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RESUMEN,

En este trabajo se presenta la purificacién del uniportador que cataliza la entrada de calcio a 1a mitocondria,
Se reconstituyd el transporte en vesiculas de citocromo oxidasa, que en presencia de un sustrato oxidable
pueden generar un potencial de membrana negativo interno. Las proteinas mitocondriales incorporadas en
este sistema reconstituido conservan algunos de los atributos cinéticos y de regulacién que operan en
mitocondrias intactas. En la fraccidn mds pura obtenida por isoelectroenfoque preparativo y que tiene una
actividad especifica de 14,888 nmol Ca2+/mg proteina/5 min, se observan principalmente dos proteinas de
18-20 kDa y de 70 kDa. A partir de estas fracciones semipurificadas con actividad de transporte se
produjeron anticuerpos polictonales capaces de inhibir el transporte en mitoplastos y en liposomas. Estos
anticuerpos reconocieron 2 las dos proteinas mencionadas, en una mezcla de proteinas de particulas
submitocondriales. Los anticuerpos especificos que reconocen a la proteina de 18-20 kDa inhiben ¢n un 70%
la actividad de transporte en mitoplastos.

Se caracterizé cinéticamente al complejo Ru360 y se confirmd que es el inhibidor mas potente y especifico
del uniportader, lo sintetizamos a partir de su precursor radioactivo para utilizarlo como ligando de afinidad.
Se purificod una proteina de 18 kDa, que puede ser la misma que reconocen los anticuerpos especificos y que
se cariquece durante la purificacion.

SUMMARY

The transporter that catalyzes calcium uptake into mitochondria was partially purified from rat kidney. The
transport was reconstituted in cytochrome oxidase vesicles. This vesicles are capable to establish a negative
inside membrane potential in presence of an oxidizable sustrate. When mitochondrial proteins were
incorporated into the vesicles, calcium uptake was reconstituted with kinetic and regulation attributes that
characterizes the mitochondrial calcium uniporter. The purest fraction was obtained by preparative
isoclectrofocusing, with a specific activity of 14,888 nmol Ca2+/mg/5 min. This fraction contained two main
bands, one of 18-20 kDa and other protein of 70 kDa. Polyclonal antibodies were obtained from this
semipurifed fraction. The antibodies inhibited calcium uptake in mitoplasts and in the reconstituted system.
The antibodies that recognized the low molecular weight protein inhibited calcium uptake by 70% in
mitoplasts. The kinetic properties of the mitochondriai calcium uptake inhibitor Ru360, were evaluated. It
was prooved that its a potent and specific transport inhibitor. It was synthesized from a radioactive precursor
in order (0 use it as an affinity ligand. By this approach we purify a 18 kDa protein, that may be the same that
the specific antibodies recognizes and that is enriched during the purification scheme.



RESUMEN

En este trabajo se presenta la purificacion del uniportador que cataliza la entrada
de calcio a la mitocondria. Se reconstituyd el transporte en vesiculas de citocromo
oxidasa, que en presencia de un sustrato oxidable pueden generar un potencial
de membrana negativo interno.  Las proteinas mitocondriales incorporadas en
este sistema reconstituido conservan algunos de los atributos cinéticos y de
regulacion que operan en mitocondrias intactas. En la fraccién mas pura obtenida
por isoelectroenfoque preparativo y que tiene una actividad especifica de 14,888
nmol Ca2+/mg proteina/5 min, se observan principalmente dos proteinas de 18-20
y 70 kDa. A partir de las fracciones semipurificadas con actividad de transporte
se produjeron anticuerpos policlonales capaces de inhibir el transporte en
mitoplastos y en liposomas. Estos anticuerpos reconocen a las dos proteinas
mencionadas, en una mezcla de proteinas de particulas submitocondriales. Los
anticuerpos especificos que reconocen a la proteina de 18-20 kDa inhiben en un
70% la actividad de transporte en mitoplastos.

Se caracterizd cinéticamente al complejo Ruago ¥ se confirmé que es el inhibidor
més potente y especifico del uniportador; lo sintetizamos a partir de su precursor
radioactivo para utilizarlo como ligando de afinidad. Se purifico una proteina de
18 kDa, que puede ser la misma que reconocen los anticuerpos especificos y que

se enriquece durante a purificacion.




ABREVIATURAS

ADP Difosfato de adenosina

ATP Trifosfato de adenosina

[Ca®].  Concentracion de calcio en el citosol

[Ca®lm  Concentracién de calcio mitocondriat

Ci2Es Mono-dodeciloctaetilenglicol

CCCP  Carbonil metacloro cianuro fenil hidrazona
COV’'s Vesiculas de citocromo oxidasa

CHAPS  Colamido propil dimetil amonio-1-propano sulfonato
EDTA  Acido etilen diamino tetraacético

ELISA Ensayo de inmunoabsorcion ligada a enzimas
HEPES Hidroximetil piperazina etano sulfonato

SDS Dodecil sulfato de sodio

TEA Trietanolamina

TMPD  Tetrametilfenilendiamina

TRIS Tris-hidroximetil amino metano

TWEEN 20  Polioxietilen sorbitan monolaurato

Ao Potencial transmembranal
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l. INTRODUCCION

1. TRANSPORTE DE CALCIO EN MITOCONDRIAS.

En mitocondrias, el sistema de transporte de calcio esta compuesto por un
mecanismo de entrada y dos de salida: el de entrada, a través de un uniportador
electroforético, facilita el movimiento del calcio a favor de su gradiente
electroquimico y no requiere de otra moiécula o ion que lo acomparie. La fuerza
que impulsa la captacion de este ion es el potencial transmembranal que se
mantiene a través del bombeo de protones durante la hidrélisis del ATP, o es
mediado por el sistema de transporte de electrones que esta acoplado a la
oxidacion de sustratos de la cadena respiratoria. La salida de calcio se lleva a
cabo mediante un mecanismo de intercambio con Na* o con H' (Gunter y Pfeifer,
1990). Existe otro sistema de transporte que involucra una permeabilidad
generalizada de la membrana a iones (que incluye al calcio) y otras moleculas

pequefas, al que se ha denominado “transicion de la permeabilidad” (Figura 1).

2. IMPORTANCIA DEL TRANSPORTE DE CALCIO MITOCONDRIAL

Para que el calcio intramitocondrial actie como un mediador en el metabolismo
energético, la mitocondria debe responder a cambios en la concentracién de
calcio en el citoplasma ([Caz"]c) bajo condiciones fisioldgicas. Aun existe
controversia sobre este punto; la principal razén, es que casi la totalidad de los

datos existentes sobre la cinética del uniportador, de su modulacion por Mg?*, por




el potencial transmembranal, la fuerza i6nica y muchos otros parametros, se
hicieron bajo condiciones muy diferentes de aquellas que ocurren in situ. Otra
razon que impide la prediccion de la captacion de calcio mitocondrial in vivo, €s

que no se conoce el estado de activacién del uniportador in vivo.

2+
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Figura 1. Transporte de calcio mitocondrial. El Ca® entra a la mitocondria
electroforéticamente a través del uniportador de calcio mitocondrial (s) en
respuesta al potencial de membrana generado por el bombeo de protones de la
cadena respiratoria (LHI,IV) y sale en intercambio con Na* o H* a través de
acarreadores especificos (0). Dentro de la matriz mitocondrial la [Ca**] regula la
actividad de la enzimas del ciclo de Krebs, i.e. OGDH (oxoglutarato
deshidrogenasa) y PDH (piruvato deshidrogenasa) e inhibe a la PPasa
{pirofosfatasa).




El uniportador es un mecanismo de segundo orden, activado por Ca*" y otros
iones (Vinogradov, A., y Scarpa, A., 1973). Cuando se activa a una [Ca®"] dada,
la velocidad de entrada de calcio se incrementa en un orden de magnitud. Ya que
la asociacion y disociacion del sitio de activacion parece ser lenta (de segundos a
minutos) (Kréner, H., 1986), es dificil estimar el grado de activacién de!
uniportador durante una secuencia de pulsos bajo condiciones fisiologicas. La
captacion real de calcio podria ser hasta de un orden de magnitud menor si el
uniportador no estuviera activado y atn menor si se considera la posible inhibicion
ejercida por concentraciones fisiolégicas de magnesio.

Se ha estudiado la entrada de pulsos de calcio en mitocondrias aisladas y en
células completas. Sparagna y cols., (1995) utilizando espectroscopia de
fluorescencia, midieron la entrada de calcio en mitocondrias de higado
controlando los pulsos de calcio. Determinaron que durante cada pulso, las
mitocondrias son capaces de secuestrar cantidades significativas del cation, aun a
concentraciones de 200 nM. Por otro lado se ha intentado medir en células
completas la captacion de calcio mitocondrial con indicadores fluorescentes (fura-
2 o indo-1), para determinar si la [Ca2+]m puede actuar como un regulador
metabélico. En 1991, Hansford y colaboradores midieron por primera vez, la
[Ca®'}m en miocitos cardiacos de rata, utilizando el indicador indo-1. Encontraron
que en células no estimuladas la [Caz"]m es airededor de 100 nM y en presencia
de norepinefrina se eleva hasta 600 nM. El grupo de Rizzuto (1992a) utilizo una

técnica muy novedosa para medir la concentracion de calcio mitocondrial en




condiciones de reposo y después de una estimuiacién hormonal. Fusioné el DNA
complementario de la fotoproteina aequorina sensible a calcio con la secuencia
que codifica para la subunidad VII de la citocromo ¢ oxidasa de humano. El
CONA hibrido fue transfectado a células endoteliales, que expresaron la
fotoproteina asociada a las mitocondrias. Al estimular con histamina los canales
sensibles a [P, observaron que la [Caz"]c auments de 100 nM a aproximadamente
500 nM, elevacion seguida de un aumento en los niveles de la [Caz"]m de 200 nM
hasta 5 uM. Los autores proponen la existencia de microambientes citosélicos
con [Ca®*] de hasta 10 uM, en donde fas mitocondrias se encuentras intimamente
asociadas con los canales de liberacion de calcio del reticulo endoplasmico. Las
mitocondrias captarian grandes cantidades de caicio, cada vez que éste ion se
liberara del reticulo en respuesta a una estimulacién hormonal (Rizzuto, 1992hb).
Existen muchos reportes de la activacion por calcio de diferentes procesos
metabolicos, que incluyen las deshidrogenasas asociadas con el ciclo de los
acidos tricarboxilicos (Hansford, 1991; Rutter y Denton, 1988), el transporte de
electrones (Halestrap, 1987), la F; ATPasa (Yamada, 1989) y el translocador de
adenin nucledtidos (Moreno-Sanchez, 1985). La regulacién metabélica del calcio
se extiende mas alla de las fronteras mitocondriales: a concentraciones citosélicas
del rango de micro a milimolar, se altera la estructura de 4acidos nucléicos y ciertas
proteinas (Farber, 1990), a mas bajas concentraciones, puede interferir en el
control de cinasas que requieren ATP-Mg?* (Blackshear y cols., 1988) y puede

activar proteasas o fosfolipasas dependientes de calcio. Actualmente se




considera que el papel principal del transporte de calcio mitocondrial es secuestrar
2 . " . . .

el Ca®* citosolico para activar los procesos metabélicos mitocondriales Ca®'-

dependientes y controlar a [Ca®], Una funcién secundaria seria la de proteger el

citosol contra la hipercalcemia en condiciones patolégicas.

3. EL UNIPORTADOR DE CALCIO MITOCONDRIAL

E! uniportador de calcio es responsable de la captacion de este ion hacia la
matriz, asi como de otros iones con diferente selectividad: Sr** (Carafoli, 1965),
Mn?* (Gunter y Pfeiffer, 1975); Ba®* (Vainio, 1870); Cd** (Chavez y cols., 1985);
Fe** (Romslio, 1973), Pb® (Vainio y cols., 1970) y lantanidos (Reed y Bygrave,
1974). EI Mg? disminuye la entrada de calcio, mientras que la espermina puede
activar o inhibir la entrada, dependiendo de la concentracién (Lenzen, 1992). El
uniportador es un mecanismo cooperativo, en el cual la unién de Ca®" al sitio de
activacion, incrementa la velocidad de entrada de Ca®* que se ha unido al sitio de
transporte (Vinogradov, 1973). La mayoria de los iones que son transportados por
el uniportador, actuan como inhibidores competitivos del transporte; el Mg2+ y las
poliaminas no se transportan a través del uniportador, pero su unién a éste o a un
sitio cercano activa o inhibe el transporte. Los policationes rojo de rutenio (Moore,
1971; Reed and Bygrave, 1974), cobalto de hexamina (Tashmukhamedov y cols.,
1972) y el Rusgo (Ying y cols., 1991), se encuentran entre los inhibidores mas
potentes del transportador. Algunos agentes farmacolégicos como los

anestésicos locales, drogas cardioactivas y los p-bloqueadores también inhiben al




uniportador.  Mela (1969) y Reed y Bygrave (1974) titularon la actividad del
uniportador utilizaﬁdo rojo de rutenio, para estimar la concentracion maxima
posible de uniportador, asumiendo que una molécula de rojo de rutenio se une a
una molécula de uniportador. Mela concluyd que el uniportador esta presente a
una concentracion no mayor de 0.01 nmol/mg proteina;, mientras que Reed y

Bygrave fijan como limite superior 0.001 nmol/mg de proteina.

3.1. Dependencia del transporte de entrada de calcio por el potencial
transmembranal.

Wingrove y colaboradores (1984) demostraron que la velocidad del transporte
de calcio es una funcién del potencial transmembranal. Ajustaron sus resultados
con una distribucién de tipo Nernst bajo condiciones de equilibrio. En estas
condiciones este tipo de distribucién es la que termodindmicamente se requiere
para el transporte a través de un uniportador (Gunter y Gunter, 1994). El mejor
ajuste de sus datos lo obtuvieron con la funcién [€**?Ap/2)/[sinhA¢/2), en donde
A= zFAW/RT. Esta reaccién se derivé a partir de premisas idénticas a las que se
requieren para la derivacion de la ecuacién de flujo constante de Goldman (Gunter
and Gunter, 1994); esto es, si el campo eléctrico a través de la membrana es
constante, e! flujo es independiente de la posicion a traves de la membrana y los
iones se mueven a favor de su gradiente electroquimico a través de difusion
electroquimica. De aqui que esos resultados indican que el uniportador

transporta calcio a favor de su gradiente electroquimico.
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3.2. Dependencia del uniportador por la concentracion de calcio.

El uniportador es un mecanismo de transporte rapido, el coeficiente de Hill
para el transporte de entrada es cercano a 2, de manera que la dependencia del
transporte por la concentracién se describe con una ecuacion de Hill de segundo
orden, lo que indica cooperatividad positiva. El grado de cooperatividad varia con
las condiciones estudiadas, particularmente con la fuerza iénica, la temperatura y
la [Mgz*] (Akerman, 1977; Crompton y cols., 1978). Vinogradov y Scarpa (1973)
encontraron que pequenas cantidades de Ca® o Pr’* causan que se pierda la
sigmoidicidad en la entrada de Mn?* a través del uniportador. Estos datos se han
interpretado en el sentido de que el uniportador posee un sitio de activacion y un
sitio de transporte. La union del Ca®* o del Pr** al sitio de activacion disminuye la
energia de activacion que se necesita para el transporte, o disminuye la Ky para
que se de la union al sitio de transporte. Los valores mas aceptados para la Kn
son de 10-20 mM, mientras que el valor de Vnax para mitocondrias de higado,
independiente del potencial transmembranal es de 600-900 nmol/min/mg (Gunter

y Gunter, 1994).

3.3. Dependencia del uniportador a la temperatura.
El proceso de transporte de calcio comprende un paso de activacién, ademas
de los pasos de asociacion, translocacion y liberacidn caracteristicos de los

acarreadores. Si la translocacion es el paso limitante en el proceso, entonces la
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dependencia de la velocidad del transporte a la temperatura, sera la medida de la
energia de activacién de dicha fase. Akerman en 1977 calculd la energia de
activacion para el uniportador de calcio a diferentes temperaturas, a partir de una
curva tipo Arrhenius (log de la velocidad vs 1/T) en un medio con sacarosa y
encontré que es de 40 kJ/mol. En un medio de KCI el valor para la energia de
activacion se incrementé a 70 kJ/mol. Para definir si el paso limitante en la
velocidad del proceso es la translocacién o el mantenimiento del Ap, Bragadin y
cols., 1979 utilizaron potasio en presencia de valinomicina en lugar de sustratos,
para formar el potencial transmembranal. De este modo, calcularon una energia
de activacion de 41 kJ/moi en un medic de sacarosa, que resulté practicamente
igual a la que se obtuvo utilizando succinato, lo que sugiere que este valor

corresponde a la fase de translocacion del transporte.

4. AVANCES EN LA PURIFICACION DEL UNIPORTADOR DE CALCIO

La identidad molecular del uniportador de calcio no se ha definido, a pesar del
gran esfuerzo que en este sentido han desarrollado muchos laboratorios. Los
trabajos pioneros en el campo, buscaban extraer proteinas mitocondriales que
unieran calcio con alta afinidad (Evtodienko, 1971; Lenhinger, 1971; Gdémez-
Puyou y cols., 1972); mas tarde se intentd asociar al uniportador con
componentes mitocondriales que contuvieran carbohidratos, asociacion que
resulté del descubrimiento del rojo de rutenio como inhibidor del transporte.

Destacan los trabajos de Carafoli (1972); Sottocassa (1974) y mas recientemente
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de Mironova y cols. (1982). Este grupo aisl6 dos proteinas, de 40 kDay 2 kDa, a
partir de extractos de etanol de mitocondrias de corazon de res, gue
incrementaban la conductividad en membranas lipidicas de bicapa, sensible a rojo
de rutenio. La proteina de 40 kDa resultd ser una glicoproteina del suero que
contaminaba las preparaciones mitocondriales, mientras que el péptido de 2 kDa
parece ser el responsable del aumento en la conductividad en ese sistema (1994).
En nuestro laboratorio hemos conseguido reconstituir el transporte de calcio a
partir de proteinas mitocondriales de rifién de rata en liposomas reconstituidos con

citocromo oxidasa (Zazueta, 1991).




. ANTECEDEN;I'ES

Existe una gran cantidad de conocimientos sobre los aspectos de regulacion por
calcio en el metabolismo celutar; sin embargo, a diferencia de lo que ocurre con otros
transportadores, todo lo que se sabe del sistema de transporte de entrada de calcio
mitocondrial ha derivado de estudios de bioguimica clasica.

La falta de informacién molecular de la entidad que permite que el calcio atraviece
la membrana interna mitocondrial, nos ha llevado a intentar identificar estos
componentes, que no han podido ser plenamente identificados a pesar de que el
proceso de transporte se describié hace mas de 30 ariocs (Deluca, 1961; Vasington,
1962).

Como ya se ha séﬁalado, muchos grupos de investigacidon han abordado esta
tarea, sin que a la fecha se haya conseguido la demostracion concluyente de que
alguna de las proteinas que se han sefialado como el uniportador de calcio lo sea
realmente. En nuestro laboratorio hemos conseguido reconstituir el sistema de
entrada de calcio en un modelo in vitro. Para ello utilizamos liposomas a los que se
incorporé el complejo IV de la cadena respiratoria (citocromo oxidasa), estas
vesiculas, a las que denominamos COVs son capaces de general un potencial
negativo interno (Rosier y Gunter, 1980). Bajo estas condiciones incorporamos
extractos mitocondriales de rifién de rata y observamos que existe una acumulacién
de calcio dependiente de la formacién de un potencial membranal, selectivo para
cationes divalentes (transporta calcio y estroncio, pero no magnesio) y que se inhibe

por rojo de rutenio (Zazueta y cols., 1991).




Estos antecedentes nos condujeron a intentar la purificacion del uniportador de
calcio. Como parté de la estrategia para aislarlo, utilizamos fracciones mitocondriales
semipurificadas por precipitacién con sales, para la obtencion de anticuerpos
policlonales, con los que se construydé una columna de inmunocafinidad (Zazueta y
cols., 1994). A partir de esta columna pudimos obtener las proteinas que los
anticuerpos reconocen y separarlas por técnicas de isoelectroenfoque preparativo.
También utilizamos al inhibidor '“Ruzs, como sonda radioactiva con el fin de

identificar a tan evasiva molécula (Zazueta y cols., 1998).
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OBJETIVOS

Aislar los componentes del sistema de transporte de entrada de calcio

de mitocondrias.

Reconstituir el transporte en un modelo membranal simple: COV's

Obtener anticuerpos especificos contra estas fracciones que inhiban la

captacion de calcio in situ.

Identificar a la proteina involucrada en el transporte utilizando el

inhibidor "*Russp.




IV. METODOLOGIA:

1. OBTENCION DE MITOCONDRIAS Y DE PARTICULAS SUBMITOCONDRIALES .
Las mitocondrias se obtuvieron por centrifugacion diferencial a partir de rifién
de rata o de corazon de res, en un medio de separacidn que contenia; 250 mM de
sacarosa, 10 mM de TRIS y 1 mM de EDTA, pH 7.3. La homogeneizacién fue
manual para el tejido de rifion y con Politron para el de corazén. La primera
centrifugacion fue a 2,500 RPM durante 10 min, se recuperé el sobrenadante y se
obtuvieron las mitocondrias tras centrifugar a 10,000 RPM durante 10 min. El
precipitado se resuspendié en 250 mM sacarosa, 10 mM de TRIS y 0.1% de
albumina pH 7.3. Finalmente se centrifugaron a 10,000 RPM durante 10 min y se
resuspendieron en el mismo amortiguador (sin albumina), a una concentracion de
aproximadamente 30 mg/ml (Chavez y cols., 1985). Las mitocondrias de corazén

de res no se incubaron con albdmina.

De ambas preparaciones obtuvimos particulas submitocondriales siguiendo el

metodo de Lee y Ernster (1965).

2. SOLUBILIZACION DE PROTEINAS MITOCONDRIALES.
Para solubilizar las particulas submitocondriales se utilizé colato de sodio a una
concentracion de 1.2% en el buffer de extraccion. Se incubaron en esta mezcla a

4°C durante 1 hora con agitacion constante. El material no solubilizado, se
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elimind por ultracentrifugacion a 40,000 RPM (45 min). A los sobrenadantes se les

determiné proteina por el método de biuret (Gornall, 1949).

2.1 Obtencion de extractos semipurificados

Las muestras solubilizadas se precipitaron con sulfato de amonio. La primera
aproximacion fue llevar a un 50% de saturacién y recuperar las proteinas por
centrifugacion a 10,000 RPM durante 10 min; el sobrenadante se llevd a un 90%
de saturacion y se centrifugd a 12,000 RPM durante 20 min a 4°C. A estas

fracciones se les denominé Fsq y Fgo respectivamente.

Intentamos reducir estos rangos y se fraccioné con sulfato de amonio a 25%
de saturacion, a 40% de saturacién y a 60% de saturacién. Las fracciones que
se obtuvieron tras las precipitaciones, se dializaron contra KH,PO4 50 mM, pH 7.0,
se les determind proteina y se reconstituyeron en liposomas para medir su

capacidad de transportar calcio a través de una membrana lipidica.

Estos liposomas debian poseer un ambiente electronegativo en su interior,
para funcionar como modelo en las determinaciones de transporte (Figura 2).
Para ello incorporamos a los liposomas la enzima citocromo oxidasa, que en
presencia de su sustrato y de un donador de electrones: citocromo ¢ y el par
ascorbato/TMPD, bombea protones hacia fuera de la vesicula, con lo que ésta
queda con un exceso de cargas negativas en el interior y puede soportar la

captacion electroforética del calcio (Rosier y Gunter, 1980).




Ca"
ASC NP
UNIPORTADOR
e CALLIO
CITOCTROMO
. OXIDASA
{0 CHOCROMO C

ANy

Figura 2. Vesiculas de citocromo oxidasa. En presencia de un sustrato oxidable y
citocromo ¢, la citocromo oxidasa genera un potencial negativo en COVs. El calcio se
acumulara en respuesta a este potencial si se ha incorporado también un sistema de
transporte en la membrana de las vesiculas.

3. PREPARACION DE LIPOSOMAS
Utilizamos lecitina de soya, lavada con acetona (Kagawa y Racker, 1971) a

una concentracion final de 30-40 mg/mi. La lecitina lavada, se mantuvo disuelta
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en éter con un ambiente de nitrégeno y a-tocoferol como antioxidante. Para cada
incorporacion se tofné la cantidad requerida y se evaporo el éter con una corriente
de nitrégeno. Se agregd KH,PO, 50 mM, pH 7.0 para solubilizar los lipidos y se
sonicaron a claridad a 4 °C, con pulsos alternados de reposo en un sonicador de

vastago Soniprep 150.

3.1 Incorporacion de citocromo oxidasa.

La incorporacion de la enzima fue por simple dilucién: a 1 ml de suspensién de
fosfolipidos sonicados, se les agregé 250 ug de citocromo oxidasa en buffer de
fosfatos + TWEEN 20 al 0.5%. La incorporacién se obtuvo tras incubar la mezcla

a 30°C durante 15 minutos (Ramirez y cols., 1987).

Los proteoliposomas se congelaron en nitrdgeno liquido y se descongelaron
lentamente para obtener liposomas mas grandes, que denominamos COV

(CYTOCHROME OXIDASE VESICLES).

3.2 Incorporacion de extractos mitocondriales a COVs.

Las proteinas mitocondriales disueltas en 1% de colato de sodio en buffer de
fosfatos 50 mM, pH 7.0, se agregaron a las vesiculas de citocromo oxidasa (0.5
mg proteina:7.5 mg fosfolipido). Se sonicaron brevemente, de 3-5 segundos y se
dializaron contra 250 volumenes de KH,PQ4 50 mM, pH 7.0 (2 o 3 cambios)

durante toda la noche.
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3.3 Determinacion del transporte de calcio en liposomas.

Se corrieron dos series de determinaciones por ensayo: Para la serie control, los
liposomas con proteina mitocondriat incorporada se llevaron a un medio de HzPO,4 50
mM/TEA pH 7.0, que contenia 0.5 mM de **Ca®" (act. esp. 1000 cpm/nmol) y para la
serie experimental ademas de lo anterior, se agregaron los sustratos de la citocromo
oxidasa: 6 mg de citocromo ¢, 0.75 mM de Ascorbato y 0.075 mM de TMPD. Las
muestras se incubaron a 30°C durante los tiempos indicados, se precipitaron con
sulfato de protamina (Rosier y cols., 1979), se filtré6 una alicuota a través de un filtro
Miliipore de 0.45 um y se cuantificé la radioactividad en un contador de centelleo. Los
valores netos de transporte, se obtuvieron tras restar los valores del control (sin
energia) de los obtenidos en los liposomas que generan un potencial negativo interno
(con energia = sustratos).

Las determinaciones de proteina se hicieron por el método de Lowry (1951) y los
analisis de las fracciones por medio de electroforesis, segln lo descrito por Laemmili

(1979).

4. OBTENCION DE SUEROS HIPERINMUNES

Se inmunizaron ratones hembra de la cepa Balb-c intraperitonealmente, con 40 pug
de la fraccion semipurificada (F90) emulsificada en coadyuvante completo de Freund,
seguidas por refuerzos de 30 pg cada tres semanas en coadyuvante incompleto de
Freund. El titulo de cada uno de los sueros se evalud por separado con el ensayo de

ELISA (enzyme-linked immunoabsorbent assay). Los sueros mas activos se
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conservaron en alicuotas a -20°C (Anti-UniCaz*). L a especificidad del antisuero hacia

los componentes de la Fg se evalud por Western blot.

4.1 Inhibicién de la entrada de calcio por anticuerpos.
La inhibicion de la entrada de calcio en mitocondrias se determind en dos
sistemas: en mitoplastos y en liposomas de citocromo oxidasa incorporados con

proteinas mitocondriales.

4.1.1 Preparacion de mitoplastos.

Los mitoplastos se prepararon agregando digitonina 1.2% (w/v) por cada 10 mg de
proteina mitocondrial. La suspensién se incubé durante 10 minutos y se centrifugé a
15,000 g durante 10 minutos. Los mitoplastos se resuspendieron en sacarosa 250
mM/ TRIS 10 mM, pH 7.3. Se midi¢ la actividad de la monoamino oxidasa (enzima
marcadora de la membrana externa mitocondrial) por el método de Schnaitman y

Greenwalt (1968).

4.1.2 Ensayos de inhibicién en mitoplastos y en vesiculas de citocromo oxidasa.

Los sueros hiperinmune (Anti-UniCaz") Y preinmune se incubaron con 1 mg de
mitoplastos o con 50 ul de liposomas durante 10-30 minutos a 4°C. Finalizada la
incubacion, los mitoplastos se agregaron a un medio que contenia sacarosa 250 mM,
succinato 10 mM, HEPES 10 mM, CaCl; 50 uM; ADP 200 pM, rotenona 10 ug, Pi 1

mM y Arsenazo lll 50 uM. La captacion de caicio se midié con un espectofotometro
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de doble haz a 685-675 nm. Alternativamente el transporte de calcio se determind por
el método de filtracion utilizando “*CaCl, (act. esp. 1000 cpm/nmol). En el caso de las
vesiculas de citocromo oxidasa, la determinacién del transporte se hizo como se

menciona en el apartado 3.3.

4.2. Inhibicién del transporte de calcio por anticuerpos especificos.

Se obtuvieron los anticuerpos especificos que reconocieron a las proteinas en un
Western blot y cuya deteccion se llevé a cabo con diaminobenzidina: la fraccion
semipurifiéada Fgo S€ corrié en un gel preparativo y se transfirié a una membrana de
nitrocelulosa que se incubd con una dilucion 1:800 del suero hiperinmmune. Se
cortaron los dos extremos y se reservé la parte central de la membrana. Las tiras se
incubaron con un segundo anticuerpo conjugado a peroxidasa y se revelaron con
diaminobenzidina. Las zonas en donde los anticuerpos reconocieron proteinas se
empalmaron con la parte central de la membrana y se hicieron cortes transversales.
Estos nuevos cortes fueron sometidos a una técnica de elucién acida, incubando en 2
ml! de glicina 0.1 M pH 3. Después de 30 segundos el pH se ajusté a 7.0 con KOH.

Los anticuerpos especificos asi recuperados, se incubaron durante 10 minutos a
4°C con 1 mg de mitopiastos y ambos se agregaron al medio para transporte de
calcio, en presencia de “®CaCly, como se describid anteriormente. Después de 1

minuto, se tomaron alicuotas y se midié la radioactividad en un contador de centelieo.
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4.3. Purificacién de las inmunoglobulinas AntiUni-Ca®* y unién a una resina de
sefarosa activada con hidrazina.

Las inmunogiobulinas se purificaron por cromatografia de afinidad con una
columna de proteina A. ‘Las IgG's se acoplaron a una resina de sefarosa, por medio
de un enlace hidrazona entre el grupo funcional hidrazina de la resina y los

carbohidratos de la fracciéon constante de las IgG's.

4.3.1. Purificacion de las fracciones precipitadas con sulfato de amonio por

cromatografia de afinidad.

La fraccidn Fgq se dializé para eliminar el exceso de sales y se paso a través
de la columna de inmunoafinidad previamente equilibrada con TRIS 10 mM,
CHAPS 0.1%, pH 7.5. Para eluir las proteinas unidas a la columna se utilizd

citrato de sodio 150 mM, CHAPS 0.3%, pH 5.5.

5. PURIFICACION POR ISOELECTROENFOQUE PREPARATIVO.

Al recuperar el equivalente a 3 mg de proteina de la columna de
inmunoafinidad, se cargo la celda preparativa de isoelectroenfoque en presencia
de CHAPS 0.3% y 0.5 ml de anfolitos (rango de pH 5-8), aforando a 55 mi con
agua bidestilada. El proceso de isoelectroenfoque se mantuvo durante 5-7 horas
(Voltsfhora= 4500) a 12 W y a 4°C. Una vez establecido el equilibrio, se

mantuvieron constantes los valores en todas |las separaciones. Se recuperaron 20




fracciones por corrida y se les determiné el pH. Las fracciones se concentrardﬁ y
dializaron. Se determino proteina por el método de Lowry modificado (Nakarhura
y cols., 1983). Cada una de las fracciones se incorporé en liposomas y se midié e!
transporte de caicio, utilizando “*Ca**. Se analizaron los perfiles electroforéticos
de las fracciones tifiendo los geles de acrilamida con plata. También se evalud la
afinidad de los anticuerpos hacia las proteinas separadas por su punto

isoeléctrico.

6. SINTESIS DEL COMPLEJO BINUCLEAR '®RUs6,

La sintesis de este compuesto se basa en el método de prebaracién del rojo de
rutenio descrito por Fletcher en 1961. El producto se purificé por cromatografia de
intercambio idnico siguiendo la modificacion reportada por Ying y colaboradores
(1991). Se disolvieron 2.5 mg de RuCiy3H,0 en 0.015 ml de HCI 6N + 2 pl de
etanol absoluto, entonces se agregaron 0.30 ml de 'RuCl; (equivalentes a 1
mCi). Se mantuvo en bafio maria a 90°C durante 1 hora. Transcurrido este
tiempo se agregaron 2 pl de hidréxido de amonio concentrado. Se centrifugé y el
precipitado se disolvidé en 0.2 ml de hidréxido de amonio 12N, se mantuvo a 90°C
durante 20 minutos mas y después a 40°C toda la noche. Se centrifugé de nuevo
y el sobrenadante se diluyé con formiato de amonio 0.2 M pH 5.5 y se introdujo
en una columna de CM-celulosa de 1.5 ¢cm de largo y 0.4 cm de ancho

previamente equilibrada con formiato de amonio 0.2 M. La columna se eluyd con
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un gradiente lineal de formiato de amonic de 0.2-0.6 M. A una concentracién de
0.4M se recuperaron las fracciones de "Russoy a 0.6 M las fracciones de Rojo de
" Rutenio. Se midi6 la absorbencia a 360 nm a las fracciones que eluyeron
alrededor de 0.4 M del gradiente y a 533 nm a las fracciones que eluyeron
alrededor de 0.6 M de formiato de amonio.  Las fracciones que presentaron la
maxima absorbencia a cada una de las dos longitudes de onda se unieron y se les
hizo un espectro de absorcion para comprobar su pureza y determinar su

concentracion (eago = 2.6 X 10 mol/lcm; esa3 = 2.1 x 10* moll- cm).

6.1. Transporte de calcio en presencia del inhibidor Rusgp

Se incubd 1 mg de mitocondrias en un medio de sacarosa 250 mM; TRIS 10
mM; succinato 10 mM, Pi 2 mM; ADP 200 uM, 3 pug de rotenona y 50 uM de
“CaCl, (actividad especifica 1000 cpm/nmol) en presencia de diferentes
concentraciones de Rusge (también se sintetizé el inhibidor no marcado
radioactivamente). Despues de 10 segundos, se filtrdé una alicuota a través de un

filtro Millipore de 0.45 um y la radioactividad se midié en un contador de centelleo.

Los ensayos se llevaron a cabo a tres concentraciones diferentes de sustrato.
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6.2. Unién del complejo binuclear 'Russ a mitocondrias intactas.

Se incubaron 4 mg de mitocondrias en 6 ml de medio de sacarosa 250 mM;
HEPES 10 mM; succinato 10 mM, pH 7.3 a diferentes concentraciones de '®Ruagg
durante 10 minutos. Pasado este tiempo las muestras se centrifugaron a 13,000
RPM (10 minutos). El precipitado se lavé con 10 ml de medio para eliminar ai
inhibidor libre. Para determinar fa unién no especifica del **Russ se agregé 1.5
puM del inhibidor sin marca a las muestras que habian sido incubadas con el
compuesto radioactivo y tras 10 minutos, se centrifugaron y lavaron como se ha
mencionado. La diferencia entre la unién total del inhibidor a las mitocondrias y la

unién no especifica, representa la unién especifica del '®Rusgo.

6.3. Cromatografia de intercambio idnico de las proteinas marcadas con

103RU350.

Se solubilizaron particulas submitocondriales de rifion rata con 1% de CHAPS
o con 1% de Cy:Es. Se centrifugaron a 100,000 g durante 1 hora. El
sobrenadante se incub6 con 10 pmol/mg de '®Rusge. E! inhibidor no unido se
elimino dializando exhaustivamente en formiato de amonio 0.2 M, pH 55. Las
proteinas marcadas se separaron por cromatografia de intercambio idnico en una
columna de carboximetil celulosa, previamente equilibrada con formiato de

amonio 0.2 M pH 55. Tras lavar con el mismo buffer, se aplicé un gradiente
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lineal de formiato de amonio de 02 M a 1.0 M. Se midié la cantidad de

radioactividad en cada una de las fracciones en un contador de emisiones gama.
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V. RESULTADOS
1. TRANSPORTE DE CALCIO EN VESICULAS DE CITOCROMO OXIDASA.

Reportes previos han mostrado que las vesiculas de citocromo oxidasa, en
presencia de un sustrato oxidable y citocromo ¢, son capaces de acumular calcio
en respuesta a un potencial de membrana negativo interno. Esta acumulacion no
es sensible al rojo de rutenio, por lo tanto e! uniportador de calcio no esta
involucrado en dicha captacion. Utillizamos este modelo para incorporar extractos
mitocondriales sometidos a diferentes grados de purificacién y seguir el transporte
de entrada de calcio. En la figura 3, se muestra la acumulacioén de calcio en este
tipo de vesiculas. Las denominadas COVy son liposomas a los que se
incorporaron proteinas mitocondriales totales.  La cinética de transporte es de
tipo hiperbdlica y alcanza un valor maximo de 260 nmol Ca®* acumulado/mg
después de 30 minutos de incubacion. En presencia de 4 uM de rojo de rutenio
este valor disminuye a 190 nmol/mg/30 min. El mismo tipo de vesiculas sin
proteinas mitocondriales incorporadas, acumulan una cantidad limitada de calcio,
que no disminuye en presencia del inhibidor. Los valores representados como
acumulacion de calcio, representan la diferencia entre la captacion registrada en
vesiculas que se incubaron con ASCORBATO/TMPD y citocromo ¢ y las mismas
vesiculas sin sustratos para Ié citocromo oxidasa. Estas condiciones, como se
mostrara mas adelante, permiten distinguir entre la acumulacion del cation dentro

de {a vesicula y la pegada inespecifica fuera de los liposomas.
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Figura 3. Captacion de calcio en COV y COVyn en funcién del tiempo. La
captacion se inicié agregando 1 mg de vesiculas de citocromo oxidasa al medio
de incubacion gue contenia KH>PO4 50 mM; 7.5 mM de ascorbato; 0.75 mM de
TMPD; 150 ng de citocromo ¢ y 0.5 mM de CaCl (act. esp. 1000 cpm/nmol). A
los tiempos indicados se agregaron los liposomas con 0.8 mg de sulfato de
protamina y se filtraron alicuotas a través de filtros de 0.45 um. En las curvas en
que se indica, se agregé 4 uM de rojo de rutenio al medio de incubacién.
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Para comprobar que el modelo utilizado cumple con las caracteristicas del
uniportador in vivo, evaluamos la sensibilidad a inhibidores, la dependencia al
potencial transmembranal y la selectividad a otros cationes divalentes. En la
figura 4 se muestra la inhibicién del transporte de calcio en COVy a diferentes
concentraciones de rojo de rutenio. Obtuvimos una constante de disociacién

aparente para el inhibidor (Ki) de 3.5 uM a pH 7.0.

Aunque se sabe que el Mg2+ no se transporta a través del uniportador existen
reportes de que reduce la velocidad de transporte de calcio, probablemente al
unirse al sitio de activacion. En la representacion grafica de Dixon (Figura 5) se
muestra el efecto inhibitorio del Mg” sobre la acumulacion de calcio en COVy. La
linearizacién por Dixon (recuadro) nos permitié calcular la Ki que fue de
aproximadamente 30 mM. Esta concentracién sugiere, tal como ocurre en
mitocondrias, que la unién del magnesio a la membrana o al propio uniportador

provoca un impedimento de tipo estérico para que el calcio pueda transportarse.

En la figura 6 se muestra la formacién del potencial membranal en COVy, tras la
oxidaciéon del ascorbato en presencia de citocromo c¢. El calcio a una
concentracion de 100 uM abate el potencial, lo mismo que 10 uM de CCCP. EI
rojo de rutenio a una concentracion de 10 uM disminuye el efecto del calcio sobre

el potencial membranal.
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Figura 4. Inhibicion del transporte de calcio por rojo de rutenio en vesicuias de
citocromo oxidasa incorporadas con proteinas mitocondriales.

Las muestras se incubaron como se indica en la Figura 3, el medio contenia las
concentraciones de rojo de rutenio indicadas.

33




2+

Ca” /mg/30 minutos

45

260 -§ e
240 _ 0.005

4 ‘2— 0.004
220 - %
200 - - -

- -35 -30 -25 -20 15 -h‘lnﬂgc-ls2 (r:M)S 10 15 20 25
180 -
160 -
140 -

! 1 ! | ' | ' I ' |

Figura 5. Efecto del magnesio sobre el transporte de calcio en COV,,. El
transporte de calcio se determiné como se indica en la Figura 3. El medio
contenia las concentraciones indicadas de magnesio.
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Figura 6. Efecto de la captacion de calcio sobre el potencial transmembranal en

COVn. La medicién del potencial transmembranal se llevé a cabo utilizando 10
uM del indicador safranina. La reaccién se inicié incubando 1 mg de vesiculas de
citocromo oxidasa incorporadas con proteinas mitocondriales , donde se sefiala se
agregaron 150 pug de citocromo ¢, 7.5 mM de ascorbato, 0.75 mM de TMPD, 100
puM de CaClz, 10 uM de CCCP y 10 uM de rojo de rutenio.
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Se sabe que el uniportador de calcio transporta otros cationes divalentes, por
lo que medimos la acumulacién de estroncio y de magnesio en el sistema
reconstituido. En la Tabla I, se muestra que el Ca>* y el S** son transportados
por las vesicutas en respuesta a un potencial de membrana negativo interno, con
aproximadamente la misma selectividad, i.e. 283.6 nmol **Ca®/5minfmg y 240
nmol *Sr**/5min/mg. Esta acumulacién es sensible en un 50% al rojo de rutenio,

mientras que el Mg®* a la misma concentracion no se acumula en las COVs.

nmol/30min/mg proteina

Transporte de cationes -RR. +R.R.
divalentes en COVy's '
Ca”’ 2836 + 504 (7) 132.1 +66.0(7)
sr* 239.9 + 92.3(3) 156.7 £ 58.6 (3)
Mg®* - -

Tabla |. Transporte de cationes divalentes en COVy. El transporte de calcio se
determind como se describe en la seccion de Material y métodos. Las
velocidades de entrada representan la diferencia entre la captacion de las
vesiculas energizadas menos las no energizadas.

Una vez que se caracteriz6 el sistema de transporte de calcio en las vesiculas
de citocromo oxidasa, se incorporaron fracciones mitocondriales purificadas por
diversas técnicas. Como se muestra en la TABLA Il, las proteinas solubilizadas a

partir de particulas submitocondriales tienen, una vez incorporadas en COVs, una
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| **Ca®'/5min/mg, muy semejante a la que se

actividad especifica de 127.3 nmo
obtiene a partir dé mitocondrias solubilizadas. A partir de esta fraccién se
obtuvieron dos extractos, tras la precipitacion con sulfato de amonio. A un 50%
de saturacion precipitan mas del 90% de las proteinas submitocondriales, sin que
en el sistema reconstituido se recupere el transporte. Por el contrario, en el
sobrenadante que contiene solamente un 7-10% del total de proteinas,

encontramos una actividad especifica de 443.0 nmol *°Ca*'/5min/mg (TABLA II).

Esta actividad es sensible al rojo de rutenio sélo en un 50% (no se muestra).

Extracto solubilizado  Proteina total Actividad especifica Rendimiento Purificacién
reconstituido en COV's

(mg) (nmol/Smin/mg) (%)
Mitocondrias 2900.00 151.88 100 1.00
Particulas 1315.00 127.33 40 0.83
submitocondriales
Precipitado al 50% de 659.10 - - -
saturacion con sulfato
de amonio
Sobrenadante al 50% 442 443.0 27 2.91
de saturacion con
sulfato de amonio (Fgp)
Extraccién organica 2.7 1194.00 0.9 7.8

(Fo)

TABLA |l. Actividad de transporte de extractos mitocondriales semipurificados
incorporados en COVs. El transporte de calcio se midid como se sefiala en la
Tabla |.
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En la figura 7 se muestra el perfil electroférético de las fracciones que se

sefialan en la TABLA Il

Figura 7. Electroforesis desnaturalizante (10%) de los extractos con actividad de
transporte de calcio. De izquierda a derecha: SMP (particulas submitocondriales);
Fgo (fraccion obtenida al precipitar a un 90% de saturacién con sulfato de amonio);
FO (fracciobn obtenida después de la extraccién organica). MW (pesos
moleculares).




Ya que el uniportador de calcio debe ser por.fuerza una proteina
transmembranal, decidimos extraer la fraccion con mayor actividad con una
mezcla de cloroformo:n-butanol (60%:40%) y reconstituirla en el sistema de
vesiculas, la actividad especifica fue de 1194 nmol *Ca®/5min/mg, que
representa casi un 8% de purificacidn. Esta fraccion a la que denominamos Fo
contenia aproximadamente 0.654 umol Pi/mg proteina, que se determinaron
después de extraer los lipidos con una mezcla de CHCI;:MeOH (3:1). Se ha
demostrado que los fosfolipidos pueden actuar como ionéforos para cationes
divalentes (Sokolove y Brenza, 1983). Para descartar que las propiedades de
afinidad al calcio que observamos en el sistema reconstituido, se debieran a los
fosfolipidos asociados a las proteinas, se hicieron experimentos incorporando

proteinas desnaturalizadas a i1as vesiculas de citocromo oxidasa (Tabla lll).

Tratamiento a las proteinas Acumulacion de calcio
incorporadas (nmol “*Ca®*/mg/5min)
Ninguno 1122 + 10.8
Desnaturalizadas por calor 0

Tabla Iil. Las mitocondrias se desnaturalizaron calentando durante 10 minutos a
ebullicién, después se centrifugaron a 10,000 RPM (10 min) y se disolvieron con
1.2% de colato de sodio. Tras de una nueva centrifugacién a la misma velocidad,
se recuperd el sobrenadante y se incorporé en COVs con una breve sonicacion en
frio. La mezcla se dializd exhaustivamente durante 20 horas y los liposomas
formados se pasaron por una columna de Sephadex G-50 equilibrada con H3PO,
50 mM/TEA pH 7.0. Las muestras controles (sin tratamiento) se incorporaron de
la misma forma. A ambas se les determiné el transporte como se menciona en la
metodologia.
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Como se puede observar las preparaciones hervidas y reconstituidas en
liposomas no son capaces de acumular calcio en COVs lo que demuestra el
papel esencial de un componente de naturaleza proteinica en la actividad de

transporte de calcio.

Al analizar la tabla de purificacion (TABLA II), podemos observar que tras la
extraccion con solventes, no se produce un aumento importante en la actividad
de transporte de calcio y que el rendimiento se ha reducido de manera
considerable; esto podria deberse a la pérdida o inactivacion de algin
componente durante la extraccion. Considerando que el transportador que
buscamos, esta presente-en el orden de pmol/mg de proteina total decidimos
enriquecer la fraccién anterior a la extraccion, (Fgo) y utilizarla en otro proceso de
separacion con el cual se conserve y aumente la actividad. intentando enriquecer
las proteinas presentes en Fgg, inmunizamos ratones de la cepa Balb-c con esta

fraccion y obtuvimos anticuerpos policlonales.

2. INHIBICION DEL TRANSPORTE DE CALCIO POR ANTICUERPOS.

El titulo de los anticuerpos se determiné por el método indirecto de ELISA.
Definimos el titulo del suero hiperinmune, como la dilucién mas alta a la cual la
respuesta en el ELISA, es el doble que el valor obtenido con el suero control o
preinmune. En todos los animales inmunizados se obtuvieron titulos, de alrededor

de 1:3,200. Los sueros con éstas caracteristicas se unieron y se titularon contra
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un antigeno crudo (Particulas submitocondriales) y contra una muestra

semipurificada (Fao)

—N — PSM + suero preinmune
2.2 4 —®— Fraccion semipurificada + suero preinmune

1 —A— PSM + suero hiperinmune

2.0 4 —w— Fraccién semipurificada + suero hiperinmune v

1.8 -
—~ 1.6
£ ]
c v
8 ] /
o 1.2 - ®
(e)] -
o *
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g -
5 06 o
o - /
< 04 .

0.2 - I/Af‘f
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0.0 1
T Y T T T ' T y T ' I
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

1/Dilucién del anticuerpo

Figura 8. Determinacion del titulo del suero hiperinmune por ELISA. En cada
pozo se colocaron de 40-135 ng de muestra en buffer de carbonatos 0.05M, pH
9.6 y se dejd secar toda la noche. Se bloqued con gelatina de cerdo 0.01% en
TBS-Tween y se incubd con el sueroc preinmune e hiperinmune a las diluciones
sefaladas durante 1-2 horas. Se lavd con TBS-Tween y se incub6 con Anti-IgG
de ratén acoplado a peroxidasa (1:5,000) durante 1 hora a 35°C. Se lavé de
nuevo con TBS-Tween y se revel6 con o-fenildiamina.
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En la figura 8 se muestra que el titulo maximo alcanzado fue de 1:8,000
cuando se utilizd como antigeno la muestra semipurificada, mientras que

utilizando particutas submitocondriales el titulo maximo fue de 1:2,000.

Se probo la capacidad de estos antisueros para inhibir la entrada de calcio en
COVs y en mitoplastos. En la figura 9 se observa la entrada neta de calcio en
COVs en presencia de diferentes diluciones del suero preinmune y del suero
hiperinmune, que en adelante denominaré AntiUni-Ca?*. El suero control no
ejerce ningln efecto aln a concentraciones muy altas del inhibidor, mientras que
AntiUni-Ca®* desde una dilucién de 1:200, disminuye el transporte en mas del
50%. La diferencia entre los valores medios de ambos grupos fue
estadisticamente significativa con una P<0.001 (t de Student). Cada valor
representa la diferencia entre las vesiculas energizadas, i.e. liposomas con
potencial interno negativo y las vesiculas no-energizadas, que representan la

acumulacion pasiva de calcio y la unién inespecifica del catién a los liposomas.

El efecto de AntiUni-Ca** se determiné también en mitoplastos. Estas
preparaciones se obtuvieron a partir de 10 mg de mitocondrias incubadas con
digitonina 1.2% (w/v) durante 10 minutos a 4°C. La suspensién se centrifugé a
15,0009 durante 10 minutos.  El precipitado se resuspendié en sacarosa 250
mM, TRIS 10 mM pH 7.3. Se obtuvo también la fraccion correspondiente a la
membrana externa, centrifugando el sobrenadante a 144,000 g y se evalud la

actividad de la enzima monoamino oxidasa.
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Figura 9. Entrada de calcio en COVs reconstituidas con extractos mitocondriales
totales en presencia del suero preinmune (O) y de AntiUni-Ca®* (®). Los
proteoliposomas se incubaron durante 10 minutos a 4°C con los sueros y después
se agregaron al medio de reaccién descrito en la Figura 3. En este caso también
se tomaron los controles de transporte + energia. Los valores representan la
media de tres experimentos y las lineas punteadas los limites de confianza.
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Como se observa en la Tabla IV, sélo el 1.5% de la actividad de esta enzima
estuvo asociada a la preparacion de mitoplastos. El 98% restante se encontré en
la preparacién de membrana externa (111.36 + 69.13 nmol/min/mg proteina). La
fraccion de mitoplastos conservd su integridad morfologica, ademas de un alto

consumo de oxigeno, equivalente al obtenido en ias preparaciones mitocondriales.

Preparacion nmol benzaldehido/min/mg proteina
Mitocondrias 26 + 11 (8)
Mitoplastos 14+ 3(5)

Membrana externa 111 + 69 (5)

Tabla IV. Actividad especifica de monoamino oxidasa (MAQ) en mitocondrias,
mitoplastos y membrana externa mitocondrial. La reaccion se inicié con 100-300
ng de proteina que se adicionaron a 3 ml de un medio de KH,PO,s 200 mM, 0.1%
TX100 y 10 uM de benzilamina, pH 7.2. La conversién de benzilamina a
benzaldehido catalizada por MAQ, se midié en un espectofotometro a 250 nm a
37-40°C. Ei coeficiente de extincién molar del benzaldehido = 1.32 x 10* M/cm.

En la Tabla V, se muestra el consumo de oxigeno (Estado 4) y el transporte de
calcio en mitoplastos de rifién de rata incubados con los sueros preinmune e
hiperinmune. Observamos que el estado 4 de la respiracién no varia en

presencia de los sueros, lo que sugiere que no existe efecto de los anticuerpos
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sobre los componentes de la cadena respiratoria. Sin embargo, es evidente el
efecto inhibitorio del suero hiperinmune sobre el transporte de calcio. Este se

e s 45 2 . . .. . . . ,
midié con “Ca*" por el método de filtracion. Se observa una disminucion de casi

el 70% en relacion con el transporte de calcio en los mitoplastos control.

Consumo de O; Transporte de calcio
(nAtO2/min/mg proteina) | (nmol 45Ca2+/min/mg proteina
Estado 4
Control 158 £7.3(3) 52.8 +15.2 (3)
Mitoplastos incubados 13.1£4.8(3) 44.91+14.5 (3)
con suero preinmune
(1:250)
Mitoplastos incubados 13.4+7.2(3) 15.9+£2.4 (3)
con AntiUni-Ca**
(1:250)

Tabla V. Consumo de oxigeno y transporte de calcio en mitoplastos incubados
con sueros preinmune y AntiUni-Ca®*. Se incubd 1 mg de mitoplastos con la
dilucion indicada de los sueros durante 10 minutos en frio. Esta mezcla se agregd
a 1 ml de medio que contenia sacarosa 250 mM, glutamato 10 mM, malato 10
mM, fosfato 10 mM y HEPES 10 mM, pH 7.0. EIl consumo de oxigeno se midié
polarograficamente con un electrodo Tipo Clark a 30°C. El transporte de calcio se
midié como se describe en la metodologia.

Ya que se sabe que la entrada de calcio puede disminuir el potencial de
membrana negativo interno (Gunter y Pfeiffer, 1990), exploramos el efecto de!

suero hiperinmune sobre el potencial de membrana de los mitoplastos, para
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descartar que diferencias en el potenciai de nuestras preparaciones, provocara la

baja acumulacién de calcio en presencia de AntiUni-Ca®*.

Ca*  gogp cCep ca®  CCCP
VoY / /
!
EGTA 1
0.01
_AAl
200°
J C EGTA
A B ~ -
T ! t
M M

Figura 10. Potencial tfransmembranal de los mitoplastos incubados con suero
preinmune y AntiUni-Ca®*. La incubacién con los anticuerpos se realizé igual que
en la Tabla V. El potencial se midid espectofotométricamente a 533-511 nm, en
un medio que contenia sacarosa 250 mM, succinatec 10 mM, HEPES 10 mM, 200
uM de ADP, 10 ug de rotenona, 1 mM de fosfato y safranina 10 uM. A
Mitoplastos control. B. Mitoplastos incubados con suero preinmune (1:100). C.
Mitoplastos incubados con AntiUni-Ca®* (1:100).
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En la Figura 10A, se muestra el potencial de membrana de los mitoplastos
control. Al agregar l50 uM de calcio se observa una disminucién transitoria, debida
a la entrada de calcio a través del uniportador. Una vez que se reestablece ei
ciclo de entrada/salida de calcio, el potencial se restaura y es posible abatirlo
completamente al adicionar 10 uM de CCCP. En la Figura 10B, los anticuerpos
se incubaron con los mitoplastos durante 10 minutos y después se agregaron al
medio de incubacién para medir los cambios en absorbencia del indicador
safranina. Se observa que los mitoplastos mantienen el potencial
transmembranal, a pesar de la alta concentracion de calcio presente en los

sueros. Para eliminar el exceso de calcio se agregdé 1 mM de EGTA (Figura 10C).

Una vez que probamos la capacidad inhibitoria de AntiUni-Ca®" sobre la
captacion de calcio, se determiné la especificidad de los anticuerpos por Western
blot. Las muestras se separaron por electroforesis en geles de poliacrilamida,
bajo condiciones desnaturalizantes y se transfirieron a membranas de
nitrocelulosa. Encontramos que las muestras que se hervian antes de la
electroforesis, no eran reconocidas por los anticuerpos, lo que nos sugiere que el
epitope que AntiUni-Ca®* reconoce es conformacional. En la Figura 11 se
muestra el patron de las proteinas reconocidas por los anticuerpos y que se
revelaron con o-diaminobenzidina. Se observa que el suero preinmune reconoce
inespecificamente una banda de aproximadamente 25 kDa, tanto en muestras de
particulas submitocondriales, como en Fg (lineas b y d) ésta banda es mucho

mas evidente en la fraccién semipurificada. Por otro lado el suero AntiUni-Ca2+,

47




reconoce una segunda banda, con un peso molecular aproximado de 18-20 kDa,
ademas de una banda muy intensa de 70 kDa, que se observa en particulas

submitocondriales y en Fgq.

Figura 11. Western blot de extractos mitocondriales semipurificados incubados
con los sueros preinmune e hiperinmune. Se sometieron a electroforesis
desnaturalizante 50 ug de particulas submitocondriales (a) y (b) y 20 ug de Fg (c)
y (d). Posteriormente se transfirieron a una membrana de nitrocelulosa (100V - 1
hora) en un buffer sin SDS. La membrana se bloqueé con 0.01% de gelatina de
cerdo en TBS-Tween. Se incubd durante 2 horas a temperatura ambiente con el
suero preinmune (b) y (d) y con AntiUni-Ca** (a) y (c) a una dilucién 1:800. Se
utifizd como segundo anticuerpo anti-lgG dirigido contra raton acoplado a
peroxidasa. Las membranas se revelaron con o-diaminobenzidina.
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Para determinar cual anticuerpo era el responsable de la inhibicion sobre el
transporte de calcio, se desprendieron los anticuerpos especificos unidos a las
proteinas transferidas a nitrocelulosa por elucién 4cida, después de su deteccion
con o-diaminobenzidina. Utilizamos un amortiguador de glicina 0.1 M, pH 3.0. Se
agitaron las membranas durante 60 segundos e inmediatamente se neutralizé el
eluado a pH 7.0. Los lavados se repitieron hasta que no se detectd proteina en

los eluados. Obtuvimos tres anticuerpos especificos y un eluado control. Los

anticuerpos especificos reconocieron respectivamente a las proteinas de 75, 70 y
18-20 kDa. El eluado control se obtuvo después de tratar con glicina pH 3.0 una

zona de la matriz de celulosa que no dio sefial con o-diaminobenzidina.

En la Tabla IV se muestra el efecto inhibitorio de los anticuerpos eluidos de las

membranas, sobre la velocidad inicial del transporte de calcio en mitoplastos.

Se observa que los mitoplastos incubados con la soluciéon de glicina 0.1M
acumularon 86.62 nmol “*Ca®/mg/min. La misma preparacién de mitoplastos,
incubada con el anticuerpo que reconoce a la proteina de 75 kDa, capta el 60%
de calcio. El anticuerpo que reconoce la proteina de 70 kDa, inhibe el transporte
en un 25%, mientras que el anticuerpo asociado a la proteina de bajo peso
molecular inhibe casi el 70% del transporte. Bajo condiciones control (sin

incubacién) los mitoplastos acumularon 85.53 + 2.3 nmol “*Ca®'/min/mg proteina.
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Anticuerpos eluidos nmol *Ca*" acumulados/min/mg
Glicina 0.1 MpH 3.0 86.62 + 6.34
Anticuerpo vs 75 kDa 50.70 #12.27
Anticuerpo vs 70 kDa 63.57 + 3.97
Eluado Control 8435 + 1.30
Anticuerpo vs 18-20 kDa 28.28 + 0.78

Tabla IV. Inhibicién del transporte de caicio por anticuerpos especificos. Se
incubd 1 mg de mitoplastos y los anticuerpos eluidos de la membrana de
nitrocelulosa durante 10 min a 4°C. La mezcla se agregd al medio para transporte
de calcio en presencia de “°CaCl, (act. esp. 1000 cpm/nmol), después de 1 minuto

se filtraron alicuotas a través de filtros de 0.45 um y se midié la radioactividad.

La banda con peso molecular de entre 18 y 20 kDa reconocida por el
anticuerpo, tiene un peso molecular muy semejante al del citocromo c. Para
determinar si esta proteina se encontraba en nuestras preparaciones medimos el
espectro visible de absorcién de la Fgg, de 400 a 700 nm y lo comparamos con el
del citocromo ¢ comercial en condiciones reducidas. En la figura 12 se observa
que el espectro es idéntico en ambas muestras, destacan las caracteristicas
bandas de Soret del citocromo ¢: a 545 nm {«) y a 527 nm (B). Encontramos que

de las proteinas que contiene la Fg, €l 0.5% corresponde al citocromo c¢.
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Figura 12. Una solucién de citocromo ¢ comercial y la Fgg, ze redujeron con 10
mM de ascorbato de sodio y se pasaron a través de una columna de Sephadex-
G50 equilibrada con TRIS-HCI 0.2M, pH 7.5, para eliminar el exceso de ascorbato.
Los espectros se corrieron en el intervalo sefialado en presencia de Tween 80
0.3%.

El coeficiente de extincion molar que se utilizd para calcular la
concentracion de citocromo ¢ es £ = 29,500 mol/l.cm.
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3. PURIFICACION POR ISOELECTROENFOQUE PREPARATIVO

El ensayo con anticuerpos dio una sola sefial en la regién de 18-20 kDa, sin
embargo teniamos al menos citocromo ¢ en nuestras preparaciones, por lo que se
realizd una separacion por isoelectroenfoque preparativo, para determinar cuantas
especies del mismo peso molecular (o de un peso aproximado), podrian
responder al anticuerpo. En la figura 13a se muestra el perfil de pH y la
distribucion de proteina, que se obtuvo tras el establecimiento del equilibrio en la
celda de isoelectroenfoque. La mayor parte de la proteina se enfoca a pH’s
arriba de 8.0, en estas fracciones la proteina mas abundante fue citocromo ¢, que
evaluamos analizando su espectro de absorcion en condiciones oxidadas y
reducidas. Es interesante hacer notar, que esta proteina extramembranali,
localizada en la cara externa de la membrana interna mitocondriai, no se elimina
en las primeras fases de la purificacién en condiciones de aitas concentraciones
de sales. Cada fraccion se concentré y se incorporé en COVs de la manera antes
descrita. Tras la incorporacién se determind la actividad de transporte en las
vesiculas. Las fracciones en las que se observé una mayor acumulacién de calcio
fueron aquellas con puntos isoeléctricos entre 5.0 y 6.0 (Figura 13b), la captacién
es parcialmente sensible a rojo de rutenio (no se muestra). El analisis
electroforético de dichas fracciones muestra dos proteinas, una de
aproximadamente 70 y otra de aproximadamente 18-20 kDa (Figura 13c).
También aparece un pico de actividad recurrente en el extremo acidico del

gradiente, que sin embargo no es sensible a rojo de rutenio.
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Figura 13. Andlisis de las proteinas separadas por isoelectroenfoque preparativo.
En a) se muestra el gradiente de pH de cada una de las fracciones y Ia
concentracién de proteina en cada una de ellas: en b) la actividad especifica de
las fracciones tras reconstituirias en COVs y en c) la imagen tefida con plata de
las proteinas que se separaron en cada fraccién.
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Para determinar si las proteinas observadas en presencia de SDS, son
proteinas independientes o son subunidades que forman un multimero, se hizo
una electroforesis en condiciones nativas. La Figura 14 muestra la imagen tefiida
con plata de las fracciones con pl's entre 2.0 y 7.0. En las fracciones 5-8, se

observa una sola banda y no se detectan agregados en el inicio del gel.

NUMERO DE FRACCION

Figura 14. Electroforesis no desnaturalizante de las fracciones con pl's acidos
entre las que se encuentran aquellas con actividad de transporte de calcio. Se
incubaron 25 pg de proteina con 0.6% de CHAPS y se separaron en un gel de
poliacrilamida al 7.5%, que no contenia SDS. EI gel se revelé con la técnica de
tincion con plata.
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En la siguiente tabla se resume el enriquecimiento de la actividad de!
uniportador de calcio en COVs, tras el fraccionamiento por isoelectroenfoque

preparativo y la sensibilidad al inhibidor rojo de rutenio.

Extractq ' solubilizado | Proteina | Actividad especifica + RR 5uM Rendimiento
reconstituido en COV's | 1, (nmol Ca*'/5min/mg) | (nmol Ca®*/5min/mg)
Q

(mg) (%)
Mitocondrias 4000.00 151.80 + 10.0 71.2 +10.0 100.0
Particulas 1350.00 127.13 £ 13.0 639+ 90 33.8
Submitocondriales
Sulfato de amonio| 18.54 443.00 +32.0 251.3+421 0.46
(90%)
Cromatografia de 4.90 1665.03 + 408.12 1203 (2) 0.12
inmunoafinidad
Isoelectroenfogue en 0.20 14888 (2) 5400 (2) 0.01
fase liquida |

Tabla VII. Actividad especifica de las fracciones reconstituidas en COVs. La
actividad especifica para cada extracciéon, corresponde a la diferencia entre la
acumulacién de caicio en COVs en presencia y ausencia de sustratos para la
citocromo oxidasa.

Se observa que el factor de purificacién es de 90, mientras que el rendimiento es
solo de 0.01%. Suponemos que el factor de purificacion esta subestimado,
debido a la inactivacion del uniportador durante el proceso de extraccion. La
sensibilidad parcial al rojo de rutenio, puede deberse a una incorrecta

incorporacion de! transportador a las COVs, que impediria el acceso del inhibidor
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al sitio de unién en el uniportador. También proponemos que el rojo de rutenio,
podria estar uniéndose de manera inespecifica a los fosfolipidos negativos de las

vesiculas de citocromo oxidasa.

4. EL INHIBIDOR '"®Ru;s COMO LIGANDO DE AFINIDAD.

Para verificar que la proteina de bajo peso molecular a la que reconocen los
anticuerpos AntiUni-Ca?* forma parte del uniportador de calcio, utilizamos el

inhibidor Rusgq como ligando de afinidad y como sonda radioactiva.

Este compuesto es un derivado que se produce durante la sintesis de! rojo de

rutenio, en 1991 Ying y colaboradores demostraron que es el mas potente de los

inhibidores del uniportador de calcio mitocondrial. Nuestra estrategia fue

sintetizar los compuestos que resultan de la reaccién del RuCls con amoniaco,
utilizando material radioactivo. Entre estos compuestos se encuentran el Rusgg y
el rojo de rutenio. La sintesis se llevé a cabo como se describe en la metodologia.
Separamos los complejos radioactivos por cromatografia de intercambio i6nico,
utilizando un gradiente lineal de concentracion de formiato de amonio. En Ia
figura 15 se muestran los espectros de absorbencia (300-450 nm) de las especies
eluidas a lo largo del gradiente. El "Rusgo se despega de la resina
aproximadamente a 0.4M del gradiente, mientras que a partir de 0.55 M de
formiato de amonio empieza a aumentar el pico a 533 nm, que indica el maximo
de absorbencia para el rojo de rutenio. La preparacion purificada mostré un pico

maximo y unico a 360 nm en formiato de amonio, al igual que el compuesto
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Unidades de absorbancia

reportado por Ying y colaboradores (1991). También recuperamos el rojo de

rutenio marcado radioactivamente (Figura 15).

“Ru,, '®Rojo de rutenio
3.0 _ -0.6
2.5 360
370
2.0 - 360
1.5 - 0.4
1.0 -
533
360
360 533
’_/\/\ _ 02
— T 1 —r T + T T ' 1

Numero de fraccién

€450 2.6x10" mol/l.cm
6555 2-1x10° mol/l.cm

Figura 15. Espectros de absorcién de las especies generadas en la reaccidn del
'%RuCl; con amoniaco, separadas por cromatografia de intercambio iénico. Se
sefialan los coeficientes de extincidn molar de los principales inhibidores del
transporte de calcio mitocondrial.
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El compuesto que obtuvimos se analizd cinéticamente con la finalidad de
determinar su pureza y afinidad por el uniportador de calcio. En la figura 16 se
muestra el analisis de Dixon del transporte variando las concentraciones de
calcio y en presencia de diferentes concentraciones del inhibidor. Se obtuvieron

las curvas que tipifican a un inhibidor no competitivo y la Ki fue igual a 7.68 nM.
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Figura 16. Graficas de Dixon para los datos de cinética del transporte de calcio en
presencia de Ru360. Se senalan las diferentes concentraciones de sustrato, el
medio utilizado fue el mismo que en fa Tabla Ill.
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El analisis grafico de Dixon para inhibidores fuertemente unidos, dio como
resultado una Ki de 9.89 nM (Figura 17). A partir de éste analisis determinamos ia
concentracion de inhibidor unido al uniportador, que fue de 4.8 pmol/mg de

proteina.

30+

25+

Ki= 8.88 nM

nmol Ca2+/mg/10 seq

0

0/10 20 30 40 50 60
E=48 ol/
X pmol/mg nM (Ruaso)

Figura 17. Andlisis de Dixon para inhibidores fuertemente unidos. Se incubd 1
mg de mitocondrias con diferentes concentraciones de Rusge en presencia de
“3CaCl, (act. esp. 1000 cpm/nmol). A los 10 segundos se tomaron alicuotas y se
filtraron a través de filtros de 0.45um. La radioactividad se midié en un contador
de centelleo.
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La union especifica del inhibidor se midié también directamente utilizando el

compuesto radioactivo.  En la figura 18 se muestra la union de '®Rusg a

mitocondrias intactas. La curva es hiperbélica y aparentemente se convierte en
una funcion saturable por arriba de 20 nM. La linearizacién por el grafico de
Scatchard dio un valor para la Kp de 16.5 nM y para la Bnax de 6.2 pmol/mg de
proteina mitocondrial, muy cercano al obtenido por el analisis de Dixon. Existe

una clara correlacion entre la unién del complejo radioactivo y la inhibicién del

transporte de calcio en mitocondrias.
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Figura 18. Union del 'Rusg a mitocondrias intactas. Se incub6 1 mg de
mitocondrias en el medio de transporte de calcio con diferentes concentraciones
de "®Rusgp, a los 10 minutos se centrifugaron y lavaron con el mismo medio pero
en presencia de 1.5 uM del inhibidor sin marca. La radioactividad se midié en un

contador para emisiones y.
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Ya que la inhibicién del transporte por el rojo de rutenio en las fracciones
purificadas e incorporadas en COVs fue parcial (Ver Tabla IIt), evaluamos el
efecto del Russo en las muestras enriquecidas. Una vez gue obtuvimos las
fracciones por isoelectroenfoque preparativo, se incorporaron en COVs y se
evalué el transporte como ya se ha descrito. En la figura 19A, se muestra el
gradiente de pH; en el panel B se observan dos picos de actividad de transporte
de calcio, el primero con pl muy acido (fracciones 1-2) y el segundo, que es el que
hemos considerado que representa al uniportador de calcio, con un pl alrededor
de 5.0 . Hasta este punto habiamos concluido que fas proteinas con actividad de
transporte de calcio, tendrian pl's entre 5.0 y 6.0, ya que se enriquece una banda
de 18-20 kDa. Recordemos gue los anticuerpos especificos que reconocen una
proteina de ese peso molecular, inhiben el transporte de caicio en mitoplastos
(Ver Tabta VI). Por tanto, resulta interesante el comportamiento de estas
actividades en presencia del inhibidor especifico Rusg. En la figura 19B se
compara fa actividad de transporte de las fracciones mencionadas, con la
captacion de calcio de las mismas muestras incubadas con 40 nM de Rusgo, antes
de la incorporacién en COVs (Figura 19C). Con este experimento podriamos
descartar, que el inhibidor pierda efectividad por no encontrar un sitio al cual
unirse en las moléculas de uniportador que estén orientadas incorrectamente en
las vesiculas. Como se observa, el Rusgg inhibe completamente la actividad de
transporte en las vesiculas reconstituidas con proteinas con pl's entre 5.0 y 6.0.
Sin embargo la actividad de las proteinas con pl muy acido resuita insensible al

inhibidor.
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Figura 19. Isoelectroenfoque preparativo de Fagp. Se separaron por

isoelectroenfoque preparativo de 3-5 mg de proteina de la Fgy. A cada una de las
20 fracciones resultantes se les midié el pH. El volumen final se dividié en dos
partes, a una se le neutralizé con TRIS, se le concentré y dializé. Se tomaron
alicuotas de 25 pg por fraccidn para incubarlas con 40 nM de Rusgp durante 1
hora. Posteriormente se incorporaron en COVs, como ya se ha descrito.  A.
Gradiente de pH. B. Transporte en COVs de las 20 fracciones sin incubar con
Rusgp. C. Transporte en COVs de las muestras incubadas con el inhibidor.
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Para incrementar ef rango de separacion de las proteinas con pl's entre 4.0 y
6.0, las sometimos a refraccionamiento por isoelectréenfoque. En estas
condiciones no hubo adicién extra de anfolitos. El gradiente se formé con los
anfolitos presentes en las muestras refraccionadas. En la figura 20A, se muestra
el gradiente de pH, que forma un plateau en el rango de 4-6. La actividad se
encuentra en dos zonas bien definidas. La actividad mas alta (sensible a Rusgp)
fue de 2332 nmo! **Ca®'/mg/5min y se enfocd a un pH entre 5.02-5.26. como era
de esperarse (Fig. 20B). De manera sorprendente, encontramos una segunda
actividad de transporte, insensible al inhibidor a pH 2.57. El posible significado de

estos resultados se discutira mas adelante.

Con la intencién de utilizar el complejo '®Ruago para aislar al uniportador de
caicio mitocondrial, hicimos los siguientes experimentos para confirmar su
especificidad. Para ello, marcamos particulas submitocondriales con 10 pmol
"Rugeo/mg de proteina. Las particulas submitocondriales marcadas, fueron
sometidas a electroforesis nativa y desnaturalizante. Los geles fueron analizados
por autoradiografia, o alternativamente cortados en secciones de 2 mm a las que
se midio la radioactividad en un contador de centelleo. Tanto en los geles nativos
como en los desnaturalizantes se detectdé una sola banda. En la figura 21a, se
muestra el perfil de radioactividad de un gel desnaturalizante en el que se
separaron particulas submitocondriales marcadas con 103RU360_ En la figura 21b,
se muestra la autoradiografia de un gel con proteinas tratadas en las mismas

condiciones, la unica banda detectable presenta un peso molecular de 18 kDa.
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Figura 20. Isoelectroenfoque preparativo de muestras con pl's entre 4.0 y 6.0.
Las fracciones con actividad de transporte de calcio (sensible a Ruag), se
colectaron y sin ningln tratamiento previo se diluyeron a 55 ml finales. Esta
preparacion se enfoco a 12W constante, durante 5 horas en frio. A las fracciones
colectadas se les midié el pH, se neutralizaron, concentraron y dializaron. Una
vez que se determiné proteina, se trataron como se describe en la figura anterior.
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Figura 21. a) Perfil radioactivo de proteinas de particulas submitocondriales
separadas por electroforesis en condiciones desnaturalizantes. b) Autoradiografia
de proteinas de particulas submitocondriales en geles de SDS.

Con la intencién de obtener ésta proteina, hicimos extracciones por
electroelucion en fase liquida. Las PSM se marcaron como se ha descrito y se
cargaron en un gel desnaturalizante al 12% en una camara de electroelucion
continua. Se aplicé una corriente de 12W constante, hasta que el colorante
alcanzo el limite inferior del gel. En ese momento se colectaron fracciones de 2

ml que contenian [as proteinas eluidas en orden ascendente de peso molecular.
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Se midi6 la radioactividad a cada una de las fracciones y se determiné el peso
molecular de las fracciones marcadas en un segundo gel desnaturalizante (Figura
22). Se observaroﬁ tres picos de radioactividad: el de la fraccion 37, que tiene un
pesc molecular ligeramente menor a los 18 kDa y el de las fracciones 72-74, que

muestran un enriquecimiento en la zona de 18 kDa.
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Figura 22. Electroelucion en fase liquida de particulas submitocondriales
marcadas con '®Russ. Se marcaron particulas submitocondriales como se
indica en la figura 18 y se solubilizaron con 2% de SDS. Se sometieron a
electroforesis hasta que el colorante rebasé el limite del gel preparativo. Las
fracciones se recuperaron en orden ascendente de peso molecular, se
concentraron y se analizaron al tefiir con plata en un gel desnaturalizante (inserto).
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Con la finalidad de obtener la proteina a la que se une el '®Rusg, se disefid
una columna de afinidad aplicando el principio de separacion de los complejos de
rutenio. Se solubilizaron 20 mg de proteinas membranales con 1% de C1.Es y se
incubaron con 10 pmol de '“Russ/mg de proteina. El inhibidor no unido se
eliming dializando exhaustivamente contra formiato de amonio 0.2M pH 5.5. La
proteina marcada se cargé en una columna de carboximetil-celulosa de 15 x
9.5.cm en presencia de la misma concentracion de detergente. En la figura 23 se
muestra el perfil radioactivo de las proteinas eluidas con un gradiente lineal de
formiato de amonio de 0.2M a 1.0 M, pH 5.5. Se resuelven tres picos, el primero
representa el '®Rusg, libre, que eluyd a 0.4 M del gradiente de formiato de amonio
y que no se encontro asociado a proteinas. Las dos fracciones restantes (pico 2y
3) se analizaron por electroforesis, se tiferon con la ténica de plata y se encontro
que ambas presentaban una proteina de 18 kDa ademas de algunos
contaminantes. Estas dos fracciones se unieron y se sometieron a una nueva
electroforesis, la imagen tefida con azul de Coomassie muestra una soéla banda

de 18 kDa {inserto figura 23.

67




MW, 23
5000 |- . 2 210
L oo
6 &
5000 - 45- 4B
SR E 0.8
4000 |- 2041 4B T
. 16.9- - O
- O
g | "z
g Wor L 08 »T
o o
S & I
61
X 2000 - n
o ~
~— e | If : S
1000 L b 04
D b < e TN A LN
Ew— —— 02
0 20 4 4 60 80 100 120

G Volumen de elucién imh

Figura 21. Cromatografia de intercambio idnico de particulas submitocondriales
solubilizadas y marcadas con '“Russ. Las particulas submitocondriales se
marcaron como se sefiala en la figura 18. Se centrifugaron y se solubilizaron en
1% de C2Eg. El solubilizado se cargé en una columna de carboximetilcelulosa,
que se lavé con formiato de amonio 0.2 M. Para eluir las proteinas unidas a la
resina se Utilizdé un gradiente lineal de formiato de amonio pH 5.5.
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VI. DISCUSION

A partir de que se descubrié el transporte de calcio mitocondrial, se iniciaron los
experimentos para identificar la naturaleza molecular de los transportadores
involucrados en el proceso. A la fecha se ha reportado la purificacion,
reconstitucion y caracterizacion inmunoldgica del intercambiador de salida
Na'/Ca** que es una proteina de 110 kDa (Li, W., 1992) y la purificacion parcial de
una proteina que aumenta la entrada de Ca®* en proteoliposomas en intercambio
con H" (Villa y cols., 1998). En el caso del transportador de entrada de calcio
existen pocos y contradictorios reportes. Se ha propuesto que el uniportador es
una glicoproteina localizada en el espacio intermembranal, a pesar de que el
acarreador de calcio debe ser por fuerza una proteina con cruces membranaies.
Se le han asignado diferentes pesos moleculares: Jeng y Shamoo en 1980,
aislaron un péptido de 2 kDa con gran afinidad y especificidad por calcio a la que
denominaron calciforina, mas tarde en 1983, Sokolove y Brenza, demostraron que
todas las propiedades de afinidad por calcio de este péptido se debian a sus
lipidos asociados; Saris y colaboradores en 1993, purificaron un péptido de 3 kDa
asociado a una glicoproteina, estos autores propusieron que el primero funciona
como canal de calcio sensible a rojo de rutenio, y que la glicoproteina podria ser
un componente regulatorio. Mas tarde se demostrd que la glicoproteina era un
contaminante de plasma presente en sus preparaciones (Mironova y cols., 1994).
En 1997, este grupo reportdé que el componente hidrofébico de bajo peso

molecular, puede formar un canal i6nico al ser activado por calcio (Mironova y
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cols., 1997). Recientemente han asociado la actividad del canal, a su capacidad
para unir calcio bajo las condiciones en que opera el poro de [a transicion de la
permeabilidad mitocondrial (Mironova y cols., 2000). Otros autores sostienen que
et uniportador es una glicoproteina de entre 30 y 42 kDa, ya que algunas de ellas
incrementan la conductividad eléctrica en bicapas lipidicas en presencia de calcio

(Panfili y cols., 1976; Sottocasa y cols., 1981).

Es evidente la variedad de propuestas que en torno a la identidad del
uniportador se han reportado, por lo que al pretender sefialar a alguna entidad
molecular como la responsable del transporte de calcio mitocondrial, se deben
tomar en cuenta todos los atributos cinéticos y regulatorios, que tipifican a este

transporte en mitocondrias intactas.

En 1980 Rosier y Gunter, demostraron que liposomas reconstituidos con
citocromo oxidasa son capaces de formar un potencial interno negativo y que
pueden acumular Ca®*. En ese sistema el rojo de rutenio no inhibe la captacion,
a diferencia de los agentes que colapsan el potencial, como el CCCP y la
combinacion de nigericina, valinomicina y K*. El que el rojo de rutenio no inhiba
la acumulacién de calcio indica que la citocromo 6xidasa no esta involucrada en el
sistema de transporte de entrada mitocondrial. En nuestros experimentos
demostramos que el modelo de vesiculas de citocromo oxidasa (COVs),
reconstituidas con extractos mitocondriales aumenta la acumulacion de calcio, en
las condiciones en que existe un potencial de membrana negativo interno, y que
este transporte es sensible al rojo de rutenio. Aunque la Ki encontrada para el

rojo de rutenio en el sistema de COVs es casi un orden de magnitud superior a la

70




reportada en mitocondrias, i.e. 30 nM (Vasington y cols., 1972), podemos tratar de

explicarlo de la siguiente forma:

1)

2)

3)

El inhibidor puede unirse inespecificamente a diferentes estructuras. Al
respecto, Voelker y Smetjck (1996) han demostrado gue el ’rojo de rutenio
s& comporta en una bicapa difusa como un ién con una carga neta < 6 y
que tiene una gran afinidad por membranas que contienen fosfatidilserina.
Luft (1971) reporté que el rojo de rutenio se une con baja afinidad a otros

fosfolipidos como la cardiolopina y la fosfatidilcolina.

Al incorporar al uniportador en COVs, el sitio de unién al inhibidor no es

accesible.

El uniportador puede bajo ciertas condiciones, adoptar mas de una
conformacion que se traduce en una diferente sensibilidad a los inhibidores
y activadores del transporte (Sparagna y cols., 1998). Este grupo en 1995,
describié un mecanismo adicional de entrada de calcio en mitocondrias, al
que han denominado RAM (rapid mode of uptake), que permite la captacion
de grandes cantidades de calcio en pulsos cortos (Sparagna y cols., 1995).
Ya que el efecto del rojo de rutenio sobre este transporte y el que
tradicionalmente se atribuye al uniportador es el mismo, se sugiere que
ambos mecanismos se llevan a cabo a través de un mecanismo de
transporte Unico. Sin embargo, se requieren casi 10 veces mas de rojo de
rutenio para inhibir la entrada a través de RAM, que a través del

uniportador. La propuesta es que la unidén de calcio al lado citosélico del
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complejo RAM, induce un cambio conformacional que activa el mecanismo
mas lento de transporte. Esto es consistente con el hecho de que el
transporte RAM, puede ser reajustado disminuyendo la [Ca2+]. Si el
uniportador de calcio, puede adoptar dos estados conformacionales, que se
expresan con una diferente sensibilidad al inhibidor, podria ser que en las
condiciones del sistema que hemos empleado operara preferencialmente la
comformacion menos sensible al inhibidor. Una posible evidencia de que
existe mas de una conformacion para el uniportador, son los estudios de
inhibicion con rojo de rutenio del transporte de calcio mitocondrial en
diferentes tipos mitocondriales.  Zimniak y Barnes (1980) reportaron la
caracterizacion de un transportador de calcio en vesiculas membranales de
Azotobacter vinelandii, que se inhibe a concentraciones muy altas de rojo
de rutenio, i.e. 4 M a pH 6.5. El rojo de rutenio no inhibe el transporte de
calcio en mitocondrias de plantas (Akerman y Moore, 1983); en protistas
como Euglena gracilis, es parcialmente insensible (Uribe y cols., 1894) y en

levadura se estimula (Bazhenova y cols., 1998).

Por otro lado, el Mg®* inhibe la acumulacién de calcio en COVs a altas

concentraciones, esto corresponde con lo reportado en mitocondrias, en donde se

ha propuesto que el efecto se debe al apantallamiento por cargas (Jung et al.,

1997), mas que a la acumulacion del magnesio a través del uniportador.

El sistema reconstituido en este trabajo muestra selectividad para cationes, el

Ca®" y el Sr** se transportan, mientras que el Mg** no se acumula. Estos
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resuitados concuerdan con la serie de selectividad de! uniportador, que se sabe es

Ca**> 8" > Mn® > Ba? > La® >>>Mg®* (Gunter y Gunter, 1990).

La posibilidad de que los lipidos asociados a las proteinas reconstituidas en
modelos de bicapas actien como ionéforos, se ha reportado en la literatura
(Sokolove y Brenza, 1983). Al respecto demostramos que los lipidos extraidos de
las fracciones que transportan Ca?*, no son capaces de transferir calcio de una
fase hidrofilica a otra. Demostramos el papel esencial de un componente proteico
en nuestro sistema, ya que se pierde la actividad de transporte al incorporar los

extractos activos previamente desnaturalizados por calor en COV's.

En nuestro esquema de purificacion, se utilizaron técnicas de precipitacién con
sales, cromatografia de inmuncafinidad y de isoelectroenfoque preparativo en
presencia de un detergente zwitteriénico. La actividad especifica del uniportador
de calcio en la fraccion mas enriquecida fue de 14888 + 2922 nmol Ca2+/mgl5 min
(50 nmol Ca”/mg/seg). Recientemente Villa y colaboradores (1998) reportaron
la acumulacién de 0.8 nmol 45CazJ'/mg/seg en protecliposomas de asolectina
reconstituidos con proteinas de particulas submitocondriales, en un sistema

donde se favorece la entrada electroforética de calcio con K* y valinomicina.

Otros reportes de proteinas que transportan Ca?’ se han expresado en
terminos de conductividad de la membrana (Mironova y cols., 1982). En nuestro
sistema las proteinas de particulas submitocondriales reconstituidas en COVs

acumutan 0.43 nmol **Ca®*/mg/seg.




En nuestras fracciones, la mas activa (sensible a los inhibidores policatiénicos
del transporte: rojo de rutenio y Ruzgo) se obtuvo a un pl entre 55y 6.0. Tras su
separacion por electroforesis en geles de poliacrilamida se observan
principalmente dos proteinas (18-20 y 70 kDa). Sin embargo, en las
determinaciones de actividad también encontramos actividad de transporte
(insensible a rojo de rutenio) en las regiones mas acidicas del gradiente en el
isoelectroenfoque. En esta fraccion se observa una proteina de 70 kDa, ademas

de otros contaminantes.
¢Son ambas proteinas un mismo componente del uniportador?
La actividad insensible a rojo de rutenio podria ser atribuida a;

1) La unién inespecifica del cation a proteinas que por su pl (acido), tuvieran
carga neta negativa y al ser reconstituidas a un pH neutro, quedaran

desprotonadas y unieran calcio (Figura 24).

pH Acido Basico
Anodo < Catodo |
(+) (-)
COOH COOH COOH CooH
Carga neta (+2) (0} (-2)

Figura 24. Electroenfoque de una proteina en un gradiente de pH. Una proteina
con carga neta negativa, tendera a migrar hacia el anodo («- ) mientras acepta
protones. En algun punto la carga neta de la molécula sera cero y dejara de
migrar.
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Si esto estuviese sucediendo, observariamos un incremento en el transporte
hacia la regién acidica del gradiente. En nuestro sistema esto no ocurre, ya que la
captacion en las vesiculas control que no forman potencial, es la misma a

cualquier pH.

2) La existencia de un sistema de transporte de entrada de caicio mitocondrial
diferente al uniportador, por lo menos en sensibilidad a los inhibidores clasicos

(esta hipdtesis ya se ha discutido).

3) La posibilidad de que el sistema de transporte esté formado por mas de un
componte y que lo observamos en los experimentos de las figuras 19 y 20, sea la
disociacién de la subunidad de transporte y de la subunidad a la que se une el
inhibidor. Al respecto se sabe, que las subunidades de un oligémero pueden
disociarse de manera reversible, bajo la influencia de variables como la
temperatura, la unién de un ligando, o ! pH. Por ejemplo, se ha reportado que la
4-aminobutirato transferasa es un dimero a pH 7.0, mientras que a pH 5.0
predomina la especie monomérica (Pineda y cols., 1995). Podemos pensar que
durante el isoelectroenfoque preparativo, las proteinas que migran hacia su p!,
pueden sufrir una disociacién parcial cuando sé encuentran a un pH acido; al
disociarse, cada una de las subunidades migraria hasta alcanzar su pl. De esta
forma, al incorporar la fraccion con el pl &cido, se reconstituiria el transporte, al
igual que en la fraccién de pl 5.5-8-0, en donde aun existe fa especie unida a la

subunidad menor.
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El papel que cada una de estas subunidades podria jugar en el transporte se

define con mayor claridad en los experimentos con anticuerpos especificos.

Por los datos de inhibicion de los anticuerpos parece concluyente que la
proteina de entre 18-20 kDa esta relacionada con el transporte de calcio. Sin
embargo el papel de la subunidad mayor (70 kDa) no es muy claro, ya que en
presencia del anticuerpo especifico que la reconoce, el transporte se inhibe en un
40%. Podemos especular acerca de la importancia de estas proteinas. Se ha
propuesto que el uniportador de calcio es un mecanismo cooperativo en el cual la
unién al sitio de activacion, incrementa la velocidad de transporte (Prestipino y
cols., 1974, Carafoli, 1975). Si este sitio esta desocupado, la entrada a través del
uniportador no se activara. Este sitio de reconocimiento podria estar localizado en
la proteina de 18-20 kDa y deberia estar situado cerca de la cara externa de la
membrana interna mitocondrial.  Ya que esta subunidad es muy pequefa,
' suponemos que tiene pocos cruces transmembranales, pero puede estar
suficientemente expuesta como para que la molécula de anticuerpo apantalie el
sitio de reconocimiento del calcio y el transporte no pueda activarse. Por el otro
lado, la proteina de 70 kDa estaria atravezando la membrana y cambiaria su
conformacién al ocuparse el sitio de activacion, io que daria como resultado un

aumento en el transporte.

El anticuerpo que reconoce esta proteina disminuye figeramente el transporte,

lo que podria significar que se une a un epitope localizado lejos del sitio activo.
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Un dato que apoya la idea de una subunidad regulatoria, es la observacion de
que la actividad del uniportador es regulada por cationes divalentes externos, que
$e unen a un componente localizado en el espacio intermembranal (Igbavboa y
Pfeiffer, 1991). Estos autores proponen que dicha subunidad se asociaria o
disociaria del uniportador, en respuesta a la ocupacion por calcio del sitio de
activacion. Al respecto Garlid (1994), observé que el transporte de calcio en un
sistema de bicapa lipidica presenta un comportamiento hiperbélico, en contraste
con el que se observa en mitocondrias intactas, en donde se sabe que el calcio es
un activador alostérico del transporte (Gunter y Pfeiffer, 1990). Proponen que en
mitocondrias la activacion por calcio del uniportador, depende de una proteina

regulatoria accesoria.

Estos resultados son consistentes con los estudios de actividad reversa del
uniportador, en donde se ha observado que el EGTA es casi tan efectivo como el
rojo de rutenio para inhibir la liberacién inducida por desacoplante (Igbavboa y
Pfeiffer, 1988); Litsky y Pfeiffer, 1997). Proponen que el EGTA previene la unién
de caicio al sitio de activacién, manteniendo la [Ca 2+] por debajo de la Kd y por
tanto la salida a través del uniportador es muy lenta. La fraccion que
incorporamos en COVs y que dié lugar a los anticuerpos, se obtuvo después de
precipitar con aitas concentraciones de sales,; sin embargo, en estas condiciones
co-purifica el citocromo ¢, que sabemos es una proteina periférica asociada a la
membrana interna mitocondrial, por lo que no podemos descartar el modelo de

una subunidad soluble.
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Una herramienta poderosa para la identificacion y aislamiento de proteinas es
la utilizacion de ligandos especificos. En este trabajo demostramos que el
complejo binuclear de rutenio (Russ), puede utilizarse con este fin para la
identificacion y purificacion del uniportador de calcio mitocondrial. Recientemente
Matlib y cols. (1998), demostraron que este inhibidor no tiene efecto sobre otros
movimientos de calcio, por ejemplo: el intercambiador de Na*/Ca®* mitocondrial; el
transporte de calcio de reticulo sarcoplasmico; el intercambio Na‘/Ca®* de
sarcolema; la actividad de canal Tipo L de la membrana celular y la actividad de
ATPasa de la actomicina de miofibrillas. Esto, aunado a la alta afinidad del Rusgo
por el uniportador de calcio mitacondrial (5.5 pmol/mg proteina) lo convierte en el

inhibidor ideal para identificar la naturaleza molecular de este transportador.

Nuestros resultados también indican que el Ruig se une a una subunidad de
bajo peso molecular y que bajo ciertas condiciones, es posible observar actividad
de transporte de caicio insensible a este inhibidor. Estos datos dan lugar a una
posible explicacion en base a la estructura molecular del uniportador, que podria
estar formado por una subunidad de transporte y otra a la que el inhibidor se une

y que jugaria un papel regulatorio.

Aun quedan muchas preguntas por resolver en cuanto a la manera en que los
sistemas de transporte regulan el calcio mitocondrial y de que manera interactian
con el metabolismo ceiular. Uno de los responsables de esta sutil regulacion es el
uniportador de calcio mitocondrial, al que se ha sumado un segundo sistema de
transporte (RAM), que se activa de manera transitoria por altas concentraciones

de calcio.
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La visién del calcio mitocondrial y su papel en la biologia de la célula, ha
evolucionado dramaticamente a partir de los Gitimos 25 afios. Durante mucho
tiempo se pensd que la mitocondria era un reservorio de Ca® capaz de
amortiguar los incrementos en la [Ca®']. (Nicholls y cols., 1978). Ahora sabemos
que la captacién de calcio en la mitocondria participa en el sistema de sefiales de
la célula, en microambientes asociados a otras membranas. Rutter y Rizzuto
(2000), han documentado imagenes en células vivas, con tomografia de
transmision electronica, en donde la concepcién clasica que tenemos de la
fisonomia mitocondrial cambia radicalmente. Esta nueva visién, nos ofrece {en
muchos tipos celulares) mitocondrias que existen en estrecha relacién con las
membranas de reticulo endoplasmico, por lo que estos autores han acuiado el
término de “reticulo mitocondrial”, para designar a estas estructuras. Una de las
metas importantes a conseguir, es la de investigar la importancia y relacién de
estos dos transportadores de calcio en los sitios de contacto con las membranas
de reticulo endoplasmico. A medida que se identifiquen las entidades que estan
involucradas en estos procesos se conoceran las propiedades intrinsecas de los

sistemas de transporte de calcio mitocondrial.

Aparentemente, la Unica certeza con que podemos contar en cuanto al
conocimiento de la mitocondria, es que seguirda cambiando a medida que las

preguntas actuales se resuelvan y otras nuevas ocupen su lugar.
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VIl. CONCLUSIONES

- La actividad de transporte presentada en este trabajo tiene los atributos cinéticos

y regulatorios que definen al uniportador de calcio en mitocondrias.

- El transporte de calcio en este sistema es de origen protéico, los lipidos que

copurifican con las proteinas reconstituidas no tienen actividad ionoforética.

- Los experimentos de reconstitucion e identificacién inmunolégica revelan dos
proteinas, una de 18-20 y una de 70 kDa, que podrian formar parte de un

complejo.

- Los experimentos de marcaje indican que el sitio de union del inhibidor
especifico del transporte es una proteina de 18-20 kDa. Esta subunidad
podria tener un caracter regulatorio, mientras que la subunidad mayor podria

representar a la proteina transportadora.
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Viil. PERSPECTIVAS

Obtener ambas subunidades intentando reconstituir el transporte con cada una

de ellas y demostrar que se cumple el siguiente esquema:

Subunidad 18-20 kDa 70 kDa 18-20 + 70 kDa
Transporte de Ca®* - + +
Inhibicién por R.R./Rusgp - - +
Unién *PRusee/'R.R. + ] +

De ser asi, propondriamos una estructura oligomérica para el uniportador, con
una subunidad regulatoria a la que se une el inhibidor. Para confirmar la
suposicion anterior, intentariamos entrecruzar ambas subunidades, para
demostrar que la actividad insensible a rojo de rutenio es la misma que la del pl

5.5-6.0 y que el pH esta propiciando la disociacion del oligomero.

El aislamiento y reconstitucion del uniportador de calcio, abre la posibilidad no
solo de identificar a la proteina o al complejo responsable del mecanismo de
entrada de calcio en mitocondrias, sino también a tener acceso a la poderosa

bateria de herramientas que proporciona la biologia molecular. La secuenciacion
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de esta proteina permitiria la comparacién entre secuencias de otros sistemas de

transporte, posiblemente relacionados.

La secuencia o alternativamente la obtencién de anticuerpos monoclonales
contra estas proteinas, podrian utilizarse como sondas en un banco de cDNA
comercial de corazén de res o de rifion de rata.  Tras identificar las clonas
positivas, se podrian llevar a un vector de expresion adecuado, posiblemente

levadura.

La produccién de cantidades suficientes de esta proteina, a través de las
técnicas de biologia molecular permitiria a futuro, ilevar a cabo estudios de tipo
estructural utilizando cristalografia de Rayos X o de resonancia magnética
nuclear, o que daria una detaflada informacion de los mecanismos de accién de

este tipo de moléculas.
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Abstract

We desertbe o culeium transport that s sensitive to ruthemum red in iposomes
reconstituted with mutochondnial extracts. This svstem s able to build an
mnternally negative membrane potental, which allows the electrogenic influx of
Ca  and St Proteins with molecular weights higher than 35kDa were
incorporated to the vesicles. and enhanced the accumulation of the cation in
an energv-dependent fashion.
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Introduction

Calcium ion influx into the mitochondrial matrix appears 1o be mediated by
a reversible uniport system. which seeks to equilibrate the electrochemical
potential of Ca’” across the inner mitochondrial membrane (Selwyvn e ol
1970: Rottenberg and Scarpu. 1974: Puskin er al.. 1976). This process is
dependent on an internal negative Ay, and is inhibited by ruthenium red and
lanthanides (Reed and Bvgrave. 1974: Rossi er al.. 1973).

In the last vears. several attempts have been made (o purify a mito-
chondrial protein with clear Ca®" transport activity (Sottocasa et al.. 1971:
Gomez-Puyvou et al.. 1972: Blondin. 1974: Fry and Green. 1979: Jeng and
Shamoo. 1980: Rosier and Gunter. 1980). Sottocasa er a/. (1971} isolated 2
soluble Ca*~ -binding glycoprotein from liver mitochondria by hyvpotonic
shock. Antibodies prepared against this 42.000-Da protein (Panfili ¢r of.

'Departamento de -Bioguimica. Instituto Nacional de Cardiologia lgnacio Chavez. México.
D.F.. 041080. Mexico.

“Instituto de Fisiologia Celular. Universidad Nacional Autonoma de México, Departamenio de
Microbiologia. Institete de Fisiologin Celular, Umiversidad  Nacional  Autonoma  de
Mexico. Apartado 70-600. Meéxico (4510, D.F.. México.
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1979) inhibit the rate at which high concentrations of Ca’" are accumulated.
However, the easy extraction would indicate that it is not an integral
membrane protein. In addition. the large amounts in which it may be
prepared (Sottocasa er al.. 1971) contrast with the low number of La'*
binding sites reported (Reed and Bygrave, 1974). Jeng and Shamoo (1980)
have isolated a 3000-Da polypeptide from mitochondria, which is highly
acidic and capable of transferring Ca’~ into an organic phase. Another
possible Ca*~ translocator arose as a result of experiments with reconstituted
purified cytochrome oxidase (Fry and Green. 1979: Rosier and Gunter. 1980:
Rosier er al.. 1981). Fry and Green described an increased passive Ca’~
permeation in liposomes reconstituted with subunit 1 of cvtochrome oxidase,
whereas Rosier and Gunter (1980} observed a slow. respiration-dependent,
uptake of Ca’" in vesicles reconstituted with cvtochrome oxidase.

The purpose of the present work was 1o study the transport of Ca*™ in
liposomes reconstituted with mitochondrial extracts. The results obtained
indicate that Ca’" accumulation is energy dependent and is inhibited by
ruthenium red.

Materials and Methods

Preparation of Mirochondria

Mitochondria from rat kidney cortex werc prepared. as described
elsewhere (Chavez ¢1 al.. 1985). in 250 mM sucrose. 10 mM TRIS-HCI.' and
i mM EDTA, pH 7.4, as isolation medium. The mitochondria were then
washed in this medium without EDTA. Proteins were determined by the
biuret method after solubilization of mitochondria with deoxycholate (Gornall
et al.. 1949). Bovine serum albumin was used as standard.

Preparation of the Vesicles

Cvtochrome oxidase was purified from beef heart as described (Ramirez
etal.. 1987). COV and COV,, were obtained with the cholate dialysis method
(Hinkle ez al. 1972). using acetone-extracted asolectin (Kagawa and Racker,
1971). The dried lipids were dispersed (vortex mixing) in aqueous buffer
(H:PO,~-TEA 50mM. pH7.0) at a final phospholipid concentration of
30 mg/ml and sonicated to clarity. Cytochrome oxidase was then added to a

*Abbreviations used: CCCP. carbonvicyanide m-chlorophenythvdrazone: COV. cviochrome
oxidase vesicles; COV,,. cvtochrome oxidase vesicles plus mitochondrial extracts: EDTA.
ethvlendiamine-N. N -tetraacetic  acid:  AY. mitochondrizl membrane potential:  TRIS.
Tris(hvdroxvmethvhaminomethane: TEA. triethanolamine: TMPD. NN N'N-tetramethyl-
phenylenediamine: R.R.. ruthenium red: P.L.. phospholipids: cit ¢, eylochrome ¢: PAGE.
polvacrvlamide gel electrophoresis: ¢yt ox, cvtochrome oxidase: SDS. sodium dodecyvisulfate.
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final concentration of 0.25 mg/mi and mitochondrial extracts solubilized with
sodium cholate to a concentration of 3mg/ml. The incorporation of the
membrane proteins was achieved after a gentle sonication for 10sec. The
suspension was dialyzed overnight at 4°C against 250 volumes of 50 mM
KH,PO,. pH 7.0. and then passed through a G-50 Sephadex cotumn pre-
equilibrated with 50 mM KH.PO,. 0.8% sodium cholate. 0.5%0 asolectin.
pH 7.0. The vesicles were collected by centrifugation at 100.000¢ for 1.5h
and then resuspended in the dialysis buffer.

Vesicles with encapsulated dye were prepared similarly by adding Anu-
pyrvlazo Il to a final concentration of 3mM in the vortex mixing step
(Kester and Sokolove. 1989).

Muochondrial Extracts

Membrane proteins were solubilized with 1.6% sodium cholate and
centrifuged in a Beckman Spinco Microfuge for 4min at maximum speed.
The supernatant, about 3mg:ml. was loaded on the top of a glycerol step
gradient (v:v) constructed with 6 ml of 50%. 6ml ot 40%.. 6 ml of 30%.. 6 ml
of 20%. and 4mil of 10% in 30mM KH,PO,. ImM EDTA. 0.3mg/m]
asolectin. and 0.8% sodium cholate. pH 7.0. Mitochondrial extract (6 mg)
was added and centrifuged at 90.000¢ for 2.5h in an SWI5T rotor type
centrifuge. Fractions of Smi were collected carefully using Pasteur pippetes.
The fractions were incorporated to the vesicles for Ca”™ uptake assay. The
upper fraction (10°0 glveerol) containing almost 20% of protein had no
activity. neither did the bottom fraction (50%e glycerol) which included a hight
pellet. The remaining volume was designated MG. Incorporated proteins
were determined by the Nakamura method (Nakamura ¢r ol 1983).

Assav of Ca Uptake

Samples were prepared in a final volume of iml of 50mM KH.PO,
(pH 7.0). containing 1 mg of vesicle phospholipids plus 7.5mM ascorbate.
pH7.0. 0.75mM TMPD. and 150pug cytochrome ¢. To inhibit calcium
uptake. purified ruthenium red was added (Luft, 1971) to a final concen-
tration of 10 uM (uniess otherwise indicated). The uptake reaction was initiated
by adding 0.03 ml of 10 mM “*CaCl, (specific activity 1000 cpm’'nmol). Lsing
the protamine aggregation/filtration technique (Rosier ¢7 a/.. 1979). 0.2ml of
a protamine solution (4 mg/ml) was added to precipitate the vesicles. and the
sample was immediately filtered with a 0.45 um pore size Millipore filter. This
wus washed immediately with 10 ml of cold 10 mM CaCl, and dried. Trapped
“Ca’- was determined using the standard liquid scintillation technique.
"S- (specific activity 1000 &pm/nmol) was determined in the same way.
Samples with or without ascorbate were run in parallel. and the increment or




892 Zazueta et al.

net uptake was used to calculate the rate at the given incubation times. Ca’*
uptake was also determined with the encapsulated metallochromic indicator
Antipyrylazo Ill. Measurements were performed in an SLM-Aminco
DW-2000 dual-wavelength spectrophotometer at 790-720 nm (Johnson and
Scarpa, 1973).

Assessment of Liposomes' Integrity

Integrity of the liposomes was determined by their ability to maintain a
membrane potential: changes in Ay were followed by dual-wavelength
spectroscopy using safranine at 533 minus 511 nm. as reported (Akerman and
Wikstrom, 1976).

Other Assavs

Magnesium determinations were carried out in a Perkin-Elmer 560
atomic absorption spectrophotometer. by using the magnesium atomic
absorption solution from Sigma as standard. Polyacrylamide gel electro-
phoresis of the mitochondrial extracts and of incorporated proteins in the
vesicles was performed in the presence of 0.1% sodium dodecyisulfate, as
described by Weber and Osborn (Weber and Osborn. 1968). Silver stain for
SDS PAGE was performed as described by Oakley (1980).

Results

Early reports (Fry and Green. 1979; Rosier and Gunter. 1980: Rosier
et al., 1981) have shown that cytochrome oxidase vesicles. in the presence of
an oxidizable substrate and cytochrome ¢. are able to accumulate Ca’* in
response to an internal negative membrane potenual. However, this
electrophoretic accumulation of Ca*~ is not sensitive to ruthenium red. Thus,
it appears that the transport is not mediated by the umiporter. Figure |
represents Ca’~ accumulation by phospholipid vesicles reconstituted with a
compiete mitochondrial extract and cytochrome oxidase. As observed, in
COV,, vesicles, Ca’ accumulation attained its maximum value, 1e..
260 nmol - mg ™' after 30 min of incubation time. Ruthenium red, an tnhibitor
of mitochondrial Ca" transport (Vasington et af., 1972: Reed and Bygrave,
1974: Luthna and Olson. 1977). also inhibits calcium uptake in this recon-
stituted system. When ruthenium red was added. the uptake value decreased
to 190nmolmg~'. This result seems to indicate that calcium transport in
COV,, was carried out through the Ca*~ uniport system. This statement is
reinforced by the fact that energized vesicles without mitochondrial proteins
failed to accumulate high amounts of the cation. The increment in Ca®~
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. Fig. 1. Cua®* uptake in COV and COV,, as a function of time. A I-mg portion of cytochrome
oxidase vesicles was added 10 an incubation medium containing 50 mM KH.PO,. 7.5mM
ascorbate. 0.75mM TMPD. and 150 ug cvtochrome ¢ (pH 7.0). Where indicated. 4 uM ruth-
enium red was added. Samples were incubated during the indicated time and then filtered
through 0.45um Millipore filters using the protamine aggregation/filtration techmque. Filled
circles (@) represent cytochrome oxidase vesicles and open circles (O) represent cytochrome
oxidase vesicles with incorporated mitochondrial proteins from a complete membranous extract
(5mg/ml) solubilized 1n 1.6°0 sodium cholate. beforc dialysis. Final volume | ml. temperature

25°C.

transport in COV\, was twice that observed in COV. The effect of ruthenium
red in COV was negligible. which agrees with the findings of Rosier and
Gunter (1980). Figure 2 summarizes the inhibition of cailcium uptake in
COV,, by R.R. This plot is linear with an apparent dissociation constant for
the inhibitor (K,) of 3.5uM at pH 7.0. Additionally, Ca’* uptake at short
times was explored: accumuiation was 120nmol Ca** /mg during the first
minute of incubation. Qualitative measurements of membrane potential in
COV and COV,, were made using the membrane potential dve. safranine,
according to methods previously reported (Akerman and Wikstrom, 1976).
Figure 3a shows that the membrane potential was achieved only when the
vesicles were energized by oxidation of ascorbate. Interestingly, Ca’*
addition abolished the internal negative membrane potential developed n
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Fig. 2. Inhibition of calcium transport by ruthenium red in cytochrome oxidase vesicles with
mcorporated mitochondrial proteins. Samples were assayed as in Fig. 1. Final volume | ml:
temperature 25°C.

COV. Therefore. Ca’* transport seems to occur through an electrogenic
mechanism.

The fact that ruthenium red diminished the effect of Ca** on Ay (Fig. 3b)
reinforces the statement that the Ca’* translocator was incorporated in
COVy. The deflecion. following ruthenium red addition. corresponds to
absorbance of the dye at 533-51] nm. Quantitative Ca** uptake in reconsti-

incorporated mitochondrial extracts was around 270nmol Ca**/mg of
protein/30 min. supported by internally negative Ay in vesicies of cyto-
chrome oxidase. These values were reduced 50% when ruthenium red was
present in the assay. It should be noted that in each experiment all het uptake
rates and ruthenium red-insensitive uptake were calculated as the difference
between the energized and nonenergized uptake rates. The uptake rates in
COV were also subtracted in each situation. The average uptake rate in
energized COV was 2.42 + 0.9nmol Ca’" /mg of cvt ox/min. This value is
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Fig. 3. Collapse of Aw as mnduced by Ca** or CCCP in cytochrome oxidase vesicles. cov,,
represents evltochrome oxidase vesicles with incorporated mitochondrial proteins from a
complete membranous extract. solubilized 1in 1.6% sodium cholate. as described in Materials
and Methods. before dialysis. A I-mg portton of COV,, was suspended in 50mM KH,PO,,
and 10 4M safranme was used as indicator. Where indicated. 150 g cvtochrome ¢, 7.5 mM
ascorbate, 0.75mM TMPD. 100 gm CaCls. 10 gM CCCP, or 10 uM ruthenium red (R.R.) were
added. Final volume | ml: temperature 25°C.

Table 1. Inhibition by Ruthenmum Red of the Reconstituted Ca™* Uptake”

Incorporated nmol *Ca” " ymg protein/30 min
fraction into

Ccov Net uptake { = R.R.) R.R. insensiive (+ R.R.} R.R. sensitive
COov,, 283.6 = 5047 1322 + 66.0(7) 151.4 {53.3%)
COVy,, 285.00 = 153.0(%) 1398 + 96.0(3) 144.9 {50.9%)
COV,,., 201.0 = 150 (3 93.9 = 27.0 (3) 108.3 (53.6%)

“Cvtochrome oxidase vesicles were prepared. as previously described. with the indicated proteins
im the suspension at the ume of dialysis. The ruthenium red-sensiive uptake rate is the
difference between the net uptake and the ruthenium red-sensitive uptake, COV,, represents
cvtochrome oxidase vesicies with incorporated proteins from a complete extract of membrane
proteins in 1.6% sodum cholate: COV, 15 the fraction of mitochondrial proteins solubilized
in [.2% detergent reconstituted in cvtochrome oxidase vesicles, and COV,,; indicates vesicles
with an extract obltamed alter glyveerol gradient fractionanon. Values in the first two rows
represent the mean of the expeniments indicated by the number in parenthesis + S.DD. The third
row represents the caicium transport. sensibive 1o ruthenium red, as the difference between net
uplake and caicium transport msensitive to ruthenium red.
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Fig. 4. Reconstitution of Ca’* uptake in cytochrome oxidase vesicles with extracts of mito-
chondrial proteins, loaded with Antipyrylazo 111, A 1-mg portion of cytochrome oxidase vesicles
with incorporated proteins was suspended in 50 mM KH. PO, . Where indicated. 750 uM CaCl,.
150 ug cytochrome ¢. 7.5mM ascorbate, 0.75mM TMPD. and 10 uM CCCP were added. Traces
a. ¢. and e represent incubation in the presence of 10 uM ruthenium red.

similar to that obtained by Rosier er al. (1981), i.e.. 2.9nmol Ca’* fmg of
cyt ox/min in internally negative Ay COV,

To determine whether the data in Table I corresponded to Ca** trans-
port or represented Ca*” binding, calcium uptake was followed by using
encapsulated Antipyrylazo IIl in the incorporated systems (Fig. 4). Anu-
pyrylazo 111 was chosen. instead of the more classic metallochromic indicator
Arsenazo I11 (Kester and Sokolove, 1989), because it allows measurement of
Ca®* transport even in systems with colored reagents (citc). As observed
(Fig. 3a). in energized vesicles without mitochondrial extracts no increments
in absorbance of the entrapped indicator, Antipyrylazo II. occurred. The
latter indicates that calcium was not accumulated in these vesicies. The
neutral ionophore. A23187, promotes Ca** uptake despite incubation with
ruthenium red. Addition of ascorbate-TMPD to the vesicles. with incorpo-
rated mitochondrial extracts (COV,, and COV,,;), induced an important
increment in Ca’* uptake. This was more striking in COV, (Fig. 4, trace b),
since these vesicles incorporated approximately 40 ug of protein/mg of P.L.
from the complete mitochondrial extract (M). Conversely. COV,,, only



Table 1. Divalent Cation Transport in COV,*

nmoi/mg protein/30 min

Divalent cation

transport in COV,, —-R.R. +R.R.
Ca’* 283.6 + 50.4 (7) 132.1 4 66.0 ()
Sr** 2399 + 923 (3) 156.7 + 58.6 (3)
Mg:f _ _

“Cation transport was determined as described in Materials and Methods. The uptake rates are
the difference between the uptake in energized and nonenergized vesicles. Final volume | ml:
temperature 25°C.

(MG). a significant amount of low-molecular-weight proteins was elimi-
nated. Finally, Fig. 7 shows the polyacrylamide gel electrophoresis of the
cytochrome oxidase vesicles. reconstituted with mitochondrial extracts.
compared with molecular weight standards (well a). Well b shows total
mitochondrial proteins. Well ¢ illustrates the proteins reconstituted from the
complete extract, and well e shows those incorporated in the vesicles from the
glycerol extract. Well d shows a glycerol gradient extract that has no activity.
Proteins with molecuiar weights higher than 35kDa were preferently stained
in samples ¢ and ¢. Simultaneously, vesicles with incorporated cytochrome
oxidase were electrophoresed. The amount of protein incorporated could not
be observed using Coumassie Blue staining (not shown).

D.O. 545 nm

ORIGIN L ICM4

Fig. 6. Scanning of mitochondrial extracts before incorporation into COV. Rat kidney mito-
chondria were solubilized with sodium cholate: M represents a complete extract of membranous
protein in [.6% detergent: M1 is the fraction soluble in 1.2% sodium cholate. and MG is an
extract obtained after glycerol gradient separation: 150 ug of each sample were etectrophoresed.
as described in Matenals and Methods. and stained with 0.1% Coomassie Blue.
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Fig. 5. Inhibitory cffect of magnesium on calcium uptake in cvtochrome oxidase vesicles with
incorporated mitochondriai extracts. Caleium trunsport was assaved as described in Materials
and Methods. Final volume | mb; wemperature 25°C.

incorporated around 20 ug/mg of P.L. (Fig. 4. trace ¢). When ruthenium red
was present in the medium. a clear inhibition in Ca™" uptake occurred in both
samples (Fig. 4d).

[t is known from the work of Scarpa and Azzone (1968) that. in liver
mitochondria. the surface binding of calcium is reduced by the addition
of Mg . by lowering pH. or by increasing the osmolarity of the medium.
Figure 5 shows the eifect of Mg in calcium uptake. A 50% inhibition (/)
at 29.2mM was caleulated from a Dixon plot. The inhibition at this con-
centration suggests that magnesium binds at the level of the membrane
surface. producing screening effects as occurs in rat liver mitochondria
(Vaino er «f.. 1970). Table 11 compures the transport of divalent cations by
the reconstituted system. Calcium and strontium were transported 1n an
energy-dependent fashion and their accumulation was ruthenium red sensi-
tive, i.c.. ™Sr™ " uptake was inhibited by ruthentum red in 34.7°o. Again. the
uptake rates were calculated as the difference between the energized and
nonenergized uptake rates. Magnesium influx into vesicles was determined by
atomic absorption. but no differences in the energized and nonenergized
samples were found. Figure 6 shows the scanning of the mitochondrial
extracts used in the incorporation, as resolved in SDS gel electrophoresis. In
the fraction from the extract obtained by fractionation with glycerol gradient
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Fig. 7. SDSPAGE (10"5 gely of cyvtochrome oxidase vesicles reconstituted with mitochondrial
extracts. Samples of 15 pg protein were tncubated with 0.1°0 SDS and 0 14 fi-mercaptoethanol
mm a 100°C water bath for 2mun. Then the soluton was mixed with 10wl Bromophenol Blue
{2.5%y and placed mto the wells. Moleculur weight stundards (well a) and 4 complete mito-
chondrial extract (well by were adso electrophoresed s controls

Discussion

Several authors have demonstrated Ca* uptake into cvtochrome oxidase
vesicies reconstituted by using phospholipids and extracted mitochondrial
proteins (Gunter ¢ af.. 1978: Fry and Green. 1979: Rosier and Gunter. 1980;
Rosier et al.. 1981: Salizgaber-Mauller et al.. 1980). Roster and Gunter (1980)
observed an energ\-dependent uptake of Ca”~ in cviochrome oxidase vesi-
cles. Ruthenium red does not appreciably affect calcium uptake in such
vesicles. However. agents that break down the proton gradient developed in
COV. such as CCCP or the combination of mgericin. valinomycin. and K~
(Fry and Green. 1979). were found to be potent inhibitors of Ca-~ accumula-
tion. The lack of effect of ruthenium red on the Ca*" uptake in COV may
indicate. as proposed by Rosier and Gunter (1980). that either modification
of the calcium mediator has occurred or that Ca " transport in COV is
mediated by an enurely different. perhaps less specific. transport svstem. In
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1981. Rosier er al. demonstrated uptake of calcium against its electrochemi-
cal gradient into internally positive asolectin vesicles containing cytochrome
oxidase and fraction V, which includes the high-affinity uncoupler site as well
as the base protein (F,) of the mitochondrial H™ -transporting ATPase (F).
Calciphorin. a putative calcium ionophore protein of 3000 Da molecular
weight (Jeng and Shamoo. 1980), was tentatively identified as the electro-
phoretic uniporter involved in Ca’~ uptake in mitochondria. but Sokolove
and Brenza (1983) found that all of the Ca** binding properties of the crude
hepatic calciphorin fraction can be attributed to the associated lipids. Cardio-
lipin is @ major component in mitochondrial membranes. Tyson er af. (1976)
demonstrated that cardiolipin. when present in an organic phase at milli-
molar concentrations. can mediate the transport of calcium in a Pressman
cell. In our assays. the lipid constituents probably cannot account for the
transport rates that we observed. since we reconstituted both lipid and
protein components in each sample. As indicated. we report the energy-
dependent calcium transport. not the binding of calcium to the whole system.
A chymotrypsin-sensitive polypeptide of 8800 Da. an impurity in cvtochrome
oxidase preparations (Saltzgaber-Muller es «/.. 1980}, was also incorporated
in COV:; however. ruthenium red. at concentrations of 100 M. did not
inhibit Ca’* uptake. The present work shows that high-molecular-weight
proteins (35-60kDua) from rat kidney mitochondnal extracts are prefer-
entially reconstituted in COV. These proteins enhance Ca” " accumulation as
well as Sr°° uptake in cythocrome oxidase vesicles in an energy-dependent
fashion. Calcium accumulation seems to be related with the so-called uni-
porter since 1t is sensitive to ruthenium red: although the dve levels could
seem too high, most of them could be acting on unspecific binding to
phospholipids. In agreement with our results. Zimniak and Barnes (1980)
have reported the characterization of an electrogenic calcium transporter in
membrane vesicles from Azorobacter vinelandii. which is inhibited by 4 #M of
ruthenium red at pH6.5.

The inhibition of calcium transport by high concentrations of Mg~
could indicate binding or charge screening effects. On the basis of inhibitor
studies (Crompton et al.. 1976). influx of magnesium into heart mitochondria
is believed to occur via a mechanism distinct from the Ca™~ uptake mechanism
(Diwan. 1987). whereas calcium transport inhibitors inhibit Mg*~ as well as
Ca“" influx in brain and in liver mitochondria (Rugola and Zoccarato. 1984:
Kun, 1976). Thus. although the calcium accumulation svstem has a very iow
activity for Mg”* (Vaino. et al.. 1970). complete exclusion of this cation from
transport on the uniporter may be tissue specific.

The reconstituted system presented in this work shows cation selectivity,
since Ca’~ and Sr-~ were transported. whereas Mg* " was not (Table 11).
These results are in agreement with the selectivity series of the uniporter.
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knownasCa’” > Sr" > Mn"* > Ba’* > La'" » Mg®". This series is not
followed by the system proposed by Jeng and Shamoo (1980). since Mn**
and Zn** interact strongly with calciphorin, whereas Sr°° and Mg" " show a
shght effect on calcium extraction by calciphorin (Sokolove and Brenza.
1983).

We cannot discount the fact that some of the possible Ca”~ translocators,
already cited. were reconstituted in this system. What is true is that the
characteristics of those systems alone cannot account for the current data.
The question remains if a single band (35 kDa) stained from the incorporated
proteins of the pooled extracts could correspond to the glvcoprotein isolated
by Sottocasa ef «f. (1971). The molecular nature of the calcium transporter
is unknown. By analogy with other systems, 1t 1s most likely a protein. but
at present we cannot exclude other possibilities. e.g.. a low-molecular-weight
ionophore or lipid molecules (Tyson ¢t «l.. 1976).

Considcrable effort has been made 10 elucidate the nature of the umporter
(Blondin. 1974: Fryv and Green. 1979: Jeng and Shamoo. 1980: Rosier ¢ al..
1981: Reed and Bygrave. 1974; Sottocasa ¢r af.. 1971: Sandri ¢r af.. 1976
Panfili and Crompton. 1983: Saltzgaber-Muller ¢r «af.. 1980). but there
is still no clear evidence for the isolation and reconstitution of the Ca™”
mitochondrial uniporter.
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Identification of a 20-kDa Protein with Calcium Uptake
Transport Activity. Reconstitution in a Membrane Model
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This paper presents results of experiments designed to further purify the membrane system
involved in mitochondrial calcium transport. A partially purified extract, which transported

caicium with a specific acuvity of 1194 nmol HCa®

mg protein 3min. was used to obtain

mouse hyperimmune serum. This serum inhibited calcium uptake both in mitoptasts and in
vesicles reconstituted with mitochondrial proteins containing cyvtochrome oxidase. Western
blot analysis of the semipurified fraction showed that the serum recognized specifically two
antigens of 75 and 20kDa. Both anuibodies were purified by elution from the nitrocellulose
sheets and their inhibition capacity was analyzed. The antibody that recognized the 20-kDa
protein produced a higher degree of inhibition than the other one.

KEY WORDS: Calcium uptake: uniporter: mitochondria.

INTRODUCTION

It has been well established that Ca®" regulates
several intramitochondrial functions (Gunter and
Pfeiffer. 1990: Denton and McCormack. [985:
Hansford. 1985). therefore, it is important to
clucidate the mechanisms through which Ca ™ is
taken up by mitochondria. 1t is commoniy d'iSuml:d
that  the energy-linked transport of Ca®™ s
accomplished through a specific membrane transport
system. Since the pioneering reports of Lchninger
(1971) and subsequent workers (Sottocasa et al.
1971; Goémez Puyou er al., 1972; Blondin, 1974
Carafoli and Sottocasa, 1974; Jeng and Shamoo.
1980: Mironova ef al.. 1982 Ying et al. 1991},
considerable effort has been devoted to the search
and characterization of the calcium uniporter.
Sottocasa ¢t al. {1971) isolated a glycoprotein from

! Departamente de Biogumtca. Instituto Nacional de Cardiologia,
[gnacio Chivez. México. 14080, D.F., México.

Y Seccidn de Biologia Celular, instituto Naccional de Cardiologia,
Ignacio Chavez. México. 14080. D.F., México.

¥ Instituto de Fisiologia Celular. UNAM. Apanado 70-600. 04510
México.

the intermembrane space which bound Ca®" with
high affinity. A regulatory role upon mitochondrial
Ca’~ homeostasis has recently been attributed to
that glycoprotein by Panfili er al. (1980). Carafoli’s
group has described a gl)coprotem located in the
inner membrane which transports Ca”" and increases
electric conductance in lipid bilayers (Carafoli and
Sottocasa. 1974). Recent work by Miranova et al.
{1982) describes a glycoprotein and peptide isolated
from heart mitochondria capable of transporting
Ca~". Their reported molcculdr weights are 40 and
’LDa respectively. This Ca"" transporting activity
is inhibited by ruthenium red at concentrations
varying from | to 10 M.

An attempt to characterize the mitochondrial
Ca™" transport system was carried out recently in
our laboratory. We reported (Zazueta el al.. 1991}
that mitochondrial extracts, reconstituted in cyto-
chrome oxidase vesicles (COV). transported Ca™" in
an energy-dependent fashion and that this Ca’"
accumulation was sensitive 1o ruthenium red. The
crude extract exhibited the following selectivity for
divalent cations: Ca2* > Sr°” > Mg"". The present
work describes the results of further purification and

1145-479X 93 |O00-D55550T 00 0« 1994 Plenum Publishing Corporation
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inmunochemical identification of proteins involved in
mitochondrial Ca® transport. It was found that
polyclonal antibodies induced against a semipurified
extract recognized three specific membrane proteins.
corresponding to molecular weights of 75, 70, and
20kDa. An important feature of this work is the
fact that the antibody associated with the 20-kDa
protein inhibited calcium transport by 70%.

MATERIALS AND METHODS

Mitechondria from rat kidney cortex were
prepared as described (Chavez er af.. 1985) in 0.25 M
sucrose, 10mM Tris,” and | mM EDTA. pH 7.0, as
isolation medium. Submitochondrial particles were
obtained by the method of Lee and Ernster (1965).
Semipurified extracts were obtained after solubiliza-
tion of SMP with 1.2% sodium cholate in a sucrose
medium. This sample was 50% saturated with
ammonium sulfate and centrifuged at 12,000g for
10min at 4°C. The supernatant was then 90%
saturated with ammonium sulfate and centrifuged at
20.000 g for 153 min at 4°C.

The resulitant pellet was homogenized with
30mM KH.PO,, pH 7.0. and dialyzed against the
same buffer in a 1:250 proportion {(F90). This
fraction was extracted with 60% chloroform: 40%
n-butanol and separated by centrifugation at 1,500 ¢
for 10min. The organic phase was evaporated to
dryness under a nitrogen current. The resultant dry
extract was dissolved in 50mM KH.PO4 0.8%
sodium cholate, pH 7.0 (Fy). Protein was determined
by a modified Lowry method (Nakamura et af., 1983).
The extracts were reconstituted into COV to test their
calcium transporting activity, as follows: Dried lipids
were sonicated to clarity in 50 mM H3PO,-TEA, pH
7.0. Cytochrome oxidase was added to a final concen-
tration of 0.25mg/ml and incorporated by simply
mixing it with the liposomes as described by Ramirez
ef al. (1987). Mitochondrial extracts solubilized with
0.8% sodium cholate were incorporated to COV after
a gentle sonication for i0sec and dialyzed overnight
at 4°C against 250 volumes of 50mM KH,PO,,

" Abbreviations:  HEPES,  N-2-hydroxyethylpiperazine-¥-2-

ethanesuifonic acid; Tris, tristhydroxymethyl)aminomethane:
SDS PAGE. sodium dodecyl polvacrylamide gel electrophoresis:
EDTA ethviendiaminetetraaceticc. CCCP. carbonylcyanide
m-chlorophenylhydrazone; TEA, triethanolaming; COV,
cytochrome oxidase vesicles.

Zazueta er al.

pH 7.0. The next day they were passed through a G-30
Sephadex column pre-equilibrated with the same
buffer. The vesicles were collected by centrifugation
at 100.000g for 1.5h and assayed for calcium
uptake.

Hyperimmune sera was obtained from female
Balb-c mice. 6-8 weeks old. immunized everv
three weeks by subcutaneous or intraperitoneal
injection of 40 ug of the semipurified fraction (F90)
emuisified in incomplete Freund's adjuvant. Sera
from immunized mice were stored at —20°C until
required. The specificity of the antisera against the
F90 protein components was determined by Western
blot. whereas the optimal titration was determined by
enzyme-linked inmunoabsorbent assay (ELISA).
(Engvall and Perlmann, 1971). The serum from each
mouse was tested separately, and only active antisera
were pooled (AntiUni-Ca*").

Inhibition of caicium transport by antisera was
assayed in two different systems: in liposomes
with incorporated mitochondrial proteins and in
mitoplasts. Mitoplasts were freshly prepared each
day as follows: Digitonin, 1.2% (w/v) was added
dropwise to 10mg of mitochondrial protein. The
resulting suspension was incubated for 10 min at 5°C
and centrifuged at 15,000 g for }Q min. The mitoplast
pellet was resuspended and an outer membrane
preparation was obtained by ultracentrifugation of
the supernatant at 144,000 ¢ for 10 min at 5°C. Most
of the activity of monoamine oxidase, assaved by the
method of Schnaitman and Greenawalt (1968).
was found associated with the outer membrane
preparation. (88 + 12nmol/min/mg protein}. The
inner membrane-matrix fraction retained its
morphological integrity and exhibited a high
respiratory rate when assayed in a sucrosefHEPES
medium containing EDTA. Calcium transport in
mitoplasts was followed by dual-wavelength spectro-
scopy at 675-685 nm. with the methallochromic dye
Arsenazo III (Kendrick, 1976). Quantification of
calcium uptake was obtained by a filtration technique
using **CaCl, (specific activity 1000cpm/nmol) in
reconstituted liposomes and in mitoplasts. Changes
in the transmembrane potential were followed by
dual-wavelength spectroscopy, at 511-533 nm, using
safranine as reported (Rottenberg, 1979).

Polyacrilamide gel electrophoresis was performed
in the presence of 2% sodium dodecyl sulfate, as
described by Laemmli (1979). The proteins were
electroblotted onto nitroceiiuiose {Towbin ef al.
1979), and then visualized for specific antibody
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Table . Calcium Uptake Activity of Semipurified Mitochondrial Extracts’

Solublized extract co-reconstituted Total protein Specitic activity Yield purification

with cylochrome oxidase (mg) {(nmol:mg: 5 min) (°%)
Mitochondria . 2900.00 151.88 100 1.00
Inner membrane proteins 1315.00 127.33 40 0.83
50% amtmonium sulfate precipitation 659.10 — —

90°% ammonium sulfatc precipitation 4420 443.00 2.7 291
Organic-extraction {CHCly/n-butanol) 270 1194.00 0.9

4COV (1.5mg phospholipids) with incorporated protein from semipurified extracts were added to an incubation medium containing 50 mM
KH,PO;. 7.5mM ascorbate. 0.75mM TMPD. 150 ug cytochrome ¢ (pH 7.0), and 0.5 M BaCl, (specific activity 1000 cpmynmol). The
samples were incubated during 5 min. and an aliquot filtered through a 0.45 uM Millipore filter using the protamine aggregation/filtration
technigque. Specific activity values represent the difference between the energized and nonenergized uptake rates. Under all conditions the

calcium transport activity was inhibited by ruthenium red. Final volume 1 ml: temperature 25°C.

binding by the inmunoperoxidase method. using
diaminobenzidine tetrahydrochloride.

RESULTS

Calcium Uptake Activity of Semipurified Extracts

As described in the preceding section, partially
purified extracts were obtained and reconstituted
into vesicles to test their ability to accumulate
calcium in similar conditions as those reported for
whole mitochondria extracts (Zazueta et al., 1991).
The results are presented in Table I. As indicated,
after elimination of external membrane and matrix
space constituents, inner membrane proteins still
transported calcium with a specific activity of
127.3 nmol **Ca”~/mg protein;S min. The ammonium
sulfate fractionation step provided two extracts; the one
obtained after precipitation at 50% saturation
completely lost the ability to accumulate the cation
regaraless of its considerable amount of protein
content.

The second extract (F90), once reconstituted,
restored calcium uptake with a specific activity of
443nmol *°Ca’~/mg protein/Smin. Finally, this
fraction was extracted with chloroform:a-butanol
and reconstituted into the vesicle system (Fy); again
calcium transport with a specific activity of 1194 nmol
45Ca*” 'mg/5min was observed. Figure 1 shows the
electrophoretic patiern of the extracts with calcium
transport activity, from left to right, duplicates of 10
and 20 pg protein: submitochondrial particles (SMP),
fraction precipitated with 90% ammonium suifate
(F90). and fraction extracted with organic solvents
(Fy). We also explored the ability of the F90 fraction
to promote calcium movements through an organic

phase. As seen in Fig. 2, calcium was translocated
from a hydrophilic medium. through the hydro-
phobic phase. 1o an aqueous solution containing a
calcium chelating buffer. This movement was 50%
inhibited by 5uM ruthenium red. The fraction
assayed contained an excess of lipids. which was
quantified as 0.654;.w01 Pimg procin, In the
organic phase experniment. the possble
transporting aciivity of phospholipids was also

T oY

Fig. 1. SDS-PAGE (10% gel) of mitochondrial extracts recon-
stituted into COV with calcium transport activity. From left 1o
right: submitochondrial particles; F90 (fraction precipitation with
90% ammonium sulfate) and F, (fraction obtained after organic
solvent extraction).
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Fig. 2. Purified mitochondrial extracts induced calcium
mobilization through a hydrophobic phasc. An 8-ml mixturc of
60% chloroform: 40% s-butanol containing 0.7mg of mito-
chondrial protein from the F90 fraction was transferred into a
U-tube (270mm long x 7mm diameter). In the left side. 1.0ml of
7.5uM *CaCly in l0mM TRIS., pH 7.3. was layered and in the
right side. | ml of a SmM EGTA solution in 10mM TRIS, pH 7.3.
was deposited (@). The same experiment was carried out in the
absence of the protein (o) and in the presence of 2.5 umol
ruthentum red (). At the indicated times. aliquots of 0.05ml
were withdrawn for radioactivity measurements,

tested, observing that phospholipids themselves had
no ionophoretic properties. The experiments with
denaturalized protein added further evidence about
the essentiai role of a protein component in the
calcium transport activity. Boiled preparations
reconstituted into liposomes completely lost their
calcium transport activity {not shown).

Characterization of the Antibodies

Titers of Sera

Titers were determined by an indirect ELISA
method. The titer is defined as the highest diiution
at which the ELISA response was twice the blank
value of the test. High titers were obtained in all the
animais. The capacity of the antibodies to inhibit
calcium uptake was tested in reconstituied liposomes
and mitoplasts.

Inhibitory Action of Antiserum on Calcium Transport
Activity in Reconstituted Liposomes and Mitoplasts

Control antiserum and AntiUni-Ca®*  were
incubated with COV reconstituted with whoele
mitochondria proteins, for [0min, and assayed for
“calcium uptake by the filiration method and
scintiilation counting.

Zazueta et al.
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Fig. 3. Net calcium uptake in COV reconstituted with whole
mitochondria proteins in the presence of preimmune serum (o)
and AntiUni-Ca™" (@). Proteoliposomes were incubated for
Hymin at 4-C with antisera and then added to the reaction medium
described in Table I. After Smin, an aliquot was filtered and the
radioactivity measured in a scintillation counter. The resuits arc
expressed as the mean of three experiments represented as a linear
regression with confidence limits of 95% (dotted lines).

Figure 3 shows the net uptake of calcium in COV
in the presence of different dilutions of control serum
and AntiUni-Ca’". Both sera inhibit calcium uptake;
this can be explained by a nonspecific recognition of
the antibodies or of another serum component, of a
similar epitope. Nevertheless, the remaining activity
of calcium transport in the vesicles incubated with
control serum was almost twice the observed when
AntiUni-Ca®* was present under the same con-
ditions. The difference between the mean values of
the two groups was statistically significant at
P < 0.001 {Student’s t test). Each value represents
the difference between “energized” vesicles uptake.
ie.. liposomes with a negative inner membrane
potential and “nonenergized” uptake, or passive
calcium accumulation and unespecific binding of the
cation to the liposomes.

Calcium uptake by mitoplasts is illustrated in
Fig. 4. Trace A shows energy-dependent caicium
accumulation in mitoplasts. It can be observed that
when the proton gradient was dissipated by CCCP,
the cation was released by mitoplasts. Trace B shows
the same experiment in the presence of controj serum.
In this case the antibodies had no effect on calcium
movements. Trace C clearly shows the inhibitory
action of AntiUni-Ca®". These results raised the
question of a possible inhibitory effect upon ihe
mechanism that induces the protonmotive force.
Mitopiasts respiration was foliowed in an oxymeter
with a Clark type electrode, revealing a high rate
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of respiration in the presence of the antisera
{not shown).

It is known that a rapid. electrophoretic calcium
uptake can decrease the internal negative membrane
potential (Scarpa and Azzone. 1970: Gunter and
Pfeiffer. £990). The effect of the antisera on the
mitoplasts’ membrane energization was explored.
Figure 5A shows the membrane potential of control
mitoplasts; a partial de-encrgization of the membrane
is induced by 30 xM calcium as a result of the cation
cveling across the membrane (Lehninger er af.. 1967.
Broekemeier and Pfeiffer. 1989: Chavez er al., 1991).
Once the equilibrium of positive charges is
established. the transmembrane potential is restored
to a value of 200 mV.

The Aw decrease after addition of the uncoupler
carbonyl cyanide m-chlorophenylhydrazone. In
Figs. 5B and 5C. the antibodies were incubated with
mitoplasis for 10min and then added to the assay
medium to measure changes in optical absorbance in
the presence of safranine. As shown. mitoplasts werc
capable of maintaining their membrune integrity in
spite of the high calcium concentration present in the
serum. Only when a critical concentration of calcium
has been reached inside the mitopiast did the Av: begin
to drop. EGTA was added 10 chelate the excess of
external calcium.

Specificity of the Antibodies

The specificity of the anubodies was monitored
using the Western blot technique. After electrophoresis

ca?t C(lZCP
i
\'
|
\ Fig. 5. Transmembrane potential of milo-
plasts incubated with preimmune scrum and
l AniUni-Ca-".  The assay mediem  was

essentially the same as described in Fig. 4.
but safranine was used instead of Arscnazo
[il and the changes in absorbance werc
followed at 533 -311 nm. Calgium was added
where indicated.
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Fig. 6. Western Blot of semipurified mitochondrial extracts. From
left to right: submitochondrinl particles, incubated with AntiUni-
Ca® (a) and with preimmune serum {b); F90 incubated with
AmiUni-Ca”* (¢) and preimmune serum (d). developed with
o-diaminobenzidine.

on polyacrylamide gels under denaturing conditions. the
proteins were transferred to nitroceilulose paper and
tested against antibodies. The fact that antibodies lost
their recognition capacity for boiled. electrophoresed
protemns. blotied onto nitrocellulose, suggests that the
recognized epitope is conformational or situated very
near to an active focus.

Figure 6 shows the patterns of transferred proteins
revealed by inmunochemical detection using AntiUni-
Ca®” and a second antibody labeled with peroxidase.
Among the numerous bands detected by protein stain-
ing (not shown) only a few reacted with the antiserum
and were revealed after incubation with ¢-diamino-
benzidine. Wonspecific recognition of a 25-kDa
proiein was observed by lhe conirol aniisera
incubated with SMP and F90 (lines b and d), probably
by cross reaction: on the other hand AntiUni-Ca®'
specifically detected two bands, a 75-kDa protein and
a second band of approximately 20kDa. both present
in SMP and F90 (lines a and ¢). In line a, AntiUni-Ca*
detected another band in SMP (70kDa). probably a
degradation product of the same protein present in
F90, as a single, but rather broad band.

Zazueta et al.

Calcium Uptake Inhibition by Specific Antibodies

Removal of specific antibodies bound to proteins
transferred onto nitrocellulose was made after careful
detection. An acid elution technique was used in the
presence of 0.1 M glycine solution, pH 3. After 60 sec
of continuous shaking. the eluates were neutralized
to pH 7.0. This was done until no proteins were
detected in the eluates. Three specific antibodies and
acontrol eluate were obtained. The specific antibodies
correspond to 75-, 70- and 20-kDa proteins. A control
eluate in each experiment was obtained after acid
treatment of a different zone of the nitrocellulose
matrix. which showed no affinity for the specific
antibodies.

Table Il shows the inhibitory effect of eluted
anlibodies on the initial rate of calcium uptake.
Mitoplasts  incubated with the control eluate
accumulated 86.62 + 6.34 nmol **Ca™ 'mg/min. The
same preparation incubated with the antibody
against the 75-kDa protein of F90 reduced the
uptake to 50.7 £ 12.27 nmol 45Ca2+,fmgfmin. which
represents 59% of the total calcium transport
activity. Similar values were found for the anti-
body that recognized the 70-kDa protein, i.e.,
63.57 & 3.97 nmol 45Ca2*',frnxg,fmin. In some experi-
ments AntiUni-Ca®~ recognized a band of approxi-
mately 66kDa; this antibody was eluted and its
inhibitory action on calcium accumuiation was
tested. It did not affect the cation uptake: an activity

Table II.  Eluted Antibodies Inhibited Calcium Uptake in
Mitoplasts’

Eluted antibodies nmol #Ca®" transportedsmg: min

Control 8682+ 6.34
1 50.70 £ 12.27
2 63.57% 3197
3 8435+ .30
4 2828+ 0.78

* A 50-ug preparative SDS-PAGE was blotted onto a nitrocellulose
membrane and then incubated for 3 h at room temperature with a
1:25 dilution of the hyperimmune sera. Al the end of the
incubation peniod, strips were cut of the regions where the 75-,
70- and 20-kDa antigens were located. One strip obtained from
the blotted membrane, developed with a peroxidase-labeled rabbit
antimouse IgG and diaminobenzidine, was used as control. Each
strip was immediately incubated for 2min with Iml of 0.I1M
glycine in distilled water and the pH adjusted to. 7.0 with KOH.
Mitoplasts were incubated for 10min at 4°C with the specific
antibodies and then added to the assay medium, described in
Fig. 4, which contained 50 M ¥CaCly. Radioactivity measure-
ments were carried out after } min of incubation.
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of 84.35 + 1.30 nmol **Ca”~'mg/min was found. The
antibody associated to the 20-kDa protein inhibited
almost 67% of the calcium transport in mitoplasts.
ie. 28.28 +0.78 nmol ¥ Ca>*/mg/min. It should be
noted that mitoplasts accumulated 85.53 = 2.3 nmol
Bea" ‘mg/min under normal conditions.

DISCUSSION

In previous study we showed that a crude exiract
of proteins isolated from the inner mitochondrial
membrane had the ability to transport Ca™
provided a membrane potential was built up
(Zazueta er af.. 1991). The present work reports data
on further purification of a calcium carrier uniporter.
As shown. extraction of the F90 fraction with
chloroform-butanol conduces to the isolation of
four protein bands. identified in SDS-PAGE. and
with molecular weights ranging between 20-70kDa
(Fy).

Interestingly. this extract was able to transter
Ca® from a hydrophilic phase to another. separated
by a hydrophobic phase. It should be noted that this
membrane extract. due to the form of extracuon.
contained phospholipids. In this regard. Sokolove
and Brenza (1983) showed that phosopholipids may
act as ionophores for Ca”". However, this possibility
was discarded. since. as shown in Fig. 2. when using
phospholipids as controls. no calcium transport was
observed. Further evidence on the essential role of the
protein component was provided by the expeniment
showing that after boiling the extract. 1ts Cu™”
trunsporting activity was completely lost.

An important finding of this work was that the
polyclonal antibodies prepared with an inner
membrane extract (F90) identified three proteins
with apparent molecular weights of 75. 70. and
20kDa. It is relevant to note that the unubody
reacting against the 20-kDa protein almost com-
pletely inhibited Ca’" accumulation in mitoplasts
(Table IT). These data strongly suggest that this
20-kDa protein is a necessary component of the
Ca”" uniporter. Suris er al. (1993) reported that
antibodies induced against a Ca® -binding mito-
chondrial glycoprotein inhibited the uniporter-
mediated transport of calcium in mitoplasts prepared
from rat liver mitochondria. The protein was reported
to consist of a glycoprotein part and a small putative
channel peptide that might be dissociated from it. Due
to its elusive character. identification of the calcium
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transport system is a difficult challenge that remains
open to all possibilities. It can be inferred that the
20-kDa protein could be the calcium uniporter
per se. or at least a fundamental constituent of the
transporting proteins. Although we used polycional
antibodies, the antibody directed against the 20-kDa
protein was indeed selectively purified. since it was
eluted after specific recognition of this protein. This
specificity was observed even in a very complex
mixture of proteins. i.e., submitochondrial particles.
Finally. the dissociation of respiratory activity from
inhibition upon initial calcium influx, in mitoplasts.
supports the notion that the AntiUni-Ca®* acts on
calcium translocation at the uniporter level. It has
been proposed that the possible role of the high-
affinity Ca®”-binding proteins could consist in being a
“recognition site™ for superficial binding of calcium,
not involved in membrane translocation of the cation.
but essential for the transport process (Carafoli. 1975:
Prestipino er al.. 1974). Remarkably. the calcium
transport activity observed with the extract used to
induce antibodies was not a binding activity, but an
energy-dependent Ca~" uptake. depending on a
selective and differential energization. This energiza-
tion method has been widely described in the
literature (Horstman and Racker. 1970: Skulachev.
1974; Racker. 1974: Carrol and Racker, 1977
Kessler er af., 1977).
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For many years the calcium uniporter has eluded atempts of purification. partly because of
the difficulties inherent in the purification of low-abundance hydrophobic proteins {Reed and
Bygrave, 1974). Liquid-phase preparative isoelectric focusing improved the fractionation of
mitochondrial membrane proteins. A single 6-h run resulted in a Y0-fold increase in specific
activity of pooled active fractions over a semipurified fraction. allowing for enrichment of the
calcium transport function in cytochrome oxidase vesicles. An additional powerful ool in the
isolation of the uniporter was the use of the labeled inhibitor 'Ruyp as an affinity ligand:
by following this procedure a protein of 18 kDa was purified in nondenatured. but rather inactive.
form. The labeled protein comesponds to the protein that showed Ca’™ transport activity.

KEY WORDS: Mitochondria; Ca®~ uniporer: calcium transport inhibitors,

INTRODUCTION

The currently proposed roles for intramitochon-
drial calcium transport (Hansford. 1988: McCormack
and Denton 1989) emphasize the importance of Ca*~
accumulation and. thereby, a renewed interest in the
investigation of the uptake mechanism. The uptake
carrier is an uniporter that reduces extramitochondrial
calcium concentration within the concentration of 1077
to 107" M. the rate of uptake is a function of calcium
concentration showing sigmoidal kinetics, a Ko s which
depends on the membrane potential and a Hill coeffi-
cient near 2.0 (Gunter and Pfeiffer, 1990). This system
is inhibited by low concentrations of lanthanides and
ruthenivm red (Reed and Bygrave, 1974). Recently,
Ying et al. (1991). reported the synthesis of an oxo-

' Abbrevaiions used: TEA. Trethanolamine: CHAPS, {3-[(3-Cho-
lamidopropy lidimethylammomioj-I-propanesulfonate).  TMPD.
tetramethyi-l-phenylendiamine; COV. cytochrome oxidase
vesicles: SMP. submitochondrial particles; C,,Eq, mono-N-dode-
cyloctaetilenglycol: CCCP. carbonyl cyamde mr-chlorophenyt-
hydrazone.

2 Departamento de Bioquimica. Instituto Nacional de Cardiologfa.
Ignacto Chivez. México D.F. 01480, México.

' Author to whom correspondence should be sent.

bridged ruthenium compiex that possesses higher
inhibitory activity than ruthenium red itself,

In contrast with the remarkable progress in the
field of metabolic regulation by calcium, attempts to
identify the components of the calcium transport sys-
tem with the uitimate goal of isolating them and recon-
stituting the process. still remains to be done. The low
uniporler concentration. estimated between 0.001-
0.01 nmol/mg protein. constitutes a serious problem
for its tsolation, as well as the selection of the adequate
detergent to remove the uniporter from the lipidic envi-
ronment without denaturing the protein. Even with
these difficulties, however, there has been some suc-
cess in isolating, identifying, and reconstituting this
porter (Gunter and Pfeiffer, 1990). Saris er al. (1993)
found that antibodies raised against a glycoprotein—
peptide complex inhibited the calcium uniporter in rat
liver mitoplasts. Mironova et al. (1994} reported the
purification of the channel-forming component of that
complex and described its channel properties when
reconstituted into a planar lipid bilayer. Our laboratory
reported the identification of a low molecular-weight
protein, i.e.. 20 kDa, by using specific antibodies that
inhibit calcium transport by 60% in rat liver mitoplasts
{Zazueta et al., 1994). In this paper we present results
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of purifying the mitochondrial calcium uniporter using
a specific ligand: the high-affinity inhibitor ""*Ruagg
synthesized from a radioactive precursor. as well as
experiments of reconstitution in ¢ytochrome oxidase
vesicles.

MATERIAL AND METHODS

Rat kidnev mitochondria from adult female
Wistar rats were obtained as described (Chivez et af..
1985). Submitochondrial particles were obtained by
the method of Lee and Ermnster (1965).

Solubilization of Rat Kidney Submitochondrial
Particles

SMP (3 mg/ml) were solubilized in 1.2% sodium
cholate (w/v) in a sucrose medium. Solubilization was
carried out with constant stirring for 30 min at 4°C.
The matenal was centrifuged for | h at 100.000 X g.
The supernatant was coilected for further {ractionation
and reconstitution.

Fractionation of Submitochondrial Particles

Solubilized SMP (3 mg/mb) were saturated with
50% ammonium sulfate and centrifuged at 12.000 X
& for 10 min ai 4°C, The supernatant was then 90%
saturated with ammonium sulfate and centrifuged at
20,000 X g for 15 min at 4°C. The resultant pellet
was homogenized with 50 mM KH.PO,, pH 7.0, and
dialyzed against the same buffer in a 1:250 proportion
(Fqy fraction).

Polycional antibodies were obtained against this
fraction (Zazueta et al., 1994) and the purified tgGs
were immobilized in an Affi-Gel hydrazide column.
This affinity column was used to enrich the Fy, fraction
by successive passings of solubilized submitochondrial
particles in 1.0% CHAPS and eluting the recognized
proteins with 130 mM sodium citrate. pH 5.0 (Fig, ).

Liquid-Phase Isoelectric Focusing

The enriched preparation (8 mg, 30 mi) was
desalted using the ion retardation ECONOPAC 10DG
desalting column and diluted to a final volume of 55
ml containing 0.5% CHAPS {w/v). 20% glycerol, and
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2 ml of BioLyte ampholites. pH range 5-8. This solu-
tion was loaded into a liquid—phase isoelectrofocusing
Rotofor Cell without further treatment. Focusing was
carried out at 12-W constant power for 6 to 7 h at
4°C. At equilibrium, the values were 740 V and 16
mA. Twenty fractions were harvested and their pH
values measured. Protein concentration was deter-
mined by a modified Lowry procedure {Nakamura et
al., 1983).

Reconstitution of Liquid-Phase
Isoelectrofocused Proteins

After measurement of pH and protein concentra-
tion, samples were incubated with | M NaCl (final
concentration) and dialyzed against 250 volumes of
50 mM KH,PO,, pH 7.0. to eliminate ampholites. Each
fraction (60-90 g} was incubated with 0.5 ml of
COV), as described below, and sonicated in a water
sonicator for 3 to 5 s in the presence of 0.5% sodium
cholate. The detergent was removed by dialysis or by
dilution with 40 volames of 50 mM KH,PO,, pH 7.0.
followed by ultracentrifugation at 45,000 rpm for 1 h.
The liposomes were resuspended in the same buffer
and the activity of reconstituted calcium uptake was
analyzed.

Calcium Uptake Activity in Cytochrome
Oxidase Vesicles

Dried lipids (40 mg asolectin) were sonicated to
clarity in 50 mM H,PO,~-TEA. pH 7.0. Cytochrome
oxidase was added to a final concentration of 0.25
mg/mi and incorporated by simple mixing with the
liposomes, as described by Ramirez et al. (1987). COV
(40 mg/ml), with incorporated proteins from mitochon-
drial extracts, were added to an incubation medium
containing 50 mM KH,PQ,, 7.5 mM ascorbate. 0.75
mM TMPD, 150 pg cytochrome ¢ (pH 7.0), and 0.5
mM *CaCl, (specific activity 1000 cpm/nmol). The
samples were incubated during 5 min and an aliquot
filtered through a 0.45-pm Millipore filter using the
protamine filtration technique (Rosier er al, 1979).
Specific activity values represent the difference
between energized (plus cytochrome oxidase sub-
strates) and nonenergized uptake rates.
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Fig. 1. Ennichment of the Fo, fraction by immunoaffinity ¢chromatography, (a) Elution protile of SMP after passing
them through the immunoaffinity column. Polvclonal antibodies were raised against the fraction precipitated with
ammonium sulfate o Y0% saturation. These antibodies were coupled to a Affi-Gel hydrazide column and equilibrated
with 10 mM Tris. 0.1% CHAPS., pH 7.5, Semicrude extracts {1 or 2 mg) solubilized in the same butfer were used.
The proteins that freely passed through the column were eliminated and the recognized ones were eluted with 150 mM
sodium citrate. 0.35 CHAPS. pH 5.0. (h) Silver stmmng of the eluted fraction. OF this fraction. 10 pg were electrophoresed
in a 157 polvacrylamide gel in denaturing conditions and stained as described in the methods section.

Synthesis of the Radiolabeled Ru;g,

The synthesis of the inhibitory complex was based
on the method for the preparation of ruthenium red,
as modified by Ying et al. (1991). The radiolabeled
Ruy was synthesized from 2.5 mg RuCly-3 H,O com-
bined with 1 mCi of '""RuCl:. The final separation
was achieved vsing a 0.5 X 3.0 em column packed
with carboxymethyl celluiose. The yield was 130 nmol
of Rus as calculated from the molar coefficient
extinction of the complex at 360 nm, i.e, 2.6 X {0*
M 'em !

Inhibition of Mitochondrial Calcium Uptake

Calcium uptake was followed by incubating mito-
chondria with *'CaCl, (specific activity 1000 cpmy/

nmol) in the presence of increasing concentrations of
Ruzeg. After { min, analiquot of the sample was filtered
and its radioactivity measured in a scintiflation counter.
The assay was carried out under three substrate con-
centrations. Calculations of the lines in the Dixon plots
and line fittings were carried out with the Microcal
Origin computer program (Microsoft Corp.). The
linear-regression coefficient of calculated lines varied
between 0.95 and 0.99.

Binding of " Ru, Complex to Intact
Mitochondria

Mitochendria were incubated in 6 ml of 250 mM
sucrose/10 mM HEPES/10 mM succinate, pH 7.3, at
different concentrations of '™Rus,. After 10 min, the
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samples were centrifuged for {0 min at 13,000 rpm
and the pellets were washed with 10 mi of medium to
eliminate free inhibitor. To remove nonspecific bind-
ing, 1.5 uM unlabeled inhibitor was added to mito-
chondria: after 10 min, the samples were centrifuged
and washed as above, for radioactivity measurement.

Affinity Chromatography of the Membrane
Preteins

Submitochondrial particles were labeled with 10
pmol/mg '"“Russ in the presence of 1.0% Cj,Eq or
192 CHAPS for 30 min at 0°C. The labeled proteins
were separated by CM-cellulose chromatography.
using a linear gradient of ammonium formate. pH 5.5.

SDS-PAGE Analysis of Protein Fractions

Polyacrylamide gel electrophoresis was per-
formed in the presence of 2% sodium dodecyi sulfate.
as described by Laemmli (1979). Other technigues
include the separation in polyacrylamide in nondena-
turing conditions, using the anodic discontinuous
buffer system described by Davis (1964).

RESULTS

Liquid-Phase Preparative Isoelectrofocusing
Separation

Rat kidney mitochondria was solubilized and
treated as described in the section on material and
methods, before isoelectrofocusing was performed.

Two assays methods were used for localizing the
transporter following purification in the isoelectrofo-
cusing chamber. One of them was the traditional
method of solubilization and functional reconstitution
into liposomes. The other one was by the Western blot
technique using antibodies raised against the fraction
with maximal Ca?* transporting activity, The antibod-
ies were also used to inhibit cation uptake in mitoplasts.

Figure 2a shows the pH profile and protein distri-
bution after reaching the equilibrium in the fractionat-
ing cell. The bulk of protein was focused at pHs above
8.0; in these fractions the main protein was cytochrome
¢, a8 was demonsirated by analyzing its absorption
spectrum and by its stained image (mol. wt. 13.000
Da) in SDS-PAGE (not shown). Interestingly, this
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Fig. 2. (a) Analysis of isoelectrofocusing fractions by pH and
protein assay. Enriched fraction (6 mg) was focused in the presence
of 0.6% glycerol and 0. 1% CHAPS. pH was measured immediately
after collecting fractions and protein assayed by @ modified Lowry
technique. The ratio volts/hour (V/H = 4500) was maintained in
all the focusing experiments. (b) Specific activity determination
and (c) silver staining imaging of the isoelectrofocused fractions.
Each of the 20 fractions obrained were assayed for calcium uptake
activity as described in the methods section. Data represent mean
values of three experiments * S.D. After concentration and dialysis.
5 pgof each fraction were electrophoresed in a 15% polyacrylamide
gel (2% SDS) and stained with the silver technique already
mentioned. '

peripheral protein was not solubilized in the primary
steps of purification, which was carried out by high-
salt concentration precipitation.

Each fraction was concentrated and incorporated
into COVs as described earlier. After reconstitution,
transport activity was measured as the ability of COVs
to support uptake of **Ca®* in presence of cytochrome
¢ and the electron donor pair ascorbate—TMPD (in
each case, COVs without these substrates were used
as negative controls to account for passive BCat*
uptake and nonspecific binding). The reaction was
stopped by addition of prolamine sulfate, which pro-
motes aggregation of the liposomes. An aliquot is fil-
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tered and its radioactivity measured. The fractions that
promoted maximal accumulation were those with
isoelectric points between 5.0-6.0 (Fig. 2b). The elec-
trophoretic analysis of the fractions with Ca** trans-
porting activity showed an approximately 20 and a 70
kDa protein (Fig. 2¢). It appears that the activity of
these proteins is critically maintained above pH 5.0-
6.0. The drop to the acidic end of the gradient inacti-
vates these proteins (as observed in the activity
analysis), in spite of the mild conditions used during
the reconstitution and calcium accumulation assays.

A nondenaturing electrophoresis was done to
determine if the proteins observed in the presence of
sodium dodecyl sulfate were independent proteins or
were subunits that beiong to a multimer. Figure 3
shows the stlver staining imaging of the ten acidic
fractions. As observed from fraction 5-8. only a broad
band is detected and no aggregates were formed in the
front of the gel.

Inhibition by Antibodies of Calcium Uptake in
Mitoplasts

To strengthen the evidence of the participation
of these proteins in the calcium uptake mechanism,
purification of substantial amounts of these fractions
were carried out until it was possible to inject enough
antigen in rabbits to raise high serum titers. As the
yield of protein was poor each time (200-220 ng),

Fraction number

Fig. 3. Acidic fractions (10 pg) were run, at constant 200 V, in a
acidic disconunuous buffer system in a 7.5% gel without SDS. To
ensure the entrance of hydrophobic proteins. 0.6% CHAPS was
added. Silver staiming was used to detect protens,
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the induction of antibody response was stimulated by
injecting the antigen in the popliteal ganglion of female
New Zealand rabbits.

The lymphocytes were confronted with the anti-
gen in the lymph node. as the site of greatest concentra-
tion, so the primary response wr treater than the one
obtained when the lvmphocyier .t the recirculating
peol and migrated to the site of antigen concentration.

Titers were determined by an indirect ELISA
method (not shown). The titers were defined as the
highest dilution at which the ELISA response was
twice the blank value of the test. A maximal titer
of 1:3200 was obtained. confronting the absorbance
values (490-630 nm) obtained by the incubation of
preimmune and hyperimmune serum with semicrude
antigens.

The ability of antibodies to inhibit Ca?* uptake
in mitoplasts is illustrated in Fig. 4. Trace A shows
Ca* accumulation in controt mitochondri. Jepending
on the membrane potential; it is shown that the uncou-
pler CCCP, by dissipating the proton gradient, releases
the cation to the medium. The preimmune serum does
not affect the ability of mitochondria 10 transport cai-

|

1

ccee

0.! AABS

120 sec

Fig. 4. Inhibition of calcium uptake by hyperimmune serum in
mitoplasts. Protein (1 mg) was added 10 an incubation medium
containing 250 mM sucrose. 10 mM succinate. 10 mM HEPES,
50 uM CaCl,, 200 pM ADP, 10 pg rotenone. 2 mM phosphate.
50 pM arsenazo 1M1, and incubated in presence of hyperimmune
or controt serum. Double-wavelength spectrophotometric tracings
were obtained at 685-875 nm. Trace A represents calcium accumu-
lation without serum addition; trace B was in the presence of
preimmune serum and trace C was in presence of hyperimmune
serum. Final volume 3 ml: temperature 25°C: pH 7.3.
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cium (Fig. 4. trace B); however. in remarkable contrast,
the hyperimmune serum inhibits such a reaction at
the same concentration (Fig. 4. trace C). It should be
mentioned that there was no inhibition of the respira-
tory rate of mitoplasts preparations in either condition
{not shown). Control mitoplasts transported 52.80 =
15.29 nmol Ca*~/mg protein/5 min. A slight inhibition
was observed when preimmune serum was incubated
with mitoplasts for | min. The hyperimmune serum
reduced calcium accumulation by 70%. i.e., to 15.93
* 2.48 nmol Ca’*/mg protein/5 min,

As expected, the analysis by immunoblotting
using submitochondrial particles from rat kidney,
showed two proteins of approximately 20 and 70 kDa:
there is no evidence of the presence of these proteins
tn the membranes incubated with the preimmune
serum. The hyperimmune serum recognized the same
proteins when the antigen electrophoresed and blotted.
as obtained from beef kidney submitochondrial parti-
cles (not shown).

The enrichment of the calcium uniporter activity
in COVs is documented in Table 1. Preextraction with
ammonium sulfate precipitation in presence of sodium
cholate. followed by isoelectrofocusing in liquid phase
with a zwitterionic detergent (CHAPS), led to a sub-
stantial purification of this protein. The purification
factor was 90 and the yield was 0.01%. Considering
that the number of uniporters in the membrane has
been estimated by inhibitor titration to be approxi-
mately 0.001 nmol/mg protein. the purification effi-
ciency reported here is adequate. Very likely, the
purification factors may be even higher, due to partial
inactivation of the transport function during the proce-
dure. On the other hand. inhibitor-binding components
could be inaccessible to ruthenium red in the reconsti-
tuted system. This latter effect can be assumed by
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the fact that in this model the classical Suppressor
of calcium uptake in mitochondria inhibited calcium
accumulation at concentrations one order of magnitude
higher than those required to inhibit the process in the
organeile (Table ). Elsewhere we reported an apparent
dissociation constant for the inhibitor (K)) of 3.5 uM
at pH 7.0 in COVs reconstituted with mitochondrial
proleins (Zazueta et al., 1991). The six positive charges
of this trinuclear complex [(NH;)sRu-O-Ru(NH.),-O-
Ru(NH3) ]*Cl, could account for nonspecific binding
to negative charges of the phospholipids from COVs.

Selective Labeling of Membrane Proteins with
the Inhibitor 'Ru,g,

Ying and co-workers (1991) reported the isoiation
of a derivative of ruthenium red (Rusg) with higher
inhibitory activity than ruthenium red itself. Qur
approach was to synthesize the labeled ruthenium
amine complex and use it as an affinity ligand for the
calctum uniporter. A spectophotometric analysis was
performed to evaluate the purity of the complex. As
described, the binuclear complex elutes at 0.4 M of
the formate linear gradient as a single peak that absorbs
strongly at 355-360 nm. The recovery of the labeled
compound was 140 nmol, with a specific activity of
587,000 cpm/nmol. The kinetics mode of action of the
binuciear amine compiex on mitochondrial calcium
transport was measured by varying calcium concentra-
tion in the presence of different amounts of inhibitor,
Figure 5 shows a Dixon plot of kinetics data of calcium
transport obtained with rat kidney mitochondria. Typi-
cal noncompetitive irhibition curves were obtained.
The K, of Ruse was 7.5 nM, which is in agrezment
with the inhibition rates obtained by Ying et al. (1991)

Tabtle I. Enrichment of Calcium Uniporter Activity in COVs"

Solubilized extract Total protein Specific activity + RR 5 pM Yield
reconstituted in COVs (mg) (nmol Ca**/mg/5 min) (nmol Ca**/mg/5 min) (%)
Mitochondna 4000.00 151.80 + 100 71.2 = 100 100.0
Submitochondriat particles 1350.00 127.13 = 13.0 63.2 = 9.0 3375
Ammonium sulfate (96%) 18.54 443.00 = 32.0 2513 = 421 .46
Immunoaftinity chromatography 4.90 1655.03 = 408.12 1203 (2) 0.12
Liquid-phase isoelectrofocusing 0.20 14888.00 = 20220 (ne) 0.01

“ Mitochondrial fractions were incorporated in COVs (1.5-3.25 wg/mg phospholipids) and incubated in 2 medium containing 50 mM

KH:PO,, 7.5 mM ascorbate, 0.75 mM TMPD, 150 ug cytochrome ¢, and 0.5 mM #5¢CaCl, {specific activity 1000 cpm/amol). After 5 min,
an aliquot was Nltered through u 0.45 wm-Miilipore fiiter and washed with 10 mM of CaCl,. Specific activity vaiues represent the difference
between the energized and nonenergized uptake rates. In the indicated cases. ruthenium red (RR) 5 pM was used to inhibit the energized
uptake. Final volume 1 mi: temperature 30°C: pH 7.0. n.e.. not evaluated,
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Fig. 3. Dixon plots of the kinetics data of mitochondrial Ca*"
transport in the presence of increasing concentrations of Ru g, (H)
ALSD uM Ca™ . (@) 100 pM Ca?*: and (&) 150 uM Ca® . The
mediom was the same as in Fig. 4, except that **CaCl, was used.
Temperature. 25°C; pH 7.3.

by using this compound to inhibit Ca**-stimulated
respiration of rat liver mitochondria.

The affinity of the binuclear complex was evalu-
ated by equilibrium binding to intact mitochondria. As
observed in Fig. 6. the binding at high concentrations
of the inhibitor was not saturable. Indeed. the high-
affinity sites obtained by a Scatchard plot. ie.. 11
pmol/mg protein. correlates with maximum levels of
inhibition.

The affinity of the binuclear complex to mito-
chondrial proteins was also analyzed in submitochen-

bound {pmol/mg)

360

10JRy

T
[ 5 10 15 0 28 0
109
Rum (nh))

Fig. 6. Equilibrium binding of '®*Rus, to intact mitochondsia. The
medium was the same as in Fig. 4. except that arsenazo Il was
not added. The insen shows the Scaichard plot analysis. Tempera-
ture, 25°C: pH 7.3.
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drial particles labeled with 10 pmol '""*Ru,e/mg protein
by native and SDS-electrophoresis. In Fig. 7, the distri-
bution of radioactivity in each 2-mm slice of a 12%
SDS—polyacrylamide gel is shown, as well as the auto-
radiography of a gel run under the same conditions and
exposed for several weeks. The assay clearly reveals a
main labeled protein of low molecular weight. An
approach to obtain this labeled protein was ma... by
using preparative electroelution in liquid phase (Fig.
8). The protein that binds the labeled oxo-bridged
ammonium complex elutes wit. other proteins of
nearly the same molecular weight, i.e., 18 kDa, but the
assay conditions limited the extraction of a single band.

Because of the cationic nature of Rusgn. (-
OY[(HCO.) {NH:)Ru,|Cl;, it may simply interact with
negatively charged groups on proteins. "hu- L pec-
ficity of the dye toward the calcium transporter was
assayed by means of an isoelectric focusing separation
of labeled proteins, The main radioactivity was
detected on the range of acidic proteins, which is in
good correspondence with the fraction that exerts max-
imal Ca** transport activity (not shown),

With the idea of obtaining the protein that binds
103R U3¢ with high selectivity, an “affinity” column was

a)
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Fig. 7. (a) Radioactivity profile of SMP labeled with '"*Ruyg,
electrophoresed in a 12% SDS-polyacrylamide gel. Mitochondria
{150 pg) or submitochendrial particles were labeled with 10 pmol/
mg "™Rua, centrifuged. and resuspended in 2% of SDS under
nonreducing conditions. The radioactivity in each 2.-mm slice of
the gel was counted in & y-cournter. (b} Proteins, separated under
the same conditions. were dried and exposed to a X-ray film for
nearly 12 weeks.
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Fig. 8. Liquid-phase electroelution of submitochondrial particles
tabeled with 10 pmol/mg '®*Rug,. Submitochondrial particles were
fabeled as described in Fig. 5. Protein (2 mg) was resuspended in
2% SDS buffer and electrophoresed at constant power (12 W) until
the dye front reached the end of the preparative 12% gel. The eluted
fractions were recovered by increasing molecular weight order in
10 mM Tris. pH 7.0. The samples were concentrated and anatyzed
by silver stain in an analytical 12% SDS denaturing gel.

prepared by applying the assay for the separation of
the ammonia complexes formed in the synthesis of
ruthenium red and Rusg,. Solubiiized membrane pro-
tein (20 mg) with 1% C;E; or 1% CHAPS was incu-
bated with 10 pmol/mg protein of '®Russ. The
unbound inhibitor was eliminated by exhaustive dial-
ysis against 0.2 M ammonium formate, pH 5.5. The
labeled protein was loaded into a 15 X 5.5 cm CM-
celiulose packed column in the presence of the same
detergent concentration. After extensive washing with
the same buffer, a linear gradient from 0.2 M to 1.0
ammonium formate, pH 5.5, was applied. Figure 9
shows the radioactivity profile of the eluted proteins.
Three peaks were resolved: one of them represents
unbound "“Ruag, which elutes at 0.4 M of the gradient.
It has not associated proteins as evaluated in a silver-
stained SDS-polyacrylamide gel. The remaining two
fractions were also analyzed by electrophoresis. Both
presented a 18-kDa protein associated with smail con-
taminants, detected by silver stain. These fractions
were pooled and reanalyzed by electrophoresis; the
Coumassie-stained image is shown in Fig. 9 (insert).

DISCUSSION

Early attempts to purify the calcium uniporter
included the isolation of factors that bind Ca** with
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Fig. 9. Radioactivity profile of eluted submitochondrial proteins
labeted with '®*Rusg, and separated by a linear ammonium formate
gradient from a CM-cellulose matrix. Submitochondrial particles
were labeled as described in Fig. 5. The pellet was solubilized in
1% C);Ea or 1% CHAPS and centrifuged a1 100,000 X g for | h.
The supernatant was loaded onto a CM-cellulose column equili-
brated with 0.2 ammonium formate pH 5.5 and washed exhaustively
with the same buffer. Where indicated, a linear gradient from 0.2
to 1.0 M was applied. In the insert the Coumassie-stained image
of the proteins that retains the label is shown.

high affinity (Lenhinger, 1971; Gémez—Puyou et al.,
1972). The discovery by Moore (1971) that ruthenium
red is a potent inhibitor of calcium uptake drove the
search toward carbohydrate-containing components in
mitochondria that possessed the ability to bind Ca’*.
A considerable effort has been expended toward the
extraction of a mitochondrial glycoprotein with Ca®*-
bindiag or transport activity. The most extensively
studied are a set of glycoproteins (33,000-42,000
kDa), which appear to be located in the intermembrane
space and to be removed by hypotonic rupture of the
outer membrane (Sottocasa et al., 1971, 1972; Sandri
et al., 1976; Prestipino et al., 1974). They bind calcium
with both high and low affinity and this binding is
inhibited by ruthenium red and lanthamides. The rate
of calcium uptake is lowered in preparations from
which the glycoprotein has been removed and is par-
tially restored upon addition to the suspension. Anti-
bodies to the glycoprotein significantly inhibit Ca**
uptake. The lack of sensitivity of this protein to agents
that dissipate the membrane potential generated by
respiration and the fact that it was easily extracted by
osmotic shock indicated that this protein was located
in the intermembranal space or loosely bound to the
membrane, so its role on the uptake mechanism was
suggested as a superficial site of recognition for
calcium.

Recently, Mironova and co-workers (1994)
reported the purification of a low-molecular-weight
peptide from rat liver mitochondria that formed selec-
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tive channels. These channels were strongly inhibited
by 1-4 pM ruthenium red. This observation led to
that group to suggest that the channel is a constituent
of the mitochondrial calcium uniporter.

In this paper. we descr:i a fractionation proce-
dure for enriching calcium u:aporter proteins from r:
kidrey submitochondrial particles. Important steps in
our purification scheme were the enrichment of the
fraction. obtained by salt precipitation, followed by
liquid-phase isoelectrofocusing in the presence of a
zwiiterionic detergent and protective agents, such as
glycerol. The data presented show that the calcium
transporting fraction incorporated into liposomes
exhibits properties that are distinctive features of the
Ca’* uniporter in mitochondria. such as the absolute
requirement of a negative inner membrane potential
that drives the accumulation of the cation and the
inhibitor sensitivity.

Isolation of the mitochondnal proteins responsi-
ble for transport of cations across the inner membrane
is an arduous task. With the exception of the uncou-
pling protein (Strieleman er al.. 1985: Casteilla er al..
199(); Jezek, er al.. 1990), the mitochondrial cation
transporting proteins have not been purified and their
cDNAs have not been cloned. Other cation mitochon-
drial transporters. e.g.. the Na*/Ca”* antiporter, the K*/
H* exchanger. and the Na*-selective Na'/H" antiporter.
have been only partially purified and reconstituted (Li
et af.. 1990, 1992 Garlid er al., 1991)

The use of specific ligands. providing the means
for the identification of a particular protein, is of spe-
cial interest. since the isolation and reconstitution pro-
cess would otherwise be a lengthy and tedious
technical procedure. The inhibitor Rus has the char-
acteristics of a satisfactory affinity ligand for purifica-
tion of the uniporter. It has a very high affinity for the
calcium uniporter, as the binding sites associated with
the maximum inhibition rates correspond to 11 pmol/
mg protein in whole mitochondria. The reported maxi-
mum specific binding for this compound is 7.5 pmol/
mg protein {Ying et al.. 1991). The type of inhibition
is noncompetitive with Ca**. Our results indicate that
the protein that binds the oxo-bridged binuclear com-
pound is related to the 18 kDa protein extracted from
rat kidney mitochondria and reconstituted in cyto-
chrome oxidase vesicles.

There are no reports concerning the affinity of
this compound toward Ca®*-binding glycoproteins, so
we cannot discard the glycoside nature of the isolated
protein. However. the fact that it is located in the inner
mitochondrial membrane suggested that this protein
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is different from the set of glycoproteins already
mentioned.

It should be noted that under nondenaturing elec-
trophoresis analysis. we found only one band from (b
isoelectrofocused fractions with Ca®* trans .1 acu: -
ity; however, this preparation showed two si-bunits of
18 and 70 kDa in SDS-polyacrylamide elecirophore-
sis. The subunit of 70 kDa is only detectable by silver
stain: it may be a feature of the technique or a mim
contaminant. We suggest that both could be pan
a multicomponent system, in addition to a solubic
recognition site located in the intermembrane space
represented by the multicited glycoprotein. From our
data, the arrangement of such a complex could only
be speculated—it could resemble the structure of th-
Na* channel that consists of a single polypeptide chain
with repeating units {Noda er al., 1986). If the trans-
porting protein is represented by the 70-kDa subunit,
the role of the minor subunit would be only that of an
inhibitor binding site.
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The recent finding that the inhibition of Ca**-stimulated respiration by ruthenium red is mainly
due to a binuclear ruthenium complex {Ruse;) present in the commercial samples of the classical
inhibitor ruthenium red (Ying er. al.. 1991), showed that this complex is the more potent and
specific inhibitor of the mitochondrial calcium uniporter. This work was aimed to provide
insights into the mechanism by which Ruje and other ruthenium-related compounds inhibits
calcium uptake. Ruthenium red and a synthesized analog (Rrphen) were compared with Ruje.
The inhibition by this binuclear complex was noncompetitive, with a K; of 9.89 nM. The
number of specific binding sites for Ruag was 6.2 pmol/mg protein, Ruthentum red and Ruag
were mutually exclusive inhibitors. Bound La** was not displaced by Rusw. Rrphen was the
least elfective for inhibiting calcium uptake. The results support the notion of a specific binding
site in the uniporter for the polycationic complexes and a negative charged region from the
phospholipids in the membrane, closely associated with the uniporter inhibitor-binding site.

KEY WORDS: Calcium uniporter inhibitors, mitochondria.

INTRODUCTION

Cyclic accumulation and release of calcium occur
through the action of the Ca®* uniporter and the oppos-
ing transporters; thus, the [Ca%*),, is strictly regulated.
The matrix calcium concentration is thought to partici-
pate in the control of NADH production by the TCA
cycle and, hence, in the regulation of the ATP synthesis
by mitochondria (McCormack et af., 1990; Hansford,
1994). It is claimed that matrix calcium concentration
also exerts control in the rate of ATP synthesis by
acting on the clectron transport (McCormack et al.,
1990: Panov and Scaduto, 1995), on the adenine nucle-
otide translocase (Moreno-Sdnchez, 1985; Halestrap,

| Key to abbreviations: Rrphen. ruthenium red with phenanthroline
substituents; Ruy. binuclear ruthenium complex; rr, ruthenium
red.
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Universitaria 04510, México. D.F.
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1987), and over the ATPase per se (Yamada and Huzel,
1988; Panov and Scaduto, 1995).

In recent studies, there has been growing evidence
that the mitochondrial calcium cycle participates in
regulation of cellular Ca** levels by signaling mecha-
nisms, under physiological conditions. It has been
shown that enginecred cell lines that cxpress aequorin’
in mitochondria accumulate calcium in these organ-
elles from an intracellular domain of high calcium
concentration (Rizzuto er al., 1993). Other reports indi-
cate that in neurons, mitochondrial Ca%* transport is
quantitatively important in regulating the cytoplasmic
as well as the matrix Ca?* concentration (White and
Reynolds, 1995). Recognition that the mitochondrial
calcium cycle piays an important role in physiological
processes has renewed interest in the study of the
physical properties of the transporters invoived.

Much of the information cited above is based on
the specificity of inhibitors of mitochondrial calcium
uptake, e.g., ruthenium red. Ying er al. (1991) purified a
compound present in commercial samples of ruthenium
red, which was identified as an oxo-bridged binuclzar
amino complex, which inhibited Ca®*- stimulated respira-

(454 74XAR N 20041515 16,0000 © 199 Plenum Publishing Corporation
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tion with higher potency than ruthenium red itself. Besides
the recent report of Matlib et al. (1998), the effect of
Ruyg on calcium uptake in mitochondria has not been
yet determined. The present work was conducted to deter-
mine a possible mechanism of action of the polycationic
inhibitors of mitochondrial calcium uptake by comparing
the effectiveness and sites of action of Rusg with ruthe-
niurn red. An analog with bulky phenanthroline substitu-
ents (Rrphen) was synthesized and its potency assayed
to define the requirements of a basic structure for the
calcium uniporter inhibitors.

EXPERIMENTAL.

The synthesis of Rusgy was as described by Ying
et al. (1991), by the reaction of RuCl; with ammonium
hydroxide; the separation of the formed complexes
was achteved by cation-exchange chromatography.
The purified preparation was slightly yellowish and
exhibited a single A, at 360 nm in ammonium for-
mate. The radioactive complex "Ruag was obtained
from '%RuCl, by the same method. Commercial ruthe-
nium red was purified by the technique described by
Luft (1971). This preparation was not contaminated
with Rusg,. A single absorption peak at 533 nm was
observed with distilled water.

The related compound with phenanthroline sub-
stituents was synthesized by using ruthenium red,
1,10-phenanihroline monohydrate and ammonium
hexafluorophosphate.

Rrphen

Ruthenium red (0.6032g) was dissolved in dis-
tilled water (15 ml) and the solution filtered; the
solid matenial was discarded. To this a solution, 4.5
g of 1,10-phenanthroline monohydrate in methanol
(30 ml) was added: This solution was stirred for 24
h under nitrogen; the solution was kept at 45°C for
another & h. When the solution cooled down, the
solvent was evaporated into a high vaccum line until
the remaining volume was about 15 ml. To this, an
aqueous solution of 0.75 g of hexafluorophosphate
ammonium salt was added in order 1o precipitate
the complex. The solid formed was filtered under
nitrogen and washed with abundant ethanol until the
washings were coloriess. The solid was further
washed with ethanol (500 ml) in order to ensure
the removal of any remaining free phenanthroline.
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The product was allowed to dry under vaccum and
nitrogen atmosphere. Elemental analysis found: C,
484', N, 1364, and H 36]%, C%CI4F|2H32N2202'
P.Ru; requires C, 49.9; N, 13.34, and H, 3.58%.

Infrared spectra were recorded from KBr pellets
of the complex with a Perkin Elmer 599 B spectro-
photometer in the range 4000-450 cm™'. Electronic
spectra were measured with a Hewlett Packard 8452
Diode Array spectrophotometer. ['H]), ['*C], [*'P), and
['"F] NMR spectrometry were obtained in dimethyl-dg
sulfoxide solutions using a Varian NMR Unity plus
500 spectrometer.

Mitochondria from rat kidney were prepared by dif-
ferential centrifugation as described by Chivez et al.
{1985). The last wash was carried out in a medium con-
taining 0.1% bovine serum albumin in 250 mM sucrose
and 10 mM Tris, pH 7.3. The final pellet was suspended in
the same medium without albumin. Protein concentration
was determined by the Biuret method using bovine serum
albumin as a standard. The samples were solubilized with
deoxycholate, which was present at a final concentration
of 1% by weight.

Calcium uptake was measured using **CaCl, (spe-
cific activity, 1000 cpm/nmol) following the filtration
technigue through Millipore filters of 0.45-pm pore
diameter, at the indicated time. The assay medium
comtained 125 mM KCl, 10 mM HEPES, 10 mA succi-
nate, 200 pM ADP, 10 g rotenone, 2 mM Pi, and 50
uM #CaCly, pH 7.3. Ruyg, or the related compounds
at the desired concentration, were added before Ca®*
uptake was initiated by the addition of 1 mg of mito-
chondrial protein. Binding experiments were carried
out with isolated mitochondria (I mg) incubated at
25°C in 6 ml of medium containing 125 mM KCl, 10
mM succinate, and 10 mM HEPES, pH 7.3, and 2-30
oM 'Ru,g. After 10 min of incubation, the samples
were centrifuged at 20,000 X g for 10 min and the
supernatant discarded. The pellet was resuspended in
the same buffer and centrifuged again at 20,000 X g
for 10 min. The peliet was resuspended in the wash
medium with 10 A of unlabeled Rusgo, and incubated
for 1 min to eliminate nonspecific binding of the inhtbi-
tor. After a final centrifugation, the peliet was resus-
pended in a small volume of medium, transferred into
a test tube, and its radioactivity content measured in
a gamma counter.

RESULTS AND DISCUSSION

The structures of ruthenium red, Rusg, and the
synthesized analog are shown in Fig. 1. A 16 pM



Mitochondrial Ca’* Uptake Inhibition by Ruthenium Complexes 553

&+

NHI NH3  NH3 NH3 NHy Ny
RUTHENIUM RED

Riphen

Fig. 1. The structures of ruthenium red and Ru,,,, {(from Carrondo
etal., 1980 and Ying er al., 1990, respectively}. A possible arrange-
ment of the phenanthrolines in the compound Rrphen is also shown.

solution of Rusg, exhibits an absorbance maximum at
360 nm, with no detectable absorbance at 533 nm,
indicating that there is no contamination with ruthe-
nium red. The spectrum of purified ruthenium red is
also free of absorbance at 360 nm. Both compounds
were free of cross contamination and were used to
inhibit energized calcium uptake. The purified ruthe-
nium red complex inhibited with a K; similar to that
reported by Reed and Bygrave (1974) (30 nM; data
not shown).

The ["H] NMR spectra at 297 K of Rrphen shows
the same pattern found for the free phenanthroline.
However, in our complex, the peaks are shifted down-
field, indicating that the phenanthroline ligands are
coordinated. Since we liked to confirm that the hex-
afluorophosphate counterion had not suffered any
redox reaction, a *'P and a '°F resonance spectra were

recorded. The results confirm that the PFg counterion
remains unchanged. The visible spectrum for Rrphen
shows a main peak at 534 nm, assigned to the charge
transfer electronic transitions. In the UV region, strong
signals appear, which correspond to phenanthroline.
The infrared spectrum of KBr pell.  .f the Rrphen
complex in the range 4000-450 cm—1 shows bands
at 3300-3100, 1620, and 1296, which correspond to
the N-H group. The bands of the phenanthroline
appears slightly shifted, confirming their coordination
(not shown).

The potency of the binuclear complex Ruzg was
assayed in energized mitochondria, under the condi-
tions described. The uniporter had a very high affinity
for the inhibitor; the K; obtained was 7.68 nA! 13
we previously reported (Zazucta et al., 19" une
inhibitor was considered tightly bound. Theretore, the
analysis was made by th. ‘hixon graphical method
(Segel, 1993) for this type of inhibitors (Fig. 2). The
K, obtained was 9.89 nM and the concentration of the
inhibitor that is bound to the uniporter was calculated

Ki= 9.89 nM

nmol Ca?+/mg/10 sec
&

0 T L) A T
0 10 20 30 40 50 60
nM (Russo)

Fig. 2. Dixon graphical plot for tightly bound inhibitors. Calciumn
uptake was inhibited in the presence of different concentrations of
Rus,, under the conditions described in the experimental section
(m). A set of lines were drawn on the experimental data from v, to
the [{], axis, in such a way that each line intersects the experimental
curve at v, Vo, Vs and so on. This represent a 1/2. 1/3, and 1/
4 of the activity. The distance between the intercepts on the [{] axis
gives K, directly. The line drawn from v, to the [{] axis two K
distance from the left of 1/2 v,, represents the [{], of the total
concentration inhibitor. Finalty the distance between this line and
the y axis is the [E'}, where a significant proportion of the inhibitor
is bound. [{], = Total free inhibitor concentration. (E], = Total
enzyme concentration.

El3 4.8 pmol/mg
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as 4.8 pmol/mg protein. These results are slightly dif-
ferent from those reported recently by Matlib er al.
(1998) for a compound identified as Ruag. They
reported an ICgyq of 0.184 nM and a maximum binding
of 80 fmol/mg of protein with a dissociation constant of
0.34 nM in isolated rat heart mitochondria, measuring
calcium movements spectrophotometrically with arse-
nazo IIl. Indeed, the compound analyzed in this work
exhibited more potency than pure ruthenium red.

The binding of '™Rusg, was also determined by
adding the inhibitor directly to mitochondria in 125
mM KCl, 10 mM TRIS, pH 7.3, as described in the
experimental section. The binding curve was hyper-
bolic and appeared to be a saturable function above
20 nM (Fig. 3a). Specific binding determined by a
Scdtchard plot gave a value for B, of 6.2 pmol/mg
mitochondrial protein; the K, was 16.5 nM (Fig. 3
insert). The relation between binding of the binuclear
ruthenivm ammonium complex and inhibition of cal-
cium upiake showed a clear correspondence.

The large variety of ruthenium amino compounds,
obtained by ammoniacal reaction mixture from which
ruthenium red is synthesized, raised the question as to
whether all complexes are inhibitors of the calcium
uniporter. Although they are structurally related, the
inhibitory potency between the hexacationic ruthenium
red and the lesser cationic charged Rusg is almost 25-
fold. The potencies of the remaining complexes have
been already analyzed (Reed and Bygrave. 1974). The
experiment shown in Fig. 4, was conducted to define
the competitive behavior between ruthenium red and

0123 43587
bound (pmokimg)

10 15 20
19Ru_,_ (WM)

Fig. 3. Equilibrium binding of ""*Rusg in rat kidney mitochondria.
The insert shows the Scatchard plot of the specific binding of
"Ry The conditions were as described in the experimental
section,

o
-
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Fig. 4. Inhibition of mitochondrial calcivim uptake by Ru,g, in the
presence of ruthenium red. (a) Inhibition of Rusg, in the presence
of increasing concentrations of ruthenium red at a fixed Ca’* con-
centration. (b) Dixon plot for the inhibition values (8, § ruthenium
red: @, 50 uM ruthenium red; A, 75 pM ruthenivm red: ¢, (00
WM ruthenium red: and ¥, (50 pM ruthenium ted. (c) Dixon
graphic replot of the data without Ru,g, renders the K, for ruthentum
red. Calcium uptake determinations were made by using *CaCl,,
as described.

Ruyg for the uniporter binding sites. The inhibition
by Ru; in presence of different fixed concentrations
of ruthenium red is shown in Fig. 4a, The mutval
exclusivity of Rusg and ruthenium red is evident from
the Dixon plots of 1/V versus the concentration of the
binuclear complex at a fixed 50 pM calcium concentra-
tion and different fixed concentrations of ruthenium
ted (Fig. 4b). The slopes of the plots are independent of
the concentration of the fixed (ruthenium red) inhibitor.
The family of curves are parallel and the intercepts on
the 1/V axis represent the inhibition of ruthenium red
at different concentrations. The replot of these values
against the fixed ruthenium red concentrations, repre-
sents the usual Dixon plot for this inhibitor. The K;
obtained was 25 nM (Fig. 4c). The pure noncompetitive
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character of both inhibitors is demonstrated in this
figure: Dixon plots from partial and most mixed non-
competitive inhibitors are curved. When the complex
enzyme—substrate inhibitor is not catalytically active,
the plot is linear. The addition of Ruag to the system
did not promote a synergistic effect on the inhjbition.
The same occured when the fixed inhibitor was Rusg
versus different concentrations of ruthenium red (not
shown}.

It has been reported that ruthenium red binds to
the so-called “low-affinity” calcium-binding sites that
lanthanum (a competitive inhibitor of the calcium uni-
porter) can also occupy. These sites are presumably
phospholipids. Voelker and Smetjck (1996) demon-
strated that ruthenium red behaves in a diffuse double
layer as ah ion with an effective valence < 6 and has
a very high affinity for phosphatidylserine-containing
membranes. Does Rusgy compete with lanthanum for
this low-affinity calcium-binding site?

A competition assay was performed to determine
if Rusg behaves as ruthenium red, in the presence
of lanthanum. The addition of lanthanum to a fixed
concentration of Ruag promoted a larger inhibition
than of the polynuclear complex by itself (Fig. 5a).
The Dixon plot (Fig. 5b) shows that the high-affinity
binding sites for La**, with a K; of 100 nM were not
modified when the oxo-bridged binuclear complex was
present in the incubation medium; as expected only the
low-affinity binding sites were modified in presence of
Rusgg. The conclusion that could be drawn is that Ruag
displaces La** from the nonspecific phospholipid sites,
but not from the calcium carrier binding sites.

The amine complexes of trivalent cobalt are simi-
lar in many respects to ruthenium complexes. Tash-

a) b)

A

® +Ru

§ % » 0.234
[=]
L . 0.20 s e
E : -2
& 18 < on
[ ]
g‘é 'OL\\“\. i / /
c s 0os

o 000 /l v

0 0 100 150 200 -150 4100 50 S0 100 150 200

LaCI’ {nM) LaClJ {nM)

Fig. 5. Inhibition of calcium uptake by Ruay, in the presence of
lanthanum. Calcium movement was determined as described in the
experimental section. The medium contained 125 mM KCI, 10 mM
HEPES. 10 mAf succinate, 200 pM ADP. 10 pg rotenone, 40 nM
Rusewe and 50 pM **CaCl,, Phosphate was not added to the medium.
&, Without Ru;g,: @, plus 40 nM Ru;g,.

mukharnedov et al. (1972) have reported that hexamine
cobalt chloride [Co(NH;)s]** inhibits mitochondrial
calcium transport. This complex cation was reported
to react with the negatively chareed sites of sulfate-
containing glycosaminoglycar- and is used for
du.rmining the total amount of their anionic groups.
The half-maximum inhibition observed was 3 X 1073
M and this represents one order of magnitude higher
than the inhibition exerted by ruthenium red.

In an aqueous environment, ruthenium red is pres-
ent as an hexavalent cation (Carrondo et al. 1980),
which due to its highly positive charge, is expected to
be very responsive to negative charges on proteins,
lipid membranes, and cation carriers. The possibility
of electrostatically mediated action of ruthenium red
in biomembranes in relation to its adsorption to nega-
tively charged lipids has already been discussed in the
literature. Missiaen et al. (1990) proposed that the
inhibition of the Ca?* pump in the plasma membrane
by ruthenium red is due to an electrostatic origin medi-
ated by the neutralization of negatively charged phos-
pholipids by adsorbed ruthentum red cations.

To define the requirement of a basic structure for
the calcium unipert inhibitors and to discard a pure
electrostatic mechanism, the potency of an analog of
the polynuclear complexes was assayed. The com-
pound possesses the essentially linear backbone N-Ru-
O-Ru-O-Ru-N formed from three coordinated ruthe-
nium, however, some of the amino groups are substi-
tuted by phenanthrolines groups. The net charge of the
compound is +6. [t inhibits calcium uptake with a K;
of approximately 0.3 uM (not shown). This represents
about tenfold the K; reported for ruthenium red and
thirty-fivefold the K, obtained for Ruyg. This complex
forms a very voluminous compound that presumably
cannot fit adequately in the conformed space that is’
occupied by the almost cylindrical ruthenium red mole-
cule (Carrondo et ai., 1980). Russ; has the same linear
backbone N-Ru-O-Ru-N and each ruthenium atom is
positively charged with the remaining charge delocal-
ized between the Ru-O-Ru bridge (Matlib et al., 1998).
A possible model in Fig. 6, is proposed to explain the
inhibitory properties of ruthenium amino complexes.
The uniporter molecule has been considered to be a
fast “gated” pore (Sparagna ef al., 1995; Litsky and
Pfeifter, 1997) with a recognition binding site for cal-
cium, located near the cytoplasmic side of the mem-
brane (Fig. 6a). The inhibitors described did not
compete with calcium for the high-affinity sites related
to the transporter, but they did so to the low-affinity
sites for calcium, represented by acidic phospholipids.
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Fig. 6. Proposed model to explain the inhibitory properties of
the polycationic rethenium complexes described. (a) The uniporter
molecule embedded in the membrane with two sites for calcium
binding and a negatively charged density region, facing the outside
of the inner membrane. (b) The polycationic complexes present
different ability to fit this negatively charged density region. The 0.8
nm molecule of Ruy binds to this site and exens a conformational
change that modifies the recognition site for calcium: this compound
also binds to the phospholipids, so it could be anchored to the
membrane as well as 10 the uniporter-binding site. The 1.2 nm length
ruthenium red possesses a higher affinity for acidic phospholipids,
because of its hexacationic charge, but it could, indeed, fit in the
uniporter-binding site. ‘Finally, the bulky phenanthroline analog
exents low inhibition on calcium uptake, perhaps for its imability
10 promoie a direct conformaiionai change on the uniporier, but
instead modifies the low-affinity binding sites for calcium at the
phospholipid Jevel.

The uniporter is a cooperative mechanism in which
calcium binding to an activation site increases the rate
of transport. The high specificity for ruthenium red
and Ru.g suggests that the uniporter cytoplasmic side
possesses a highly negatively charged density region,

Zazueta, Sosa-Torres, Correa, and Garza-Ortiz

where the cylindrical complexes bind and promote
a conformational change that modifies the calcium
activation site in such a way that the uptake would
not be activated. The fact that both compounds are
mutually exctusive and that Ru;gq, as well as ruthenium
red, displace lanthanum from the low Ca’*-binding
sites, supporis the notion of the presence of a specific
binding site in the uniporter and negative charges from
phospholipids in the membrane. Ruthenium red can
be regarded as a charged cylinder 1.2 nm long (Car-
rondo ef al., 1980) or as a linear array of three charges
separated by 0.6 nm. The bridging Ru-O bond lengths
and the Ru-N distances estimated on the basis of the
X-ray structure of Ruig Ying (er al, 1991) reveal a
cationic complex of approximately 0.8 nm of a cylin-
drical shape. In Fig. 6b, it is proposed that both com-
plexes could be anchored to negative phospholipids
closely associated with the uniporter inhibitor-binding
site, in such a way that an adequate fitting to the camier
modifies the structure of the calcium channel. The
lower affinity for ruthenium red could be explained in
terms of its more positive charge that makes the com-
plex very responsive to unspecific negative charges on
proteins and lipid membranes. As the concentration
of tuthenium red increased, unspecific screening to
negative charges of the membrane diminished. The
behavior of the ruthenium analog is explained on the
basis of its bulky and more hydrophobic structure.
Adsorption of ions to lipid membranes has been
reviewed recently by Tatulian (1994). The low inhibi-
tory potency of this complex could be related to their
adsorption to the lipidic environment, as well to their
steric inability to modify the Ca**-activation bind-
ing site,
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