. Resumen de Resultados v Discusion

La mayoria de los ligandos de GPCR que actuan como agonistas, antagonistas o
agonistas inversos, se unen al mismo dominio del receptor reconocido por los agonistas
endogenos, es decir, el lugar de union ortostérico (Neubig et al., 2003). Muchos GPCR
poseen sitios alostéricos topograficamente distintos a los ortostéricos. Esto ha llevado a
la identificacion y estudio de ligandos que actian como moduladores alostéricos, que
pueden regular indirectamente la actividad de los ligandos ortostéricos y/o mediar
directamente efectos agonista/antagonista (Christopoulos, 2002). Este es el caso del
hibrido #rans-indoloquinolicidina-péptido 28 (IP28) estudiado en la primera parte de
esta Tesis Doctoral en el trabajo titulado A hibrid indoloquinolizidine peptide as
allosteric modulator of dopamine DI receptor. Este compuesto es un modulador
alostérico de los receptores de dopamina D, actuando como ligando ortostérico para los

receptores Dy, D3, D4 y Ds de dopamina.

La estructura de los grupos sintéticos indoloquinolicidina les permite
interaccionar con dominios de transmembrana y presentan una buena solubilidad en
medios etanol-acuosos. En este estudio, hemos demostrado que uno de los hibridos
indoloquinolicidina-péptido, el I1P28, es util para disminuir la afinidad de los
antagonistas del receptor D; de dopamina. Se observd que el aumento del valor de Kp
para el antagonista en presencia de concentraciones crecientes de IP28 no era linear,
indicando que P28 se une a un sitio alostérico del receptor. Se efectuaron experimentos
de disociacion para detectar y cuantificar esta interaccion alostérica (May et al., 2007).
El método mas comun para caracterizar este tipo de ligandos son los ensayos de
disociacién. Se realizaron experimentos de asociacién con un ligando ortostérico
marcado radioactivamente, en presencia o ausencia del modulador alostérico IP28 y se
efectuaron a continuacidén experimentos de disociacion. Estos ensayos demostraron que
IP28 es un modulador alostérico que aumenta la velocidad de disociacion de un
antagonista neutro del receptor D, de dopamina y que este efecto era especifico para Dy,
ya que no se observaron cambios significativos en la velocidad de disociacion de un
antagonista unido a Ds. A su vez, IP28 no producia cambios en la velocidad de
disociacion de los antagonistas de los receptores D,, D3 o D4, indicando que este
ligando no es un modulador alostérico de la familia D;-like, sino que los resultados

sugieren que P28 actiia como ligando ortostérico de esta familia.
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Se define como efecto alostérico positivo aquel cuyo modulador facilita la
interaccion del ligando ortostérico, y efecto alostérico negativo aquel que inhibe la
interaccion con el ligando ortostérico (Conn et al., 2009; May et al., 2007; Schwartz y
Holst, 2007). Basado en este concepto, el ligando IP28 es un ligando alostérico negativo
de Dj, ya que modula negativamente la unién del agonista y del antagonista al sitio
ortostérico del receptor. En términos de sefializacion, es interesante destacar que 1P28
induce un aumento del AMPc en células que expresan el receptor D; de dopamina. Este
resultado sugiere que P28 podria ser un modulador ago-alostérico, que recientemente
han sido definidos como ligandos moduladores alostéricos que inducen un efecto
agonista en el receptor (Bridges y Lindsley, 2008; Schwartz y Holst, 2006). Cabe
destacar que el efecto del modulador alostérico puede ser positivo con respecto a la
eficacia y potencia, pero también puede ser negativo o inhibitorio en términos de, por
ejemplo, la potencia, mientras que ser positivo en términos de eficacia (Schwartz y
Holst, 2007). Como demostramos en este trabajo, IP28 aumenta el valor de ECs
obtenido de curvas dosis-respuestas de AMPc versus concentraciones crecientes del
agonista del receptor D;. Esto indica que IP28 es un modulador ago-alostérico negativo

de la potencia del agonista sin disminuir el efecto maximo mediado por el agonista.

Diversas evidencias sugieren que los antagonistas del receptor D; de dopamina
juegan un papel esencial por sus las propiedades neurolépticas (Wu et al., 2005; Nielsen
y Andersen, 1992) y que este receptor se relaciona directamente con la fisiopatologia de
la esquizofrenia (Goldman-Rakic, 1999; Sedvall et al., 1999). Estudios pre-clinicos
demostraron que los antagonistas selectivos de D; presentaban propiedades
antipsicdticas, pero estudios clinicos posteriores no demostraron ninguna actividad
antipsicotica en incluso, en algunos casos, se agravaban los estados temporales de
psicosis (Miyamoto et al., 2005). En contra de estos resultados, la administracion de
bajas dosis del agonista total del receptor D; a primates no-humanos con esquizofrenia
demostraron un aumento de las acciones cognitivas (Cai y Arnsten, 1997). El deterioro
cognitivo se ha encontrado en todos los subtipos de esquizofrenia. Se cree que la
estimulacion insuficiente o excesiva de los receptores D; es perjudicial para la funcion
cognitiva de la corteza prefrontal, por lo que un nivel 6ptimo de la activacion de D,
permitiria una funcion cognitiva normal (Goldman-Rakic et al., 2000). De este modo, la

sobreactivacion de los receptores D; de dopamina pueden aumentar los sintomas
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psicoticos en pacientes con esquizofrenia. Se puede especular que los compuestos que
disminuyen la potencia y preservan la eficacia de los agonistas del receptor D; son
dianas prometedoras para la exploracion de compuesto moduladores de las patologias
psicoticas relacionadas con la dopamina. Es el caso de IP28, que disminuye la afinidad
del ligando y la potencia de los receptores, preservando al mismo tiempo la eficacia de
los mismos y actuando como un agonista débil por si mismo. A pesar de ello, es
necesario diseflar estrategias para mejorar la selectividad y afinidad de la interacciéon
entre el ligando y el receptor, con el fin de poder emplear este tipo de moduladores

como farmacos para trastornos psicoticos.

A pesar de una cierta resistencia inicial por parte de la comunidad cientifica, la
existencia de heteromeros entre diversos receptores de neurotransmisores y
neuromoduladores es, hoy por hoy, un hecho aceptado. La heteromerizacién implica
cambios en la forma de entender la neurotransmisioén. Asi, los receptores no pueden
considerarse como una unica unidad funcional, sino como agregados multimoleculares
localizados en el plano de la membrana plasmatica (Franco et al, 2003). La
heteromerizacion confiere a los receptores propiedades bioquimicas distintas de los
componentes individuales, como cambios en la funcionalidad y en las propiedades
farmacoldgicas (Terrillon y Bouvier, 2004). Los ensayos de doble hibrido, pull-down o
coinmunoprecipitacion han hecho posible la construccion de mapas de las redes
moleculares formadas por interacciones proteina-proteina entre las proteinas citosolicas;
sin embargo, estas técnicas se ven limitadas cuando se analizan proteinas de membrana.
Recientemente, el desarrollo de las técnicas biofisicas basadas en la transferencia de
energia de resonancia, como BRET y FRET han facilitado la demostracion de la
homodimerizacion y heterodimerizacion de proteinas de membrana y especialmente
GPCR, en cultivos celulares (Pfleger et al., 2006a; Pfleger et al., 2006b; Milligan et al.,
2004; Agnati et al., 2003; Franco et al., 2003; Bouvier et al., 2001). Al iniciarse esta
Tesis se sabia que los miembros de una misma familia de receptores de dopamina (DI-
like y D2-like) eran capaces de formar heteromeros entre si, como es el caso del
heteromero D;-D; (Marcellino et al., 2008) pero se desconocia si el receptor D, de
dopamina podian formar heterémeros con el receptor D4 y si existian diferencias en la
heteromerizacion de los diferentes polimorfismos de este receptor. A su vez, se

desconocia también la implicaciéon y funcionalidad del receptor D4 de dopamina en el
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estriado, asi como el motivo de la existencia de los diferentes polimorfismos y su
relacion con el trastorno de hiperactividad y déficit de atencion. Asi pues, en el trabajo
titulado Dopamine D4 receptor, but not the ADHD-associated D, ; variant, forms
functional heteromers with the dopamine D, receptor in the brain, se demostré que
los receptores de dopamina D,s, Dss y Dsy, pero no la variante D47 asociada con el
trastorno por déficit de atencién y hiperactividad (ADHD), forman heteromeros
funcionales en células transfectadas y en cerebro de raton. La coestimulacion de los
receptores Dasy D4 en el heteromero Ds-D4 tiene un efecto sinérgico en la sefializacion,
hecho que no ocurre en células que expresaban la variante D47 o en el estriado de
ratones mutados (knock-in) portadores de la variante de 7 repeticiones (D47) en el tercer
bucle intracelular del receptor D4 de dopamina. Estos resultados indican una diferencia
funcional de la variante D47 del receptor D4 respecto a las variantes D4,y D4, la cual
puede tener implicaciones importantes para la comprension de la patogénesis de
ADHD. Se ha demostrado, por primera vez, que las interacciones entre los receptores
Dys-D4 modulan la secrecion de glutamato en el estriado, hecho que sugiere que los
heterémeros de receptores Dys-D4 permiten a la dopamina ejercer una modulacion mas

precisa en la neurotransmision glutamatérgica.

Puesto que la variante D47 del receptor D4 de dopamina posee el tercer bucle
intracelular (IL3) mas largo y es la unica variante polimorfica que no forma
heterdmeros con el receptor Dys, el impedimento estérico de este bucle del receptor Dy
podria ser el mecanismo responsable de obstaculizar la heteromerizacidén, aunque no se
pueden descartar otros mecanismos como la intervencion de otras proteinas
intracelulares en la formacion de los heterémeros. Utilizando metodologias de
protedmica, se han demostrado interacciones entre receptores de dopamina y DRIPS
(dopamine receptor interacting proteins), formando complejos de sefalizacién o
“signalplexes” (Yao et al., 2008; Kabbani y Levenson, 2007). Algunas de las proteinas
DRIPS muestran selectividad hacia algunos subtipos de receptores de dopamina. Por
ejemplo, la filamina o proteina 4.1N interacciona con los subtipos D, y D3, pero no lo
hace con los subtipos D;, Ds o D4 (Binda et al., 2002; Lin et al; 2001), las proteinas con
dominios PDZ, como GIPC (GAIP interacting protein, C terminus) interaccionan con
los subtipos D, y D3, pero no lo hacen con los subtipos D4 (Jeanneteau et al., 2004) y la

proteina paralemmin interacciona exclusivamente con el receptor Ds, pero no con los
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receptores D, y Ds (Basile et al., 2006). Todas estas interacciones modulan la
especificidad del receptor, el trafico y la sefializacion. Las secuencias ricas en prolina
del receptor D4, principalmente localizadas en la region polimorfica del IL3, constituyen
los supuestos dominios de unién que, potencialmente, pueden interaccionar con
proteinas “adaptadoras” como Grb2 y Nck, que no tienen ninguna actividad catalitica
conocida pero son capaces de reclutar complejos multiproteicos con el receptor
(Rondou et al., 2010). Se podria hipotetizar que las diferencias en el reclutamiento de
DRIP’s por el receptor Ds; y otras variantes polimdrficas podrian influenciar la
habilidad del receptor D4 ;7 para formar heteromeros, pero serian necesarios mas estudios

para corroborar esta hipotesis.

Experimentos previos indicaban que la dopamina en el estriado inhibe la
secrecion de glutamato activando los receptores D,, predominantemente el receptor Dag
localizado en terminales glutamatérgicas (De Mei et al., 2009; Pontieri et al., 1995).
Otros estudios también indicaban que los receptores estriatales postsinapticos,
predominantemente el receptor D, modulan de forma indirecta la liberacion de
glutamato por wun mecanismo de sefalizacion retrogrado mediado por
endocannabinoides (Yin y Lovinger, 2006). Los resultados de esta Tesis indican que los
receptores Dy tienen un papel muy importante en la modulacion de la secrecion de
glutamato en el estriado, muy posiblemente a través de su capacidad para formar
heterdmeros con receptores Dys presindpticos. Los resultados sugieren que a través de
los heteromeros D,s-Dy4, la dopamina, a concentraciones bajas, se unirian al receptor Dg,
el cual tiene mayor afinidad para la dopamina que el receptor D,s (Rondou et al., 2010),
causando un cierto nivel de inhibicién en la secrecion de glutamato. Sin embargo, a
altas concentraciones, la dopamina deberia unirse también al receptor D,s y, en estas
condiciones, el efecto sinérgico de la interaccion de los receptores Das-D4 en el
heterémero produciria una mayor inhibicién de la liberacién de glutamato. Por lo tanto,
el heterdmero de los receptores Dys-Ds podria actuar a través de un mecanismo
dependiente de la concentracion de dopamina para establecer dos niveles de control
dopaminérgico presinaptico sobre la neurotransmision estriatal glutamatérgica. Dado
que la potente modulacion sinérgica observada dependen de la heteromerizacion de los
receptores D,s-Dy, la existencia de la variante D4 7 implicaria un control mas débil de la
neurotransmision glutamatérgica, lo cual podria constituir un mecanismo involucrado

en la patogénesis de ADHD. Este hecho también podria explicar en parte los efectos,
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hasta estos momentos poco claros, de los psicoestimulantes en ADHD, los cuales
amplifican la sefializacion dopaminérgica y la efectividad de este tipo de tratamientos
en pacientes ADHD con la variante D4 4y no asi con la variante D47 (Cheon et al., 2007;
Hamarman et al., 2004). Hay que tener en cuenta que la existencia de la variante D47 no
implica que ésta sea la causante de ADHD, sino que puede ser un factor que contribuye
a su desarrollo. De hecho, la variante D47 podria constituir una caracteristica evolutiva
exitosa bajo la exposicion adecuada al medio (Wang et al., 2004; Ding et al., 2002). El
presente estudio aporta un nuevo elemento de interés en el campo de los heterémeros,
los cuales son nuevas dianas para el estudio de diferencias funcionales asociadas a

polimorfismos de los genes de los receptores acoplados a proteina G.

Otra particularidad del receptor de dopamina D4 es que es el Unico receptor
dopaminérgico en la glandula pineal de rata (Kim et al., 2010; Bailey et al., 2009; Bai et
al., 2008) sin que se conozca cual es su funcion a pesar de que se expresa de manera
circadiana. Por tanto, la glandula pineal de rata es una region del cerebro con gran
interés para investigar las caracteristicas del receptor D,s. Dado que la glandula pineal
estd bajo el control de los receptores o y 1 adrenérgicos, de cuya activacion depende
la regulacion del ritmo circadiano y la sintesis y liberacion de serotonina y melatonina,
una posibilidad es que los receptores de dopamina D4, que en animales no presenta
formas polimorficas, puedan modular la funcidén de los receptores adrenérgicos de la
glandula pineal mediante un proceso de heteromerizacion. Esta posibilidad se ha
estudiado en esta Tesis y los resultados aparecen en el trabajo “Circadian-related
heteromerization of adrenergic and dopamine D4 receptors modulates melatonin
synthesis and release in the pineal gland” En este trabajo se ha identificado un nuevo
mecanismo que describe como la dopamina regula la funcién de los receptores
adrenérgicos durante el ritmo circadiano. Utilizando diversas técnicas experimentales se
ha puesto de manifiesto que: 1) los receptores D4 de dopamina forman heterdmeros con
receptores adrenérgicos a;p y ;1 en células transfectadas y en la glandula pineal 2) los
heteromeros a;g-Ds y B 1-Ds permiten la modulacion inducida por agonistas y
antagonistas del receptor D4 de la activacion de MAPK y Akt mediada por agonistas de
los receptores adrenérgicos en células transfectadas y en la glandula pineal 3) la sintesis
y la liberacion de serotonina y melanina, promovida por la estimulacién de los

receptores adrenérgicos en la glandula pineal, esta controlada por el receptor Dy a través
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de la activaciéon de los heterdmeros o;g-Ds y B 1-Ds, y 4) la modulacion de los
heteromeros a través de los receptores D4 depende de los ciclos circadianos de
dia/noche. Este es el primer ejemplo de la modulacion de la heteromerizacion de
receptores dependiente de ritmos circadianos. Todos estos resultados apuntan un nuevo
papel del receptor D4 en la glandula pineal que lleva a la reduccién de la funcién de los

receptores o y P1 adrenérgicos a través de una interaccion directa receptor-receptor.

Los receptores adrenérgicos son el sostén principal de la funcion en la glandula
pineal. Forman el puente entre la secrecién de noradrenalina por las terminaciones
nerviosas del sistema nervioso simpatico controlado por ritmos circadianos y la
produccidon de melatonina en la glandula pineal. Los receptores adrenérgicos son los
responsables de la produccion de melatonina a través de varios mecanismos, incluyendo
el control de los niveles del precursor serotonina (5-HT) (Zheng y Cole, 2002;
Gonzalez-Brito et al., 1990). La dopamina también estd presente en los nervios
simpaticos aferentes en la glandula pineal, no solo como un precursor de la
noradrenalina, sino que también es co-secretada junto con la noradrenalina (Kim et al.,
2010). En la glandula pineal de rata la noradrenalina ejerce sus funciones por
interaccidn con los receptores aup y Bi1 y la dopamina actua activando a los receptores
D4. Hasta este momento no existia ningun indicio de interaccidn entre los receptores de
dopamina y los receptores adrenérgicos. En este trabajo a través de experimentos de
BRET en células transfectadas y ensayos de ligacion por proximidad (PLA, proximity
ligation assays) en pinealocitos, se muestran evidencias directas de la formacién de
heteromeros de los receptores D, y receptores ap y B1. La formacion de heterémeros
aig-Ds y B1-D4 en la glandula pineal se ha demostrado, también, por determinacion de
antagonismo cruzado. Se observo que un antagonista especifico del receptor D4 era
capaz de bloquear la sefializacion mediada por los receptores oug yB1 y que los
antagonistas de los receptores o y 31 eran también capaces de bloquear la sefializacion
mediada por el receptor D4. Este es un claro ejemplo del antagonismo cruzado en un
heterdmero de receptores que ya habia sido detectado para otros heteromeros (Carriba et
al., 2008). Ya que por definicidén un antagonista es incapaz de inducir la sefializacion
intracelular, la forma mas sencilla de explicar el efecto de un antagonista del receptor
D4 sobre los receptores ap y B1 y viceversa, es a través de una interaccion proteina-

proteina directa entre ambos receptores.
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Las consecuencias funcionales de la heteromerizacién es que se establece una
interaccidon negativa cuando los dos receptores del heterdmero se co-activan. En los
heteromeros a;5-D4 y B1-D4, se produce la inhibicién de fosforilacion de ERK 1/2 y el
bloqueo total de la fosforilacion de Akt inducidas por los agonistas adrenérgicos en
presencia agonistas del receptor D4. El hecho de que el receptor D4 pueda modificar la
sefializacion de los receptores op y 1 adrenérgicos es particularmente interesante ya
que la expresion del receptor D4 estd regulada por el incremento de los niveles de
norepinefrina (Kim et al., 2010). El mecanismo que describimos puede representar una
inhibicion por retroceso (feedback negativo) donde el incremento de la expresion del
receptor D4 a través de la sefalizacion adrenérgica da lugar a un incremento de la
formacion de heterémeros o 15-Ds y B1-D4, los cuales inhiben la sefializacion mediada
por los receptores adrenérgicos a través de la interaccion negativa descrita

anteriormente.

La expresion de ARNm del receptor D4 en la glandula pineal esta estrictamente
regulada y alcanza sus maximos niveles en la ltima parte del periodo oscuro y no se
expresa en medio del periodo de luz (Kim et al., 2010). Se ha observado que el receptor
D4 se expresa y es funcional en la glandula pineal cuando ésta se disecciona en las
primeras horas del periodo de luz, y no se observo actividad ni expresion cuando las
glandulas pineales fueron aisladas al final del periodo de luz. Ello significa que la

modulacidn ejercida por el receptor D4 esta bajo control circadiano.

Se han estudiado las consecuencias metabdlicas de la activacion de los
heteréomeros op-Ds y B1-D4 en la sintesis y secrecion de 5-HT y de melatonina. Los
niveles de 5-HT incrementan durante el dia, mientras que los niveles de melatonina
fluctian de manera opuesta, incrementando su produccion y secrecion por la noche a
través de la activacion del enzima AANAT, enzima involucrada en las tltimas etapas de
su sintesis. A través de la accion de masas, cambios significativos en la actividad de
AANAT por la noche pueden reducir rapidamente los niveles de 5-HT (Klein et al.,
1997). Es importante destacar que la sintesis de 5-HT parece ocurrir tanto durante el dia
como durante la noche, y la sintesis y secrecion nocturna de 5-HT es necesaria para la
sintesis de melatonina a través de la estimulaciéon adrenérgica (Simonneaux y
Ribelayga, 2003; Miguez et al., 1997). La 5-HT extracelular es absorbida por

terminaciones nerviosas simpaticas o se une a los receptores SHT,c de la glandula
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pineal, que a su vez puede llevar a un incremento de la sintesis y secrecidon de
melatonina (Miguez et al., 1997; Sugden, 1990). Hasta este momento no esta
completamente claro como se limitan los niveles de produccion de 5-HT y melatonina
durante los ciclos dia/noche. Nuestros datos sugieren que los heteromeros o,5-D4 y Bi-

D4 pueden jugar un papel importante en este proceso.

Cuando las glandulas pineales aisladas al final del periodo de luz, cuando la
expresion del receptor D4 es inapreciable, se trataron con ligandos adrenérgicos, se
produjo un incremento en la sintesis de 5-HT y un gran incremento en la sintesis de
melatonina mediadas por el receptor B y se detectd, también, un incremento en la
secrecion de 5-HT y un gran incremento en la secrecion de melatonina mediadas por el
receptor o;p. En este caso cabe destacar que ni la sintesis ni la secrecion fueron
bloqueadas por el tratamiento simultdneo con el agonista del receptor D4 cuya expresion
en estas condiciones es muy baja. Por el contrario, se observo que el incremento en la
sintesis de 5-HT y de melatonina mediado por los receptores B; y la secrecion mediada
por los receptores a,p al tratar con ligandos adrenérgicos glandulas pineales, aisladas al
principio del periodo de luz, cuando el receptor D4 se expresa, se inhibian drasticamente
al tratar las glandulas pineales simultdneamente con un agonista del receptor D4. Este
bloqueo podria ser debido a un interaccion negativa a nivel de sefializacion. Sin
embargo, se ha visto que un antagonista del receptor D4 también produce inhibicion
tanto de la sintesis como de la secrecion de 5-HT y melatonina mediada por los
receptores adrenérgicos. Puesto que los antagonistas no pueden por si solos sefializar,
este bloqueo debe ser causado por una interaccion proteina-proteina a través de los

heteromeros ap-D4 y B1-Da.

El conjunto de resultados muestra que la dopamina parece que es capaz de
regular los niveles de 5-HT y de melatonina. Esto sugiere que la dopamina, a través de
los heterdmeros a;5-D4 y Bi-D4, puede servir como molécula reguladora para reducir la
cantidad de melatonina sintetizada y secretada al principio del periodo de luz. Al
anochecer, la ausencia de receptores D4 favoreceria la sintesis de 5-HT y una rapida
transformacion de serotonina en melatonina inducida por la noradrenalina. La
progresiva aparicion de mARN durante la noche y el incremento de la expresion del
receptor D4 al amanecer facilitarian el bloqueo de la sintesis y liberacion de la

melatonina. Durante el dia, los receptores D4 “desaparecerian” de la membrana, por lo
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que los heterémeros a;g-Ds y P 1-Ds tampoco se formarian. La actividad AANAT
también disminuiria, y los niveles de 5-HT incrementarian gradualmente y el ciclo se
repetiria. Estos resultados ponen de manifiesto el papel del receptor D4 en la glandula
pineal y abren una nueva area de investigacion sobre el papel de los heteromeros entre
receptores de dopamina y noradrenalina para mantener las sefiales de los ritmos

circadianos de la glandula pineal.

Tal como se ha discutido anteriormente, a lo largo de esta Tesis se ha puesto de
manifiesto la importancia funcional de la formacion de heterdmeros en los que
intervienen receptores de dopamina. Una evidencia destacada en estos estudios es la
necesidad de investigar la presencia de estos heteroémeros en tejidos nativos. Si bien
técnicas biofisicas de transferencia de energia como BRET, FRET o sus derivados han
permitido detectar la formacidn de heterémeros entre receptores acoplados a proteina G
en cultivos celulares, es dificil la aplicacion de estas técnicas para determinar la
expresion de heterdmeros en tejidos nativos. Por ello la busqueda de ligandos
especificos para receptores que puedan acoplarse a un sistema de transferencia de
energia es de gran interés. En la parte final de esta Tesis y concretamente en el trabajo
titulado Biotin Ergopeptide Probes for Dopamine Receptors se abordo el desarrollo y
caracterizacion de ergopéptidos biotinilados como herramientas para el estudio de

heterémeros que contengan receptores de dopamina.

En trabajos previos nuestro grupo de investigacion habia caracterizado una
familia de ergopéptidos como moléculas con elevada afinidad para los receptores D, y
D, de dopamina (Vendrell et al., 2007). Se utilizaron estos compuestos como base para
obtener los derivados biotinilados. Ello requiridé la incorporacion de modificaciones
quimicas en la estructura que actuasen como brazo espaciador entre el ergopéptido y la
biotina. La incorporacion de modificaciones quimicas en estructuras con actividad
bioldgica siempre conlleva la dificultad de preservar la afinidad del ligando nativo. En
este trabajo, basandonos en aproximaciones de quimica combinatoria, se sintetizo un
conjunto de brazos espaciadores mediante sintesis en fase solida, los que se
incorporaron al extremo C-terminal del ergopéptido sintético por un lado y a una
molécula de biotina en el otro extremo. Entre los diferentes compuestos sintetizados, se

selecciond el compuesto 13 por sus caracteristicas farmacoldgicas y su afinidad por los
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receptores D; y D, de dopamina, la cual fue examinada mediante experimentos de
competicion con ligandos radiomarcados de los receptores presentes membranas

estriatales y concentraciones crecientes de los diferentes compuestos.

El compuesto 13 mantuvo la afinidad en el rango de nanomolar por ambos
receptores. A su vez, se determind la afinidad del compuesto 13 por los receptores de
histamina Hj, metabotropico de glutamato 5, somatostatina SST y canabinoide CBy,
observandose que este compuesto no se producia un decremento de la unién del ligando
radioactivo a altas concentraciones, indicando de esta forma que el compuesto 13 tiene
muy baja afinidad por estos receptores comparado con los receptores de dopamina y

mostrando, por lo tanto, su especificidad.

El compuesto 13 conservé la naturaleza de agonista del ergopéptido inicial. En
células transfectadas separadamente con los receptores D; y Dy, se observd un
incremento de la fosforilacion de ERK1/2 de forma dosis-dependiente, que era similar a
la activacion por el agonista total de D; (SKF 81297) o de D, (Quinpirole). Este efecto
mediado por el compuesto 13 era revertido cuando las células se preincubaban con el
antagonista selectivo de D; (SCH 23390) o de D, (Raclopride), demostrando asi que
este compuesto actla como agonista para los receptores D; y D,. Al analizar la
sefalizacion estudiando la via de la Akt (PKB) se observdé que el compuesto 13
producia un decremento de la fosforilacion de Akt dosis-dependiente similar a los
agonistas totales SKF 81297 y quinpirole, efecto ya observado en neuronas de cerebro
de raton (Beaulieu et al., 2007; Levant et al., 1992). Este efecto también era revertido
mediante la preincubacion con los antagonistas SCH 23390 y raclopride, confirmando

la naturaleza agonista del compuesto 13.

Considerando la abundancia relativa de los receptores de dopamina en el
cerebro, se analizd también la afinidad del compuesto 13 para el receptor D; de
dopamina mediante experimentos de competicion en membranas de células CHO
transfectadas con receptor Ds;. Se obtuvo un desplazamiento del ligando marcado
radioactivamente que indicaba que este compuesto se unia con alta afinidad a D;. Dado
que la biotina puede acoplarse a diversos compuestos que pueden actuar como dadores
o aceptores para la transferencia de energia, el compuesto 13 puede ser util para el

estudio de homdmeros de receptores de dopamina o heterémeros que contengan los
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receptores D, D, 0o D3 de dopamina si se dispone del ligando para el otro receptor del

heterémero que pueda actuar como dador o aceptor de transferencia de energia.
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« Comprendiendo su mala voluntad, les dijo Jesus:
-iHipdcritas!, jpor qué me tentais? Ensefiadme la
moneda del impuesto.

Le presentaron un denario. El les pregunto:

-¢De quién son esta cara y esta inscripcion?

Le respondieron:

-Del César.

Entonces les replico:

-Pues devolvedie al César lo que es del César y a
Dios lo que es de Dios»

Mateo 22, 15-21
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V. CONCLUSIONES

Conclusiones que hacen referencia al primer Objetivo General de esta Tesis

(Caracterizar ligandos alostéricos para receptores de dopamina de la familia D,-like):

* El ligando indoloquinolicidina-péptido 28 es un modulador alostérico negativo de
la union de agonistas y antagonistas a receptores de dopamina D, estriatales. Este
compuesto es un modulador ago-alostérico ya que se comporta como un agonista
parcial del receptor D; a la vez que disminuye la potencia, mientras que preserva
la eficacia, de la sefializacion inducida por agonistas ortostéricos. Estas

caracteristicas le confieren cierto potencial terapéutico en enfermedades psicoéticas.

Conclusiones que hacen referencia al segundo Objetivo General de esta Tesis
(Investigar si distintos receptores de dopamina de la familia D-like pueden modular su

funcion mediante un proceso de heteromerizacion):

* La formas polimérficas Dy, y D44 del receptor D4 de dopamina humano, pero no
la forma polimérica D47 asociada a ADHD, forman heterémeros con el receptor

D, de dopamina en células transfectadas y en el tejido estriatal.

* La co-activacion de los receptores Dy, y D4 en los heteromeros tiene un efecto
sinérgico en la activacion de la via de las MAPK que puede ser detectado en células
transfectadas y en el tejido estriatal, pero no se detecta en células que expresan
receptores D,; y la forma polimorfica D47 ni tampoco en el estriado de ratones
transgénicos que expresan un receptor D4 con el 3IL correspondiente al receptor

D47 humano

* La interaccion entre receptores D,; y D4 modula la liberacion de glutamato en el
estriado. La activacion de los receptores D,, potencia la inhibicion de la liberacion
de glutamato inducida por la activacion de los receptores Dy, lo que sugiere que la
dopamina, através de los heteromeros D,,-D4 ejerce una modulacion muy precisa

de la neurotransmision glutamatérgica estriatal.
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Conclusiones que hacen referencia al tercer Objetivo General de esta Tesis (Investigar
si los receptores de dopamina D, pueden modular la funcion de los receptores

adrenérgicos de la glandula pineal mediante un proceso de heteromerizacion):

* Los receptores D4 de dopamina forman heterémeros con los receptores aig y B1
adrenérgicos en células transfectadas y en la glandula pineal de rata. En la
glandula pineal, la formacion de estos heteromeros esta regulada por el ritmo

circadiano

* La union de agonistas o antagonistas del receptor de dopamina D4 a los
heterémeros oip-Ds y Pi-D4 inhibe la fosforilacion de ERK 1/2 y Akt/PKB
inducida por los agonistas de los receptores adrenérgicos. En el caso de los
agonistas del receptor D4 es un cross-talk negativo y en el caso de los antagonistas

del receptor D4 es un proceso de antagonismo cruzado.

* La activacion de los receptores D4 en los heteromeros o1g-Ds y f1-D4 inhibe la
sintesis y liberacion de serotonina y melatonina mediada por la activacion de los
receptores adrenérgicos, por lo que los receptores D; en la glandula pineal
modulan negativamente y de manera circadiana la funcionalidad de los receptores

adrenérgicos en la via metabdlica de la sintesis de melatonina.

Conclusiones que hacen referencia al cuarto Objetivo General de esta Tesis (Contribuir
al desarrollo de ligandos para receptores de dopamina utiles para detectar

heteromeros que contengan estos receptores):

* Se ha obtenido una quimioteca de ergopéptidos unidos a biotina mediante un
espaciador apropiado que conservan sus propiedades como ligandos de receptores
de dopamina. Se ha identificado el compuesto 13 como un agonista de elevada
afinidad para los receptores Dy, D, y D3 de dopamina siendo una herramienta util

para estudiar heteromeros que contengan estos receptores.
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