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RESUMEN

Comparando el perfil de bandas de la Fi-ATPasa y del complejo FiFo de
Paracoccus denitrificans en un SDS-PAGE, se resuelve una nueva proteina de un
peso de 11 kDa, adicional a las 5 subunidades candnicas que se encuentran en
las F1-ATPasas hasta el momento descritas para bacterias, q, B, vy, 6, y €. Geles de
dos dimensiones (2D-PAGE) confirman la presencia de esta proteina de 11 kDa
unida a la ATP sintasa de P, denitrificans, tal como se observa en los complejos F+
y F1Fo aislados. Las subunidades de 11 kDa y € recombinantes fueron clonadas,
sobre-expresadas, purificadas y reconstituidas en la FiFo en particulas sub
bacterianas y en la F1 soluble. La subunidad que tuvo un efecto inhibitorio fue la
subunidad de 11 kDa, no asi la subunidad €. Nombramos a la subunidad de 11
kda como la subunidad ‘C de la ATP sintasa de P denitrificans. Esta subunidad
interactua con las subunidades a y B en el estado inhibido de la PdF+, pero en su
estado activo, la subunidad C, deja de interactuar con las subunidades ay B y se
reacomoda para interactuar parcialmente con la subunidad & entre otras
subunidades. Estudios estructurales de dicroismo circular y de resonancia
magnética nuclear, resolvieron la estructura secundaria y terciara de la subunidad
C aislada, lo cual combinado con experimentos de protedlisis limitada mostraron
que el dominio inhibitorio de esta subunidad se encuentra el extremo N-terminal y/
o en el C-terminal que se encuentran adyacentes en la estructura terciaria de esta
nueva proteina inhibidora.

La subunidad C también se encontré en Rhodobacter sphaeroides asociada a su
FiFo-ATPasa nativa. Ademas, la actividad de Fi-ATPasa de cromatoforos de R.
sphaeroides fueron inhibidos parcialmente por la subunidad C de P denitrificans.

Todos estos datos nos demuestran un nuevo mecanismo de inhibicion del
nanomotor F1Fo-ATPasa de P, denitrificans y de otras a-proteobacterias.



ABSTRACT

Comparing the band profile in SDS-PAGE of the Fi-ATPase and of the FiFo
complex of Paracoccus denitrificans, a novel 11-kDa protein was resolved in
addition to the 5 canonical a, B3, y, 6, and € subunits present in all known bacterial
Fi1-ATPase complexes. BN-PAGE followed by 2D-SDS-PAGE confirmed the
presence of this 11-kDa protein bound to the native FiFo-ATP synthase of P
denitrificans, as it was observed after being isolated. The recombinant 11 kDa and
€ subunits of P denitrificans were cloned, overexpressed, isolated, and
reconstituted on the particulate F1Fo and soluble Fi-ATPase complexes. The 11-
kDa protein, but not the € subunit, inhibited the F1Fo and Fi-ATPase activities of P,
denitrificans. We named the 11-kDa protein, the ‘T subunit of the ATP synthase.
This subunit interacts with a and B subunits in the inactive PdF4 but in the active
PdF4, the T subunit is re-oriented away from a and B subunits but interacting
partially with € among other subunits. Structural studies of circular dichroism and
nuclear magnetic resonance resolved the secondary and tertiary structure of the
isolated € subunit, these results together with limited proteolysis showed that the
inhibitory domain of this subunit is found on the N-terminal and/or C-terminal
domains which are close to each other in the tertiary structure of this novel
inhibitory protein.

The C subunit was also found in Rhodobacter sphaeroides associated to its native
Fi1Fo- ATPase.

Taken together, the data unveils a novel inhibitory mechanism exerted by this 11-
kDa protein on the FiFo-ATPase nanomotor of P denitrificans and closely related
a-proteobacteria.
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ABREVIATURAS

ATP. Adenosina Trifosfato.

Bis-Tris. 2-bis(2-hidroxietil)amino-2-(hidroximetil)-1,3-propaneidol.

BN-PAGE. Electroforesis azul nativa en geles de poliacrilamida.

CAPS. Acido Ciclohexilamino-propiosulfénico.

EACA. Acido aminohexanéico

EDTA. Acido Etileno-amino-tetracético.

IF1. Proteina inhibidora de la F1Fo-ATPasa mitocondrial.

LDAO. Oxido de Dimetil-dodecil amina.

PBS 6 PBST. Amortiguador de fosfatos con o sin Tween 20.

PCR. Reaccién en cadena de la polimerasa.

PDB. Banco de datos de proteinas.

PdF1. F1 de Paracoccus denitrificans.

PdF1FO. PdF1FO de Paracoccus denitrificans. PMSF. Fenilmetanosulfonil Fluoruro.
PSB. Particulas Sub Bacterianas.

PVDF. Poliviniliden difluoruro.

SDS-PAGE. Electroforesis de geles de poliacrilamida en presencia de Dodecil-sulfato de
sodio.

TCA. Acido tricloroacético.

Tris. Hidrometil amino-metano.

WB. Western blot.
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INTRODUCCION

l. Paracoccus denitrificans

Paracoccus denitrificans es un micro-organismo de forma cocoide, gram negativo, sin
motilidad y fue aislado de suelo por primera vez por Beijerinck (1) bajo el nombre de
Micrococcus denitrificans. La seleccién original de la especie fue basada en su habilidad
de convertir nitrato (NO3-) a 6xido nitrico (NO), éxido nitroso (N20) o nitrbgeno molecular
(N2). Esta especie se encuentra clasificada taxondmicamente dentro del Super Reino de
las bacterias, Phylum Proteobacterias, Clase Alfa proteobacterias, Orden
Rhodobacterales, Familia Rhodobacteraceae y del Género Paracoccus (2). Las especies
del género Paracoccus tienen un alto contenido de (G+C) que va del 63.8 al 70.2% (3).
Ademas, las especies dentro de este género, utilizan un amplia variedad de compuestos
inorganicos para crecer incluyendo acetona, dimetilformamida, tiocianato, ademas de que
dos cepas de Paracoccus denitrificans crecen en disulfuro de carbono. Por estas
propiedades de crecimiento se ha propuesto a este género como biorremediador.
Actualmente, a P. denitrificans, junto con Nitrosomonas europaea se les utiliza en
biotecnologia para descontaminar aguas con altas concentraciones de amonio (4)
particularmente porque utiliza nitrato y sus productos de reduccién como aceptores de
electrones como una alternativa a la utilizacion de oxigeno durante el crecimiento
respiratorio o anaerobio (5).

La clase de las a-proteobacterias es un grupo que tiene cercania filogenética con el
protoendosimbionte aerobio que, segun la teoria de Lynn Margulis, fue engullido por otra
bacteria fermentativa y con el paso de la evolucion, este endosimbionte dio origen a las
mitocondrias que conocemos actualmente (6). La evidencia que apoya esta teoria
endosimibiética fue inicialmente comparativa entre la estructura y funcién de las cadenas
respiratorias de las a-proteobacterias y las actuales mitocondrias, y posteriormente a raiz
de las similitudes entre las secuencias de ADN y de las proteinas mitocondriales, cuyos
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homélogos se encuentran presentes en las a-proteobacterias. Por ejemplo,
funcionalmente se relaciond a P. denitrificans con el origen mitocondrial dado que esta
bacteria resulté poseer los cuatro complejos respiratorios presentes en las mitocondrias,
a diferencia de algunas eubacterias como Escherichia coli que carecen del complejo IV o
citocromo oxidasa. Ademas de esto, la funcién respiratoria de P. denitrificans medida
como velocidad de consumo de oxigeno por medio de polarimetria con un electrodo de
oxigeno mostr6é una propiedad unica de las mitocondrias que no esta presente en el resto
de las bacterias: P. denitrificans mostraba una aceleracion de la velocidad respiratoria en
respuesta a la adicibn de ADP como sustrato de la fosforilacion oxidativa, lo cual se
denomina “control respiratorio”, abreviado C.R. Cuantitativamente el “C.R.” es el cociente
entre la velocidad respiratoria en presencia de ADP sobre la velocidad en ausencia del
mismo, y P. denitrificans mostré un C.R. de 1.85, el cual es un valor similar al de las
mitocondrias aisladas y que tienen funcionalmente acopladas la respiracion y la sintesis
de ATP (7). Comparativamente, el mismo valor de C.R. en otras bacterias es de 1, es
decir que no responden a la adicién del ADP como lo hacen las mitocondrias acopladas.
Asi mismo, se observd que la respiracion de P. denitrificans responde de manera similar a
la respiracion mitocondrial cuando se adicionan inhibidores o desacoplantes de la cadena
respiratoria (7). Estas similitudes funcionales evidenciaron una posible cercania evolutiva
entre las a-proteobacterias como P. denitrificans y el proto-endosimbionte que dio origen a
las mitocondrias, sin embargo la evidencia mas sélida para apoyar estas aseveraciones
proviene de la construccion de arboles de relaciones filogenéticas utilizando las
estructuras primarias de las subunidades apocitocromo b, COXI y COXII de la citocromo
oxidasa (8). Este tipo de analisis es posible ya que P. denitrificans posee en su membrana
citoplasmética a los complejos respiratorios: complejo | o NADH deshidrogenasa, Il o
succinato deshidrogenasa, Il o ubiquinol-citocromo ¢ oxido-reductasa, IV o citocromo ¢
oxidasa, purificados previamente a partir de membranas de P. denitrificans como se
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describe en las referencias (9), (10), (11) y (12), respectivamente. Estos complejos han
sido purificados y caracterizados, excepto por el complejo V o ATP sintasa. Los complejos
respiratorios de P. denitrificans que se han purificado han resultado ser versiones
‘sencillas’ de su contraparte mitocondrial, es decir son complejos multiproteicos que
contienen menos subunidades comparados con sus homélogos mitocondriales. Gracias a
esto, algunas a-proteobacterias han sido utilizadas como modelo de estudio para poder
comparar el comportamiento de estos complejos con su contraparte mitocondrial, dado
que los analisis estructurales a nivel atbmico son mas sencillos de realizar con proteinas
mas pequenas. Tal es el caso del complejo IV o la citocromo oxidasa de P. denitrificans, el
cual fue purificado, caracterizado y ademas se logrd resolver su estructura cristalografica
y asi proponer el mecanismo de accion de su homoélogo en las mitocondrias (13). En esta
misma linea, aun no se ha purificado al complejo V o ATP sintasa de este micro-
organismo, el complejo clave en la fosforilacion oxidativa, esto se debe a que no se ha
logrado purificar una F1-ATPasa ni un complejo F1Fo estable de esta bacteria; es probable
que la latencia funcional como ATPasa del complejo FiFo de P. denitrificans, que se
discutira mas adelante, haya interferido con intentos previos de aislar a esta enzima de
forma nativa y funcional. Las secuencias de los genes de las subunidades de la F1 y de la
Fo de P. denitrificans se encuentran separados entre si, pero los genes de ambos
subcomplejos estan localizados en uno solo de los dos cromosomas que posee este
micro-organismo (14). La ATP sintasa de P. denitrificans es particularmente importante
porque se ha observado que tiene la velocidad de sintesis mas rapida que se ha
observado en las ATP sintasas hasta ahora descritas y en contraste, en cuanto a la
actividad de ATPasa se refiere, es una de las mas lentas que se ha observado hasta el
momento, de tal manera que se puede concluir que el complejo F1Fo de P denitrificans
es un factor de acoplamiento unidireccional que funciona casi exclusivamente en el
sentido de la sintesis del ATP (15-17). En nuestro grupo se ha observado que esta
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actividad de ATPasa puede ser activada por oxianiones tales como el fosfato inorganico
(Pi), el bicarbonato, el arsenato, el vanadato y el sulfito, siendo este Gltimo el que mas
activa la hidrolisis de ATP de la enzima, de 0.02umol*(min*mg prot)-' a 450umol*(min*mg
prot)' en cuanto a velocidades maximas se refiere (18). Los mecanismos de activacion
que se han propuesto para el sulfito son; 1. El sulfito modifica la afinidad del sitio de unién
del Mg2+-ADP desprendiéndolo de su sitio inhibitorio (19-22), evitando asi que la enzima
se auto-inhiba cinéticamente, 2. por otro lado se ha observado (23) que al mutar a la
glicina 305 de la subunidad y por alanina en la FiFo-ATP sintasa de Rhodosporillum
rubrum, el sulfito ya no tiene efecto activador alguno sobre la kcar de la Fi-ATPasa,
sugiriendo que la region del residuo G305 puede ser parte del sitio de union al sulfito. 3.
Finalmente en otro trabajo de nuestro grupo (24) se observé que al incubar a vesiculas
invertidas de P. denitrificans con sulfito y titular con la proteasa tripsina, el incremento en
la actividad de ATPasa mostr6 un comportamiento aditivo en los efectos del sulfito y la
proteasa. Esto sugiere que el sulfito tiene efectos estructurales exponiendo a la hidrélisis
por la tripsina a una, o varias subunidades responsables de la inhibiciébn de dicha
actividad en el complejo F{Fo.

En nuestro laboratorio (25) se purifico a la F1 y a la FiFo ATP sintasa de P. denitrificans y
se encontr6 que ademas de las subunidades caracteristicas de la Fi-ATPasa de E. coliy
el resto de las bacterias descritas previamente, las cuales son: a, B, y, ® y € (Tabla 1),
habia una sexta subunidad adicional de un peso aproximado de 11 kDa, la cual en un gel
de poliacrilamida desnaturalizante en presencia de SDS (SDS-PAGE), migra por debajo
de la subunidad € (25). Coincidentemente, si se compara en un carril paralelo a la Fi-
ATPasa de P. denitrificans con la Fi-ATPasa mitocondrial conteniendo a su inhibidor
intrinseco, la subunidad de 11 kDa de P. denitrificans co-migra con la denominada

proteina inhibidora mitocondrial o IF4, la cual es la encargada de inhibir la actividad de
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FiFo-ATPasa en las mitocondrias cuando el gradiente electroquimico de protones se

abate (26).
Il. La ATP sintasa

Tabla 1. Composicion de subunidades de las diferentes ATP sintasas de Escherichia coli, Saccharomyces

cerevisiae y Bos taurus. En subindices, la estequiometria con respecto a y. Modificado de (27)

Escherichia coli Sazcefr):‘r/%l;g; ces Bos taurus molljaec?;l):res
(kDa)
as as as 55.1
Bs Bs Ba 50.1
Y Y Y 324
F1 o OSCP OSCP 21.0
€ o) o) 15.1
€ € 5.7
IF1 IF1 10.0
a Sub. 6 Sub. 6 19.0
b2 Sub. 4 b 24.0
C10 Sub. 910 Co-15 7.6
Sub. 7 d ?
Fo e e ?
f f ?
g g ?
h F6 ?
Sub. 8 A6L ?

El complejo V o F1Fo-ATP sintasa es un motor rotacional que acopla la energia en forma
de gradiente electroquimico de protones y de union del nucleétido en su forma de Mg2+-
ADP vy fosfato, a la sintesis de ATP (28-31). El gradiente es provocado por el paso de los

electrones a través de la cadena de respiratoria, utilizando como sustratos los
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equivalentes reductores o metabolitos que provienen de las diversas vias metabdlicas
(NADH, FADH, Succinato). Cuando esto sucede en la bacteria, se bombean protones del
lado citosolico al espacio periplasmico y se forma un gradiente por las diferencias de
cargas y de pH en ambos lados de la membrana, el gradiente electroquimico de protones
o Apn+. Debido a este Gltimo, los protones tienden a regresar hacia el citoplasma, este
flujo de protones es facilitado por el canal Fo de la ATP sintasa, finalmente este flujo de
protones a través de Fo es acoplado conformacionalmente a la sintesis de ATP en la
cabeza catalitica o F1 para sintetizar al ATP a partir de ADP y Pi. Para ser transportados,
los protones encuentran un hemicanal formado entre las subunidades a y el anillo de
subunidades c¢. Cada una de las subunidades ¢ contiene un carboxilo esencial que se
protona secuencialmente del lado periplasmico, cede el protén a una arginina esencial de
la subunidad a y se desprotona del lado citosélico. La protonacion de cada subunidad ¢
en un hemicanal, y la desprotonacion de otra subunidad ¢ en el otro hemicanal le confiere
un movimiento giratorio al anillo de subunidades c, el cual arrastra a la subunidad € y ésta
a su vez a la subunidad v, juntas estas subunidades son denominadas ‘rotor’, el cual gira
con respecto al hetero-hexamero de subunidades a, 3, que junto con las subunidades o,
by a, forman el ‘estator’. Para demostrar que el ‘rotor’ gira con respecto al estator, se
realizaron varios experimentos de entrecruzamiento y marcaje fluorescente de la
subunidad vy, pero el experimento mas concluyente fue en el que se le unié un filamento
fluorescente a las subunidades y o € de la F1, o al anillo de subunidades c (para el ultimo
caso) que se encontraba inmovilizada por la subunidad 3, que es parte del ‘estator’ y por
microscopia de fluorescencia, se observ6 directamente y por primera vez, el movimiento
rotacional (32-35). Los 3 sitios cataliticos de la F1-ATPasa se encuentran formados entre
las subunidades a y (. Al moverse, la subunidad y provoca movimientos
conformacionales simultaneos en los 3 sitios cataliticos los cuales provocan los cambios
de afinidad por los nucle6tidos de adenina y el fosfato, de acuerdo al modelo de cambio
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de unién de Boyer (36). En este modelo, las tres conformaciones de los sitios cataliticos
abierta, semiabierta y cerrada se alternan en respuesta al giro de la subunidad y. En la
conformacién abierta se tiene una alta afinidad por el ADP y el Pi, en la conformacion
semiabierta el ADP y el Pi estan unidos a la enzima, finalmente en la conformacion
cerrada sucede la condensacion entre el ADP y el Pi para asi sintetizar al ATP.

Como mencionamos anteriormente, la enzima se comporta como un motor molecular
reversible, es decir que puede girar tanto en el sentido de la sintesis del ATP como en el
sentido opuesto de su hidrélisis, la porcion soluble o Fi puede ser separada
experimentalmente y mantener su capacidad hidrolitica (37). El giro hacia el sentido de la
hidrélisis de ATP es utilizado por la célula para producir un gradiente de protones, que es
utilizado para mantener el estado metabdlico de la célula. Para regular el giro de la
enzima en al sentido de ATPasa, los organismos presentan varios sistemas; para el caso
del complejo V mitocondrial de los eucariontes, se tiene la IF1 que es una proteina de un
peso de 10 kDa que evita el giro de la enzima en el sentido de la hidrélisis de ATP (26).
Para los cloroplastos, se presenta un mecanismo en el cual se produce un enlace
disulfuro interno en la subunidad y, ademas de la inhibicién por Mg2+-ADP y la subunidad
€. Finalmente para el caso de las bacterias hasta ahora estudiadas, el mecanismo de
inhibicion es llevado a cabo por la subunidad €, subunidad que al igual que la proteina IF;,

evita el giro de la enzima en el sentido de la hidrélisis del ATP (38).

lll. Mecanismos de inhibiciéon de la ATPasa mediados por subunidad

i) IF4
En eucariontes se ha descrito a la proteina inhibidora de la ATPasa de las mitocondrias o
IF4, la cual es una proteina de 84 residuos de aminoacidos y un peso de 10 kDa que tiene
la funcion principal de inhibir el sentido de la hidrélisis de ATP por la FiFo-ATPasa (26). Se

ha observado que esta proteina entrecruza a una distancia de 12A con las subunidades v,
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O y € que son parte del rotor de la enzima (39) y ademas el carboxilo terminal de la IF se
ha observado que entrecruza con la subunidad OSCP, que es parte del estator cuando no
esta inhibiendo a la enzima. La IF¢ se une a la ATP sintasa con una estequiometria de 1:1
(40).

En la estructura cristalografica (41) se observa que la IF1 establece contactos con las
subunidades a, B, y y, entonces se propone que la IFi evita tanto los cambios
conformacionales de las subunidades 3 cataliticas como la rotacion del rotor con respecto
al estator, evitando asi que el ATP sea hidrolizado. La IFs se oligomeriza dependiendo del
pH en el que se encuentre, cuando el pH es de aproximadamente 6.5, la IF1 se encuentra
en su forma inhibitoria mas activa que se ha propuesto es la forma dimérica de la proteina
(42). En tejido cardiaco, en condiciones de hipoxia ocasionada por isquemia ya sea
quirargica o patoldgica, el gradiente electroquimico de protones se colapsa y la enzima
tiende termodinamicamente a utilizar el ATP que hay en la célula para re-establecer en lo
posible al gradiente electroquimico mitocondrial, y asi mantener las funciones principales
de la célula. En células humanas en cultivo, se ha observado que al inhibir la respiracién,
la IF1 mantiene la concentracion de ATP en el citosol, a expensas del gradiente
electroquimico de protones (Aym) y asi evita que la célula entre en apoptosis 0 necrosis
(43). Cuando el pH se alcaliniza, la IF1 deja de ser activa como inhibidor, lo cual se ha
propuesto esta ligado a la auto-asociacion de la IF1 como tetrdmero inactivo (42), pero

esto no se ha demostrado. Las condiciones in vitro de pH=8 son similares a las

condiciones de mitocondrias energizadas por un sustrato oxidable que al respirar generan
un Apne, dado que el transporte de los protones de la matriz hacia el espacio
intermembranal alcaliniza a la primera donde se localiza la porcién catalitica (F1) de la
ATP sintasa. Por lo tanto, en condiciones energizadas en la mitocondria la enzima gira
practicamente solo en el sentido de la sintesis de ATP, gracias a que el Apn. libera a la
enzima de la inhibicibn ejercida por la IF1 en condiciones desenergizadas. Se ha
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observado un retraso de forma sigmoidal en el curso temporal del inicio de la fosforilacion
oxidativa, y se ha propuesto que éste se debe a que la velocidad inicial de la sintesis de
ATP también es inhibida por la IF1 (44). En este modelo, se propone también que la
aceleracion de la velocidad de sintesis de ATP se debe a la presencia del Auns, el cual
induce la disociacion (45, 46) o alternativamente el reacomodo de la IF; sin disociarse de
la ATP sintasa, de tal manera que el gradiente de protones desinhibe a la enzima
previamente bloqueada por la IF1. En resumen, la IF; inhibe los dos sentidos funcionales
de la enzima, tanto el giro del rotor hacia hidrdlisis del ATP como el sentido contrario hacia
su sintesis, sin embargo, al establecerse un Aun: la IF1 se mueve y asi deja de inhibir el
sentido de la sintesis de ATP. La region minima inhibitoria de la IF1 se encuentra en los
residuos del 14-47, el cual es el dominio intimamente unido entre el rotor (y) y el estator
(B) de la F1-ATPasa de acuerdo a las estructuras cristalograficas disponibles (41, 47). Por
el otro lado, en el dominio carboxilo terminal existen motivos repetidos que abarcan series
de 7 aminoacidos, las denominadas héptadas, en esta parte se forman ‘zippers’ o
cremalleras de leucina entre dos mondmeros, es decir que el dimero de la proteina es
antiparalelo (48), ademas se ha propuesto que este dominio caboxilo-terminal se une a la
subunidad OSCP cuando la IF1 no se encuentra inhibiendo a la enzima (49). Sin
embargo, este dominio carboxilo terminal dimerizante no se ha resuelto estructuralmente
en el IF1 endégeno unido a la F1-ATPasa, a diferencia del dominio N-terminal inhibitorio
que se ha demostrado hace contactos directos con las subunidades y y B de la IF4
blogueando asi la actividad de la enzima.
ii) Subunidad € de bacterias

La subunidad € es la subunidad encargada de la inhibicion de la actividad de ATPasa
bacteriana, pero mantiene intacta la actividad de ATP sintasa de la F1Fo-ATP sintasa (38).
Esta subunidad pesa en promedio 15 kDa en las diferentes bacterias. Se compone de dos
dominios; el amino terminal, que es un dominio de sabanas B y el carboxilo terminal, el
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cual estd compuesto de dos alfa hélices muy moéviles. Se ha resuelto la estructura
cristalografica del tallo central en la F1 de E. coli (50), inicialmente por medio de la
reconstitucion de las subunidades y y € (51) observandose que una de las dos alfa-
hélices de € se encuentran extendidas hacia el dominio de la subunidad y que estan en
contacto con las subunidades a y B. Ademas en otro trabajo (38) por medio de
entrecruzadores con la enzima soluble, se observa que la subunidad € entrecruza con las
subunidades a y B. Con base en estos resultados se ha propuesto que este dominio
carboxilo terminal sufre un cambio de conformacién muy amplio, en el cual se extienden
las dos regiones de alfa hélice del carboxilo terminal y asi se logra el entrecruzamiento
con las subunidades a y B. Ademas, se ha propuesto que la subunidad €, al extender su
extremo carboxilo terminal se entrelaza con la subunidad y y asi evita que la enzima gire
en el sentido de hidrélisis de ATP de la enzima. En Bacillus PS3 se ha demostrado que
esta subunidad une ATP (52) y asi mantiene la conformacion ‘cerrada’, la cual permite el
giro de la enzima, sin embargo cuando hay una baja concentracion de ATP, se favorece la
conformacién abierta, la cual evita que la enzima gire en el sentido de la hidrélisis de ATP,
pero el sentido de la sintesis no se ve alterado. Por lo tanto, la subunidad € funciona
como un trinquete, permitiendo el giro del motor molecular hacia un lado pero evitando el
giro hacia el otro sentido. Recientemente se resolvid la estructura cristalina de la Fi-
ATPasa de E. coli conteniendo a la subunidad € en la forma extendida la cual resuelve
claramente que las dos a-hélices de € se entrelazan con la subunidad y para inhibir asi la
rotacion intrinseca de la enzima (53); en este trabajo se propone que ademas de las
conformaciones “extendida” o inhibitoria y “cerrada” o no-inhibitoria de €, el cambio de una
a otra conformacién pasa por un estado intermedio semi-extendida o semi-cerrada que es
similar al inicialmente encontrado en la estructura resuelta de las subunidades y y €

reconstituidas (53) como se muestra en la figura 1.
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Figura 1. Modelo de inhibicién de la actividad de la F1-ATPasa mediado por la subunidad
€, modificado de (53). EI modelo atémico fue compuesto con las estructuras del anillo de
subunidades cio de levadura (54) y la F1-ATPasa de E. coli (53). Se muestra la membrana
en gris donde se encuentra el anillo de subunidades cio, como parte de la Fo. La
subunidad ai no se muestra para poder observar en la cavidad del hetero-hexdmero
a3b3. La parte F1 sobresale de la membrana. El primer modelo nos muestra el estado ec
o activo de la Fy, donde puede hidrolizar al ATP. Se muestra la interfase dominio amino
terminal-dominio carboxilo terminal de la subunidad € (eNTD-CTD). La e-hélice 1 (e82—
105) se muestra en gris y la e-hélice 2 (¢106—138) en rojo. Cuando esta interfase se abre
la e-hélice 1 se ancla con la subunidad y. El segundo modelo muestra un estado
intermedio que se propone donde la e-hélice 1 ya estd anclada a la subunidad v;
posteriormente ocurre una rotacion de las subunidades €ycio y la e-hélice 2 se ancla a la
subunidad y. Finalmente se origina el tercer modelo, el modelo €x, en donde eNTD se
encuentra totalmente extendido e inactiva a la F1 mientras que la subunidad B1 se
encuentra en estado semi-cerrado.

PLANTEAMIENTO DEL PROBLEMA

Para el caso de Paracoccus denitrificans, no se ha descrito un mecanismo de inhibicion
de la actividad de ATPasa. Entonces este proyecto se enfocara en determinar si la
subunidad de 11 kDa y/o la subunidad € presentes en la FiFo-ATP sintasa de este

organismo son las responsables de la regulacién del sentido de hidrélisis de ATP en este
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micro-organismo, asi como determinar los parametros cinéticos de dicha inhibicion y el

mecanismo de inhibicidn de dichas subunidades, si es el caso.

23



HIPOTESIS

El mecanismo de inhibicién de la actividad de F1-ATPasa en Paracoccus denitrificans esta
mediado por la subunidad. Una de las posibles responsables, es la subunidad € al igual
gue en las demas bacterias descritas hasta ahora. El otro candidato es la subunidad de
11 kDa. En este ultimo caso el mecanismo de inhibicidbn seria un nuevo mecanismo

totalmente diferente a los mecanismos ya conocidos.

OBJETIVOS

» Determinar qué subunidad o subunidades son las responsables de la inhibicion de la
actividad de la F1-ATPasa en Paracoccus denitrificans

» Analizar las estructuras secundarias/terciarias de las subunidades de 11 kDa y € de la
ATP sintasa de P. denitrificans

» Resolver el mecanismo de inhibicibn de la o las subunidades que se encuentran

inhibiendo a la PdF1-ATPasa de P. denitrificans
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MATERIALES Y METODOS
. Amplificacion, clonacion y sobre-expresion de la subunidad de 11 kDa (Q) y de la
subunidad € de Paracoccus denitrificans

Subunidad C

La subunidad de 11 kDa de la F1Fo de P denitrificans purificada, fue analizada mediante
degradacién de Edman, para conocer la secuencia primaria de su amino terminal, a partir
de esta secuencia (TTFDDRERAXEAKF) se realiz6 un analisis mediante el programa
BLAST (www.blast.ncbi.nim.nih.gov) y se encontré en el primer blanco una proteina
hipotética de P. denitrificans, la Pden_2862 cuya funcion era desconocida. Al analizar la
secuencia completa de esta proteina en el programa TrEMBL, alojado en el servidor

ExPASy (www.expasy.org) se encontré que el peso aproximado es de 11.6 kDa y el punto

isoeléctrico es de 4.76. Con la secuencia del gen, de un tamarno de 380 pares de bases
que codifica dicha proteina, se disenaron los siguientes oligonucleétidos:

-PdzNTerm (5‘TATATTCATATGACCACATTTGACGACCGC)

-PdzCTerm (5’-TATACTA- AGCTTTCAGATCTCGCTGATGATCTG)

Usando como templado el ADN cromosomal de P denitrificans, con sitios de restriccion
para las enzimas Ndel (5’) y Hindlll (3°), se llevd a cabo una reaccién de amplificacion en
cadena de la polimerasa (PCR). El producto de ADN obtenido fue analizado por geles de
agarosa al 1.0% vy purificados con el sistema para purificar ADN a partir de geles
(Promega) y fueron secuenciados mediante secuenciacion directa, obteniendo como
resultado un alineamiento con el 100% de identidad con la secuencia deseada. El
producto de PCR fue clonado en el vector pT7-7 que confiere a la célula hospedera, en
este caso E. coli cepa DH-5q, resistencia a ampicilina, con el fin de obtener una cantidad
considerable del vector con el gen de la proteina de 11 kDa insertado en su secuencia.
Con dicho vector, se transformaron células de E. coli de la cepa BL21 en la cual el vector

utilizara la maquinaria de transcripcion y traduccion de E. coli para sobre-expresar a la
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proteina de interés. Ya transformadas y seleccionadas por su resistencia a ampicilina
(100pg/ml), al alcanzar una absorbencia de 0.6 unidades a 600 nm, las células fueron
inducidas con 1 mM de IPTG para sobre-expresar a la proteina.

Subunidad €

Se utilizé la misma metodologia para clonar y sobre-expresar a la subunidad ¢, pero para
este caso se utilizaron los siguientes oligonucledtidos:

-PdeNTerm (5’-TACTAACATATGGCCGACACGATG)

-PdeCTerm (5’-ATAATAAGCTTCTAATGCGGGAAATTC)

El fragmento amplificado resultante fue de 477 pares de bases.

Il. Purificacién de la subunidades Cy €

Crecimiento de Escherichia coli
cepaBL21e06(

-

Absorbencia 0.6 UAbs
600 nm

v
IPTG 1 mM
-
Precipitacion diferencial

40%-85% saturacion
sulfato de amonio

v
Columna DEAE

——

Columna Superdex 75

s

£
-70°C

Figura 2. Diagrama de flujo de la purificacidon de las subunidades € y (. Los amortiguadores
aparecen descritos a detalle en el apartado escrito.
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Como se muestra en el diagrama de la figura 2, se cosechd un litro de células inducidas
con IPTG 1 mM (isopropil-tiogalactopirandsido de Invitrogen, USA) al alcanzar una
absorbencia de 0.6 UA a 600 nm. Posteriormente se lavaron con un amortiguador que
contenia 20 mM de NaCl y 10 mM de Tris pH 7.0. La pastilla se resuspendié en un
amortiguador con 20 mM fosfato de sodio pH 7.0, 1 mM EDTA, 0.07% PMSF. La
suspension de células fue sonicada a 110 Watts en bafo de hielo 10 veces 10 segundos
cada una, dejando enfriar por intervalos de 50 segundos, se agregé DNAsa (Boehringer,
Alemania) a una relacion de 1 mg/g de células, se centrifugé 10 minutos a 15000 rpm en
el rotor SS-34 (Sorvall) a 4°C y al sobrenadante se llevd a 40% de saturacion de sulfato
de amonio incubando 15 minutos en bafo de hielo. Se centrifugd nuevamente 10
minutos a 15000 rpm en el rotor SS-34 (Sorvall) a 4°C, al sobrenadante se le agregd un
45% adicional de saturacion de sulfato de amonio y se incubd durante 15 minutos en
bafio de hielo para alcanzar un porcentaje final de 85% de saturacion; posteriormente se
centrifugd durante 10 minutos a 15000 rpm en el rotor SS-34 (Sorvall) a 4°C y el boton
resultante se resuspendidé en el amortiguador conteniendo 20 mM fosfato de sodio
pH7.0, 1 mM EDTA, 0.07% PMSF. Para remover el exceso de sulfato de amonio se utilizd
un filtro Amicon de corte de 5 kDa (Millipore, USA), se diluy6é la muestra 1:10 con el
mismo amortiguador y se centrifugé 30 minutos a 3800 rpm a 4°C en el rotor 75006445
(Sorvall/Heraeus), este proceso se repitio tres veces, al final el sulfato de amonio en la
muestra queda diluido aproximadamente 6000 veces. La muestra desalada se paso
ahora por una columna de intercambio aniénico (DEAE), ya que a pH 7.0 la proteina tiene
una carga parcial positiva. Para eluirla, se utilizé un gradiente de fosfato de sodio de 20
mM a 40 mM. Las fracciones se analizaron mediante geles desnaturalizantes de
poliacrilamida (SDS-PAGE) al 16% de acuerdo al método reportado (55). Se
concentraron las fracciones con un mayor enriquecimiento de la subunidad de 11 kDa. La
muestra concentrada se cargd a una columna de filtracién en gel denominada Superdex
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75 con el sistema de HPLC AKTA (Amersham) a un flujo de 0.5 ml/min. Las fracciones
puras se concentraron y se almacenaron a -70°C.

lll. Cultivo de Paracoccus denitrificans cepa PD1222

Se inoculdé con una asada de P denitrificans, cepa PD1222 (adquirida al Biol. Juan
Estrada Mora, Jefe del cepario del CINVESTAV campus Zacatenco) a 3 tubos con 5 ml de

medio Luria Bertani previamente esterilizado.

Medio Luria Bertani: Para 950 ml de H20 desionizada se agrega: triptona 10 g.,
extracto de levadura 5 g., NaCl 10 g. Se ajust6 el volumen a 1 litro con H2O

desionizada y se esterilizé en autoclave por 15 min a 15 psi en ciclo liquido.

Los tubos se incubaron a 37°C, en agitacién orbital a 160 rpm durante 24 hrs. Cada uno
de estos tubos, una vez turbios, se inocularon a un matraz con 50 ml de medio Luria
Bertoni previamente esterilizado y se mantuvo a 37°C con agitacién orbital de 160 rpm,
durante 24 hrs. Con cada uno de estos matraces con 50 ml de cultivo, se inoculé un
matraz con 900 ml de medio succinato previamente esterilizado, adicionando 25 pg/ml

de rifampicina.

Medio succinato: acido succinico 1%, fosfato de potasio 50 mM, cloruro de
amonio 75 mM, sulfato de sodio 11.5 mM, cloruro de magnesio 1.25 mM, acido
citrico 1 mM, solucién madre de sal 1 ml/l. (solucién madre de sal: cloruro de
calcio 0.1 M, cloruro de hierro 90 mM, cloruro de manganeso 50 mM, cloruro de

zinc 25 mM, cloruro de cobalto 10 mM, acido bérico 10 mM, disuelto en HCI 1:1)

Se incubd a 37°C con agitacion de 160 rpm durante 24 hrs.
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IV. Aislamiento de vesiculas invertidas de P. denitrificans (56)

Crecimiento de Paracoccus denitrificans
cepa PD1222 24 hrs 30°C

. ¥ .
Lisis con lizosima
+
Choque osmotico
——
Tratamiento con DNAsa

B

Lavado de membranas

W
-70°C

Figura 3. Diagrama de flujo del método para aislar vesiculas invertidas de P denitrificans. Los
amortiguadores estan descritos a detalle en el apartado escrito.

Como se observa en la figura 3, una vez que el medio con succinato alcanzé una lectura
de absorbencia de 1.5 a 690 nm, se centrifugd el volumen total (2.7 litros) a 6000 rpm
durante 15 min (centrifuga Sorvall rotor RC-5B) resuspendiendo la pastilla en un volumen
total de 750 ml de NaCl 50 mM, Tris-HCI 10 mM (pH 7.5). La muestra resultante se
centrifugd a 6000 rpm durante 15 min. (centrifuga Sorvall rotor RC-5B), se reunié en 2
tubos grandes y se resuspendi6 en un volumen total de 800 ml de sacarosa 0.5 M, Tris-
HCI 10 mM (pH 7.5), posteriormente se anadi6 EDTA 5 mM y enseguida se afnadid
lisozima: 264 ug, se incubd a 30°C durante 3 horas con una leve agitacién. Después se
centrifugd a 10,000 rpm durante 20 min (centrifuga Sorvall rotor RC-5B), la pastilla
resultante, se resuspendioé en un volumen total de 45 ml de Tris—acetato 0.1 M pH 7.5 +
ATP 10 mM + 405 ml de H20 + PAB 5 mM + PMSF 1 mM con agitacion suave. Después

de 20 minutos, se afiadié MgCl> 5 mM y DNAsa | (la punta de una espatula) y se incub6 a
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30°C hasta que se disminuyd la viscosidad. La muestra se centrifugd (centrifuga Sorvall
rotor SLA 1500) a 13,000 rpm durante 60 min.

Se resuspendid la pelicula roja en 45 ml de MgSO4 1 mM + Tris—acetato 10 mM + para-
aminobenzamidina (PAB) 5 mM + PMSF 1 mM (pH 7.5) y se centrifugé a 13.000 rpm
durante 40 min. (centrifuga Sorvall rotor SLA 1500), la pelicula roja se resuspendio
nuevamente en un volumen de 7-9 ml de sacarosa 250 mM + Tris-HClI 10 mM + PAB 5
mM + PMSF 1 mM (pH 7.5) y se almacend a -70°C.

V. Determinacion de proteina por el método de Lowry modificado (57, 58)

La concentracién de proteina de las muestras se determiné por medio de un método de
Lowry modificado (58), precipitando las muestras con TCA previo a la determinacién para
eliminar cualquier interferencia. A la muestra (5-10pl) se le afiadié 0.1 ml de desoxicolato
(DOC) 0.15% incubando 10 min. a temperatura ambiente (agitando en Vortex cada 5
min.). Después se afiadié 0.1 ml de TCA 72%, incubando 10 min. a 4°C (bafio de agua +
hielo) y se centrifugd a 14,000 rpm a 4°C, durante 15 min. (en una microfuga Eppendorf
5415 C). Se resuspendio la pastilla de proteina en 100 pl de agua. Se agregé 0.8 ml de
mezcla a + b de Lowry incubando 10 min. a temperatura ambiente. Después se afadid
100 pl de Folin diluido 1:1 con agua y se incubé 30 minutos a temperatura ambiente, se
leyé la absorbencia de las muestras a 660 nm. en celda de 1 ml de plastico y con los
datos obtenidos se realizé un ajuste lineal de la curva estandar y se interpolaron valores
experimentales, reportando la concentracion de proteina de la muestra original (mg/ml).
VI. Determinacidn de la actividad de hidrdlisis

La actividad de hidrdlisis del ATP catalizado por las ATPasas se determiné a través del
fosfato liberado del ATP por las muestras que contienen a la Fi-ATPasa, ya sea
particulada (PSB) o soluble. Para ello, una vez detenida la reaccion de ATPasa, el fosfato

liberado se acompleja con molibdato en medio acido en donde, el complejo fosfo-
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molibdato, se reduce presentando un color azul que se analiza mediante la absorcién a

690 nm en el espectofotdémetro.

Para el caso de la FiFo-ATPasa de P denitrificans se ha observado ademas que la

adicion de sulfito estimula la actividad de hidrdlisis del ATP (18).

Es por ello que en el analisis de actividad de hidrdlisis ademas de la adicién de ATP se

han utilizado el sulfito y la temperatura como activadores.

El ensayo se realizé de la siguiente manera:

a.

Adicionamos 30 pg de proteina a 1 ml de mezcla de reacciéon (KCI 125 mM, Tris 20
mM, MgCl2 5 mM, EGTA 0.1 mM, (pH 8.4) + 60 pM de sulfito, agitando por 2 min. a
37°C.

Iniciamos la reaccion afadiendo ATP 5 mM durante exactamente 1 6 2 min.
Agitando y manteniendo la temperatura a 37°C.

Transcurrido ese tiempo detenemos la reaccion con 0.2 ml de TCA 30% frio y los
tubos reposaron en hielo por 5 min.

Se centrifugé a 5000 rpm, por 15 min. (microfuga Beckman)

Se tomé 1 ml del SN + 2.6 ml de H20 destilada + 1 ml de molibdato de amonio
(disuelto en 3.3% de H2S0O4 3.75 N), incubando por 10 minutos.

Se afiadié 0.2 ml de sulfato ferroso al 10% hasta que se desarrollara el color
durante aproximadamente 10 min.

Registramos la absorbencia a 690 nm. En paralelo a la determinacién de actividad
de hidrdlisis de las muestras se realiz6 una curva estandar con valores desde
0-750 nmol de fosfato.

Realizamos un ajuste lineal de los valores obtenidos en la curva estandar para
después interpolar los valores experimentales.

Los valores se expresaron generalmente como nmol*(min-'*mg proteina-?).

31



VII. Obtenciéon de particulas sub-bacterianas (PSB) a partir de membranas de
Paracoccus denitrificans

Las vesiculas invertidas de R denitrificans se diluyeron a 10 mg/ml de proteina en un
amortiguador que contenia glicerol 10%, sacarosa 250 mM, Tris-HCI 20 mM, EDTA 1mM,
ATP-Mg 0.1 mM, 4-amino benzamidina (PAB) 2.5 mM y se sonicaron a 110 Watts en bafio
de hielo 8 veces durante 10 segundos cada una, para después se centrifugar a 15000
rpm en el rotor SS-34 (sorvall) durante 20 min. a 4°C. Se tomé el sobrenadante y se puso
en hielo, mientras se resuspendié la pastilla en el mismo amortiguador para volverlo a
sonicar en bafo de hielo por 8 veces durante 10 segundos cada vez. Se centrifugd a
15000 rpm en el rotor SS-34 (sorvall) durante 10 minutos a 4°C. Se juntan los dos
sobrenadantes y se volvié a centrifugar a 45000 rpm en el rotor 50Ti durante 1 hora a
4°C. Las pastillas se resuspendieron en 3ml de amortiguador que contenia glicerol 10%,
sacarosa 250 mM, Tris-HCI 20 mM, EDTA1 mM, Mg2*ATP 0.1 mM, 4-amino benzamidina
(PAB) 2.5 mM y se almacenaron a -70°C. A partir de un lote de membranas, se obtienen
aproximadamente 150 mg de PSB.

VIIl. Geles nativos azules de poliacrilamida y segunda dimensién desnaturalizante
(BN-PAGE)

Las particulas sub-bacterianas (PSB) se diluyeron a una concentracion de 10 mg/ml en
amortiguador de solubilizacion. Se solubilizaron con concentraciones crecientes de
digitonina durante 1 hora a 4°C, se separo la fraccion que no se solubilizé mediante una
ultracentrifugacién a 45000 rpm a 4°C durante 45 minutos en el rotor 75Ti y se carga en
el gel anadiendo a la muestra 0.05ug de azul de Coomassie (SERVA) por mg de proteina
solubilizada. Los geles se realizaron en gradiente de 4% a 12% de poliacrilamida. La
electroforesis se llevé a cabo a 40V durante 18 horas, manteniendo la temperatura a 4°C,
y finalmente se tind con una solucion de azul de Coomassie.

i. 2da dimension desnaturalizante
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Se analizaron las muestras mediante un BN-PAGE, pero antes de tefiir con la solucion de
Coomassie, se corto el carril y se incubé en SDS y DTT durante 1 hora. Posteriormente
para cada una de las bandas del gel nativo que se quiera analizar se lleva a cabo un gel
desnaturalizante. El carril del gel nativo es cortado y colocado en posicién horizontal con
respecto a la parte superior del gel desnaturalizante al 16% de acuerdo a la referencia
(55). La electroforesis en 2D se lleva a cabo a 90V durante 2horas. Al término de ésta, se
tifie el gel desnaturalizante en solucion de Coomassie.

IX. Purificacion de la F1 de P, denitrificans (PdF1) mediante el método de extraccion
con cloroformo

Las PSB se diluyeron a 10 mg/ml en un amortiguador conteniendo glicerol 10%,
sacarosa 250 mM, Tris-HCI 20 mM, EDTA 1 mM, ATP-Mg 0.1 mM, 4-Amino benzamidina
(PAB) 2.5 mM pH 7.5, se extrajeron las membranas con cloroformo (59), agregando el
cloroformo a una relacion de 1:2. Se centrifugd a 5000 rpm durante 10 minutos a
temperatura ambiente en el rotor 75006445 (Sorvall/Heraeus) y el sobrenadante se
centrifugd nuevamente a 15,000 rpm en el rotor SS-34 (sorvall) durante 30 minutos 4°C,
finalmente se centrifugd a 45,000 rpm durante una hora a 4°C en el rotor 50Ti. La fraccion
hidrosoluble, que es en donde se encuentra la PdFi, se analizd mediante una
cromatografia de afinidad (Di-Etil Amino-Hexil) con la que se purifica a la F1 de
mitocondrias de corazén de bovino (60). Para eluir a la enzima, se utilizé un gradiente de
fosfato de sodio que va de 0 a 500mM pH 7.5. Las fracciones se analizaron mediante una
SDS-PAGE al 16% de acuerdo al método de (55), aquellas con mayor grado de pureza se
concentran y se pasan por una cromatografia de filtracién en gel (Superdex 200). Las
fracciones se analizan por una SDS-PAGE, las mas puras se concentran y se guardan a

-70°C.
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X. Pruebas de unién de la subunidad C en la F1 soluble de P. denitrificans

Se utilizé una F+ aislada mediante el método de extraccién con cloroformo y se diluy6 a
10 mg/ml el amortiguador de reconstitucion descrito previamente, y se anadieron
concentraciones 3:1 (subunidad:F+) en relacién molar de las subunidades € a una muestra
y C a la otra muestra. Las enzimas reconstituidas fueron analizadas mediante una
cromatografia de filtracion en gel con la columna Superdex 200 en el sistema AKTA
(Amersham) a un flujo de 0.5 ml/min. Las fracciones se concentraron, se analizaron
mediante un SDS-PAGE y se midié actividad de ATPasa mediante el método de
liberacién de fosfato.

Xl. Pruebas de oligomerizacion de la subunidad C

Se realizaron pruebas de oligomerizacién de la subunidad T (100pg) incubandola a
diferentes valores de pH; 6.5, 7.0 y 8.0, durante 30 minutos en amortiguador de
reconstitucion (Tris 20 mM y sacarosa 250 mM), posteriormente se cargaron a una
columna de filtracion en gel Superdex 75 y las fracciones se analizaron por SDS-PAGE de
acuerdo a la referencia (55).

Xll. Determinacion de la estructura secundaria de las subunidades C y € mediante
dicroismo circular

Las subunidades fueron diluidas a una concentracién de 300 pg/ml se analizaron en un
espectropolarimetro marca Jasco modelo 7510, utilizando un amortiguador de fosfatos
20 mM a pH de 6.5 y de 8.0. Los trazos fueron colectados a 25°C en una celda de cuarzo
de 0.5mm de espesor, a longitudes de onda que van de 260 nm a 200 nm, variando 0.5
nm por medicién. Para la prediccion de la estructura secundaria, se utilizé el programa
CDNN (61), el cual se alimenta con los datos experimentales y proporciona en porcentaje

la estructura secundaria predicha.
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XIIl. Sintesis de ATP

Se midié la sintesis de ATP mediante un sistema acoplado (31). Los sustratos son
Mg?*ADP 5 mM, Pi 20 mM, Glucosa 10 mM, NADP+ 0.5 mM vy el gradiente electroquimico
de protones todo en amortiguador de Tris 20 mM. Al haber un gradiente electroquimico
de protones gracias a que se afadié succinato 10 mM, previamente ajustado a pH 7.5
como sustrato de la cadena respiratoria, la ATP sintasa sintetiza ATP en presencia de
Mg2*ADP y Pi. El ATP sintetizado es utilizado por la HK (0.2 pg/ml) para, a partir de
glucosa, formar Glucosa 6 fosfato, el cual a su vez es tomado junto con NADP* por la
G6PDH (6 U/ml) para formar 6-Fosfoglucono-lactona y NADPH como productos finales.
Al medir la reaccién como la aparicién del NADPH con los sustratos y las enzimas
acoplantes en exceso podemos inferir que la limitante es la reaccion de sintesis de ATP
por la ATP sintasa y asi la velocidad del flujo hacia la aparicién del NADPH, medida
espectrofotométricamente a 340 nm, sera igual a la velocidad de sintesis de ATP.

XIV. Anticuerpos policlonales anti-11 kDa

Se utilizé un conejo macho recién destetado al cual se le extrajo sangre para el suero
pre-inmune y 15 dias después se comenzaron los 4 ciclos de inyecciones de la proteina
de 11 kDa recombinante que fueron: el primero con adyuvante completo (SIGMA), se
mezcld 100 pg de proteina de 11 kDa en 500 pl de amortiguador PBS, ya mezclado, se
agregan 500 yl de adyuvante completo y se inyecta al conejo. Las siguientes inyecciones
se hicieron con el mismo procedimiento pero con 100 pg, 180 ug y 150 pg de proteina de
11 kDa por vez y con adyuvante incompleto. Las inyecciones se llevaron a cabo cada 3
semanas aproximadamente. Al final del ciclo se obtuvieron 20 ml de sangre del conejo,
se separd el suero centrifugando la sangre a 3000 rpm a 4°C durante 15 minutos, se

hicieron alicuotas de 50 pl, y finalmente se guardaron a -70°C. El conejo no se sacrifico.
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XV. SDS-PAGE Schagger y von Jagow (55)

Esta técnica de SDS-PAGE (por su abreviatura en inglés, electroforesis en geles de
poliacrilamida en presencia de dodecil-sulfato de sodio), permite separar las proteinas
con base en la carga que les confiere el SDS y de manera aproximada a su peso
molecular. La resolucion es mayor para proteinas de entre 50 y 5 kDa, pero menor arriba
de 50 kDa.

Para preparar este tipo de geles se montan dos cristales separados entre si con unos
separadores de 1 mm de espesor procurando que, ya estando montados, no se
presenten fugas al agregar alguna solucién en el espacio que quedd entre ellos. Se
prepara el gel separador y se vierte dentro de los cristales aproximadamente 5.3 ml e
inmediatamente se agrega una capa de H>O muy lentamente para que no se mezcle con
la solucién del gel, esto para asegurar una superficie horizontal del gel. El proceso de
gelificado es de aproximadamente 40 minutos. Una vez polimerizado el separador, se
remueve el agua y se coloca en la parte de arriba de entre los cristales un peine de 1mm
de espesor con los carriles deseados. El gel concentrador se vierte entre los vidrios hasta
que alcanza el borde de estos, procurando no dejar burbujas de aire.

Ya que polimerizé el concentrador, aproximadamente después de 30 minutos, se retira el
peine y se monta la camara de corrida. La parte interna de la camara se llena con
amortiguador para el catodo y la externa con al amortiguador para el anodo procurando
cubrir el filamento de platino. Las muestras se preparan mezclandolas volumen a
volumen (concentracién de 0.8 ug a 20 pg para Western-blot y de 3 pg a 25 ug para tenir
con Coomassie) y el amortiguador para la muestra. Cada muestra se agrega en los
diferentes carriles procurando que no se salgan de estos hacia los carriles laterales.
-Acrilamida 30% (100 ml)

Acrilamida 30 gr.

bis acrilamida 0.8 gr.
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-Amortiguador para el gel (100 ml)
Tris 36.34 gr.

HCI 8.28 ml

SDS 0.3 gr.

pH 8.25

-Amortiguador de anodo (1 litro)
Tris/HCI  24.06 gr.

pH 8.4

-Amortiguador de catodo (1 litro)
Tris HCI 12.11 gr.

SDS 1 gr.

Tricina 17.93 gr.

-Amortiguador para la muestra

H20 6.05 ml
Amortiguador de gel 1mi
Glicerol 1.5 ml
SDS10% 1 mi

Azul de bromofenol 0.5% 0.5 ml

Una vez mezclados la muestra con el amortiguador para la muestra se incuban durante 5
minutos a 100°C antes de ser cargados en el gel. Este amortiguador sirve para dar mayor
densidad a la muestra ademas de desnaturalizarla debido a la presencia de SDS vy el
seguimiento del frente de las muestras en la electroforesis por el azul de bromofenol.

Los geles preparados con esta técnica se corren a 80mV durante 30 minutos y luego a

95mV durante aproximadamente 2 o 2.5 horas.
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XVI. Inmunodetecciéon por medio de la transferencia de la subunidad de 11 kDa a
membranas de PVDF en presencia de amortiguador CAPS (39)

Después de realizar un SDS-PAGE se omite el paso de tincion y se procede a incubar al
gel durante 30 minutos en el amortiguador de transferencia con agitacién suave.
Previamente se debié de haber cortado un trozo de membrana (PVDF) del tamafo
aproximado del gel que se va a transferir, incubando este en metanol durante 5 minutos
con agitacién suave y posteriormente en el amortiguador CAPS 10mM pH 11.0, metanol
10% por 10 minutos.

En la rejilla de transferencia se coloca una esponja gruesa previamente empapada con el
amortiguador de transferencia y encima un papel filtro del tamano de la esponja, también
mojado en el amortiguador. Sobre este papel se coloca el gel que se va a transferir y
encima la membrana hacia donde se transferiran las proteinas que se encuentran en el
gel, por la cara que se encuentra doblada hacia atras, procurando que no se formen
burbujas entre ellos con ayuda de un tubo de vidrio pequefio lleno del amortiguador de
transferencia. Se pone otro papel filtro, otra esponja, ambos mojados y se cierra la rejilla.
La rejilla se inserta en la camara de transferencia, la cual se llena con el amortiguador de
transferencia, se pone un agitador, se inserta una camara con hielo y se corre durante 2
horas a 100mA. Todo el sistema se encuentra sobre un agitador magnético y dentro de
un recipiente con hielo y agua, esto para mantener una temperatura de ~4°C.
Posteriormente, usando guantes, se saca el gel que se desecha, y la membrana que se
incuba en una solucion leche baja en grasas PBST 5% para bloquear los sitios
inespecificos de unidn del anticuerpo en la membrana durante 2horas. Después se
agrega el anticuerpo anti-subunidad ¢, a 6 B (estos ultimos dos fueron hechos contra
dichas subunidades pero de E. coli. Posteriormente se deja incubar durante toda la
noche. Luego se lava con PBS-T 3 veces por 5 minutos y se agrega nuevamente leche al

5% con el anticuerpo secundario (anti-conejo para el anticuerpo contra la subunidad C y
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anti-raton contra las subunidades a y ) durante 2 horas. Después se lava una vez con
PBS-T y dos veces con PBS cada una durante 5 minutos. Se elimina el exceso de PBS
secando parcialmente la membrana en medio de una placa de acetato doblada por la
mitad. Enseguida, sin dejar que se seque completamente la membrana, se agrega la
mezcla de revelado por quimio-luminiscencia de Amersham-Biosciences (ECL Plus), y se
incuba durante 5 minutos. La quimio-luminscencia generada por la peroxidasa acoplada
al anticuerpo secundario, se revela en placas KODAK BIOMAX ML, exponiéndolas
durante distintos tiempos que van desde 30 segundos hasta 10 minutos. Posteriormente,
las placas se revelan gracias a un sistema KODAK de revelado. Una vez obtenidas las
bandas especificas en la placa, se toma una foto digital o un barrido digital de la placa y
se realiza la densitometria para conocer la densidad de cada banda, asi como su peso
molecular con la ayuda del programa “Alpha Digi Doc” de Alpha Inothec Corporation.
XVII. Acoplamiento de los anticuerpos policlonales anti-

Se utilizaron 4 mg de suero anti-C por ml de esferas de agarosa. Se incubaron a
temperatura ambiente durante una hora, se lavaron con amortiguador de boratos 0.2 M,
pH 9.0, después se agregd el entrecruzador dimetilpimelimidato hasta llegar a una
concentracion final de 30 mM y se agité durante 30 minutos en agitacién suave.

Para detener la reaccion, se utilizé etanolamina 0.2 M pH 8.0. Finalmente se lavaron y se
resuspendieron en PBS agregando azida de sodio y se empaca en una columna de 1ml.
XVIII. Desprendimiento de la subunidad de C de la PdF1

500pg de PdF1 se pasaron por la columna de 1ml con la resina acoplada al anticuerpo
policlonal pre-equilibrada con el amortiguador en el que se encuentra la proteina (glicerol
10%, sacarosa 250 mM, tris 20 mM, 0.1 mM ATP y PAB 2.5 mM) a un flujo de
aproximadamente 0.2 ml/min, se lavé con 5 ml este mismo amortiguador y se eluyé la
proteina que se unid al anticuerpo con etanolamina pH 3.0. Se midié proteina de las

diferentes fracciones y se analizaron mediante un SDS-PAGE. Los geles de las fracciones
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se registran digitalmente y se obtiene la densitometria de las diferentes bandas mediante
el programa Alpha digi Doc, comparando a la subunidad de 11 kDa con la subunidad y
para reportar esta relacién y determinar si la intensidad de la banda disminuyé al pasarla
por la cromatografia de afinidad.

XIX. Determinacion de la actividad de ATPasa mediante el método
espectrofotométrico

La determinacién se llevé a cabo en un amortiguador que contenia Sacarosa 250 mM,
Tris-acetato 50mM, acetato de magnesio 3 mM y acetato de potasio 10 mM pH 8.0. Los
sustratos de la reaccion son fosfoenolpiruvato 1 mM, Mg?*ATP 3 mM y NADH 0.17 mM.
El fosfoenolpiruvato (PEP), es el sustrato de la piruvato cinasa (PK) 4 U/ml, la cual
produce piruvato en una reaccion que libera la suficiente energia para producir ATP a
partir de ADP y Pi, el piruvato es subsecuentemente utilizado por la lactato
deshidrogenasa (LDH) 4 U/ml para producir lactato y oxidar al NADH convirtiéndolo en
NAD*. Al medir la desaparicion del NADH y agregando tanto a estos sustratos (PEP,
NADH, ATP), como a las enzimas (PK y LDH), podemos inferir que el paso limitante de la
reaccion es la produccion del ADP y el Pi a partir de ATP catalizado por la F1 y asi la
velocidad de desaparicion del NADH, medida espectrofotométricamente a 340nm, sera
igual que la velocidad hidrélisis de ATP mediado por la F1. Cabe mencionar que la
actividad de ATPasa de la F1 de P denitrificans es muy baja (2 nmol*(min -"*mg prot -)),
entonces se el ensayo se realizé en presencia de un detergente que es un activador de
otras ATPasas, el 6xido de lauril-dimetil-amina (LDAO) (62, 63) para poder medir esta
actividad con nuestra preparacion.

XX. Analisis de membranas de otras a-proteobacterias en busca de la subunidad C

i) Aislamiento de cromatoéforos de las a-proteobacterias
En colaboracion con el Dr. Heliodoro Celis del Instituto de Fisiologia Celular, UNAM, se

obtuvieron cromatéforos a partir de las especies Rhodospirillum fulvum,
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Rhodopseudomonas palustris, Rhodospirillum rubrum, Rhodospirillum capsulatus,
Rhodospirillum marinarum, Rhodospirillum salinarum y Rhodobacter sphaeroides
utilizando la siguiente metodologia reportada previamente (64):
Para preparar los cromatéforos, se tomaron 15 gr. de células y se diluyeron 1:10 en
amortiguador A (glicil-glicina 200 mM pH 7.4). Las muestras se homogenizaron, se les
agregd 5 mM de MgClz y una pizca de DNAsa para posteriormente sonicar en bafio de
hielo en alicuotas de 15ml durante 5 minutos, 2 veces de 2.5 minutos cada una. Entre
cada una se descansé un minuto, después se centrifugd a 15,000 rpm durante 20
minutos a 4°C en el rotor SS-34 (Sorvall), se tomé el sobrenadante y se centrifugd a
40,000 rpm durante 4°C durante 1:20 horas en el rotor 75Ti y la pastilla se resuspendio
en amortiguador B (glicil-glicina 200 mM, pH7.4, EDTA 5 mM, EGTA 5 mM), se centrifugd
nuevamente a 40,000 rpm durante 4°C durante 1:20 horas en el rotor 75Ti y la pastilla se
resuspendié en amortiguador C (glicil-glicina 50 mM pH7.4) obteniendo
aproximadamente 1 gr. de cromatéforos, los cuales se resuspenden en 2ml y se
almacenan a -70°C.
Posteriormente, los cromatoéforos se solubilizaron con digitonina en una relacién de 2 mg
de digitonina por mg de proteina de membranas, se llevd a cabo una 2D-PAGE vy el gel
desnaturalizante se transfiri6 a membranas de PVDF para realizar una
inmunotransferencia y probar el anticuerpo anti-11 kDa de P. denitrificans en cada una de
estas membranas. Ademas también se probd un anticuerpo monoclonal anti-a de la F1
de E. coli con esto se ve si la subunidad de 11 kDa esta o no asociada a la enzima
completa.

ii) Tincion por actividad in gel
Inmediatamente después de que corrid la primera dimensién nativa, el gel se incubé a
37°C con agitacion constante durante aproximadamente 2 horas en un amortiguador que
contiene: glicina-etanolamina 50 mM pH 8.0, acetato de plomo 0.15%, cloruro de
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magnesio 5 mM, ATP 5 mM y LDAO 0.1% a 30°C en agitacién constante. La actividad se
detecta como un depdsito blanco que es el precipitado del fosfato de plomo en el gel.
Este gel ya tefiido por actividad puede aun ser analizado mediante una segunda
dimension desnaturalizante.

XXI. Entrecruzamientos de la PdF

Se probaron tres entrecruzadores, el DTBP, el DSP y el EEDQ de una distancia de
entrecruzamiento de 12 A, 12 Ay 0 A respectivamente en la F1 de P denitrificans. Se
utilizaron condiciones de activacion e inhibicién ya conocidos; es decir con sulfito y con
ATP, respectivamente. El medio de reaccion contiene fosfatos 20 mM pH 7, se ahadio el
entrecruzador a las diferentes concentraciones que vienen en las figuras, el sulfito 30 mM
y/o el ATP 1 mM y se arranca la reaccién con 20 ug de PdF+ incubando a temperatura
ambiente y agitacion suave. Después de 30 minutos se detiene la reaccion con 5 mM de
L-lisina y las muestras se analizan mediante un SDS-PAGE y posteriormente un Western
blot revelando contra la subunidad de 11 kDa y la subunidad .

XXII. Entrecruzamiento de las PSB

Utilizamos el entrecruzador DSP de distancia de 12A el cual es reversible con agentes
reductores tales como el DTT o el B-mercaptoetanol. Se incubaron PSB a una
concentraciéon de 10 mg/ml en amortiguador de fosfatos 20 mM pH 8.0 y se agregé el
entrecruzador DSP 1mM en diferentes condiciones (sulfito, ATP o ambos, succinato)
durante 30 minutos a temperatura ambiente. La reaccion se detuvo agregando L-Lisina
20 mM. Las PSB entrecruzadas se analizaron mediante 2D-PAGE o se procede a la
purificaciéon de PdF1 mediante la técnica de extraccion con cloroformo y su posterior
cromatografia de afinidad por la resina Di-Etilaminohexil-sefarosa (DEAH).

XXIIl. Geles de poliacrilamida con SDS no reductor y segunda dimensién reductora
Ambos geles se realizaron de acuerdo a la ref. (565) al 16%. Se realizd la primera

dimension de la misma forma que ya se menciond en el apartado de electroforesis en
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geles poliacrilamida en presencia de SDS, solo que al amortiguador de la muestra NO se
le agregd ningun agente reductor (DTT ni B-Mercaptoetanol). Los geles de la primera
dimension fueron de 1 mm de espesor, y 10x10 cm de ancho y largo, y la electroforesis
corrié a 120 V durante toda la noche. La muestra se cargé entre dos marcadores de peso
molecular pre-tefiidos para que al terminar la corrida, se pudiera cortar con facilidad el
carril que corresponde a la muestra. El carril que se extrajo del gel es incubado en
presencia del amortiguador del gel y en presencia de 5% de B-Mercaptoetanol a
temperatura ambiente durante 1.5 horas, se lava con agua Milli-Q tres veces durante 5
minutos cada una y se coloca de forma horizontal en un segundo gel y se rellena con
acrilamida al 4%. Se cargaron de un lado los estandares de peso molecular y del otro
lado una muestra de PdF para poder discernir los pesos de las diferentes subunidades.
El gel toma dos caminos, uno se tiné con colorante de Coomassie, y al no verse ningun
punto, se tiAd por plata con un sistema comercial (Amersham) pero omitiendo el paso de
agregar glutaraldehido para poder secuenciar mediante la técnica de espectrometria de
masas en colaboracién con el Doctor Guillermo Mendoza de la Facultad de Medicina de
la UNAM. Para el otro caso, se realizé una inmunotransferencia retando con el anticuerpo
anti-11 kDa.

XXIV. Modelado molecular de la subunidad € y de la subunidad de 11 kDa de P
denitrificans

Para la subunidad € de P denitrificans se tom6 como molde a la estructura de la
subunidad € de E. coli (1AQT en el Protein Data Bank), para la subunidad de 11 kDa, se
tomo6 como molde a la estructura de Jannaschia sp. CCS1 (2KZC en el Protein Data Bank

http://www.pdb.org/pdb/explore/explore.do?structureld=2KZC ). Se obtuvo la secuencia

primaria de las estructuras (1AQT o 2KZC) y se alined con la secuencia de la subunidad €
o0 con la subunidad de 11 kDa de P denitrificans con el programa Clustal X (en

formato .pir). Para el modelado, utilizamos el programa Modeller v8.0 que se utiliza a
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base de lineas de comandos. Utilizamos un archivo que es con el que se indicara al
programa el modelo o modelos a realizar, se alimenta con: el nombre del alineamiento, el
nombre de la estructura, el nombre de nuestra secuencia y cuantos modelos deseamos
obtener. Los modelos resultantes se revisaron con el programa What_Check v5.0 y el
mejor modelo se utilizé para el docking con ATP y para realizar la dinamica molecular. La
imagen se realizé con el programa PYMOL (De Lano, California)

XXV. Dinamica molecular del modelo estructural de la subunidad € de P
denitrificans

Se utilizara el mejor de los modelos de la subunidad € de P denitrificans generados a
partir de la estructura cristalografica de la misma subunidad pero de E. coli utilizando los
programas VMD 1.8.0, que es el visualizador y el NAMD2, que es el que lleva a cabo la
dinamica molecular. Se carga el modelo en formato .pdb al programa VMD para poder
solvatar a la molécula en una caja de agua y obtener los archivos de dicha molécula
solvatada. En el archivo que es utilizado para dar las indicaciones al programa se
alimenta con el nombre del archivo solvatado, la temperatura a la que se desea hacer la
dinamica, el tiempo que durara la dinamica, y finalmente las veces y la frecuencia con la
que se desea que el programa tome una foto de la trayectoria de la dinamica. Al final, con
los datos que nos arroja el programa, se puede calcular los RMSD por residuo, con lo
cual podemos ver los residuos mas moviles y asi predecir las zonas mas flexibles.
Ademas también podemos ver las fotos de los pasos inicial y final de la trayectoria de la
dinamica en forma de pelicula.

XXVI. Remocién del extremo Carboxilo terminal de la subunidad € de la PdF4

Las construcciones se llevaron a cabo en colaboracién con el Doctor Alfredo Torres
Larios del Instituto de Fisiologia Celular. Se utilizaron los siguientes oligonucleétidos para
la PCR:

NTEpsPden:
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TAC TTC CAA TCC AAT GCT GCC GAC ACG ATG CAGTTC G
CTEpsPden Tail:
TTA TCC ACT TCC AAT G TTA ATG CGG GAA ATT CGC ATG GTT
CTEpsPden NoTail:
TTA TCC ACT TCC AAT G TTA ATC GAG CCC GAT ATG CGT GCC
La clonacién es libre de ligacién, de acuerdo a la referencia (65) utilizando el plasmido
pMCSG?7. El producto de la clonacion fue introducido a células de E. coli cepa BL21,
confiriendo resitencia a ampicilina. Las células transformadas con las diferentes
construcciones se crecieron en medio 2XYT a 37°C hasta alcanzar una densidad 6ptica
de 0.6UA a 600nm, después se agregd 1TmM de IPTG y se incubé a 25°C durante toda la
noche. Las células se cosecharon y se lisaron mediante sonicacién, el lisado se pasé por
una columna de afinidad a histidinas, niquel sefarosa, HisTrap FF crude (Amersham), las
fracciones mas puras, segun un SDS-PAGE, se concentraron y se pasaron por una
filtracién en gel (Superdex 200), las fracciones mas puras se concentraron y se guardaron
a-70°C.
XXVII. Protedlisis limitada de la subunidad
Con el propésito de determinar el fragmento de la subunidad C que inhibe la actividad de
ATPasa en la PdF1, se utilizdé el acercamiento de la protedlisis limitada de la subunidad
con las proteasas tripsina y quimotripsina. Se utilizaron diferentes relaciones de
proteasa:subunidad C y diferentes tiempos de incubacion. Todos los experimentos se
realizaron a 25°C y deteniendo la reaccion con 10 mM de PMSF (Sigma). Inmediatamente
se agregd amortiguador de la muestra y se incubaron en hielo, para ser analizadas
mediante un SDS-PAGE.

i. Tripsina
Para el caso de esta proteasa se tomaron 1.5 ug de la subunidad C recombinante y se

incub6 en un amortiguador de protedlisis, K2PO4 100 mM pH 4, EDTA 1 mM, se agregd
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una relacién de 1:8 proteasa: subunidad C, incubando a 25°C durante 4, 8, 12 y 20
minutos, el volumen final son 20 pl, se detuvo la reaccién con 10 mM de PMSF y se
analizaron los fragmentos mediante SDS-PAGE. El tiempo que se eligié para proteolizar
una cantidad mayor de subunidad de 11 kDa fue 8 minutos, después de ese tiempo, la
reaccion se detuvo y la muestra se inyecté a una Superdex 75 pre-equilibrada con el
amortiguador de protedlisis, el producto purificado se analizé mediante WB retando
contra el anticuerpo anti-11 kDa. Ademas se reconstituyé a PSB y se midié la actividad
de ATPasa como se mencioné anteriormente.

i. Quimotripsina
Se tomaron 1.5ug de la subunidad C recombinante y se incubd en un amortiguador KoPO4
100mM pH 4, EDTA 1mM y se agrego una relacién 1:1 proteasa:subunidad C y se incubd
durante 30 segundos, 1, 2.5, 5, 12 y 25 minutos a 25°C, el volumen final de las muestras
fue de 20 pl. La reaccion se detuvo a los diferentes tiempos con PMSF 10 mM y se
colocaron inmediatamente en hielo. Las muestras fueron analizadas mediante SDS-
PAGE. La condicién de 12 minutos a 25°C fue utilizada para escalar la protedlisis y
obtener una cantidad de proteina suficiente para hacer experimentos de reconstitucion a
PSB y asi determinar si los fragmentos resultantes de la protedlisis inhibian o no la
actividad de ATPasa de la enzima en P, denitrificans.
Posteriormente, para conocer su secuencia, las bandas de los geles fueron analizadas
mediante espectrometria de masas por el Doctor Guillermo Mendoza de la Facultad de
Medicina, UNAM.
XXVIII. Células de P, denitrificans cultivadas en condiciones de anaerobiosis
Se cultivaron células de P. denitrificans cepa PD1222 en medio Luria Bertani en presencia
de 5 mM de nitrato de sodio (NaNOs) previamente burbujeado con una mezcla de los
gases hidrégeno: 5%, dioxido de carbono: 10% y nitrégeno: 85% durante un minuto a

temperatura ambiente. El cultivo se mantuvo durante 24 horas a 30°C, se cosechd a
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14,000 rpm en un rotor SS-34 a 4°C vy las células completas fueron lisadas quimicamente
con un amortiguador en presencia de SDS, DTT, glicerol y Tris pH 8.0 a 90°C durante 5
minutos. Posteriormente se analizaron mediante un SDS-PAGE, el gel fue transferido a
una membrana de PVDF en amortiguador CAPS pH 11.0 y se llevé a cabo un WB con
anticuerpos anti-11 kDa y anti-f3. La densidad de las bandas fueron analizadas mediante
el software Apha Digi doc.

XXIX. Estructura atémica de la subunidad C de Paracoccus denitrificans

En colaboracién con el Doctor Kurt Withrich, galardonado con el premio Nobel de
Quimica en el afio de 2002, y con los miembros de su equipo, especificamente con el Dr.
Pedro Serrano, se resolvid la estructura atémica de la subunidad C de P denitrificans en
su laboratorio en The Scripps Research Institute en La Jolla, California. El plasmido que
sobre-expresa a la subunidad T de P denitrificans que fue construido en nuestro
laboratorio y se envié al laboratorio del Dr. Wiithrich. Ahi el Dr. Pedro Serrano, transformé
células de E. coli cepa BL21, para sobre-expresar dicha subunidad para asi poder
resolver la estructura mediante resonancia magnética nuclear (NMR).

XXX. Purificacion de PdF4 con Q-sefarosa

En una estancia de 3 meses en el laboratorio del Doctor John E. Walker en el Medical
Research Council de la ciudad de Cambridge en el Reino Unido, se escald la purificaciéon
de la PdF4 y de la PdF1Fo con el propésito de cristalizar a las moléculas completas y asi
encontrar la localizaciéon de la subunidad C, asi como el mecanismo de inhibicion por
parte de esta subunidad. La estrategia que se usdé fue la misma que en nuestro
laboratorio, es decir las células se crecieron en medio Succinato (ver materiales y
meétodos) durante 18 horas a 30°C, se cosecharon, se obtuvieron vesiculas invertidas y a
partir de esta preparacién, se purifico PdF1 mediante el método de extraccién con
cloroformo (14) modificando el amortiguador A con los siguientes componentes:

-Glicerol 10%
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-Sacarosa 50 mM

-Tris 20 mM

-EDTA 1 mM

-ATP 1 mM

-Benzamidina 5 mM

-PMSF 1 mM

Para separar los componentes de esta preparacion, se utilizé la resina Q HP en columnas
individuales de 1ml (GE Healthcare, Suecia) para atrapar a la PdF+. Para eluirla se utilizd
un gradiente discontinuo de fosfato de potasio de 0-25 mM, a las fracciones resultantes
se les midié actividad de ATPasa y las que presentaran dicha actividad se analizaron
mediante SDS-PAGE. Las fracciones que mostraron mayor pureza se concentraron en
una membrana de poro de 100 kDa y se analizaron mediante una cromatografia de
filtracion molecular en una columna Superdex 200 a un flujo de 0.5 ml/min. A las
fracciones obtenidas se les midié actividad de ATPasa y posteriormente se analizaron
mediante un SDS-PAGE. Las fracciones con mayor pureza se concentraron en una
membrana con poro de 100 kDa.

XXXI. Purificacion de PdFiFo con Q-sefarosa

Para la purificacion de la PdF+Fo, se obtuvieron PSBs y estas se solubilizaron con
Dodecil Sulfato de Sodio (DDM) a una relacion de 2 mg de DDM por mg de PSBs durante
1 hora a 4°C. Se ultracentrifugd a 65,000 rpm en un rotor 75Ti durante 30 minutos a 4°C.
Se tomd el sobrenadante y se unié a una columna de 10 ml con resina Q HP (GE
Healthcare, Suecia) previamente equilibrada con el amortiguador que se utilizé para la
PdF+, agregando 1 mM DDM. Se eluy6 con un gradiente continuo de fosfato de sodio
0-1M. Las fracciones con actividad se analizaron mediante SDS-PAGE, se desalaron
mediante una membrana de 100 kDa y se unieron de nuevo a la misma columna. Este
proceso removio el 50% de las bandas contaminantes observadas. Las fracciones de un
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gradiente discontinuo de 0-500 mM que presentaron actividad fueron también analizadas
mediante un SDS-PAGE, las que se mostraban mas puras se concentraron en una

membrana de 100 kDa y se analizaron mediante una columna de filtracién en gel, la

TOSOH G4000 a 0.5 ml/min.

49



RESULTADOS Y DISCUSION

I. Amplificacion, clonacion y sobre-expresion de la subunidad de € y de la subunidad
€

Se disefaron los oligonucleétidos para amplificar a la subunidad de 11 kDa, a la que en
adelante denominaremos subunidad C (14) debido a que su movilidad electroforética es
mayor que la de la subunidad ¢, utilizando como molde al ADN gendmico de la cepa
PD1222 de P, denitrificans. Después de la reaccién en cadena de la polimerasa (PCR), se
obtuvo una banda de 380 pb (Figura 4A), correspondiente al tamano para el gen que
codifica para dicha subunidad. El gen se cloné en el plasmido pT77, flanqueado por los
sitios para las enzimas de restriccion Ndel y Hindlll en el extremo 3’ y 5’ respectivamente
(Figura 4B) y se ligd mediante la enzima T4 ligasa al vector. Se transformaron células de
la cepa DH5-a de E. coli, para seleccionar las clonas que tuvieran el plasmido con el
inserto, se realizé la técnica de MiniPrep (Promega) para extraer al plasmido de las
células; posteriormente éste se digiri6 con las enzimas mencionadas para liberar al
inserto. Se corrobord en un gel de agarosa que el patron de bandas resolviera las bandas
correspondientes al plasmido pT7-7 y a la del gen de la subunidad €. Posteriormente con
el plasmido que resulté positivo en el andlisis del gel de agarosa, se transformaron
células de E. coli cepa BL21 que tenian ya un plasmido que codifica para la proteina
lizosima y al inducirlas, la expresan, ayudando asi al proceso de lisis de la pared celular.

Para el caso de la subunidad € se realizé el mismo protocolo, solo que la banda esperada
es de un tamano de 447pb (Figura 4C), también flanqueado por los sitios de restriccion

para las enzimas Ndel (5°) y Hindlll (3°) (Figura 4D).
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Figura 4. Amplificacion y ligacion de los genes de las subunidades ¢ y € en geles de agarosa al
1%. (A) Producto de amplificacién del gen de la subunidad ¢, el cual pesa 380 pares de bases (pb)
indicado del lado derecho, en el lado izquierdo se encuentran los estandares de tamafo
molecular. (B) Producto de la digestion con las enzimas de restriccion Ndel y Hindlll del producto
de ligacion del gen de la subunidad C y el plasmido pT77, del lado izquierdo estan los tamafos
moleculares de intervalo de 100 pb y del lado derecho del intervalo de 1000 pb (1Kb). (C)
Producto de amplificacion del gen de la subunidad €, de un tamafio de 447 pares de bases (pb)
indicado del lado derecho, en el lado izquierdo se encuentran los estandares de tamafo
molecular. (D) Producto de la digestion con las enzimas de restriccion Ndel y Hindlll del producto
de ligacién del gen de la subunidad € y el plasmido pT77, del lado izquierdo estan los tamafos
moleculares del intervalo de 1Kb.

Il. Purificacion de las subunidades CY €

Se obtuvieron en promedio 8 mg de subunidad ¢ recombinante por litro de cultivo. De la
subunidad € se obtuvieron 1.5 mg de la subunidad recombinante por litro de cultivo.
Ambas subunidades se obtuvieron con un 95% de pureza (Figura 5) y fueron
almacenadas a -20°C en el amortiguador de fosfato 20 mM pH 7, EDTA 1 mM, PMSF
0.07% para posteriormente utilizarla para experimentos de reconstitucion, union,

dicroismo circular o fluorescencia.

25

5 Figura 5. SDS-PAGE 16% de acrilamida que resuelve a las

- subunidades ¢ (derecha) y € (izquierda) recombinantes purificadas.
Ambas subunidades fueron purificadas hasta alcanzar un 95% de

1S P pureza.
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51



lll. Reconstitucion de las subunidades C Y €

Para determinar el papel de dichas proteinas en la actividad de la FiFo-ATPasa se
reconstituyeron en ambos sistemas, ya sea afiadiendo a las subunidades por separado o
previamente mezcladas , calculado una relacion molar de 10 veces las subunidades Cy €
por 1 de la F1 en las PSB. Posteriormente a la reconstitucién de la(s) subunidad(es) se
midié la actividad de ATPasa mediante el método de liberacion de fosfato. Pudimos
observar que la actividad de ATPasa por las PSB se inhibe al agregar a la subunidad ¢, no
asi al agregar a la subunidad ¢ (Figura 6). Asi calculamos una ICso para el caso de la
subunidad C tanto en las PSB como en la F1 (Figura 7). La ICso de la subunidad con
respecto a las PSB es de 1.23 uM (Figura 7 A), para el caso de la F1 aislada, la ICso
disminuye aproximadamente a 0.05 pM (Figura 7 B). Tanto las actividades de ATPasa,
como los valores de ICso se resumen como sigue: Velocidad maxima PSBs: 0.4
umol*(min-*mg de proteina™), PdF1 26 pmol*(min-*mg de proteina). ICso PSB 0.44 uM y

PdF+ 0.05 pM.
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Figura 6. Efecto de las subunidades C y € en la actividad de la F1Fo-ATPasa en 50 ug de PSB’s de
P. denitrificans expresada como pmoles de fosfato liberados (cuadros cerrados), 20 ug de la
subunidad ¢ (triangulos cerrados) o 40 pg de la subunidad € (circulos abiertos). Los datos
mostrados son el promedio de tres experimentos independientes. Si las subunidades ¢y € son
reconstituidas simultineamente, la curva se sobrepone a la curva que tiene la reconstitucion de la
subunidad ¢ sola.
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Figura 7. Titulacion de la subunidad C en las PSB (A) y en la PdFi. Las IC50 se sefialan como
0.44uM para el caso de las PSBs, y como 0.05uM en la PdF1.

IV. Pruebas de unién entre la subunidad T y la subunidad € recombinantes a la PdF4

Un problema con el que nos hemos encontrado al purificar a la PdF1 es que en algunas
ocasiones, la fraccién resultante muestra una estequiometria €:F1 variable (Figura 8).
Muchas veces, la cantidad de subunidad & es directamente proporcional a la
concentracion de proteina a la que se inicia la purificacion del subcomplejo, como
apreciamos en la figura 8, en donde vemos que en el carril que se encuentra a la
izquierda de las subunidades marcadas, se obtiene una cantidad menor de subunidad ¢
que en el carril derecho. El carril izquierdo fue purificado a partir de unas membranas a
una concentracion de 10 mg/ml, en cambio en carril derecho fue purificado a partir de
unas membranas a una concentracion de 40 mg/ml. Se ha descrito que la subunidad € de
la F1 de E. coli es sensible a la dilucion (66), entonces proponemos que al igual que
sucede en E. coli, la subunidad € de P. denitrificans se desprende de la F1 al encontrarse

en diluida.
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Figura 8. Purificacion de la PdFi. SDS-PAGE al 16% de acrilamida en el que se analizan los
diferentes pasos de la purificacion, en el primer carril se cargaron los estandares de tamafio
molecular, el siguiente carril, es el extracto obtenido con cloroformo. En el siguiente carril se
analiza la muestra que sali6 de la columna DEAE y entra a la Superdex 200. El carril siguiente es
la PdF1 purificada a partir de membranas a 10 mg/ml. El siguiente carril, es una PdF+ purificada a

una mayor concentraciéon de PSB’s (40 mg/ml). El Gltimo carril son los estandares de peso
molecular.

En consecuencia, evaluamos el efecto funcional de las subunidades € y ¢ recombinantes
utilizando una PdF1 con una menor cantidad de subunidad €, reconstituimos a ambas
subunidades, € y ¢y posteriormente analizamos la muestra mediante una filtracion en gel

(Figura 9) y se midi6 la actividad de las diferentes muestras.
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Figura 9. Reconstitucion de las subunidades ¢ y € recombinantes a la PdF; purificada, filtracion en
gel y efecto en la actividad de ATPasa. La PdF: fue preincubada durante 30 minutos en
amortiguador de reconstitucidon (Control y carril 1 del inserto), o con un exceso de subunidad ¢ y/o
subunidad €. Después de la incubacién se tomé una alicuota y se midié actividad de ATPasa. La
grafica es el resultado de un promedio de dos experimentos independientes. El 100% de actividad
representa a 20.8 pymol*(min-'*mg de proteina?). Inset: Se pre-incub6 a una PdF: con las
subunidades ¢ y € (carril derecho), o con amortiguador de reconstitucién (carril izquierdo)
posteriormente se pasaron, por separado, por una filtracién en gel y se cargaron al gel.
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En la figura 9 observamos, en el inserto, un SDS-PAGE con las muestras antes
(izquierda) y después de la reconstitucion (derecha) con las subunidades € y C, en este
carril, vemos que las subunidades € y C se enriquecieron en comparacion con el carril de
la izquierda. Las actividades las observamos en la gréfica, donde vemos que la muestra
con la reconstitucion de la subunidad € en la PdF; tiene una mayor actividad que la
muestra control, sin embargo la reconstitucion con la subunidad ¢ inhibe cerca de un 80%
la actividad de la PdFi-ATPasa, sin embargo al reconstituir a las dos subunidades
simultaneamente (¢ y Q) la actividad de la PdFi-ATPasa se inhibe practicamente 100%.
Este dato sugiere que la subunidad € debe estar presente para que la PdFi-ATPasa
funcione correctamente, tanto para su actividad como ATPasa, como para su inhibicion,

mediada por la subunidad C.

V. Anticuerpos policlonales anti subunidad C

Para probar el titulo de los anticuerpos policlonales sintetizados por el conejo, se
corrieron SDS-PAGE con diferentes cantidades de la subunidad C, de F+ aislada y de
PSBs en cada carril, los cuales fueron transferidos a membranas de PVDF vy
posteriormente se realizé Western blot agregando el suero del conejo en el cual se
sintetizaron los anticuerpos contra la subunidad C (Figura 10). Sobresale que los
anticuerpos policlonales logran detectar hasta 1 ng de la subunidad C recombinante, 10

ngenlaFsy1pgenlas PSBs.
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Figura 10. Curvas de titulacion del anticuerpo anti-C

Western blot de membranas de PVDF a las que se le
— transfirieron SDS-PAGE al 16% de acrilamida de
acuerdo al método de von Jagow. se incubaron con el
anticuerpo anti ¢ y las muestras son de diferentes
cantidades de particulas sub-bacterianas (A), PdF
(B) y subunidad ¢ recombinante (C).
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,\,.*
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VI. Desprendimiento de la subunidad ¢ de la PdF
Utilizando el anticuerpo Anti-C acoplado a proteina G, a su vez acoplada a una resina, se
desprendié a la subunidad C por cromatografia de inmuno-afinidad (Figura 11) y

posteriormente se analizaron las muestras mediante un SDS-PAGE.
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Figura 11. Desprendimiento de la subunidad ¢ mediante una columna con una resina acoplada al
anticuerpo anti subunidad ¢. 1.- Material que entré a la columna; 2.- Muestra que no se uni6 a la
columna; 3.- Muestra que se unio6 a la columna y se eluyé a pH 3.0; 4.- Subunidad ¢ recombinante.
La relacion entre la subunidad de ¢y la subunidad y fue realizada mediante densitometria de las
bandas. Del lado derecho de cada carril se encuentran las diferentes subunidades de la PdF; y en
la parte inferior de cada carril esta la determinacion del cociente entre las subunidades Cy vy.

En la figura 11 tenemos el SDS-PAGE de las muestras control (1) con una relacidén ¢/6 de
1.1, la muestra que se pasé por la columna con resina acoplada al anticuerpo anti-C (2)
con una relacién ¢/6 de 0.79; es decir 10% menos con respecto al control. Finalmente la
muestra que fue despegada de la resina (3) con una relacién /6 de 2.24. Se midié
actividad de ATPasa para cada una de las muestras (Figura 12).

En los anteriores experimentos, la actividad de ATPasa se media con el método de
liberacidon de fosfato, ya que la actividad de ATPasa de P. denitrificans se debe activar
con el oxianién sulfito 60mM para lograr registrarla, pero el sulfito a altas concentraciones
(mayores a 10mM), inhibe a las enzimas del sistema acoplado. Por lo tanto sustituimos al
sulfito con otro activador, el detergente LDAO a una concentracion de 0.15% para lograr

activar a la F1-ATPasa.

4.50

Actividad A

umol’

(M

0.41
0.20

0.08 0.03 ‘

PdF1 PdF1+LDAO PdF1 sin 11kDa PdF1 sin 11kDa+LDAO Lo que se pegd Lo que se pegd+LDAD
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Figura 12. Activacion de las muestras a las cuales se les desprendio parcialmente a la subunidad
C. La PdFy que no pasoé por la columna acoplada al anticuerpo anti-C se le incub6 30 minutos en
amortiguador de reconstitucién (PdF1), o con LDAO (PdF1+LDAO), o PdF1 que se pasé por la
columna acoplada al anticuerpo anti-C (PdF+1 sin 11 kDa), o PdF1 que pasé por la columna
acoplada al anticuerpo y LDAO (PdF1 sin 11 kDa+LDAO), o lo que se uni6é a la columna y fue
eluido con pH 3.0 (Lo que se unid), o esta misma muestra pero afiadiendo LDAO (Lo que se unid
+LDAQ). Posteriormente se midi6é la actividad de ATPasa mediante el método acoplado (ver
materiales y métodos), expresada en pmol*(min-"*mg prot'). Sobre cada barra se encuentra su
actividad especifica.

La PdF¢-ATPasa es activada con 0.15% de LDAO (Figura 12 PdF+LDAOQ) cerca de diez
veces, al remover parcialmente a la subunidad ¢, como lo vemos en la figura 12, se activa
5 veces con respecto al control, con o sin LDAO. La actividad de la muestra con la
subunidad C parcialmente desprendida, sin LDAO también se ve activada 10 veces al
agregar LDAO. Finalmente las muestras que se unieron a la columna y posteriormente se
eluyeron a pH de 3.0, mostraron muy poca actividad debido, posiblemente a una
desnaturalizacién de la PdF; al estar expuesta a pH’s bajos.

VII. Identificacion de la subunidad C en otras a-proteobacterias.

Los cromatoforos preparados a partir de las especies R. fulvum, R. palustris, R. rubrum,
R. capsulatus, R. marinarum, R. salinarum y R. sphaeroides, se solubilizaron con
digitonina en una relacién de 2 mg de detergente por mg de proteina de membranas. Se
llevé a cabo una 2D-PAGE vy el gel desnaturalizante se tind con azul de Coomassie o se
analizé mediante Western blot, utilizando el anticuerpo anti-C y un anticuerpo monoclonal
anti subunidad a, esto con el propésito de observar que la subunidad fuera parte de la
ATP sintasa. La Unica especie que dié positivo para el anticuerpo anti C en el analisis de
sus cromatoforos fue R. sphaeroides (Figura 13). Las probables razones por las cuales no
se detectd a la subunidad C con nuestro anticuerpo en los cromatéforos de las demas
especies son: 1) la subunidad C esta presente pero la secuencia de los epitopes de los
anticuerpos policlonales que produjimos probablemente sea diferente; 2) la subunidad C
si se encuentra en la bacteria pero no esta adosada a la ATP sintasa; y 3) al momento de
preparar los cromatoforos, la subunidad ¢ se haya desprendido hacia el sobrenadante y

se haya perdido en los lavados, evitando asi su deteccién. Aunque la Unica especie en la
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que observamos una proteina del peso de la subunidad C, fue R. sphaeroides, mostrando
que esta bacteria posee una subunidad del mismo peso que la subunidad C de P
denitrificans y que ademas se encuentra unida a su ATP sintasa. Dada la presencia del
gen de la subunidad C en todas las a-proteobacterias, es probable que esta subunidad se

localice unida a la ATP sintasa de estas bacterias ejerciendo un efecto inhibirorio.

R.sph  Pden
04 .’-‘

Figura 13. La subunidad ¢ se encuentra unida a la ATP
sintasa en cromatéforos de R. sphaeroides. Western blot de
muestras de (1) cromatéforos de  R. sphaeroides y (2)
membranas de P. denitrificans. Después de correr una
electroforesis en doble dimension nativa-desnaturalizante
C -. - (2D-PAGE)_ (ver materiales vy métodos), Ia_ membrana de

PVDF fue incubada con los anticuerpos anti subunidad C y

a. y revelados por WB y qumioluminscencia.

1 2

El anticuerpo anti-C de P denitrificans reconoce a esta misma subunidad en R.
sphaeroides, por lo tanto se reconstituyé a la subunidad C de P denitrificans en
cromatoforos de R. sphaeroides y se observd una inhibicion del 30%. En una alineacion
de estructuras primarias de las subunidades ¢ de P. denitrificans y R. sphaeroides
observamos que son idénticas un 65%, las diferencias entre estas dos especies son las
responsables de que la subunidad ¢ de P denitrificans no inhiba la actividad de Fi-
ATPasa de R. sphaeroides, ya sea por que no se una a la enzima o por que la estructura
terciaria entre las subunidades no permitan la inhibicion total inter-especie.

VIII. Entrecruzamientos

Para analizar los productos de entrecruzamiento de la subunidad C con subunidades
cercanas con EEDQ o DSP (de distancia de 0 y 12A respectivamente) en membranas o
en la F1 en presencia/ausencia de sulfito, ATP o succinato, utilizamos el acercamiento de

geles de poliacrilamida en segunda dimension y posteriormente se transfirieron a
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membranas de PVDF y se retaron contra las subunidades B y C (Figura 14). En el panel A,
tenemos el Western blot contra la subunidad C, el color negro de la imagen se sustituyé
por azul. En el panel B, el Western blot contra la subunidad B, el color negro original de
las placas de revelado fue sustituido por color rojo. Las sustituciones de color fueron
realizadas para poder obtener la figura del panel C, en la que se tiene una sobreposiciéon
de las figuras de los paneles A y B para poder comparar los pesos moleculares de las
bandas. Son cuatro condiciones, la control, agregando ATP, agregando sulfito, o ambos.
Para cada condicién se utilizaron tres concentraciones 1 M, 50 pM y 1 mM, en la
condicién control y en la que se agrega ATP en 50 pM y 1 mM observamos que la banda
azul de 11 kDa (subinidad Q) desaparece, pero aparece en un peso aproximado de 65-70
kDa y al hacer la sobre posicién se ve que la banda roja (subunidad B) en las mismas
condiciones incrementa su peso aproximadamente 10-15 kDa. Esto no se repite al
agregar sulfito ni cuando se agrega a la misma reaccion sulfito y ATP, estos resultados
indican que la subunidad C se mueve de su sitio inhibitorio en las condiciones que se
presentan al agregar sulfito, es decir, condiciones de activacién de la actividad de
ATPasa. En este caso, en el que no se aprecia producto de entrecruzamiento de la
subunidad C, ni se observa que se remueva de la F1 (ho mostrado), se cree que se esta
moviendo hacia otra(s) subunidad(es), pero la distancia de los entrecruzadores no es la
adecuada para mantener dicha unién, asi que se decidi6 probar con PSB, y utilizar
solamente el DSP, el cual es de distancia de 12A y ademas es reversible con agentes
reductores, tales como el DTT y el B-mercaptoetanol. Gracias a la reversibilidad del
reactivo, se realizé un SDS-PAGE en donde se analizan muestras entrecruzadas con DSP,
en presencia/ausencia de sulfito, ATP, succinato incubadas o no con los agentes
reductores. Como podemos observar en la figura 15 se presentan bandas de
entrecruzamiento de 23 y 36 kDa, las cuales son reversibles agregando 25 mM DTT y
15% B-mercaptoetanol.
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Para resolver la identidad de estos entrecruzamientos se entrecruzé con DSP a las PSB,
después se extrajo con cloroformo a la PdF para purificarla mediante una resina DEAH.
A esta muestra se le realizé un 2D-PAGE, una primera dimensién no-reductora y el carril
de la muestra a analizar se corté y se incubd en DTT y B-mercaptoetanol y se analizé en

SDS-PAGE de segunda dimension, tifiendo con plata.
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Figura 14. Entrecruzamientos con la subunidad ¢ en la PdFi. Western blot de PdF+ entrecruzada
con EEDQ vy detectado con las subunidades ¢ (A) 6 B (B). Para cambiar de anticuerpo, la
membrana fue sometida al método de remocion de anticuerpos (ver materiales y métodos) para
limpiarla del primer anticuerpo. El color original fue reemplazado digitalmente por color azul o rojo,
(A) 6 (B) respectivamente, para poder superponerlas (C). Las concentraciones de EEDQ que se
utilizaron son 0, 5, 50 yM y 1 mM para cada caso. Control, ATP (5 mM de ATP), sulfito (30 mM de
sulfito) y sulfito+ATP (30 mM y 5 mM de sulfito y ATP respectivamente). El cuadro negro muestra
al entrecruzamento de las subunidades Cy B.
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Figura 15. Entrecruzamientos con la subunidad ¢ en PSB.
Las PSB fueron incubadas en amortiguador de
entrecruzamiento durante 30 minutos (ver materiales y
métodos) 6 en presencia del entrecruzador DSP 1mM y/o
de sulfito 30mM y posteriormente se analizaron mediante
un SDS-PAGE. El gel se transfiri6 a una membrana de
PVDF y se realizb el Western blot en presencia del
anticuerpo anti-C.

~ + + DSP

- - + Sulfito

En la figura 16, podemos ver en diagonal a la PdF+, y como producto de la reduccién con
DTT y B-Mercaptoetanol, unos puntos que coinciden en peso molecular, utilizando como
referencia Unicamente el peso molecular de los productos, los puntos marcados
representarian un entrecruzamiento de la subunidad C con la subunidad €, pero de bajo

rendimiento de entrecruzamiento.

Figura 16. Entrecruzamiento entre las subunidades C y € en las PSB. PSB fueron entrecruzadas
con DSP durante 1 hora a 25°C, posteriormente se extrajo la PdF+1 con cloroformo. La fraccion
hidrosoluble se pasé por una DEAE y finalmente se analizd6 mediante un SDS-PAGE en
condiciones no-reductoras (sin DTT ni B-mercaptoetanol). El carril que se utilizé para analizar la
muestra se corta y se incuba en presencia de DTT y B-mercaptoetanol durante 1 hora, se coloca
de forma horizontal en un SDS-PAGE y se analiza. El rectangulo rojo sefala los productos que se
entrecruzaron en la primera dimension y se redujeron en la segunda dimension, subunidades Cy
€. El gel fue tefido con plata.
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Es decir que en condiciones de activacion de la PdF, la subunidad , se entrecruza con
baja eficiencia con la subunidad €.

IX. Oligomerizacion de la subunidad C de P. denitrificans

Uno de los acercamientos que utilizamos para determinar la estructura terciaria de la
subunidad ¢ fue analizarla mediante una filtracion molecular en una columna Superdex
200 en el HPLC. Las pruebas de oligomerizacion se llevaron a cabo a tres diferentes pH
6.0, 7.5 y 8.0 (Figura17), ya que hemos observado que a pH de 8.0, la subunidad

presenta su mayor capacidad inhibitoria.
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Figura 17. Posible oligomerizacion de la subunidad ¢ dependiente del pH al que se encuentre.
Absorbancia a 280nm expresada en mili Unidades de absorbancia (mUA) de las fracciones de la
cromatografia de filtracién en gel de la reconstitucién de las subunidades de C y €. Gréfica de las
fracciones colectadas a pH de 6. (azul), cromatograma de las fracciones colectadas a pH de 7.5
(rojo) y, gréafica de las fracciones colectada a pH de 8 (amarillo).

Como observamos en la figura 17, hay un pico que se encuentra en todos los diferentes
pHSs, correspondiente a un conférmero con un radio de giro mayor, que se encuentra a un
volumen de retencion de aproximadamente 12.63 ml, este conférmero no es dependiente
del pH al que se encuentre la proteina, sin embargo hay un conférmero que cambia, si la
proteina se encuentra a pH 8 el volumen de retencion es de 13.14 ml; si el pH es 7.5, el
volumen de retencién es de 13.51 ml; y si la proteina se encuentra a pH 6.0, el volumen
cambia a 13.82 ml. Las fracciones, provenientes de esta filtracibn en gel, fueron

analizadas mediante un SDS-PAGE y ambos picos en todos los pHs resultaron ser
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subunidad C. Entonces proponemos que cuando la subunidad T se encuentra en el
conférmero de mayor peso molecular, que puede ser debido a una oligomerizacion o a
un estado mas desplegado en comparacion con los conférmeros resultantes a otros pHs,
resulta un mejor inhibidor.

X. Determinacion de la estructura secundaria de las subunidades  y € mediante
dicroismo circular

El siguiente acercamiento que utilizamos, fue el de resolver la estructura secundaria de la
subunidad ¢ a pH 6.0 y 8.0 para ver si la estructura secundaria cambia y asi lograr
identificar si las diferencias que observamos en la filtracion en gel son ocasionadas por
cambios en la estructura secundaria. Como observamos en la figura 18, la grafica del
dicroismo circular a pH de 6.0 se sobrepone perfectamente con la gréfica a pH 8.0, asi
que la diferencia observada en la filtracion el gel no es ocasionada por cambios en la

estructura secundaria de la proteina.
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Figura 18. Dicroismo Circular de la subunidad ¢ a pH 6 (A) y pH 8 (B). La concentracion de
proteina fue de 0.3 mg/ml y el experimento se llevdé a cabo a 25°C. Delta Epsilon significa
elipticidad molar obtenida por el programa CDNN. La prediccion que nos arroja es: un 98.2% de
alfa hélice y un 1.5% de secuencia no estructurada en ambos casos.

La subunidad ¢ fue analizada mediante dicroismo circular y se obtuvo que su estructura
secundaria es: Hélice 33.4%, Beta plegada: 16.8% y secuencia no estructurada: 33.8%

(Figura 19).
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Figura 19. Dicroismo circular de la subunidad € recombinante de P. denitrificans. Se llevo
a cabo a 25°C a una concentracion de 0.3 mg/ml de proteina. La prediccion de la
estructura se llevd a cabo con el software CDNN vy el cual indica que la proteina tiene un
33.4% de a-hélice, un 8.2% antiparalela, un 8.6% paralela, 16.8% de vuelta beta y un
33.8% de estructura al azar.

XI. Modelado estructural de la subunidad € de P. denitrificans

Como vimos en la figura 6, la subunidad € no inhibe la actividad de la PdFi-ATPasa, uno
de los acercamientos que utilizamos para saber el posible motivo de la no-inhibicién de
dicha subunidad fue llevando a cabo alineaciones de secuencias de subunidades € de
muchas bacterias, hemos observado que la estructura primaria de la subunidad € de P
denitrificans posee 9 aminoacidos extra en el carboxilo terminal, por lo tanto, resultaba
posible que este fragmento extra fuera el responsable de la no-inhibiciéon de la PdFi-
ATPasa mediada por la subunidad €. Entonces realizamos un modelo estructural de dicha

subunidad de P, denitrificans utilizando como molde a la subunidad € de E. coli (Figura

20A).
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Figura 20. Dinamica molecular de la subunidad € de P. denitrificans. A partir de un modelo
estructural de la subunidad € de P. denitrificans (A en azul) y tomando como molde a la
subunidad € de E. coli (A en amarillo), se llevd a cabo una dindmica molecular, partiendo
del estado inicial (A), en rojo se encuentra los residuos de aminoacidos que esta
subunidad posee. (B) Modelo de la subunidad € de P. denitrificans. El cuadro negro
encierra la parte mas movil de la proteina. (C) Acercamiento del cuadro negro
representado en B, antes de la dindmica molecular. (D) Acercamiento del cuadro negro
representado en B, después de la dindmica molecular.

En el modelo estructural de la subunidad € en la figura 20A, tenemos en amarillo a la
subunidad € de E. coli, y en azul y rojo a la € de P. denitrificans. El fragmento adicional se
muestra en rojo. En la figura 20B tenemos solo el modelo estructural, de la misma
manera en rojo, el fragmento extra de 9 aminoacidos que no se ha encontrado en otra

especie. Un acercamiento de esta estructura se muestra en la figura 20C, donde se

marca la fenilalanina 146 la cual, en la dinamica molecular, se acerca notablemente hacia
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la parte globular de la subunidad (Figura 20D), este dato refuerza la teoria de que el
fragmento extra es el responsable de la no inhibicion, ya que en las subunidades € que si
inhiben, el modelo que se ha propuesto es que la parte carboxilo terminal se extiende
para formar una ‘trenza’ con la subunidad y y asi, inhibir la actividad de la F1-ATPasa.

XIll. Purificacion de la subunidad € sin el fragmento extra

Con el fin de resolver si el fragmento de 9 aminoacidos extra de la subunidad € de P,
denitrificans es el responsable de que la subunidad € de la F1-ATPasa en esta especie no
inhiba, se hicieron las construcciones para suprimir dichos fragmentos afadiendo una
bandera de 9 histidinas para facilitar la purificacion. Las construcciones fueron llevadas a
cabo en colaboracion con el Dr. Alfredo Torres Larios del Instituto de Fisiologia Celular. El
plasmido que se utilizé fue el pMCSG7, con una clonacién libre de ligacién. Las
subunidades purificadas y ya libres de bandera de histidinas se muestran en el SDS-
PAGE de la figura 21 donde se observa claramente la diferencia de peso de

aproximadamente 1 kDa entre las dos.
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Figura 21. SDS-PAGE al 16% de acrilamida segun (55) de la subunidad € y eACT recombinantes.
Se amplificaron, clonaron y sobre-expresaron los genes de la subunidad €, tanto WT, como ACT,
es decir sin los dltimos 9 residuos de aminoacidos, ambos con una bandera de 6 histidinas del
extremo Amino terminal para facilitar su purificacion. Del lado izquierdo se encuentran los
estandares de peso molecular y en los siguientes carriles, sucesivamente la € WT y la € ACT.

67



Estas subunidades se utilizaran en posteriores proyectos para resolver si el fragmento
extra del carboxilo terminal de esta subunidad esta ocasionando la pérdida de movilidad
de este dominio y asi evitando que inhiba la actividad de la F1-ATPasa.

XIll. Purificacion de PdF1 con Q-sefarosa

El gel de la purificacién se muestra en la figura 22, donde observamos que la pureza es
muy cercana al 100%. Se obtuvieron 26 mg de PdF1 de 200 gr. de células con una
actividad especifica de 3 umol*(min-*mg de proteina-').

La muestra se diluyé a 10 mg/ml y se dejaron incubando experimentos de cristalizacidon
con los siguientes sistemas:

-Hampton Grid Screen Salt

-JBScreen PEG/Salt HSTC

-Hampton MembFac

-Topaz Optimix 2 and 3

-Hampton Crystal Screening

-F1 Condiciones de Bacillus TA (PEG 4K and 1.5K)

-F1 condiciones de Sacharomices cereviceae (PEG 4K)

-F1(tallo periférico) Bovino (Peg 8K) (67)
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Figura 22. SDS-PAGE de las fracciones de la filtracién en gel en la Superdex 200 resultantes de
escalar la purificacion de la PdF+ en el laboratorio del Dr. John E. Walker.; la pureza de la muestra
es cercana al 100%.
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XIV. Purificacion de PdFiFo con Q-sefarosa

Las fracciones de la columna de filtracion molecular se observan en la figura 23. La
pureza fue cercana al 98%

Se obtuvieron 15 mg de 200 gr. de células con una actividad de 3.4 umol*min*(mg de
proteina)-1.

La enzima se diluyé6 a 10 mg/ml y se inici6 el experimento de cristalizacion en las
siguientes condiciones:

-TOPAZ Optimix 1, 2, 3 and 5 (membranes)

-Hampton MembFac

-Memb Sys

-Memb Start

-Hampton Grid Screen Salt

-Molecular dynamics MembGold

-Hampton Crystal Screen

-Hampton PEG/Ion
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Figura 23. SDS-PAGE de las fracciones de la filtracién en gel en la TOSOH G4000 resultantes de
escalar la purificacion de la PdFiFo en el laboratorio del Dr. John E. Walker. La pureza de la
muestra es cercana al 90%.
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XV. Protedlisis limitada de la subunidad C

Se utilizé este acercamiento para resolver la secuencia que le confiere la capacidad
inhibitoria a la subunidad C. Utilizamos a la proteasa tripsina con una relacién 1:20
tripsina:subunidad C y a diferentes tiempos, cargando 4 ug de proteina por carril. El Unico
fragmento que se produce es uno de un peso de 9 kDa aproximadamente y es resistente
aun al tiempo de 20 minutos. Para obtener mas del fragmento, se utilizaron 150 pg de la
subunidad Cy 25 pg de tripsina. Incubamos 8 minutos a 25°C. Se detuvo la reaccion con
10 mM de PMSF y se inyectdé a una columna con resina Superdex 75. Las fracciones
fueron analizadas mediante un SDS-PAGE (Figura 24) las fracciones correspondientes al
pico marcado con la flecha roja se juntaron y se guardaron a -20 °C. Posteriormente las
fracciones se reconstituyeron a PSBs y no se observa una disminucién en la actividad de
ATPasa aun agregando 40 g de dicho péptido a 50 uyg de membranas, caso contrario es
el de la subunidad { completa, la cual al agregar 3 pg a 50 pg de las membranas,

practicamente la actividad esta totalmente inhibida.
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Figura 24. SDS-PAGE de las fracciones resultantes de la filtracion en gel de la subunidad C
tratada con la proteasa tripsina. En el primer carril se cargaron los estandares de peso
molecularm luego una muestra de la subunidad C sin tratarse con la tripsina. El carril marcado con
C6 fue la fraccion que contenia al fragmento mas puro.

La secuencia de dicho fragmento fue identificada por espectrometria de masas, en
colaboracién con el Doctor Guillermo Mendoza. Dicha técnica nos indicoé que la proteina

se corta tanto por el extremo amino, como por el carboxilo terminal, del lado amino se
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cortan 14 residuos de aminoacidos y del lado carboxilo, se cortan 25 residuos de
aminoacidos. Al realizar el mismo tipo de experimentos con quimotripsina en lugar de
tripsina se obtuvieron los mismos resultados, es decir, se proteolizaron tanto ambos
extremos N- y C-terminales de la subunidad ¢, obteniéndose un fragmento de tamarno
muy similar al obtenido con tripsina, y este fragmento residual tampoco es inhibitorio
para las actividades de Fi-ATPasa soluble y de PdFiFo-ATPasa de las PSB. En resumen,
estos experimentos muestran que los extremos N- y/o C-Terminales de la subunidad C
contienen al dominio inhibitorio de esta subunidad.

XVLI. Células de P, denitrificans cultivadas en condiciones de anaerobiosis

Para definir si la expresion de la subunidad C se modifica en condiciones de crecimiento
aerobio o anaerobio, después de haber crecido a células de P denitrificans, cepa PD
1222 en condiciones de anaerobiosis, se cosecharon y se rompieron con el amortiguador
de la muestra para los geles de poliacrilamida. Se llevaron a cabo tanto el WB (Figura 25)
como la densitometria de las bandas correspondientes a las subunidades B y ( al
calcular el cociente B/C de las células incubadas en normoxia (Figura 25 A), nos da como
resultado 0.99, pero al hacer este mismo analisis en el WB de las células cultivadas en
condiciones de anaerobiosis (figura 25 B), obtenemos como resultado en promedio 2.22;
es decir que hay 2.22 veces mas subunidad B que subunidad C. La subunidad C se esta
sub-expresando en condiciones de anaerobiosis, y se ha observado que en estas
condiciones, la concentracién de ATP es menor que en condiciones de normoxia (68). Asi
que una posible hipétesis es que en condiciones de anaerobiosis el gradiente
electroquimico de protones es menor que en condiciones de normoxia, por lo tanto la
célula necesita re-establecer un gradiente normal para poder mantener sus funciones
basicas, para lo cual podria emplear al complejo FiFo como ATPasa y bomba de

protones y restablecer el gradiente electroquimico de protones a expensas del ATP y asi
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poder emplear a los transportadores secundarios que utilizan protones para retransportar

metabolitos a través de la membrana plasmatica de la célula.

0.99 227

B

Figura 25. Western Blot de un lisado de células cultivadas en dos
diferentes condiciones. (A) En condiciones de aerobiosis y (B) en
condiciones de anaerobiosis. La membrana fue incubada con dos
diferentes anticuerpos, el anti-C y el anti-

A B

XVII. Estructura atémica de la subunidad g de Paracoccus denitrificans

La estructura atbmica de la subunidad C se resolvidé en colaborcién con el laboratorio del
Dr. Wathrich, del Scripps Research Institute, California, USA, gracias al trabajo del Dr.
Pedro Serrano. La estructura promedio de los diferentes conférmeros se encuentra en la
figura 26. En rojo se marcan los sitos de corte de la tripsina, tanto en el amino, como en
el carboxilo terminal. Una de estas partes marcadas en rojo (0 ambas) son las
responsables de la inhibicién de la actividad de ATPasa mediada por esta subunidad C. El

extremo amino terminal, es extremadamente movil como se puede ver en la figura 27.
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Figura 26. Estructura atémica de la subunidad C de P denitrificans, resuelto por resonancia
magnética nuclear (RMN) en el laboratorio del Dr. Kurt Wuthrich en colaboracién con nuestro
laboratorio. En rojo se encuentran marcados los fragmentos que fueron proteolizados por la
tripsina, se marcan el N-Term (amino terminal) y el C-Term (carboxilo terminal).

Figura 27. Movimientos del extremo amino terminal de la subunidad C en solucion. Se tomaron los
conférmeros mas diferentes entre si de la estructura atomica resuelta por el Dr. Pedro Serrano. (A)
Conférmero con el dominio amino terminal ‘desplegado’. (B) Conférmero con el dominio amino
terminal ‘comprimido’. En rojo se muestran los fragmentos proteolizados por la tripsina.

Por lo tanto, las explicaciones alternativas de los efectos de las protedlisis limitadas en la
actividad de ATPasa son las siguientes:1.- El fragmento amino terminal es el fragmento

inhibitorio y por eso tiene una gran movilidad, 2.- Que el fragmento carboxilo terminal sea
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el fragmento inhibitorio y esta sea cubierta por la parte amino terminal y asi se pierda su
capacidad inhibitoria, y 3.- Que ambos fragmentos sean los encargados de la inhibicion

de la actividad de ATPasa de la PdF1 mediada por la subunidad C.
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CONCLUSIONES

» La subunidad de 11 kDa, ahora denominada subunidad C por nuestro grupo, posee la
capacidad de inhibir la actividad de ATPasa de la FiFo-ATP sintasa de Paracoccus
denitrificans, ademas de encontrarse adosada a la enzima. Esto abre una nueva linea
de mecanismos de control del nanomotor FiFo-ATP sintasa bacteriano, con una
proteina inhibidora de a-proteobacterias diferente a la proteina inhibidora mitocondrial
(IF1) y a la subunidad € de la enzima bacteriana.

» La subunidad € de la PdF1 no inhibe su actividad de ATPasa, pero es necesaria para el
correcto funcionamiento de la PdF;.

» La subunidad C interacciona con las subunidades a y B en estado basal y en presencia
de ATP, pero en condiciones activadas en presencia de sulfito, la subunidad C se
reacomoda de tal manera que se separa de las subunidades a/f3 y se acerca a otras
subunidades de la enzima pero entrecruzando con baja eficiencia con ¢,
probablemente la baja eficiencia sea ocasionada por la eficiencia del entrecruzador.

» La subunidad T se sub-expresa en condiciones de anaerobiosis. Es probable que en
condiciones de anaerobiosis, el gradiente es menor, asi que la célula emplea a la ATP
sintasa como generadora del gradiente a expensas del ATP y por eso, la subunidad C
se encuentra disminuida.

» La estructura atomica de la subunidad C nos indica que la parte amino terminal es muy
movil, probablemente esta sea el dominio inhibitorio. Alternativamente, su movilidad
cubre/descubre al dominio inhibitorio que se localizaria en el dominio C-terminal.

» La estructura terciaria de la subunidad { muestra una diferencia radical respecto a la
estructura de los otros inhibidores de las F-ATPasas en bacterias (épsilon) o la proteina
inhibidora mitocondrial (IF1). Esto confirma que la subunidad zeta presente en la ATP
sintasa de a-proteobacterias representa un mecanismo novedoso de inhibicion del
nanomotor F1Fo-ATPasa bacteriano que estamos en vias de resolver.
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» La F4Fo-ATP sintasa de Rhodobacter sphaeroides posee, al igual que en P, denitrificans
a la subunidad C.
» La actividad de Fi-ATPasa de los cromatéforos de R. sphaeroides es inhibida por la

subunidad C de P, denitrificans.

PERSPECTIVAS

» Construir una cepa de P. denitrificans carente del gen de la subunidad .

» Resolver la estructura atbmica del sub-complejo PdF1 y del complejo PdF+Fo.

» Resolver el mecanismo de inhibicion de la PdF1 mediado por la subunidad C.

» Determinar el fragmento minimo inhibitorio de la subunidad C.

» Determinar si la subunidad C se encuentra en todas las especies de la clase a-

proteobacteria.
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ABSTRACT The F,F, and F;-ATPase complexes of
Paracoccus denitrificans were isolated for the first time
by ion exchange, gel filtration, and density gradient
centrifugation into functional native preparations. The
liposome-reconstituted holoenzyme preserves its tight
coupling between F, and F, sectors, as evidenced by its
high sensitivity to the F inhibitors venturicidin and
diciclohexylcarbodiimide. Comparison and N-terminal
sequencing of the band profile in SDS-PAGE of the F,
and F,Fg preparations showed a novel 11-kDa protein
in addition to the 5 canonical «, 8, v, 6, and € subunits
present in all known F;-ATPase complexes. BN-PAGE
followed by 2D-SDS-PAGE confirmed the presence of
this 11-kDa protein bound to the native F,F5-ATP
synthase of P. denitrificans, as it was observed after
being isolated. The recombinant 11 kDa and € subunits
of P. denitrificans were cloned, overexpressed, isolated,
and reconstituted in particulate F,F, and soluble F,-
ATPase complexes. The 11-kDa protein, but not the &
subunit, inhibited the F;F, and F,-ATPase activities of
P. denitrificans. The 11-kDa protein was also found in
Rhodobacter sphaeroides associated to its native F,F-
ATPase. Taken together, the data unveil a novel inhib-
itory mechanism exerted by this 11-kDa protein on the
F,Fo-ATPase nanomotor of P. denitrificans and closely
related a-proteobacteria.—Morales-Rios, E., de la Rosa-
Morales, F., Mendoza-Hernandez, G., Rodriguez-
Zavala, J. S., Celis, H., Zarco-Zavala, M., Garcia-Trejo,
J- J- A novel 11-kDa inhibitory subunit in the F,F, ATP
synthase of Paracoccus denitrificans and related o-pro-
teobacteria. FASEB J. 24, 000-000 (2010). www.faseb-

joorg

Key Words: inhibitor « F,F, ATPase + nanomotor + rhodobacter-
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BECAUSE OF ITS EVOLUTIVE RELATEDNESS to the mito-
chondrial protoendosymbiont, Paracoccus denitrificans
preserves an aerobic “mitochondrial-like” respiratory
chain (1, 2); however, the respiratory complexes of this
bacterium are simpler than those of mitochondria and
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therefore more suitable for structural studies. This has
been instrumental in, for instance, the isolation of
cytochrome ¢ oxidase or complex IV of this bacterium
and the resolution of the first crystal structure obtained
for this complex (3). Respiratory complexes I (4), II
(5), and III (6) from P. denitrificans have also been
isolated, functionally characterized, and to some extent
structurally defined. However, the structural and func-
tional characteristics of the fifth and key element of the
oxidative phosphorylation system, the F,F5-ATP syn-
thase from P. denitrificans, have not been determined.
This is because it has not been possible to isolate stable
and native F; or F,F5 complexes from this bacterium.

In the direction of ATP synthesis, the F,F, complex
of P. denitrificans is well known kinetically as a very fast
F,Fo-ATP synthase in inside-out vesicles, whereas in the
direction of ATP hydrolysis, the complex exhibits ex-
ceptionally low rates and a markedly latent ATPase
activity (7, 8). In comparison to its homologous en-
zymes from Escherichia coli and bovine heart mitochon-
dria that show roughly equal forward and reverse rates
in inside-out vesicles, this enzyme of P. denitrificans is
~100-fold faster as ATP synthase than as ATPase (7-9).
Therefore, the F,F, complex of P. denitrificans is the
most efficiently controlled and essentially unidirec-
tional ATP synthase that is known. In this context, the
lack of structural information on the ATP synthase of P.
denitrificans raises questions on the composition and
mechanism of action of its subunits that accounts for
the tight control of ATP synthesis over hydrolysis. In
most bacteria, the € subunit inhibits the ATPase activity
at the central stalk of the enzyme (10-12); this subunit
also hampers the forward ATP synthase turnover in
bacterial F,F5 (13, 14); in mitochondria, the inhibitor
protein (IF;) blocks <y rotation (15) and the closed/
open transition of one of the three catalytic 8 subunits
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(for review, see ref. 11), while in chloroplast CF,Fg, a
disulfide bridge blocks rotation of the enzyme under
dark or oxidized conditions (16). The latter mecha-
nism can be ruled out in P. denitrificans because no
F,Fy-ATPase activation is observed with disulfide reduc-
tants such as dithiothreitol (17). Instead, the presence
of one or more intrinsic inhibitor proteins in the ATP
synthase of P. denitrificans has been inferred from its
activation as ATPase with limited trypsinolysis in a
crude extract of an F,-ATPase of very low activity (18),
as well as in the native F,F_-ATPase of inverted mem-
brane vesicles (17).

After detachment from membrane vesicles, the solu-
ble F-ATPase from P. denitrificans becomes functionally
and structurally unstable (ref. 18 and unpublished
results), thus hindering its isolation. In this work, these
barriers were surpassed by tracking sulfite-activated
ATPase activity (9, 17) and by stabilizing the isolated F,
and F,F, complexes of P. denitrificans in the presence
of glycerol. The F\F, and F,-ATPase complexes of P.
denitrificans were isolated from coupled subbacterial
particles (SBPs) (8) into homogeneous preparations
that exhibited optimal stability and high ATPase activ-
ity. The isolated holoenzyme preserved F,F, coupling,
as evidenced by enhanced sensitivity to venturicidin
and DCCD on reconstitution into proteoliposomes.
BN-PAGE followed by 2D-SDS-PAGE showed the same
subunit composition of the F,F5-ATP synthase of P.
denitrificans as compared to that resolved by SDS-PAGE
after its isolation. The highly purified F;, and F,Fg
preparations showed a novel 11-kDa protein in addition
to the 5 canonical subunits present in all known
F,-ATPase particles, namely o, 3, v, 8, and €. This novel
11-kDa subunit is a powerful inhibitor of ATP hydrolysis
carried out by the F,Fg and F;-ATPase complexes of P.
denitrificans. This protein was also found in closely
related a-proteobacteria.

MATERIALS AND METHODS
Strains and preparation of vesicles

P. denitrificans cells, strain 1222 (Ri", Sp", enhanced conjuga-
tion frequencies, m™~) (19), provided by Juan Carlos Estrada-
Mora [Centro de Investigacion y de Estudios Avanzados del
Instituto Politécnico Nacional (CINVESTAV-IPN), Mexico
City, Mexico], were grown aerobically at 37°C for 24 h in the
presence of 25 pg/ml of rifampicin. The cells were harvested
at 11,400 gfor 10 min and washed once with 10 mM NaCl and
10 mM Tris/HCI (pH 7.5). Inside-out vesicles were prepared
as before (17). SBPs were prepared by sonication of inside-out
vesicles diluted at 10 mg protein/ml in 10% glycerol, 0.25 M
sucrose, 10 mM Tris/HCI (pH 7.5), 5 mM p-aminobenzami-
dine (PAB), 5 mM MgCl,, and 5 mM ATP. The sonicated
sample was centrifuged for 1 h at 27,000 g at 4°C, the
supernatant was centrifuged for 1.5 h at 186,000 gat 4°C, and
the pellet was resuspended in 10% glycerol, 0.25 M sucrose,
10 mM Tris/HCI (pH 7.5), and 5 mM PAB to a final protein
concentration of ~30 mg/ml.
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ATPase activity

The enzymatic activity of ATP hydrolysis was determined by
the amount of released inorganic phosphate (P;), as de-
scribed by Fiske and Subbarow (20). The ATPase activity was
assayed in 0.25 M sucrose, 20 mM Tris/HCI (pH 8.0), 60 mM
sodium sulfite, 5 mM MgCl,, and 5 mM ATP. The reaction
was started by adding 100 pg of SBPs to 100 pl of the reaction
mixture and arrested at the times shown by adding trichloro-
acetic acid (15% final concentration). Phosphoric acid (pH
7.2) was used as P; standard, and the amount of P; released
from each reaction was calculated by interpolation with the P;
standard curve.

ATP-synthase assays

The steady-state rates of ATP synthesis activity were deter-
mined with a coupled hexokinase/glucose-6-phosphate dehy-
drogenase (G6PDH) assay by the rate of NADPH appearance
at 340 nm, as described by Cortes-Hernandez et al. (21). The
standard reaction mixture contained 20 mM Tris/HCI (pH
7.4), 250 mM sucrose, 1 mM ADP, 5 mM MgCl,, 20 mM P;
(pH 7.2), 100 pM AP5A, 0.5 mM NADP™", 10 mM glucose, 6
U/ml G6PDH, and 0.2 mg/ml hexokinase. The reaction
medium was preincubated for 10 min at 37°C; SBPs were
added at this time and preincubated for an extra 5 min,
followed by the addition of 10 mM succinate to start the
reaction. In all experiments, the venturicidin-insensitive ac-
tivity was subtracted from the activity in the absence of the
inhibitor. On average, venturicidin inhibited the overall
activity by >90%.

Cloning of the 11-kDa and & subunits of the F;-ATPase of
P. denitrificans

The coding sequence of the P. denitrificans 11-kDa protein,
GenBank accession no. YP_916642.1, was amplified by PCR with
the synthetic oligonucleotides PdzNTerm (5-TATATTCATAT-
GACCACATTTGACGACCGC) and PdzCTerm (5'-TATACTA-
AGCTTTCAGATCTCGCTGATGATCTG), using as a template
the chromosomal DNA of P. denitrificans. The sequence of the
resulting DNA was verified by direct sequencing and subse-
quently cloned into the Nde/Hindlll site of the expression
vector pT77. The resulting plasmid (pIPPD1) was used to
transform E. coli BL21 strain for expression. After downloading
the € DNA gene sequence from the same source of genomic
DNA data from P. denitrificans (http://www.ncbi.nlm.nih.gov/
entrez/viewer.fcgi’db=nuccore&id=119376152), the € gene
was PCR amplified as a 477-bp fragment using the oligonucleo-
tides PdeNTerm (5'-TACTAACATATGGCCGACACGATG) and
PdeCTerm (5'-ATAATAAGCTTCTAATGCGGGAAATTC). The
same restriction sites used for the 11-kDa gene (Ndel in N1 and
HindIIl in C1) were employed to clone the € amplicon of 477 bp
into the pT77 plasmid to construct the so-called pEPPD1 expres-
sion vector. The latter was used to transform BL21 competent
cells for overexpression and purification as follows.

Protein overexpression and purification

E. coli BL21 strains transformed with the constructed plasmids
were grown at 37°C until the absorbance at 660 nm reached
0.6. At this time, 0.4 mM IPTG was added for overnight
induction; afterward, the cells were harvested and disrupted
by sonication. The 11-kDa protein was in the soluble fraction,
which was precipitated by adding slowly the dry powder of
ammonium sulfate to 50% saturation in order to spin down
larger proteins, and the supernatant was subsequently supple-
mented with ammonium sulfate powder as before to reach
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80% saturation. The pellet that contained the 11-kDa protein
was desalted and concentrated in Amicon membranes (Milli-
pore, Billerica, MA, USA) and subsequently loaded into a
10-ml DEAE-Sepharose column and eluted with a 0—1 M KCI
gradient. Fractions with the protein were concentrated and
injected onto a Superdex 200 column in an Akta purifier
system (GE Life Sciences, Piscataway, NJ, USA). The fractions
containing the pure protein as judged by SDS-PAGE were
pooled and stored at —20°C. The € subunit was purified with
the same chromatographic procedure, but it was precipitated
by adding solid (NH,),SO, to obtain 30% saturation. The
mitochondrial F,-ATPase from bovine heart mitochondria
containing its endogenous inhibitor protein (F,I complex)
and the F-ATPase from FE. coli were purified as described
before (15, 22).

Glycerol gradient centrifugation

The PdF,F, and PdF,-ATPase complexes were purified by
subjecting the PdF,F,- or PdF -enriched soluble extracts
obtained from SBPs to glycerol gradient centrifugation as
described before for obtaining bovine monomeric and dimeric
F,F, complexes (23), except for the composition of the buffer,
which was 20 mM Tris/HCI (pH 7.5), 1 mM EDTA, 10 mM
succinate, 35 mM NaCl, 10 mM -mercaptoethanol, 2 mM ATP,
and the indicated concentrations of glycerol (15-40%). Frac-
tions containing the purified PdF,F, or Pd F,-ATPase com-
plexes, as revealed by SDS-PAGE, were pooled and concentrated
for further analyses or frozen at —80°C.

Other methods

Protein concentration was determined by the method of
Lowry (24), with modifications, including TCA precipitation
(25). SDS-PAGE electrophoresis was carried out according to
Schigger and von Jagow (26) or Laemmli (27), as indicated.
BN-PAGE and 2D-SDS/BN-PAGE were carried out according
to Schéagger (28) and Schéagger and von Jagow (29), respec-
tively. Densitometry analyses were carried out as described
previously (15) with the Alpha DigiDoc software (Alpha
Innotech Corp., San Leandro, CA, USA).

RESULTS AND DISCUSSION

Purification of F,F, and F;-ATPase complexes from
P. denitrificans sub-bacterial particles

Inside-out membrane vesicles from P. denitrificans were
prepared by osmotic shock and sonication, as described
previously (9), and subjected to additional sonication
and washing steps (see Materials and Methods) to
obtain the so-called SBPs. This treatment increased the
rate of ATP synthesis 1.5- to 2.0-fold, to 0.6-1.2 pmol/
min/mg in SBPs, i.e., values in the range of the highest
reported for this enzyme (7). Purification of the whole
F,Fy complex from P. denitrificans was achieved by
solubilization of SBPs with lauryl maltoside, which
among other detergents tested, such as Triton X-100 or
sodium cholate, yielded a pure preparation with higher
specific activity. After solubilization and ultracentrifu-
gation to remove insoluble material, the extracted
proteins from SBPs were subjected to anion exchange
(DEAE-Sepharose) and gel filtration (Sephacryl S-300)
chromatography, followed by glycerol density gradient
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centrifugation. The final enzyme preparation obtained
had a 6-fold-higher ATPase activity than that of SBPs
(from an average of 0.5 to 3.0 pmol/min/mg in the
presence of 60 mM sulfite), and its purity was >95%, as
estimated from band densitometry after Coomassie
staining of SDS-PAGE (Fig. 14, lane 2). The purified
enzyme contained 9 different proteins, which, after
N-terminal Edman sequence, included the 8 core pro-
teins present in the eubacterial F,F, complex (o, B, v,
3, ¢, a, b, ¢) (see Fig. 3). An additional band of apparent
size of 11 kDa that migrated faster than the € subunit
in SDS-PAGE was consistently observed in all F F,
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Figure 1. Coomassie-stained SDS-PAGE of purified F, and
F\F, complexes from P. denitrificans, B. taurus, and E. coli.
A) Protein (45 ng) from each preparation was loaded as
follows in an SDS-PAGE (10-22% acrylamide gradient),
according to Laemmli (27). Lane 1, F;-ATPase from P.
denitrificans (PdF,); lane 2, F,F, complex isolated from P.
denitrificans (PdF F); lane 3, isolated mitochondrial F-
ATPase containing the endogenous IF, (BtFI); lane 4,
F,-ATPase purified from E. coli (EcF,). Subunit identities and
size standards are indicated on both sides. Gel shows a small
discontinuity at the bottom of the acrylamide gradient (seen
as a double band crossing all lanes at the bottom) that
allowed resolution of subunit ¢ of F, as a compact band (lane
3 bottom); this also condensed the € subunit of BtF,-I
complex at the interface of the gradient discontinuity just
below the IF, band. Subunits vy, €, and & were delayed in
migration and therefore were larger in size than expected
(see Fig. 3); however, this was corrected for the three subunits
in gels carried out in the Schigger and Von Jagow (26)
procedure (see Fig. 2). B) The F,-ATPase from P. denitrificans
was extracted from 1 ml of SBPs at 84 mg protein/ml with
chloroform and purified by affinity (DEAH-Sepharose) and
gel filtration (Superdex 200) chromatography, as described
in Materials and Methods and in the text. Final recovery was
1.5 mg of purified F;-ATPase, from which 20 g was loaded in
the lane shown. Final specific activity of this preparation was
21 pmol/min/mg protein. Other similar preparations
reached 40 wmol/min/mg protein. Subunit € appeared with
different intensities in different preparations, showing vari-
able degrees of detachment of this subunit.



preparations (See Fig. 1A, lane 2 for a representative
preparation). Edman degradation combined with
gene sequencing allowed us to obtain the entire
sequence of the 11-kDa protein, as well as that of the
€ subunit (see below).

Isolated F,F, complex from P. denitrificans is a
well-coupled nanomotor

Reconstitution of the purified F,F, complex of P.
denitrificans into proteoliposomes increased the DCCD
and venturicidin inhibition of the ATPase activity from
65 to 90%; at the concentrations used (25-100 pM),
the inhibitors act specifically on the F, proton channel.
These results confirm the structural and functional
integrity of the native ATP synthase of P. denitrificans.
The yield in terms of total protein recovered from the
lauryl maltoside SBP extract was 0.3%; however, it
increased to 1.3% when estimated as total activity. This
yield seems too low regarding the high enzyme content
of SBPs (see text below and Fig. 2A4); however, this
resulted from pooling exclusively the PdF,F,-enriched
fractions, as judged from SDS-PAGE. Thus, although
the enzyme yield dropped in the DEAE, sephacryl, and
glycerol gradient fractions to ~10, 2-3, and 0.5-1.5%,
respectively (see Table 1), we gained a high purity (Fig.
1, lane 2) and a 4-fold increase in specific activity in the
final PdF,F, preparation (Table I; last column). The
higher yield of total activity recovered as compared to
protein indicates that some activation of the enzyme
took place; this could be due to partial dissociation of
one or more inhibitory subunits during the purification
process. Enzyme activation was more evident after
purification of the soluble PdF-ATPase (see below).
Figure 3 shows the N-terminal sequences that identi-
fied each of the F,Fg subunits, except for subunits ¢
and a of F,. The latter was identified by labeling of the
essential ¢carboxyl residue with NCD-4 (Fig. 2D), a
fluorescent DCCD analog (see ref. 30), and by comi-
gration of the a subunit with that of E. coli, respectively
(not shown). N-terminal sequence and mass spectrom-
etry analyses of subunit ¢ were hindered because the
N-terminal side of subunit @ was blocked, and it tends to
give a low yield of tryptic digest for mass spectrometric
analyses, probably because of its high hydrophobicity;
the latter is also true for subunit ¢ (31). The subunit
composition of the PdF,F, complex was confirmed by
two-dimensional gel electrophoresis. The lauryl malto-
side extract of SBPs was first subjected to BN-PAGE and
subsequently to 2D-SDS-PAGE to resolve the individual
subunits of this complex. As shown before (32), the
native PdF,F, complex migrated as a single mono-
meric entity both in lauryl-3-p-maltoside (Fig. 2A, B)
and digitonin extracts (not shown). The subunit com-
position resolved with this method («, B, v, a, 8, b, €,
and 11 kDa in decreasing size order) was identical to
that obtained after isolation of the PdF,F, complex by
chromatography and density gradient centrifugation
(Fig. 1A). Subunit ¢ was also resolved in digitonin
extracts subjected to BN and 2D gels as a faint band
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Figure 2. Two-dimensional-Blue Native-SDS-PAGE of ex-
tracted F,F, complex from P. denitrificans SBPs and identifi-
cation of subunit ¢ of F,. SBPs (10 mg/ml) were extracted
with lauryl maltoside (2 g/g protein), and 80 png of the
soluble extract was subjected to Blue Native PAGE and
subsequent 2D-SDS-PAGE as described in Materials and
Methods. A) After 1D-BN-PAGE, the major complex ex-
tracted from SBPs corresponded to the ATP synthase or
complex V; other complexes identified previously (32) are
present as faint bands as indicated. The band migrating below
complex III was not identified. B) Another lane loaded as in
A in the same BN-PAGE gel was loaded horizontally into
2D-SDS-PAGE as shown, according to Laemmli (27) (10-22%
acrylamide). Subunit pattern contained all PdF,F, subunits
resolved by Laemmli gels after its isolation (Fig. 14, lane 2).
Subunit ¢ ran off the 2D gel in order to get a better separation
of the b and & subunits. The 11-kDa subunit of P. denitrificans
F,F, migrates just below € as shown. C) Another lane of the
1D-BN-PAGE loaded as in A was subjected to 2D-SDS-PAGE
(16% acrylamide), according to Schigger and Von Jagow (26).
All subunits of the PdF,F, complex were resolved except for the
8 and b subunits, which stack together, and the ¢ subunit was
observed as a faint smeared band. D) Subunit ¢ was labeled at its
essential carboxyl group by incubating 100 pg of liposome-
reconstituted PdF,F, (see Materials and Methods) in reconsti-
tution buffer (250 mM sucrose and 20 mM Tris-HCI, pH 8.0)
with the DCCD analog NCD-4 (25, 50, and 100 uM). The NCD-4
labeling was observed in the 6-kDa band of subunit ¢ by its
fluorescence under UV light after SDS-PAGE loaded with 25 pg
PdF,F/lane. Specific binding of NCD-4 (50 uM) to subunit ¢
was confirmed by hindering the NCD-4 labeling with previous
modification with DCCD (50 uM), as shown in the last lane.
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TABLE 1.

Purification table of the F,F',yATPase and F;-ATPase of P. denitrificans

Total

Fraction protein (mg)

activity (mol/min)

Total Specific activity

(pmol/min/mg protein)

PdF,F, purification

SBP LM-extract 162.5 (100%)

DEAE elution 10.5 (6.5%)
Sephacryl-S300 elution 2.4 (1.5%)
Glycerol gradient 0.5 (0.3%)

PdF, purification A
SBP Sonic extract
DEAE elution
Sephacryl-S300 elution
PdF, purification B
SBP Chlor extract
DEAH elution
Superdex-200 elution

16.2 (100%)
5.3 (32.7%)
1.2 (7.2%)

5.25 (100%)
3.0 (57.1%)
0.6 (11.4%)

112.2 (100%) 0.69 (100%)

10.3 (9.2%) 0.98 (142%)
3.4 (3.0%) 1.41 (204%)
1.5 (1.3%) 3.00 (434%)
3.5 (100%) 0.21 (100%)

11.9 (840%) 2.26 (1076%)
6.0 (170%) 4.83 (2300%)

36.2 (100%)
61.8 (170%)
19.85 (54.8%)

6.9 (100%)
20.3 (294%)
33.0 (478%)

(Fig. 2C). NCD-4 fluorescent labeling identified specif-
ically this subunit after covalent modification with uM
concentrations that target the essential carboxyl resi-
due of the Fu-¢ subunit. As expected from a esubunit
specific modification, NCD-4 labeling was prevented by
previous modification with similar amounts of DCCD
(Fig. 2D). Another band of ~24 kDa appeared consis-
tently below subunit a in the PdF;F, after being
isolated (Fig. 1A, lane 2) or resolved by 2D-SDS-PAGE
(Fig. 2B, C). This band was not identified here; thus, it
remains to be ascertained whether this is another
subunit of the enzyme. However, among the identified
subunits, it is remarked that regardless of the method
used to resolve the native PdF,F, complex, the 11-kDa
protein was consistently bound to the F,F, complexes

of P. denitrificans, indicating that this protein is a
structural component of the ATP synthase of this
bacterium.

The 11-kDa protein is the sixth subunit of the
F,-ATPase of P. denitrificans

The soluble F-ATPase of P. denitrificans was extracted
in its functional form to determine whether the 11-kDa
subunit is associated to the F; or Fg sectors of the
enzyme. The F, particle was extracted by two differ-
ent methods; in one, F; was released by incubation in
EDTA, relatively high salt concentrations, and alka-
line pH. However, the yield of F, was low, and this

Figure 3. N-terminal sequences of subunits

A Subunit N-terminal sequence MW (kDa Closest homol

oun Termina sea \DR) ones TomeToeon present in the purified F,F, complex of P.
a Rhodobacter denitrificans. A) Left: lane of SDS-PAGE show-
| | GIQAAEISAILKDQIKN 55.0 sphaeroides ing subunits present in the isolated F,F, com-
= FGQ %) plex of P. denitrificans after being transferred to
\ B 50.3 R. capsulatus a.PVDF membranp and Copmas§ie stained.
AEANGRITQVIG ’ (87%) Right: arrows indicate the identity of each
subunit as obtained by Edman sequencing
- PSLKDLKNV'RDUGSVK 316 R. blasticus from the PVDF membrane shown at left. Se-
N : (93%) quence of the first 12-20 residues of each
subunit is indicated in the first column, except
) r g 223 R. capsulatus for the first Met. Second column shows pre-
ANSASISADIAGRY A ) ©1%) dicted size of the mature proteins derived from
| b Oceanibulis their respective gene sequence, according to
/ ASGPFFSLRNTDETV 20.0 indolifex (88%) the ProtParam software at the ExPasy online
facility. Third column shows the closest relative

€ R. capsulatus : . . .
b—— ey S, 15.8 ©93%) proteins found in BLAST analyses, including
R . the percentage of identity of the indicated
\ 11kDa (€) 11.6 R. sphacroides species with P. denitrificans; closest homologous
L | TTFDDRERAXEAKF hp RSP_2125 (85%) subunits are found in R. sphaeroides and related
a-proteobacteria. The 11th residue, indicated
as X in the 11-kDa protein, was not resolved b
B p Y

MTTFDDRERAHEAKFAHDAELNFKAEARRNRLLGEWAAGLLGKTGDDARAYALTV
VTSDFDEPGDEDVFRKLAADLEGKADEETIRAKMVELRATAREQIISEI

Edman sequence, but it is a His residue, ac-
cording to the gene sequence. B) Complete
primary structure of the 11-kDa protein after

finding the corresponding gene and predicted protein (DUF1476) in the P. denitrificans genome database using the N-terminal
sequence obtained in A; initial Met residue is included. Sequence was confirmed by direct DNA sequencing after PCR
amplification and cloning of the 11-kDa protein, as described in Materials and Methods. Protein sequence shows no significant
conserved domains with the IF, family; rather, the closest homologue is a hypothetical protein found in R. sphaeroides, indicated

as hp RSP_2125. See text for further details.
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was increased by sonication as used for the mitochon-
drial enzyme (33) and for other F,-ATPases from
rhodobacteraceal sources (34). After releasing the F,
particle from SBPs, the soluble extract was subjected to
two consecutive anion exchange (DEAE-Sepharose)
and gel filtration (Sephacryl S-300) chromatographic
columns, followed by a discontinuous glycerol gradient,
as described above for the PdF,F, complex. The F,
yield was 7.6% of the total amount of protein in the
soluble extract. The specific activity of the PdF,-ATPase
measured in the presence of sulfite increased from 0.21
pmol/min/mg in the soluble extract to 4.83 wmol/
min/mg in the final PdF, preparation after the glycerol
gradient. This activity is 23-fold higher than that of the
initial extract; but nonetheless, alternative methods
were assessed in order to ascertain whether the final
specific PdF;-ATPase activity could be further in-
creased. In parallel, we were interested in removing
some impurities that were observed above and below
the a/B subunits in SDS-PAGE (see Fig. 14, lane 1).
Therefore, we assayed the chloroform extraction
method in a similar fashion to that used to extract the
rat liver (35) and Rodhospirillum rubrum (36) F,-ATPases
from inverted membrane vesicles. The extraction proto-
col consisted in mixing the membranes and chloroform,
a low-spin centrifugation to separate the aqueous from
the organic phases and recovery of the F, extract from the
former. Subsequently, the enzyme was further purified by
using Sepharose-DEAH as affinity chromatography
(33). This resin binds the mitochondrial F, and F,Fg,
complexes through the coupled diethylaminohexyl
arm, but it does not bind the E. coli F;-ATPase; thus,
the efficient binding of the PdF,-ATPase to this resin
suggests that there may be a similarity of the P. denitrificans
F, particle and the mitochondrial F;-ATPase at the
binding site of the DEAH moiety, which presumably lies
at the catalytic site of 3 subunits (33). The enzyme was
eluted from Sepharose-DEAH by a salt gradient and
afterward desalted or concentrated in Amicon filters
and loaded into Superdex-200 chromatography. The
purity of the enzyme recovered from the chloroform
extraction was significantly improved, essentially as a
consequence of the removal of contaminant proteins
that were present in the sonic extraction and DEAE/
Sephacryl method (Fig. 1A4); the preparation obtained
with chloroform extraction was ~95% pure as judged
by densitometry of Coomassie-stained SDS-PAGE (see
Fig. 1B), the impurities of ~80 and 150 kDa found in
the sonic-extraction method (Fig. 1A, lane 1) were
totally removed in the chloroform extracted PdF, prep-
aration (Fig. 1B) and in the PdF,F, preparations
obtained (Fig. 1, lane 2). Noticeably, the specific activ-
ity of the final PdF;-ATPase preparation was 20-40
pmol/min/mg, a value that was about a 10-fold higher
than that of the sonically extracted PdF,-ATPase (see
Table 1, last column). As observed for the F,F, com-
plex (Figs. 1A and 2B, C), regardless of the extraction
method used to obtain the soluble F;-ATPase, the
11-kDa protein was present in all preparations of the
soluble F;-ATPase (Fig. 1A, B). It was also found that
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the € and 11-kDa subunits detached partially from the
soluble F, particle after purification: densitometry anal-
yses showed that the band intensity ratios €/8 and 11
kDa/d were 1.1 and 0.75 in the purified F,F, complex
(Fig. 1A, lane 2). These ratios can be taken as the
highest possibly attained, assuming minimal subunit
detachment in the native PdF,F, complex. This ratio
decreased to 0.84 (g¢/3) and 0.71 (11 kDa/8) in the
sonically extracted PdF; (Fig. 14, lane 1) and to 0.62
and 0.59 in the chloroform-extracted PdF, (Fig. 1B).
Regardless of the method used to purify the PdF;-
ATPase, a first increase in total activity was observed
after elution from the first chromatography step (Table
1, Total Activity column), this activity declined at the
end but attained a larger percent total activity than that
obtained from protein yield (Table 1, Total Protein
column). For instance, the protein yield of purified
PdF, was either 7.2 or 11.4% from the initial F, extract
(Table 1, first column); however, the total activities
finally recovered were 170 or 55%, respectively (Table
1, middle column). This evidenced a larger activation
in the course of purification of the PdF,-ATPase (Table
1, lower rows) than that observed for the isolated
PdF,F, complex (Table 1, upper rows). Bacterial F;-
ATPase activation by dissociation of the € subunit is a
well-known observation (37). Therefore, partial release
of € and/or 11-kDa subunits can be related to the
expression of the high-ATPase turnovers obtained in
the presence of sulfite during the purification process
and in the final chloroform-extracted PdF, prepara-
tion. Thus, the following reconstitution experiments
were performed to ascertain whether € and/or the
11-kDa protein controlled the ATPase turnover of the
F\Fo, and F-ATPase complexes of P. denitrificans.

The 11-kDa subunit is an intrinsic inhibitory subunit
of the F,F,-ATPase of P. denitrificans

BLAST analyses using the 14 N-terminal residues of the
11-kDa protein obtained by Edman degradation (Fig.
3A) showed that it has 100% identity to a hypothetical
protein of unknown function in P. denitrificans identi-
fied as the DUF1476 gene product. The same gene was
also present as a family of hypothetical proteins in
several a-proteobacteria, including Rohodobacter spha-
eroides (Fig. 3A). The complete sequence of this protein
in P. denitrificans is shown in Fig. 3B. Direct DNA
sequencing of the cloned gene confirmed this se-
quence. Multiple alignment of the whole 11-kDa pro-
tein with 12 sequences of IF, proteins ranging from
yeast (Saccharomyces cerevisiae) to human IF; using
Clustal-W revealed no conserved regions of the IF,
family with this protein (not shown). However, align-
ment of the first 14 N-terminal residues of the 11-kDa
protein (see Fig. 3B) with the IF, family showed some
similarity with the inhibitory domain of the IF; protein
(not shown). Regardless of these differences between
the 11-kDa subunit and the mitochondrial IF, protein,
and given the tight control of the ATPase turnover of
the P. denitrificans ATP synthase, we hypothesized that
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the 11-kDa protein controls the ATPase activity of the
F,Fy complex. Therefore, we assayed the putative in-
hibitory role of this protein in P. denitrificans by cloning,
overexpressing, and purifying the 11-kDa protein from
E. coli (Fig. 4, inset). After reconstituting an excess of
the 11-kDa protein into SBPs, we indeed observed a
clear inhibitory effect that induced a 75-80% inhibi-
tion of activity but leaving a residual functioning. It is
possible that the insensitive ATPases were in outside-in
vesicles or F, particles that were unable to bind the
11-kDa protein (Fig. 4).

In a parallel experiment, we also added the recom-
binant € subunit that was cloned from P. denitrificans
and overexpressed in E. coli (Fig. 4, inset). The ¢
subunit was unable to inhibit the PdF,F5-ATPase in
SBPs (Fig. 4); only when the 11-kDa and € subunits were
reconstituted together, the ATPase activity was inhib-
ited to the same extent as with the 11-kDa subunit
alone. Similar results were obtained with soluble F-
ATPase in conditions in which € and 11-kDa subunits
were partially detached (Fig. 1 and Table 1). To con-
firm that the recombinant subunits actually bind to our
F, preparation, the € and { subunits were reconstituted
in a 10- and 20-fold molar excess, respectively, into the
isolated PdF;-ATPase lacking most of both subunits;
afterward, 2D-SDS-PAGE after BN-PAGE or gel filtra-
tion through Superdex-200 was carried out. A negative
control was included in which the PdF; was mixed with
blank reconstitution buffer and resulted in removal of
most of the € and { subunits after BN-PAGE or gel
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Figure 4. Effect of the recombinant € and 11-kDa subunits on
the F\F-ATPase of P. denitrificans SBPs. P. denitrificans SBPs
(500 pg) were incubated with blank buffer (H), 20 pg of the
11-kDa protein (A) or 40 pg of the € subunit (O). Reaction
started with 5 mM of MgATP, and an aliquot of 100 wl was
removed and arrested by adding 6% of trichloroacetic acid at
0, 5, 10, 20, or 30 min after the reaction was initiated. ATPase
activity was calculated from the amount of P; released from
ATP by the PdF, (see Materials and Methods). Data shown
are averages * sp from 3 independent determinations. If the
€ and 11-kDa subunits are reconstituted together, the data
points overlap with those obtained with the 11-kDa subunit
alone (not shown for clarity). Inset: SDS-PAGE resolving the
purified € (left) and 11-kDa or { (right) recombinant sub-
units. Both subunits were purified by >95%.
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filtration (Fig. 5, inset). In contrast, gel filtration after
reconstitution of subunits yielded a preparation that
recovered significant amounts of bound € and { sub-
units (Fig. b, inset A, lane 2). Remarkably, reconstitu-
tion of the € subunit alone did not inhibit the soluble
F,-ATPase, although it was bound to PdF,, as confirmed
by increase of the € band intensity resolved by 2D-SDS-
PAGE after BN-PAGE (Fig. 5, inset B). In contrast to the
inhibitory activity of € in other bacterial F;-ATPases, the
Pde subunit induced a modest but reproducible recov-
ery of higher ATPase turnovers (Fig. 5). On the other
hand, reconstitution of the { subunit alone induced a
partial inhibition of the soluble PdF;-ATPase, but re-
constitution of { together with € produced a total
inhibition of the sulfite-activated PdF;-ATPase activity
(Fig. 5). This indicates that € does not inhibit the
PdF,-ATPase by itself, but it promotes the proper and
productive binding of the { subunit to inhibit the
PdF,-ATPase turnover. Thus, the 11-kDa protein of P.
denitrificans acquires a major relevance as a inhibitory
mechanism complementing or substituting the inhibi-
tory role of the € subunit exerted in most of the other
bacterial F,-ATPases (for reviews, see refs. 10, 11).

The effect of the recombinant 11-kDa protein on the
rate of ATP synthesis carried out by the PdF,F, com-
plex in SBPs was assayed. The venturicidin-sensitive
steady state ATP synthesis rate was not modified by
reconstituting 0.5-10.0 pg of 11-kDa protein/50 pg
SBPs (660+70 vs. 60026 nmol/min/mg protein in
control SBPs and after reconstitution, respectively; av-
erage of 3 independent experiments). This lack of
inhibition of the steady-state ATP synthesis in energized
SBPs is in accordance with the activation of the P.
denitrificans ¥\ F, complex by the establishment of the
proton motive force (17). However, the 11-kDa subunit
seems to delay the pre-steady-state lag phase that pre-
cedes the full activation of the enzyme (unpublished
results). The average rate of ATP synthesis obtained
with different SBP preparations was 1.0 umol/min/mg;
this is ~5-fold faster than the rates obtained with E. coli
and bovine inside-out vesicles. Estimation of the actual
turnover of the PdF,F, complex will require determi-
nation of the relative F; or F;F, content of SBPs as
reported, for instance, for the EcF,F, complex (38).
Therefore, ongoing studies are being conducted to
determine whether the high-ATP synthase rates exhib-
ited by P. denitrificans SBPs result from a high turnover
rate or from of a relatively high PdF,F, content in
SBPs. The latter would be in concordance with the high
enrichment of the PdF,F, complex observed after
solubilization of SBPs (Fig. 2A).

It is also noted that another essentially unidirectional
ATP synthase has been described in thermoalkaliphillic
bacterium Bacillus sp. TA2.A1, (39); this enzyme has a
10-fold slower forward rate than the ATP synthase of P.
denitrificans, and besides being controlled by the €
inhibitory subunit (12), unique salt bridges at the v/
interface work as a ratchet that induces a rotation
preferentially directed to ATP synthesis (40). Thus, in
the F,F5-ATPase of P. denitrificans, its inhibitory control
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Figure 5. Reconstitution of recombinant € and { subunits into
isolated PdF;-ATPase, 2D-BN-SDS-PAGE, gel filtration, and
effect on ATPase activity. Isolated PdF,-ATPase (0.5 uM) was
preincubated for 30 min with blank buffer (control and inset,
lane 1) or with the 11-kDa (4.5 pM) and/or € (10 pM)
subunits, either each subunit added separately or both to-
gether, as indicated, in a final volume of 100 ul or reconsti-
tution buffer (250 mM sucrose and 20 mM Tris-HCI, pH 8.0).
After preincubation, an aliquot was withdrawn from each
sample to measure the PdF-ATPase activity as in Fig. 4, and
the activity from two separate determinations was averaged
and reported; 100% of control activity corresponded to 20.8
pmol/min/mg. Deviation in ATPase values was <10%. Inset
A: gel filtration through Superdex-200 was carried out after
preincubation of PdF-ATPase with both recombinant sub-
units (right lane) or after mixing the PdF, with blank buffer
(left lane). Gel filtration removed most of the € and { subunits
from the control PdF, (left lane); it also showed the recovery
of significant amounts of € and { subunits into the PdF;-
ATPase. F-ATPase subunits are indicated; other bands ap-
pearing after reconstitution are impurities carried with re-
combinant subunits. Inset B: SDS-PAGE after BN-PAGE
carried out with 10 pg of PdF, reconstituted with equimolar
€ (right lane) or with blank buffer (left lane).

mechanism acquired a novel subunit instead of simply
modifying the core subunits of the F;-ATPase.

The 11-kDa F,F,-ATPase inhibitor protein in other
o-proteobacteria related to P. denitrificans

Finally, we examined the distribution of this novel
11-kDa subunit of P. denitrificans as an F,-ATPase inhib-
itor in other a-proteobacteria, as suggested by BLAST
analyses. Polyclonal antibodies against the recombinant
11-kDa protein were raised in a rabbit, and the antisera
that were obtained had a titration of 1:10,0000, recog-
nizing a single band in SBPs and isolated F, and F,F,
complexes of P. denitrificans by Western blot analysis
(not shown). Chromatophores from the closely related
a-proteobacteria R. sphaeroides were prepared as before
(41), the chromatophores and the P. denitrificans SBPs
were extracted with digitonin, and the soluble extracts
were analyzed by BN-PAGE followed by 2D-SDS-PAGE.
The 2D-SDS-PAGE was transferred to PVDF mem-
branes and used for Western blot analysis against the
11-kDa antibody in parallel to an a-subunit blotting
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using an antibody raised originally against the FE. coli
ATP synthase a-subunit. The F,F, complex of R. spha-
eroides showed the 11-kDa protein aligned vertically with
the a-subunit and therefore associated with the ATP
synthase in similar amounts to those found in P.
denitrificans (Fig. 6). This was observed by mixing both
antibodies (a and 11 kDa) as in Fig. 6, or by first
carrying out the anti-11-kDa Western blot, followed by
antibody stripping and blotting again against the o-an-
tibody (not shown).

It is noted that previously reported gels of the soluble
F,-ATPase from R. sphaeroides apparently did not show
the 11-kDa protein (34). Because in that study the
SDS-PAGE gels were overrun or loaded with very low
amounts of F;-ATPase protein, the 11-kDa protein
either could run off the gels or was present in very low
amounts (34). The presence of this 11-kDa protein in
the R. sphaeroides F1F, complex was not unexpected,
since it is one of the closest a-proteobacteria related to
P. denitrificans, as judged by alignment of 5S rRNA (42)
and respiratory chain subunit sequences (1). The pres-
ence of a family of homologous hypothetical proteins,
as shown by BLAST, strongly suggests that the 11-kDa
F,-ATPase inhibitor of P. denitrificans works as such in
other a-proteobacteria. In support of this, a putative
sixth F; inhibitory subunit of low molecular weight was
detected in a crude F-ATPase extract obtained from R.
rubrum chromatophores (43); however, such inhibitory
protein was not further isolated, sequenced, or charac-
terized. Ongoing proteomic analyses in our laboratory
are determining the putative wider expression and
association of the 11-kDa protein in the ATP synthase
complexes of other a-proteobacteria. So far, these
results show that the 11-kDa inhibitor is not exclusive of
the P. denitrificans ATP synthase, but it is also associated
to the F,F, complex of R. sphaeroides, one of the closest
a-proteobacterium related to P. denitrificans.

R.sph  Pden
a e
11 kDa >
-
1 2

Figure 6. Immunoblot of P. denitrificans SBPs and R. spha-
eroides chromatophores showing the presence of 11-kDa sub-
unit associated with the F,F, complexes from both species.
SBPs and chromatophores were extracted with digitonin (2
g/g protein) and subjected to 1D-BN-PAGE and 2D-SDS-
PAGE as in Fig. 2; afterward, each 2D gel, one for R
sphaeroides (lane 1), and another for P. denitrificans (lane 2),
was electrotransferred to PVDF membranes and immunoblot-
ted against a monoclonal anti-a subunit and another poly-
clonal raised against the 11-kDa subunit. The only two bands
resolved (o and 11 kDa) were found aligned vertically as
shown, indicating their association in complex V of each
species.
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The 11-kDa protein as the first regulatory F,Fg
subunit incorporated from a gene external to the
ATP operon

The gene of this 11-kDa protein is external to the two
separate operons that coordinate the expression of Fg,
and F; subunits in P. denitrificans, R. sphaeroides, and R.
rubrum (see genome sequence links indicated in Mate-
rials and Methods and refs. 44, 45). Thus, the 11-kDa
protein could represent the first event of incorporation
of a regulatory subunit whose gene is external to the
ATP operon of complex V in a-proteobacteria, i.e.,
previous to the endosymbiotic event that contributed to
the origin of mitochondria. Thus, genes external to the
ATP operon had to be recruited as F,Fs control
mechanisms in a-proteobacteria because no further
regulatory genes have been integrated in the bacterial
ATP operon. Only two nonstructural genes in addition
to the 8 core F,F5 subunits have been found in
bacterial ATP operons: the uncl gene that encodes an
assembly factor of F, (46), and the wrf6 gene of
Rhodobacter blasticus (47, 48), which encodes a protein
called majastridin, a member of the glycosyltransferases
family. This protein is present in the cytosolic fraction
of P. denitrificans, but it is not associated with the
PdF-ATPase (see ref. 47 and this work). In summary,
the 11-kDa protein of P. denitrificans described here
emerges as the first regulatory ATP synthase subunit
external to the ATP operon. The sequence of the
11-kDa protein does not have a significant similarity to
that of the mitochondrial ATP synthase inhibitor pro-
tein IF;; therefore, it does not seem to be its evolutive
predecessor. However, this protein may preserve struc-
tural features similar to those of the mitochondrial IF;
alternatively, it may also complement the inhibitory
function of the € subunit, which in this bacterium does
not inhibit the ATPase activity as it does in most of
other bacterial F;-ATPases. On the other hand, the
11-kDa protein may have a completely novel mecha-
nism to control the turnover of the F,F5 nanomotor to
rotate preferably in the ATP synthase direction. In the
course of discerning the mechanism of action of this
protein, we suggest naming it as the { subunit of the
ATP synthase, to distinguish it from other inhibitory
subunits in bacterial, mitochondrial, and chloroplast
ATP synthases.
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Abstract The F;Fy-adenosine triphosphate (ATP) synthase rotational motor synthesizes
most of the ATP required for living from adenosine diphosphate, Pi, and a proton
electrochemical gradient across energy-transducing membranes of bacteria, chloroplasts,
and mitochondria. However, as a reversible nanomotor, it also hydrolyzes ATP during
de-energized conditions in all energy-transducing systems. Thus, different subunits and
mechanisms have emerged in nature to control the intrinsic rotation of the enzyme to
favor the ATP synthase activity over its opposite and commonly wasteful ATPase turnover.
Recent advances in the structural analysis of the bacterial and mitochondrial ATP synthases
are summarized to review the distribution and mechanism of the subunits that are part of
the central rotor and regulate its gyration. In eubacteria, the € subunit works as a ratchet
to favor the rotation of the central stalk in the ATP synthase direction by extending and
contracting two o-helixes of its C-terminal side and also by binding ATP with low affinity
in thermophilic bacteria. On the other hand, in bovine heart mitochondria, the so-called
inhibitor protein (IF;) interferes with the intrinsic rotational mechanism of the central y
subunit and with the opening and closing of the catalytic 3-subunits to inhibit its ATPase
activity. Besides its inhibitory role, the [F; protein also promotes the dimerization of the
bovine and rat mitochondrial enzymes, albeit it is not essential for dimerization of the yeast
FFo mitochondrial complex. High-resolution electron microscopy of the dimeric enzyme
in its bovine and yeast forms shows a conical shape that is compatible with the role of
the ATP synthase dimer in the formation of tubular the cristac membrane of mitochondria
after further oligomerization. Dimerization of the mitochondrial ATP synthase diminishes
the rotational drag of the central rotor that would decrease the coupling efficiency between
rotation of the central stalk and ATP synthesis taking place at the F; portion. In addition,
FFo dimerization and its further oligomerization also increase the stability of the enzyme
to natural or experimentally induced destabilizing conditions.

J. J. Garcia-Trejo () - E. Morales-Rios

Facultad de Quimica, Departamento de Biologia, Lab. F-117,

Universidad Nacional Autonoma de México, México, D.F., 04510, México
e-mail: jjgartre@unam.mx

@ Springer



J.J. Garcia-Trejo, E. Morales-Rios

Keywords F;F, ATPase-FFy, ATP synthase - IF; - Inhibitor protein - Epsilon - Dimeric -
Rotation - Interface - Cristae - Regulation - F; ATPase

Abbreviations

EF,, EF F, Escherichia coli Fi and FFy complexes

EM electron microscopy

FiFo the whole ATP synthase complex with its catalytic (F;) and proton channel
(Fo) parts

FFol the whole ATP synthase containing its physiological inhibitor protein (IF;)

IF; the intrinsic inhibitor protein of the mitochondrial ATP synthase

MF,, MFFy, bovine heart mitochondrial F, and F,F, complexes, respectively

NMR nuclear magnetic resonance spectroscopy

1 Introduction

The mitochondrial adenosine triphosphate (ATP) synthase is a ubiquitous motor enzyme
that provides most of the cellular chemical energy in the form of ATP to fuel all kinds
of work in biological nature. This motor functions as a coupling factor between the
condensation of adenosine diphosphate (ADP) and Pi that takes place at its catalytic F;-
ATPase portion and proton flow through the transmembranous Fj-proton channel that
consumes energy from electrochemical proton gradients. According to the well-established
chemiosmotic theory, this proton gradient is established by oxidative or photosynthetic
electron transfer chains of the plasma membrane of bacteria, the inner mitochondrial
membrane, and the thylakoid membranes of chloroplasts. Because of thermodynamic and
mechanical reversibility, the F;Fo-ATP synthase becomes a proton-pumping F;Fy-ATPase
under conditions of partial or total collapse of the proton gradient; for instance, during
anoxia in bacteria where it works as a primary pump to drive secondary transporters, during
ischemia in mitochondria, or under dark conditions in chloroplasts. In all these systems,
different subunit structures control gyration of the central stalk by favoring rotation in the
ATP synthase turnover direction. Chloroplast ATP synthase possesses a unique disulfide
bridge in the 'y subunit that controls rotation of the central stalk; however, only the structures
of the bacterial and the bovine enzymes are reviewed here.

Important new information such as the dimerization of the ATP synthase and the role of
the inhibitor protein (IF) in this process are also reviewed and used to propose a model
of the structure of the ATP synthase dimmer that explains the inhibitory and dimerizing
roles of IF;. This model also explains how dimerization of the ATP synthase may confer
a higher stability and efficiency of the dimeric enzyme to synthesize ATP. This also sheds
light on how FF( dimerization promotes formation of tubular cristae membrane structures
in mitochondria after further polymerization.

2 Structure and Rotational Mechanism of the ATP Synthase
The catalytic part of the enzyme is a water-soluble portion (F;) that can be released in vitro
from the membrane, retaining its capacity to hydrolyze ATP (F;-ATPase) [1]. ATP synthesis

occurs in the whole F{Fy when the energy derived from proton conduction through the Fy
membrane channel is combined with the nucleotide (Mg-ADP) and Pi binding energies
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[2-5] to drive the release of newly synthesized ATP from each of the three alternating
catalytic sites of F;. The coupling between F; and F is critical for efficient ATP synthesis
to occur and major progress in the understanding of this coupling mechanism has been
achieved. Several approaches at different laboratories showed that a central rotor actually
gyrates relative to a stator that holds the catalytic subunits; this rotation induces the
alternating binding, catalysis, and product release from three catalytic sites of F; (for
reviews, see [5-9]). These studies also indicated that the y subunit, together with ¢ and
the ring of 9-15 ¢ subunits of F, form the rotor in the central part of the enzyme. The more
direct evidence demonstrating this rotational movement was the observation by fluorescence
microscopy of rotation of a fluorescent actin filament attached to the v, €, or ¢ subunits of
immobilized F; and F;F, complexes [10—13]. These experiments established that the rotor
of the enzyme is formed by the central y—e—c9_;5s domain. This core rotor—stator structure
is preserved in bacterial and mitochondrial ATP synthases and is shown in Fig. 1 indicating
the reversible rotational mechanism of the enzyme.

The rotary mechanism of the enzyme implies that, in the central stalk, the y subunit
(together with € and c9_;5 subunits) rotates relative to a stator where the catalytic o—3
interfaces are held. Therefore, this stator must be somehow anchored to an F, subunit at
the lipid bilayer. A peripheral second stalk was literally “invoked” and found by means
of high-resolution electron microscopy studies [14, 15] and by cross-linking of «, §, b,

Fig. 1 Rotor—stator subunit ]
distribution in the mitochondrial {P < :> ATP
F|Fo-ATP synthase. Only the - '

. b 4 -

core subunits present in bacteria

and mitochondria are shown for

simplicity. Rotating subunits are

shown in red (y), orange (¢), and

yellow (ring of ¢ subunits)

whereas static subunits are in

dark blue ($3), blue (), and cyan

(subunits a and b). The arrows [F‘i]
indicate the reversible rotation of

Y—e—c subunits relative to « and

{3 catalytic subunits of Fy that

takes place during ATP

synthesis (“clockwise” or right

direction) and hydrolysis
(“counterclockwise” or left

direction). Bidirectional proton

flow at the c-ring—sub a interface

occurs associated with the

gyration of the rotor as indicated

by the red arrow. The

second-stalk structure is

simplified as two cyan subunits F,@
(a and b) that work as stator to [\
anchor the catalytic o333 to the
membranous a subunit. Image is

generated in RasMol 2.6 from the
mitochondrial F{Fy structure of

S. cerevisiae (PDB code 1Q01)

and edited as shown %}
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Table 1 Subunit composition of the E. coli and mitochondrial ATP synthases

E. coli subunit Bovine subunit Yeast subunit
Fy o’ o ol
B3 63 (53
,YI ,Yl ,YI
5! oscp! Sub 5!
el 5! 5!
— 81 El
- IF} IF]
Fo Al Sub. 6! Sub. 6!
B2 b! Sub 4!
C9715 c9715 Sub 910
- d! Sub 7!
- el el
- fl fl
- g g
- F6! A
- A6L! Sub 8!

There are eight and 16 different subunits in the bacterial and bovine enzymes, respectively. Subunits are
accommodated according to their corresponding homologs. For example, E. coli & and € correspond to bovine
OSCP and 9, respectively. Corresponding subunit stoichiometries are indicated as superscripts. The enzyme
from yeast (S. cerevisiae) contains at least three additional subunits, namely i, j, and k.

and «a subunits along this peripheral second stalk [7]. The anchoring part of the second
stalk with the o subunit of F; has been solved by nuclear magnetic resonance (NMR) for
the Escherichia coli enzyme [16], whereas most of the structure of the second stalk
of the bovine mitochondrial enzyme has been resolved by X-ray crystallography [17].
Thus, the whole picture of the simplest ATP synthase of E. coli involves a stator formed by
(x—P)3, 8, by, and a subunits and a central rotor formed by the y—e—cy_15 domain. This core
rotor—stator structure of bacterial ATP synthase becomes more complex with about twice as
many different subunits present in chloroplasts and mitochondria. Besides the core subunits
and structure of the EF;Fy motor, there are six to eight additional or “supernumerary”
subunits that are well described in mitochondrial yeast and bovine ATP synthases. These
subunits are d, e, f, g, F6 (h in yeast), A6L (8 in yeast), the inhibitor protein (IF;), and
mitochondrial subunit ¢ which does not have a bacterial counterpart (see below and Table 1).
Three additional F( proteins are also found in the yeast enzyme (see legend of Table 1). The
roles of these additional subunits are related to regulation and oligomerization of the ATP
synthase as will be described below.

3 The Central Stalk is Part of the ATP Synthase Rotor

Crystallographic studies have solved most of the central stalk structure in £. coli (EF;) [18]
and bovine mitochondrial (MF,) F;-ATPases [19-22]. The tertiary structure and orientation
of the globular domain of the y subunit is very similar in both species (Fig. 2), and it
is in agreement with previous cross-linking data obtained with the enzyme from E. coli.
However, the € subunit of E. coli (bovine &) was found far away from the cross-linking
distance to the o or (3 subunits but closer to the Fy subunit c in the crystals of the yeast
[23] and bovine [20-22] enzymes. It was therefore unclear how ¢ could cross-link with o
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Bovine F; E. coli F,

Fig. 2 Comparison of the bovine (left) and E. coli (right) F1Fo-ATP synthases at the central stalk domain.
Crystallographic structures of MF| and EF; central stalks are shown in the same orientation. Homologous
subunits are drawn in the same color, vy (blue), € subunits (green). For clarity, only one o« subunit (red)
and one 3 subunit (yellow) are shown. The structure shown on the right is a composite of the E. coli y—¢
structure [18] and the bovine MF; structure [19], constructed by aligning segments of 'y present in both
structures. Segments of MF 7y subunit are shown in darker blue, and those of E. coli 'y subunit are shown in
lighter blue. This figure was modified from an original courtesy of Dr. Andrew J.W. Rodgers

or [3 subunits in the native enzyme as found before, until another X-Ray diffraction analysis
was made with a soluble y—¢ complex from E. coli [18]. In this study, the structure of
soluble ¢ was very different from the bovine & subunit F;. The soluble ¢ subunit associated
with v was found rotated in relation to the vertical axis of the central stalk and extending
its two C-terminal helices toward the C-termini of o and (3. This position placed the
appropriate residues in cross-linking distance [ 18] (Fig. 2). The conclusion is therefore that ¢
experiences dramatic changes in conformation that are important for its role as an inhibitor
of the ATPase activity of the enzyme, controlling the rate of rotation of the central stalk.
Engineered cross-linking in the E. coli F1Fy complex entrapped these two conformations of
the € subunit [24]. Interestingly, when the C-terminus of ¢ is compacted as an antiparallel
a-helix coil with its N-terminal [3-sheet domain, the F,Fy-ATPase activity is enhanced and
the enzyme is coupled during ATP hydrolysis and synthesis. However, when the C-terminus
of € extends toward F; (as shown in Fig. 2), ATP hydrolysis is inhibited but ATP synthesis
remains unaffected [24]. In agreement with this work, the structure of the y—¢ domain in
the E. coli F-ATP synthase [25] was found very similar to that of the isolated subunits
[18]. Furthermore, it has been found that the ratchet mechanism of € can be regulated by
ATP binding in some bacteria [9, 26]. When ATP is bound, the closed conformation is
stabilized, thus favoring rotation of the central stalk in the ATPase direction; conversely, at
low ATP concentrations, ¢ is unable to bind ATP, and therefore the extended conformation
is favored, thus leaving the enzyme prone to rotate into the ATP synthase turnover. This
model is supported with the recent crystal structure of the Bacillus PS3 subunit ¢ with ATP
associated to the C-terminus of this subunit [27]. In summary, these studies show that ¢
works as an ATP sensor in bacteria that posses a novel ATP-binding motif in this subunit
[26-29].
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Besides the control of rotation described so far for the bacterial enzymes by the €
subunit, it is important to introduce a novel inhibitory 11-kDa protein that we recently
found in the ATP synthase of the x-proteobacteria Paracoccus denitrificans (Morales-Rios
et al. 2008, submitted). The ATP synthase from P. denitrificans has been only described
functionally as the fastest ATP synthase and the slowest ATPase found to date [30];
however, it has never been isolated until we addressed this issue. This novel inhibitory
11-kDa protein is present in F;-ATPase and F|F,-ATPase preparations obtained from P,
denitrificans membranes, and it will likely add a novel control and inhibitory mechanism
to the «-proteobacteria family where the open reading frame exists. Importantly, the €
subunit of this enzyme does not inhibit the ATPase activity of the F;-ATPase or F;F,-
ATPase complexes in P. denitrificans (Morales-Rios et al. 2008, submitted). Thus, the
11-kDa protein will add a novel control mechanism to the ATP synthases, in addition
to the classical inhibitory mechanisms of bacterial, chloroplast, and mitochondrial F;F
complexes. Unidirectional functioning of ATP synthase turnover has been also described
for another bacterial enzyme of the thermoalkaliphilic type, Bacillus sp. TA2.A1 [31].
However, instead of additional regulatory proteins, unique polar interactions at the rotor—
stator interface of the F; subunits allow almost exclusively unidirectional rotation in the
ATP synthase direction for this enzyme [31]. To our knowledge, only two other bacterial
proteins have been found encoded in the atp operon in addition to the eight core subunits
of bacterial F|Fy (e, 3,7, 9, €, a, b, ¢); these two proteins are encoded by the unc-1 and
urf-6 genes that correspond, respectively, to an assembly factor of the c-ring [32] and
to majastridin, a cytosolic protein nonassociated with the Rhodospirillum blasticus ATP
synthase [33]. In contrast, the gene encoding the 11-kDa protein of P. denitrificans is located
upstream to both atp operons (one for Fy and another for F; subunits) already sequenced on
chromosome II of P. denitrificans (see Morales-Rios et al. 2008, submitted, and the follow-
ing link: http://genome.jgi-psf.org/finished microbes/parde/parde.home.htm). Therefore, it
seems that the 11-kDa regulatory protein that we found in the F;Fy, complex of P.
denitrificans is one of the first, if not the first, supernumerary subunit added to bacterial
ATP synthases as an exogenous gene of the azp operon (formerly known as the unc operon).
This 11-kDa protein therefore emerged during o-proteobacterial evolution and previous to
the endosymbiotic event from which mitochondria emerged.

4 Supernumerary Subunits and Their Role in the Regulation and Dimerization
of the Mitochondrial ATP Synthase

Most of the supernumerary subunits in the mitochondrial enzyme correspond to membrane
proteins associated with the Fy proton channel. These additional subunits are d, e, f, g, F6,
and A6L. Subunits d and F6 are part of the second stalk, and A6L is a membrane protein of
Fy that is essential for the assembly of subunit 6, the one that forms the proton-conducting
interface with the c9_;5 ring. On the other hand, the roles of some of these subunits were
recently unveiled by studies in yeast showing that subunits e and g are needed to form
FFo dimers in situ [34, 35]. However, an unexpected result was the finding that genetic
removal of these e and g subunits deformed the inner mitochondrial membrane and the
classical cristae transformed into concentric membrane layers inside enlarged mitochondria
[35]. This demonstrated that dimerization of the ATP synthase is not an artifact of detergent
extraction as suspected but a natural and important biological process that improves the
ATP synthase activity and the stability of the enzyme. Thus, besides dimerizing to improve

@ Springer



Regulation of rotation of the F1F-ATP synthase nanomotor

somehow the ATP synthesis reaction, the dimeric enzyme also promotes mitochondrial
cristae formation, thus optimizing the overall process of oxidative phosphorylation.

Two supernumerary subunits are part of the mitochondrial F;, namely ¢ and the so-called
inhibitor protein (IF;). Bovine ¢ is different with its bacterial homonym,; it is a 5.7-kDa
protein, whereas that of E. coli is 15 kDa in size (Table 1 and Fig. 2). Bovine ¢ stabilizes
the structure of the central stalk by interacting with the globular part of y (Figs. 2, 3, and 4).
Closely interacting with ¢, bovine subunit § has a similar structure to that of its homologous
E. coli e. However, neither bovine § or ¢ subunits inhibit the ATPase activity of bovine F{Fy;
together, they form a compact and noninhibitory structure at the central stalk, in contrast
to the flexible structure of E. coli € (Fig. 2) [20]. The bovine and E. coli d subunits also
correspond to different proteins. E. coli 6 does not form part of the central stalk as the bovine
0 does (Table 1, Fig. 2). E. coli § is the connection between the “tip” of the F; subunit «
and the “top” of the peripheral second stalk (reviewed in [7]). It is homologous to bovine

Fig.3 Model and crystal structures of the F1—IF; complex from bovine heart mitochondria. Top three panels,
our model: we positioned the IF; N-terminal domain at an entrance-binding site («xg—3p interface) at about
12-A cross-linking distance from y and e subunits as we found [44]. From the side (lefi and right) and
“bottom” (center) views, it was clearly shown and proposed for the first time that IF; is close enough to
the rotor of the enzyme to block gyration of the central stalk as part of its inhibitory mechanism [44].
Bottom panels, the crystal structure from the Fi—IF; crystal with a nondimerizing fragment of IF; [21]:
the same IF; N-terminal side was resolved and observed actually bound to the vy subunit at an app—Ppp
interface [21, 22]. The top structure depicts the entrance site of IF;, whereas the bottom structure shows the
final inhibited structure where IF is locked into the same ag—f interface that became opp—Ppp after two
counterclockwise 120° gyration steps (shift from top to bottom panels). IF| therefore inhibits rotation of the
central stalk and the opening and closing conformational changes of a single catalytic interface
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Fig. 4 Model of the dimeric-mitochondrial ATP synthase: possible localization of the IF; protein and its
movements to allow rotation of the central stalk during ATP synthesis. The model depicts the overall shape
of the dimeric ATP synthase molecule that we observed for the bovine mitochondrial enzyme [54]. The
dimeric interface involves Fg subunits (e and g) and two protein bridges, one at the Fo—F¢ side of unknown
composition (question mark) and another at the F1—F; interface where the second stalks (not shown for
clarity) and the IF| protein (red) are likely to be located. The C-terminal side of the IF| molecule is assumed
to cross the dimer interface and to stabilize the dimer by interacting with subunits OSCP [65] and possibly
subunits of the second stalk. The N-terminal inhibitory domain that in the absence of the proton gradient
blocks rotation of the central stalk by entering at an o—{3—y interface (Fig. 2) is removed from this position
and exposed into the media after establishment of a transmembrane proton gradient, thus allowing rotation
of the central stalk during ATP synthesis. The F; structures were constructed from the bovine F;-DCCD
coordinates available (PDF code 1E79)

oligomycin sensitivity conferring protein (OSCP) which also interacts with subunits of the
second stalk (see Fig. 4, and [17, 36-38]). As mentioned above, the connection between E.
coli b and « subunits has been resolved by NMR [16].

5 The Inhibitor Protein (IF;) and its Inhibitory and Dimerizing Roles
on the Mitochondrial ATP Synthase

A key regulatory subunit absent in bacterial or chloroplast F;F, is the mitochondrial
inhibitor protein (IF;). Since its first isolation in 1963 by Pullman and Monroy [39], this
protein was shown to inhibit the ATPase activity of the catalytic F; part. This protein is
therefore crucial to preventing the hydrolysis of newly synthesized ATP in conditions of low
membrane potential in mitochondria. Upon membrane energization, [F; is believed to be re-
located from its inhibitory site into an unknown position within [40, 41] or outside the FF,
complex [42, 43], therefore allowing ATP synthesis to occur. In de-energized or uncoupled
conditions, such as ischemia, the bovine IF; is productively associated with the enzyme, in-
hibiting the ATPase turnover of the F,I or F| Fyl complexes. However, this protein allows the
rotational ATP synthesis turnover during energization of mitochondrial membranes. There-
fore, IF, is an important physiological regulator of the functioning of the ATP synthase.
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Fig. 5 Possible arrangement of

the ATP synthase helical polymer A
that wraps and gives shape to the
mitochondrial tubular cristae.

a Inner view of the polymer from
the interior of the cristae
(membrane is transparent);

the green spheres represent the
Fo channels connected by the
protein bridge we observed [54];
the blue spheres are the F; heads.
b The ATP synthase polymer is
depicted from the outer surface
of a single cristae (yellow).

The F; particles are in blue and B
connected with a protein bridge
that could be composed by the
IF| and second-stalk subunits.
The original model is from
Allen et al. [75]

Although the location of the endogenous IF; in the whole F{FoI-ATP synthase remains
unknown, on the basis of the available structural studies, we proposed a model of the binding
site for the IF; that would explain the inhibitory role of IF; [44]. It is well known that
the inhibitory domain of IF; lies on the N-terminal side of the molecule [45—47]; thus,
according to our cross-linking data showing for the first time a relatively short distance
(12 A) between IF; and the 'y and ¢ subunits, we placed the N-terminal inhibitory side in a
cross-linking position of about 12 A from the 'y and & subunits [44]. Figure 3 (top panels)
shows this position of the N-terminal side on a cleft formed by the 3 catalytic subunit and
the y—¢ part of the central rotor; lysine residues that are at 12-A cross-linking distance are
shown in purple. This 3p—y—e¢ cleft was the wider binding site available for entrance of the
IF; N-terminal side into the rotor—stator interface. It is clearly demonstrated from different
perspectives that the binding of the N-terminal side of IF; in this position interferes not
only with the conformational changes of the (3 subunits, as proposed before [19, 48], but
also with the intrinsic rotation of the central stalk. Thus, we supported and proposed a novel
mechanism of action for this protein that was later confirmed by the elegant crystal structure
of the reconstituted dimeric F|—IF; complex [22]. In the latter complex, the central coiled
«-helixes of the y subunit that extend along the central pseudosymmetry axis of the Fi-
ATPase particle were found not only in proximity but in actual close contact with the its
N-terminal side of IF; [21, 22] (see Fig. 3, bottom panels). The IF; was found locked into a
Bpp—Y cleft rather than in a 3z—y—¢ interface, as we originally proposed [44]. This shows
that what we found by cross-linking and model building was the entrance site of IF; into
the F;-ATPase particle and that two further angular movements of the y subunit of 120°
lock the IF; into the Bpp form of the catalytic subunit that previously received the IF,
in its open 3y conformation (see Fig. 3 and [21]). Thus, the mechanism of action of IF,
as inhibitor involves blocking the rotation of the central stalk and inhibiting the opening—
closing conformational changes of the catalytic 3 subunit that leads to substrate binding,
catalysis, and product release from F;.

@ Springer



J.J. Garcia-Trejo, E. Morales-Rios

Besides showing the close-up view of the IF;—y interaction, the isolation and resolution
of the F—IF; crystal structure also showed that reconstitution of recombinant IF; induces
dimerization of the soluble F-ATPase particles in the expected 1:1 IF|—F, stoichiometry
[22, 49]. Earlier blue native polyacrylamide gel electrophoresis analyses of mitochondria
showed a dimeric ATP synthase species that appears after mitochondrial solubilization with
several detergents [50] and that some Fy subunits such as e and g are essential for ATP
synthase dimerization [34, 35]. Thus, the question emerged of whether the IF; participates
in the dimerization of the whole F;F(-ATP synthase in mitochondria, besides dimerizing
the soluble F-ATPase in vitro [49]. Initially, several groups found that genetic or physical
removal of the yeast or bovine IF, respectively, did not prevent F|Fy dimerization; thus,
it was concluded that IF; does not participate in the homodimerization of the whole FF,
[51, 52]. However, because the yeast IF; protein lacks most of the C-terminal dimerizing
domain and it is much less prone to dimerize [53], it was conceivable that the role of
IF; in dimerization of the ATP synthase might be excluded from the yeast enzyme but
present in the bovine and rat mitochondrial enzymes. Besides, the results where IF; removal
did not change the dimer to monomer ratio of the bovine ATP synthase were obtained
in the presence of triton X-110 where the FFy-ATPase is inactive [51]. Therefore, we
reassessed the role of IF; as a dimerizing factor of the bovine and rat mitochondrial enzymes
in digitonin-extraction conditions where the dimeric and monomeric forms of the F|Fy
complex are functional [54]. Besides, instead of looking to the decrease in the dimeric ATP
synthase after IF| removal, we looked for the recovery or promotion of the dimeric species
after reconstitution of increasing amounts of IF; into submitochondrial particles. With this
approach, we demonstrated that removal of IF; dissociated the whole ATP synthase into
monomers of high ATPase activity, and the reconstitution of IF; into SMP brought a partial
recovery of the dimer content of the SMP extract accompanied by an overall inhibition of the
ATPase activity [55]. Interestingly, the larger ATP synthase oligomers were also partially
recovered by IF; reconstitution [55], suggesting that IF; participates in the formation of
aggregation states of the ATP synthase larger than the ATP synthase dimer. Thus, it seems
that yeast IF; is not essential for F{Fy dimerization in Saccharomyces cerevisiae simply
because it is much less prone to dimerize since it lacks most of the C-terminal coiled-
coil dimerizing domain [53]. The latter seems therefore essential for bovine and rat IF; to
promote and/or stabilize the dimer and higher oligomer structures of the mitochondrial ATP
synthase. This is consistent with previous findings where it has been shown that IF, confers
structural stability to the F;Fyl and F;I complexes during high-pressure denaturation that
leads to dissociation of oligomeric species [56]. In line with the dimerizing role of IFy,
it has been recently shown that, among other metabolic effects, the overexpression of IF;
increases the amount of mitochondrial cristae, and its downregulation decreases the number
of cristae in mitochondria of cultured cells [57]. Taken together, these studies confirm that,
besides the inhibitory role of IFy, it is also an important factor that stabilizes dimerization
and further oligomerization of the mitochondrial ATP synthase, thus promoting formation
of mitochondrial cristae as detailed below.

6 Structure of the Dimeric-Mitochondrial ATP Synthase: Improving Rotational
Catalysis, Adding Stability, and Giving Shape to Mitochondrial Cristae

In Fig. 4, the possible quaternary structure of the dimeric bovine FoF;I complex is depicted
according to the structural data available from crystallographic [20], genetic [58—60],
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subunit association [36, 37], cross-linking [38, 44, 61-65], and protease accessibility
[38, 66, 67] evidence. How does this model accommodate the inhibitory and dimerizing
functions of IF; in the F;Fy dimer? We assumed a crossed IF; structure at the dimer
interface, given that we also resolved by high-resolution electron microscopy the dimeric
FFy and found a conical homodimeric molecule containing a protein bridge at the F|—F
interface [54]. In this model, the [F; N-terminal side is located at the rotor—stator interface
in inhibitory position, whereas the C-terminal side of IF; crosses the dimer interface and
interacts with the opposite monomer probably through the OSCP subunit at the top of the
side stalk as found by cross-linking evidence [65]. This model explains both the inhibitory
and dimerizing roles of IF;; however, both functions of IF; would require some further
distortion from the fully extended helix observed in the isolated IF; to a bent or random
coil conformation. This distortion is necessary to introduce the N-terminal side of IF; into
the Bpp—y interface as shown by the crystal structures [21, 22]. In the F|Fy dimer model,
we used a crystal IF; conformer that is bent in the middle of the IF; protein, and this
fits better at this interface than the extended IF; dimer conformers [68]. Similar crossed
IF; dimeric structures have been observed in the IF; crystal [68]; this arrangement would
be different from the observed antiparallel coiled-coil dimer of isolated IF; [68]. It was
necessary to invoke this crossed structure because the distance between the N-terminal
inhibitory domains in the IF;—IF; extended dimer is about 60 A [68], whereas the F|—F,
distance observed in the soluble F;—IF; dimer [22] or in the (F;FoI), dimer is <10 A [54].
This implies that the IF; dimer must bend or cross somehow to be accommodated at the
F—F; interface of the ATP synthase dimer that had an angle of about 40° which gives its
conical shape.

On the other hand, it is also noted that, besides the bovine dimeric ATP synthase [54],
other similar dimeric structures have been subsequently observed by electron microscopy in
S. cerevisiae and Polytomella sp mitochondria. The latter species has a unique second-stalk
composition and is therefore nonrepresentative of other mitochondrial ATP synthases [69];
however, in both cases, the dimeric structure adopted two angles of about 40° and 70° [69].
Dudkina and colleagues [70] named their open (70°) structure as the “true dimer”, and our
compact (40°) structure as a “pseudo-dimer”; furthermore, they also suggest that, in line
with other reports, only their open “true” dimer actually participates in cristae formation
[71, 72]. However, their dimer structures have several drawbacks: (1) their image averages
are collected not by hand but automatically by image analysis software; in consequence,
a large proportion of their dimer particles lack one or both of the F;-portions, showing
that their preparation is largely unstable compared to our preparation, which contains
mostly complete F;Fy structures. (2) The larger detergent concentration used to isolate the
enriched open dimers [69, 70] decreases the dimer yield and stability, and, importantly, it
also decreases the functional coupling between F; and Fy; in contrast, our dimer enriched
at lower detergent concentrations preserves essentially full oligomycin sensitivity, i.e.,
FFy functional coupling (Minauro-Sanmiguel and Garcia-Trejo, unpublished results). This
parameter has not been reported in the preparations enriched with the open (70°) and
unstable dimer; it would not be surprising to find there a decreased Fy inhibition. (3) There
is emerging evidence from others [73] and from our recent studies with the yeast F|Fy
dimer (not shown) indicating that both structures (open and closed) coexist with a wide
distribution of dimers showing different angles after detergent extraction, but there is no
clear evidence indicating which protein or factor is controlling the opening or closing of the
dimer angle. Although IF; is not essential for IF; dimerization in yeast [52], the possibility
remains that the shift from an extended to a compact conformation of the IF; dimer could
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participate in determining the angle of dimeric FFy. Therefore, we conclude that there is no
reason to name arbitrarily the open or closed conformations as “pseudo” or “true” dimers;
instead, we propose to refer to them just as “open” (=70°) and “closed” (=40°) dimers, with
the understanding that the dimer population actually spreads through all angles between
these values. Regardless of the observed angle values after detergent extraction, two major
dimeric species correlate well with two distinct dimeric interfaces at the Fy side that have
been found in yeast F1F( [74]; these two interfaces would build a helical polymer of dimers
that wraps and gives shape to the tubular cristae of mitochondria [75], as it is currently
proposed (Fig. 5).

In summary, the dimeric structure of the F;Fy ATP synthase is stabilized by the so-
called inhibitor protein (IF) in the mitochondria of complex organisms such as rat or cow.
Literally, on the other hand, the conserved N-terminal side of IF; inhibits the F|F,-ATPase
activity by entering through the open catalytic axg—3; interface in a cleft formed by 3—y—¢
subunits. With the [F; bound at this interface, the F{-ATPase carries out two 120° gyrations
of the central stalk and the N-terminal side of IF; locks at the Ppp—app—y interface,
completely blocking rotation of the central stalk and the opening and closing of the catalytic
sites. A further question that emerges is, how this deep inhibitory interaction of IF; with the
rotor—stator interface of F, is reversed in the presence of the mitochondrial electrochemical
proton gradient to allow ATP synthesis turnover? We are currently addressing this question
by limited proteolysis experiments; interestingly, we observed that the N-terminal side of
IF; becomes exposed to the media upon membrane energization, whereas the C-terminal
side of IF; becomes shielded to proteolysis, indicating that it hides behind another FF,
subunit (Garcia-Trejo et al., unpublished). We propose here how this might happen in the
dimeric FFy structure of bovine heart mitochondria. Upon membrane energization, the C-
terminal side of IF; might become occluded between OSCP or second-stalk subunits at the
dimer interface, whereas the N-terminal inhibitory domain is released from the ocpp—Ppp—y
cleft where it is bound, thus restoring rotation of the central stalk and the opening—closing
conformational changes of the 3 subunits that are essential for F; catalysis. In this model,
second-stalk subunits are not depicted for clarity, but they should contribute significantly to
the dimer interface, as shown for the yeast H subunit (bovine subunit F6, see [75]). Once
formed, the dimer structure seems more stable and in better shape to resist the rotational drag
of the continuous gyration of the central stalk than its dimeric form (Fig. 4). In other words,
the monomeric enzyme could lose coupling energy by rotating as a rigid body following
the angular drag of the rotor; this would hardly occur in a dimerized or oligomerized ATP
synthase. Indeed, it has been proposed that the rotational drag of each monomer promotes
closer Fy—F; interactions in the dimer as observed by atomic force microscopy in the
dimeric enzyme [71]. It can also be questioned whether dimerization actually increases the
coupling efficiency of the enzyme, given that the monomeric bacterial enzyme is already
highly efficient as a coupling factor; indeed, the most efficient and practically unidirectional
ATP synthases described so far are those of P. denitrificans [30] and of a thermoalkaliphilic
bacterium [31]. However, it is also recalled that, in «-proteobacteria and even in eubacteria
such as E. coli, it has been described that the rotary turnover of the F; portion undergoes
slippage from the proton conduction through Fy under conditions of low ADP and Pi
concentrations [76, 77]. This slipping has not been observed for the mitochondrial enzyme,
probably because the rotor and stator interfaces of each monomer interact more efficiently
in the dimeric or oligomeric forms of the enzyme. In this line, we are currently collecting
evidence to respond to the question of whether the dimeric enzyme possesses a higher
stability and better efficiency as ATP synthase in comparison with its monomeric species;
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preliminary results indicate that it is actually the case. Together with its role in formation
of the mitochondrial cristae, these studies and models shed light on the mechanisms by
which the FFy-ATP synthase becomes not only the most efficient nanomotor in nature
by its regulation in bacteria and by its dimerization in mitochondria, but also becomes a
dimeric building block of a hypothetical helical polymer that wraps and gives shape to the
mitochondrial cristae (Fig. 5).
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ABSTRACT: The effect of increased expression or reconstitution of the mitochondrial inhibitor protein (IF)
on the dimer/monomer ratio (D/M) of the rat liver and bovine heart F,Fyo-ATP synthase was studied. The
2-fold increased expression of IF; in AS-30D hepatoma mitochondria correlated with a 1.4-fold increase
in the D/M ratio of the ATP synthase extracted with digitonin as determined by blue native electrophoresis
and averaged densitometry analyses. Removal of IF; from rat liver or bovine heart submitochondrial
particles increased the FFp-ATPase activity and decreased the D/M ratio of the ATP synthase.
Reconstitution of recombinant IF; into submitochondrial particles devoid of IF, inhibited the F;Fy-ATPase
activity by 90% and restored partially the D/M ratio of the whole F|Fy complex as revealed by blue
native electrophoresis and subsequent SDS—PAGE or glycerol density gradient centrifugation. Thus, the
inhibitor protein promotes or stabilizes the dimeric form of the intact F|Fo-ATP synthase. A possible
location of the IF; protein in the dimeric structure of the rat liver FiFy complex is proposed. According
to crystallographic and electron microscopy analyses, dimeric IF; could bridge the F;-F, part of the dimeric
FFo-ATP sythase in the inner mitochondrial membrane.

12695

The Inhibitor Protein (IF;) Promotes Dimerization of the Mitochondrial F,F,-ATP

Departamento de Bioquimica and Cardiovascular Disease’s Genomic and Proteomic Study Group, Instituto Nacional de

The FFo-ATP synthase of energy-transducing membranes
is the smallest and most efficient molecular motor of nature
(7). During ATP synthesis, proton flow drives the rotation
of a ring of 10—12 ¢ subunits of its Fy proton channel; this
is connected to the central stalk and therefore drags the y
subunit whose gyration induces the alternating release of
newly synthesized ATP from the three catalytic a/f3 inter-
faces of F; (2, 3). A peripheral stalk works as a stator by
connecting the o and f subunits of the F, part to static
subunits of F, (4). This rotational mechanism is completely
reversible; when the transmembrane proton gradient de-
creases, the enzyme becomes an ATPase that rotates in the
opposite direction as driven by ATP binding energy (3, 5).
To prevent wasteful ATP cleavage, the enzyme is controlled
in bacteria, chloroplasts, and mitochondria, albeit by different
mechanisms. In mitochondria, this regulation is carried out
by a powerful inhibitor of ATP synthesis and hydrolysis of
10 kDa (IF;)! that binds to the soluble F; part with a 1:1
stoichiometry (6, 7). As shown by cross-linking studies, IF,
interferes with rotation of the central stalk and with the
conformational changes of the catalytic o/f3 interfaces by
binding at a distance <12 A from the o, B (8, 9) catalytic
interfaces and the rotary y and e subunits of F; (1/0). This
was subsequently confirmed by resolution of the N-terminal
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inhibitory portion of bovine IF; reconstituted into its corre-
sponding F-ATPase (/1) showing that the N-terminal side
of IF, actually interacts with the y subunit of the rotor, and
it binds in a catalytic o/ interface.

It has also been shown that IF; self-associates as an
inhibitory dimer (/2) that induces dimerization of soluble
F, particles (13). Indeed, the crystal form of the F,I complex
containing the reconstituted inhibitory protein exhibits this
dimeric structure (/7). These findings raised the question of
the extent to which IF, contributes to the dimerization of
the native F,Fy-ATP synthase in mitochondria. In this regard,
the effect of removal of IF; on the dimer/monomer (D/M)
distribution of mitochondrial FiF, extracted with different
detergents has been studied, either genetically as in yeast
mitochondria (/4) or physically by releasing IF, from bovine
heart submitochondrial particles (/5). In both systems it was
shown by blue native electrophoresis (BN-PAGE) that
dimeric FF, is formed even though the preparations lack
IF;. From these and other studies it was shown that, rather
than IF,, other subunits of F, such as e and g are essential
for F\Fy dimerization (/6—18). These studies also showed
that the FF, dimer has a key role in the morphology of the
mitochondrial inner membrane and in mtDNA stability,

! Abbreviations: BN-PAGE, blue native polyacrylamide gel elec-
trophoresis; D/M, ratio of dimeric/monomeric species of the FFy-ATP
synthase; EDTA-SMP, submitochondrial particles prepared in the
presence of EDTA and lacking IF;; EM, electron microscopy; F;-IF;,
soluble F;-ATPase complexed with its inhibitor protein; IF;, inhibitor
protein of the mitochondrial F,Fo-ATPase; MF,Fy, FFo-ATP synthase
complex from bovine heart mitochondria; MgATP-SMP, submitochon-
drial particles prepared in the presence of MgATP containing the
endogenous IF;; OSCP, oligomycin sensitivity conferring protein of
F,Fo-ATP synthase; SMP, submitochondrial particles.

10.1021/bi060339j CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/29/2006
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because the e and g yeast deletion mutants eventually lose
the cristae and the mtDNA (/6—18). However, the effect of
mitochondrial IF,; increased expression or its reconstitution
on the D/M ratio of the whole F;F, complex has not been
studied in conditions where the active ATP synthase dimer
is enriched (16, 19, 20).

Therefore, we determined the effect of overexpressing or
reconstituting IF; on the D/M ratio of the mitochondrial or
particulate F;Fy-ATP synthase that was subsequently ex-
tracted with digitonin. We used mitochondria from rat liver
where the ratio of IF,/F; is 0.4 (2/) and mitochondria from
rat AS-30D hepatoma where this ratio raises to about 1.0
and IF, is therefore more efficiently associated to F,F, (22).
We compared the D/M ratio of the ATP synthase solubilized
from hepatoma to that found in normal rat liver mitochondria
and submitochondrial particles by BN-PAGE. In addition,
we assayed the effect of reconstituting recombinant rat liver
IF; on the D/M ratio of the rat F,F;-ATP synthase solubilized
from submitochondrial particles. The results of increased
expression and reconstitution of IF; are consistent with each
other and show that IF, participates in the dimerization of
the intact mitochondrial FFy-ATP synthase.

MATERIALS AND METHODS

Rat liver and AS-30D hepatoma mitochondria were
isolated by differential centrifugation as described before
(22). Submitochondrial particles containing its endogenous
IF, (MgATP-SMP) or devoid of IF; (EDTA-SMP) were
prepared by sonication as described for the bovine heart SMP
(10). Recombinant rat liver IF; was overexpressed from the
pMal-IF; plasmid and purified by the maltose affinity column
described elsewhere (23). Alternatively, the recombinant IF;
from rat liver or bovine heart were overexpressed with the
pJSRLIF, plasmid or its bovine heart counterpart (pJSBHIF),
which are derivatives of plasmid pIN-III-A3 (22), and
purified by ammonium sulfate precipitation followed by
carboxy methyl chromatography as described before (24).

Most of the chemicals were purchased from Sigma,
including ATP, ADP, lauryl maltoside, digitonin, and
coupling enzymes for activity assays (pyruvate kinase and
lactate dehydrogenase). Reactants for SDS—PAGE and BN-
PAGE were obtained from Bio-Rad. Coomassie blue for
native gels was purchased from Serva.

Blue Native Electrophoresis of Solubilized Mitochondria
and Submitochondrial Particles. BN-PAGE was carried out
essentially as described by Schigger and Von Jagow (25).
Because the detergent/protein ratio is crucial during mito-
chondrial solubilization, special care was taken in the protein
determination procedure. This was carried out by the TCA—
Lowry protein assay (26) that eliminates any interference
from buffer components. In this way, after careful titration
of digitonin/protein ratios, an optimal detergent/protein ratio
of 1.5 mg of digitonin/mg of protein was found as the best
condition to extract intact F,Fy in its monomeric and dimeric
forms. This ratio was therefore kept constant in all experi-
ments shown. After mitochondrial solubilization, BN-PAGE
was carried out in minigel format by overnight 40 V runs at
4 °C using 75—150 ug of solubilized protein per lane. Gels
were then fixed and stained with Coomassie or used for 2D
SDS—PAGE before fixation as described elsewhere (/0).
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Lanes of BN gels that were chosen for 2D SDS—PAGE were
excised and incubated for a half hour in 1% SDS and 5 mM
DTT before loading them into a 10—22% denaturing gel.
When necessary, “in-gel ATPase activity” was developed
by incubating BN-PAGE gels in “ATPase developing buffer”
(50 mM glycine, 0.15% lead acetate, 7.5 mM MgCl,, and
7.5 mM ATP, pH 8.5) for several hours as indicated.
Alternatively, separation of dimeric and monomeric F;F,-
ATP synthase was carried out with 20—40% glycerol
gradient centrifugations as described before (27).
Reconstitution of Recombinant Rat Liver IF; into Submito-
condrial Particles. Purified recombinant rat liver IF; was
reconstituted into EDTA-SMP in the presence of 6 mM
MgATP as described before (22, 23). The IF; reconstituted
at the amounts indicated in the figures exerted a maximal
inhibition of about 90% of the ATPase activity of EDTA-
SMP. After reconstitution, EDTA-SMP were washed once
by ultracentrifugation at 45000 rpm for removal of excess
IF; and resuspended in a loading buffer of BN-PAGE for
native electrophoresis. When activity assays were carried out,
EDTA-SMP reconstituted with IF, were resuspended in 250
mM sucrose and 20 mM Tris-HCI, pH 7.0, and ATPase
activity was carried out by the spectrophotometric coupled
enzyme assay (28) following NADH oxidation at 340 nm.

RESULTS

Rat liver mitochondria have an IF,/F; stoichiometry of 0.4
(21) that raises to about 1.0 in rat AS-30D liver hepatoma
mitochondria due to an increase in the expression of IF; (22).
Concomitantly, and relative to rat liver, there is a higher
association of IF;, with the F;F, complex in AS-30D
hepatoma as shown by cross-linking and ATPase activation
assays (22). Taking advantage of the AS-30D system, we
studied the effect of its 2-fold IF, increased expression on
the ratio of dimeric and monomeric F,F, complexes (D/M).
To this end, rat liver and AS-30D mitochondrial preparations
were solubilized with digitonin as detailed in Materials and
Methods to extract the monomeric and dimeric ATP synthase
(16, 20). BN-PAGE and denaturing 2D analyses showed the
presence of extracted monomeric and dimeric F;F, complexes
in both preparations with a tendency to increase the D/M
ratio in AS-30D mitochondria (Figure 1A). To obtain a D/M
ratio that will average the variations obtained by densito-
metric analyses, several digitonin extracts were obtained from
different preparations of liver and AS-30D mitochondria that
were subjected to BN-PAGE. Furthermore, to avoid varia-
tions in the D/M ratio produced by different protein loads,
duplicate lanes of liver or hepatoma in different BN gels
were loaded with 75 or 150 ug of protein (see representative
gel in Figure 1A). Remarkably, a statistically significant
increase in the D/M ratio to a value of 1.61 + 0.22 (£SD;
n = 6) was found in AS-30D mitochondria as compared to
1.17 £ 0.07 (£SD; n = 6) found in rat liver (Figure 2). For
comparison, the D/M ratio of mitochondrial F,F, extracted
with digitonin from bovine heart mitochondria was deter-
mined in the same conditions used for rat liver and hepatoma
mitochondria. This ratio showed a higher D/M ratio of 2.7
£ 0.9 (£SD; n = 3) after densitometry analyses of different
lanes loaded in three separate BN gels (see two representative
lanes labeled as “Bov” in Figure 2A). To confirm this result,
we also analyzed the D/M ratio of ATP synthase in the so-
called MgATP-SMP that retain the endogenous IF; protein
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FIGURE 1: Separation of dimeric and monomeric F,F, complexes
by BN-PAGE and 2D SDS—PAGE. 150 ug of mitochondrial
digitonin extracts of liver (left) or AS-30D (right) were subjected
to BN-PAGE (upper horizontal lanes). In the same BN gel, other
lanes were loaded with 200 ug of protein of the same samples,
excised and subjected to BN-PAGE and subsequently to 2D SDS—
PAGE as detailed under Materials and Methods. The two major
uppermost bands of BN-PAGE correspond to dimeric (V-V) and
monomeric (V) forms of the ATP synthase as resolved by 2D SDS—
PAGE. An F; standard was included showing the position of the a
and S bands of F;. Other mitochondrial complexes were resolved
with higher protein loads; for example, the faint bands above and
below the ATP synthase monomer (V) correspond to monomeric
complex I and dimeric bc; (see also Figure 2A). Other major
proteins resolved in the right side of 2D gels were not identified.
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FIGURE 2: Densitometric analyses of the D/M ratio of the F,Fo-
ATP synthase in liver and hepatoma mitochondria. (A) BN-PAGE
of digitonin extracts obtained from liver and AS-30D mitochondria
were subjected to densitometric analyses to calculate the relative
intensities of dimeric (V-V) and monomeric (V) bands. Lanes 1,
3,5, 6, and 8 were loaded with 75 ug of protein, whereas lanes 2,
4,7, and 9 were loaded with 150 ug of protein. Lanes labeled as
Bov were loaded with 100 ug of digitonin extracts obtained from
bovine heart mitochondria. (B) Statistical analyses showed a
significant increase of the dimeric F,F; in AS-30D mitochondria
compared to rat liver. A Student’s #test indicated that the differences
between liver and AS-30D samples are statistically significant (p
= 0.00071, n = 6). Error bars indicate the standard deviation of
the data. The actual SD values are indicated in the text (see the
Results section where this figure is cited).

functionally bound to the F,Fy-ATP synthase. After solubi-
lizing MgATP-SMP from liver and hepatoma with the same
optimal amount of digitonin (1.5 mg/mg of protein), the
monomeric (V) and dimeric (V-V) forms of the F,F, complex
were resolved by BN-PAGE followed by denaturing 2D
SDS—PAGE and Coomassie staining (Figure 3). It was
clearly evident that the D/M ratio of F,F, of hepatoma SMP
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FiGure 3: 2D SDS—PAGE resolution of dimeric and monomeric
FFy in liver and AS-30D SMP. 150 ug of SMP digitonin extracts
were subjected to BN-PAGE (not shown) and 2D SDS—PAGE.
The amount of dimeric F;F, (V-V) was increased relative to the
monomeric (V) ATP synthase in AS-30D hepatoma SMP, as
compared to rat liver SMP. The right side bands that increase in
AS-30D were not identified.

was higher than in SMP from normal rat liver. Densitometry
analyses of the a/f3 bands of the F,Fy dimer and monomer
resolved by 2D SDS—PAGE showed that the D/M ratio of
ATP synthase in AS-30D SMP was 0.9 whereas in liver SMP
it was 0.6. This result is similar to that found with extracted
mitochondria. However, the D/M ratios are lower in SMP,
presumably due to disruption of the inner membrane structure
through SMP preparation. Figure 3 shows that a couple of
proteins resolved just above and below the y subunit seem
to comigrate with the ATP synthase dimer and to increase
in AS-30D mitochondria. However, these bands remained
in the same position of 2D gels after the ATP synthase dimer
was almost completely removed during activation conditions
(see below, Figure 4). Thus, these proteins comigrate with
the dimer but do not seem to be associated stoichiometrically
with it. The increase in other proteins in AS-30D that
resolved in the far right side of the 2D gel was not further
explored here because those do not form part of the ATP
synthase dimer or the monomer. Taken together, the data
show that the higher the expression of IF;, the higher the
D/M ratio of the F,Fo-ATP synthase.

The differences between liver and AS-30D mitochondria
are not only limited to the content of IF;. Other factors such
as the lipid composition or the shifts in expression of other
mitochondrial proteins (see, for example, Figure 3) might
influence the D/M ratio of the ATP synthase. Therefore, to
assess the actual role of IF; on the control of the ATP
synthase dimerization, we modeled the in vivo IF; increased
expression by in vitro reconstitution of inhibitory amounts
of IF; into rat liver F;F, of SMP devoid of IF;. An increase
in D/M ATP synthase induced by IF; reconstitution would
indicate that this protein is a key factor promoting F;F,
dimerization. Therefore, rat liver SMP from which most of
the endogenous IF; was previously released (EDTA-SMP;
see Materials and Methods) were reconstituted with several
concentrations of recombinant IF; that exerted a maximal
inhibition of about 90% of the F;Fy-ATPase activity (Figure
4). EDTA-SMP with or without reconstituted IF; (4 ug/50
ug of SMP) were solubilized and analyzed by BN-PAGE
and subsequent 2D SDS—PAGE together with a control
sample of Mg-ATP SMP containing the endogenous IF,
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FIGURE 4: Effect of IF, reconstitution on the F,F;-ATPase activity
and the D/M ratio of rat liver submitochondrial particles. 50 ug of
EDTA-SMP devoid of IF; were incubated with the indicated
amounts of recombinant IF; as indicated in Materials and Methods.
5 uL aliquots were withdrawn after 15 min to measure the specific
ATPase activity spectrophotometrically. About 1 ug of IF; was
enough to exert maximal ATPase inhibition (86%). Inset: 1D BN-
PAGE and 2D SDS—PAGE of SMP extracted with digitonin. Left
panel, SMP containing its endogenous IF, (MgATP-SMP); center
panel, SMP lacking most of its endogenous IF; (EDTA-SMP); right
panel, SMP-EDTA reconstituted with saturating IF, (4 ug of IF,/
50 ug of SMP). The positions of the ATP synthase dimer (V-V)
and its monomer (V) are indicated. Removal and reconstitution of
IF, were carried out as described in Materials and Methods. ATPase
activities of MgATP, EDTA, and EDTA-SMP reconstituted with
IF; were 0.8, 6.5, and 1.1 umol min~! (mg of protein)~!,
respectively.

(Figure 4 inset). It was clearly observed that removal of IF,
decreased the D/M ratio in SMP devoid of IF;. Furthermore,
reconstitution of saturating recombinant IF, restored the D/M
ratio of the particulate F\F,-ATP synthase. To avoid ambigu-
ity of the data due to variations in total protein loaded into
the gels, average densitometries of dimeric and monomeric
F,Fy were carried out with three different 1D and 2D gels
loaded with 75 and 150 ug of protein. These analyses showed
that the average D/M ratios (£SD) were 0.65 £+ 0.04 for
MgATP-SMP and 0.17 & 0.04 in EDTA-SMP; i.e., removal
of IF, vanished most of the F,F, dimer. Furthermore, when
recombinant IF; was reconstituted into EDTA-SMP, this ratio
was restored to a value of 0.49 + 0.13. Titration experiments
with lower and higher amounts of IF; showed that maximal
increase in the D/M ratio was attained with saturating
inhibitory concentrations of IF; (about 2 ug of IF;/50 ug of
SMP). It is important to point out that according to previous
studies carried out with the soluble bovine heart F;-ATPase
(29) there is no strict correlation between inhibition of
ATPase activity and the propensity to form F;-F; dimers as
induced by the inhibitor protein; i.e., IF; can inhibit almost
fully the F;-ATPase in a mixture of dimeric and monomeric
Fi-IF, complexes of different D/M ratios that exist in a
dynamic equilibrium (29). Thus, although higher D/M ratios
closer to or higher than 1.0 can be predicted expecting a
F\Fy dimerization proportional to the 90% inhibition of
ATPase activity, the actual D/M ratio can be lower as found
here. Keeping this in mind, the recombinant rat liver IF, was
also reconstituted into the digitonin rat liver mitochondrial
extracts obtained with 2.5 mg of detergent/mg of protein to
assess the ability of IF; to promote dimerization of the soluble
FFo. A modest but reproducible increase in the D/M ratio
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FIGURE 5: Effect of IF; reconstitution on the soluble F;Fy-ATPase
activity and the D/M ratio of rat liver digitonin mitochondrial
extracts. (A) The indicated amounts of recombinant IF; isolated in
solubilization buffer were reconstituted as detailed in Materials and
Methods into rat liver mitochondrial digitonin extracts containing
115 ug of proteins. Immediately after IF; reconstitution, 2—4 uL
aliquots containing 15 ug of protein were withdrawn to measure
spectrophotometrically the ATPase activity in the presence of
digitonin (0.05%). Controls confirmed that 0.05% digitonin did not
interfere with coupling enzymes of the assay. The plot shows the
average ATPase activity of two independent determinations (O).
100% ATPase activity of control samples incubated in conditions
of reconstitution but without IF; was 1.3 umol min~! (mg of
protein)~!. Following ATPase determination, about 100 ug of all
digitonin extracts were loaded into 1D BN-PAGE (inset). The
positions of the ATP synthase dimer (V-V) and its monomer (V)
are indicated. The amounts of reconstituted IF; (0—20 ug) are
shown on top of the inset. Average D/M ratios obtained by
densitometry intensities of the ATP synthase dimer and monomer
bands are plotted (@). (B) Duplicate lanes of the 1D BN-PAGE
(inset of panel A) containing about 100 ug of control (no IF, left)
or reconstituted IF, (20 ug, right) were subjected to 2D SDS—
PAGE, followed by fixation and Coomassie staining. The positions
of the ATP synthase dimer (V-V) and monomer (V) as well as the
resolved FF, subunits are indicated. Densitometry analyses of the
o/ intensities indicated an increase in D/M ratio from 0.32 to 0.40,
similar to that observed in the BN-PAGE (panel A).

was obtained after 1D BN-PAGE and 2D SDS—PAGE from
an average densitometric ratio of 0.30 to a maximal value
of 0.43 (Figure 5). Remarkably, the increase in D/M ratio
paralleled the decrease in ATPase activity when plotted
versus the amount of IF; used for reconstitution (Figure 5A).
The lower impact of IF; on ATPase activity and D/M ratios
obtained with extracted F;F, as compared to the particulate
ATP synthase (Figure 4) is likely a reflection of inefficient
IF, binding because it is well described that high salt
concentrations (as present in the solubilziation buffer, see
Materials and Methods) reduce the yield of IF; association
to F; and FF,. Nevertheless, similar results were obtained
when IF; was reconstituted into soluble F;F, extracted with
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FIGURE 6: Dimerization of bovine heart F;F)-ATP synthase induced by reconstitution of recombinant bovine heart IF,. Three different
samples containing 12 mg of MgATP-SMP (1 sample) or EDTA-SMP (2 samples) were diluted to 20 mg of protein/mL in reconstitution
buffer. One of the samples containing EDTA-SMP was reconstituted with 2 ug of bovine IF;/50 ug of SMP as described in Materials and
Methods. The other two samples containing MgATP-SMP or EDTA-SMP were incubated in the same conditions but without recombinant
IF;. Subsequently, aliquots of 1.5—3.0 uL. were withdrawn from each sample to measure spectrophotometrically the steady-state rate of
particulate F;Fy-ATPase activity. The specific activities obtained were 1.1, 5.4, and 0.53 umol min~! (mg of protein)~!, for MgATP,
EDTA, and EDTA + IF, SMP, respectively. Afterward, samples were centrifuged once at 186000g at 4 °C to remove the reconstitution
buffer and the excess IF, (if present) by discarding the supernantant. The pellet containing SMP of each sample was resuspended to 15
mg/mL in solubilization buffer and extracted with 2 mg/mL digitonin as described in Materials and Methods. Different aliquots of the
digitonin extracts obtained were subjected overnight to 16 h runs of BN-PAGE (A) or 20—40% glycerol density gradient centrifugation at
4 °C (B and C) as described before (27). (A) 140 ug of protein from the digitonin extracts of MgATP-SMP (first lane), EDTA-SMP
(second lane), and EDTA-SMP reconstituted with bovine heart IF; (BH IF;) (third lane) were loaded on a BN-PAGE gel that was subsequently
developed for in-gel ATPase by incubation during 48 h in ATPase developing buffer as described in Materials and Methods. A control lane
containing 80 ug of a digitonin extract (1.5 mg/mg of protein) of bovine heart mitochondria was included (fourth lane, BH Mit). Densitometry
of the bands of the F|Fy-ATPase dimer (V-V), monomer (V), and higher F,F, oligomers (V,) showed the relative percentage of each
component as follows: 43% (V-V), 53% (V), and 4% (V,) for MgATP-SMP; 3% (V-V), 95% (V), and 3% (V,) for EDTA-SMP; and 32%
(V-V), 64% (V), and 4% (V,) for EDTA-SMP + IF,. The control lane loaded with the bovine heart mitochondrial extract showed 62%
(V-V),22% (V), and 16% (V,), similar to the proportions obtained by densitometry of Coomassie staining of BN-PAGE (see Figure 2 and
text). The F,F, dimer/monomer ratios (V-V/V) of each sample are indicated at the bottom of the gel. (B, C) 0.5 mL aliquots of the digitonin
extract of each SMP sample were subjected to a 16 h run of a 20—40% glycerol gradient centrifugation as described before (27). Afterward,
each gradient tube was fractionated from top to bottom into 20 fractions of 1 mL each. 15 uL aliquots of selected fractions were loaded on
10—22% gradient SDS—PAGE gels and stained with Coomassie. Gradient separation-obtained digitonin extracts of EDTA-SMP (B) and
EDTA-SMP + IF; (C) are shown. The regions of the gradients where dimeric (V-V), monomeric (V), and multimeric (V,) F,Fo-ATP
synthase are enriched are shown at the bottom of panel B. The positions of F; o/f bands are indicated, and their intensity shows the relative
amount of FF, on each fraction. Fraction numbers are indicated at the top or at the bottom of each gel. Fractions where the content of
dimeric and multimeric F,F;-ATP synthase is increased by reconstitution of recombinant bovine IF; are labeled with an asterisk. A similar
enrichment of dimeric and multimeric bovine heart F,F, at the bottom gradient fractions can be observed with mitochondrial extracts and
MgATP-SMP extracts containing its endogenous IF;. Molecular weight standards (MWS) are shown at the far right of each gel.

digitonin from rat liver SMP (not shown). We next explored
more closely the range of 0—2 ug of IF, where it induces
sharp decreases and increases in ATPase activity and D/M
ratio, respectively (Figures 4 and 5). To this end, rat liver
MgATP-SMP were reconstituted with 0, 1, and 2 ug of rat
liver IF;, and the D/M ratio of digitonin-extracted F,F, was
determined by BN-PAGE and densitometry as before. The
average of two independent experiments showed an increase
in D/M ratio from 0.45 without reconstituted IF; to 0.70 and
0.90 with 1 and 2 ug of IF,, respectively. These were among
the highest D/M ratios obtained after IF; reconstitution and
likely reflect the IF; binding into vacant F; sites in SMP. In
some experiments, D/M ratios higher than 1 (1.2—1.5) were
obtained after reconstitution of 2—4 ug of IF,/50 ug of SMP
(not shown). Taken together, the results show that IF,
controls the D/M ratio of the whole ATP synthase in the
same concentration range at which it does inhibit the ATPase
activity of the F;F, complex associated to the inner mito-
chondrial membrane.

Finally, to confirm the IF;-promoted F,F, dimerization in
other systems and through experimental techniques different
to BN-PAGE, bovine heart SMP were subjected to similar
reconstitution experiments as those described for rat liver
and hepatoma SMP. Besides BN-PAGE, in-gel ATPase
activity and parallel glycerol density gradients were carried
out with F;F, extracted from bovine heart SMP in order to
separate the FFy dimer from the monomer. MgATP-SMP,
EDTA-SMP, and EDTA-SMP reconstituted with 2 ug of IF,/
50 ug of SMP were extracted with digitonin and subjected
overnight to BN-PAGE and in parallel to 20—40% glycerol

density gradients that separate dimeric from monomeric F,F,
extracted from bovine heart mitochondria (27). The BN-
PAGE gel was also loaded with a control sample of digitonin
extract obtained from whole bovine heart mitochondria and
developed for in-gel ATPase activity as described in Materi-
als and Methods. This was carried out by incubation of the
BN-PAGE gel in ATPase development buffer for 48 h to
develop efficiently the residual ATPase activity of samples
containing endogenous or reconstituted IF,. Figure 6A shows
that the D/M ratio can be also estimated from the ATPase
development of the BN-PAGE gel. As a control, the lane
containing the bovine heart mitochondrial extract obtained
with 1.5 mg of digitonin/mg of protein showed a densito-
metric ATPase D/M ratio of 2.8, i.e., very close to the
average 2.7 D/M ratio obtained with the densitometry of
Coomassie-stained BN-PAGE (see Figure 2). In addition,
at least two larger F,F, oligomers (V,) were also observed
representing 9% and 7% of the total functional F,F,-ATPase.
These F,F, oligomers have been observed before (30, 31).
Furthermore, it was also confirmed that ATPase development
was proportional to the steady-state F;Fy-ATPase activity that
was measured spectrophotometrically with an ATP regen-
erating system (see Materials and Methods). The respective
steady-state ATPase activities of MgATP-SMP, EDTA-SMP,
and EDTA-SMP reconstituted with IF; were 1.1, 5.4, and
0.53 umol min~! (mg of protein)”' as determined im-
mediately after incubation of SMP with or without IF;. As
shown in Figure 6A, the development of ATPase activity in
the BN-PAGE correlated with the IF; content of SMP; i.e,
it was higher for EDTA-SMP, intermediate for MgATP-
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SMP, and lower for EDTA-SMP reconstituted with IF;.
Finally, the BN-PAGE combined with ATPase development
and densitometry showed clearly that the D/M ratio decreased
from 2.8 in the bovine heart mitochondrial extract to 0.81
in MgATP-SMP. This ratio decreased dramatically to 0.03
after removal of IF, in EDTA-SMP (concomitant to an
increase in ATPase activity of the F;F, monomer), and
reconstitution of IF; brought a partial recovery of the D/M
ratio to 0.5 with an overall decrease in ATPase activity. In
addition, it was observed that IF; reconstitution also induced
the recovery of ATP synthase oligomers larger than the dimer
(V,, in Figure 6A). On the other hand, fractionation of the
glycerol gradients and subsequent SDS—PAGE showed
similar results in that in comparison to EDTA-SMP (Figure
6B), reconstitution of IF; into these particles increased the
F,F, content in fractions 13—20 where the F;F, dimer and
higher ATP synthase oligomers were enriched (Figure 6C).
A similar but higher enrichment of the dimer and higher
oligomers was also observed in gradients carried out with
digitonin extracts from bovine heart mitochondria or MgATP-
SMP containing the endogenous IF; (not shown; see also
ref 27). No densitometry calculations of D/M ratios were
obtained from these gradients because the fractions are not
continuous in the gels (Figure 6B,C); however, good D/M
estimations were obtained from Figure 6A. In conclusion,
the inhibitory protein promotes dimerization of the mito-
chondrial F,Fy-ATP synthase from mitochondria of different
higher eukaryots, and it also promotes its polymerization to
form higher ATP synthase oligomers. However, no strict
correlation exists between maximal inhibition by IF; and
maximal yield of F|F, dimerization. This is likely because
other protein factors different from IF, are essential for F,F,
dimerization and polymerization in the inner mitochondrial
membrane.

DISCUSSION

The salient result of this work is that the increased
expression or the reconstitution of the inhibitory protein (IF;)
increases the D/M ratio of the mitochondrial F;F,-ATP
synthase in whole mitochondria and in submitochondrial
particles. Therefore, our overall results show that IF;
promotes and/or stabilizes the dimeric structure of the F,F,
complex. These results are in apparent contrast with previous
studies showing that genetic or physical removal of IF; in
yeast mitochondria and bovine SMPs, respectively, does not
prevent ATP synthase dimerization (/4, 15). However, the
prevalence of the F,F, dimer as formed through F, interac-
tions by other subunits such as e or g in the absence of IF;
(14) does not discard a possible role of IF; on the formation
or stabilization of the F;F, dimer through F,-F, bridging.
By studying the effect of increased expression or reconstitu-
tion of IF, we used two alternative approaches that together
with statistical averages of densitometry analyses of BN-
PAGE and 2D SDS—PAGE complement each other to
support the same conclusion: the inhibitory IF; binding
contributes to the formation of the F;F, dimer. Rat liver and
AS-30D hepatoma offer a unique comparative system to
assay the effect of IF; increased expression in whole
mitochondria, because IF; is substoichiometric in relation
to F; in rat liver (27). Thus, the effect of a 2-fold IF,
increased expression as in AS-30D hepatoma on the ag-
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gregation state of the mitochondrial F;Fy,-ATP synthase was
comparatively assessed with rat liver mitochondria. Further-
more, by modeling the IF; increased expression with
reconstitution of the recombinant IF; on SMP devoid of IF;,
we confirmed the role of IF; in promoting the dimerization
of the whole ATP synthase associated to the inner mito-
chondrial membrane. A similar reconstitution experiment
carried out with the bovine IF; and SMP showed no changes
in the D/M ratio of the ATP synthase extracted with Triton
X-100 (15). Because the dimeric ATP synthase extracted
with Triton X-100 is less enriched and inactive (/5),
compared to that obtained with digitonin, which is highly
enriched and functional as ATPase (see Figure 6A and refs
19 and 27), we consider that the dimeric ATP synthase
extracted with digitonin is structurally and functionally a
better model to study the changes in the D/M ratio of the
ATP synthase dimer. In this regard, we have also observed
oligomycin sensitivity and IF;-increased D/M ratio on the
digitonin-extracted and sucrose gradient-purified bovine F,F,
(see Figure 6B,C), together with an IF, increase in D/M ratio
of lauryl maltoside-extracted F,F, from rat liver mitochondria
(not shown). Besides, restoration of the D/M ratio by
reconstitution of exogenous IF; after removal of the endog-
enous IF, in EDTA-SMP (Figures 4—6) discards a significant
instability or irreversible denaturation of the F,F, dimer or
monomer caused by the activation conditions used to release
IF; from SMP; otherwise, restoration of the D/M ratio by
IF; would not be observed. Furthermore, the finding that
recombinant IF; also increases the D/M ratio of the digitonin-
extracted ATP synthase in negative parallelism with a partial
inhibition of the F,Fy-ATPase activity (Figure 5) confirms
that IF, promotes or stabilizes the dimeric F,F, structure.
Nevertheless, the lower impact of IF, on the D/M ratio and
on ATPase activity of soluble F|F, as compared with its
effects in SMP indicates that IF; is less efficiently recon-
stituted to soluble F;F, in the solubilization media than in
SMP. This might be related to the high salt concentrations
(EACA and Tris) in the solubilization buffer that are known
to decrease IF; binding to F,F,. However, this also suggests
that IF; is more efficient to promote or stabilize the F,F,
dimer when it is integrated in the inner mitochondrial
membrane than when it is solubilized in digitonin micelles.
Finally, the promotion of F,F, dimerization by IF, was also
confirmed in the bovine heart mitochondrial system. Removal
and reconstitution of bovine IF; from and into SMP
controlled dimerzation and even higher order oligomerization
of the bovine FF, (Figure 6). This was confirmed by
developing of ATPase activity in the BN-PAGE gel (Figure
6A) and by enrichment of dimeric and multimeric F,F; in
the bottom fractions of glycerol density gradients carried out
after reconstitution of IF; into EDTA-SMP (Figure 6B.,C).
Thus, the role of IF; in the dimerization of F;F, is not
exclusive of rat liver, but it is extended into bovine heart
mitochondria, and we also have evidence that the same effect
of IF; occurs in human mitochondria from cultured cells
(Cortés-Hernandez et al., submitted for publication). It seems
therefore that the high propensity to dimerize of IF; from
mitochondria of higher eukaryots is the key factor that lacks
the yeast IF; to contribute in the dimerization of the whole
FFo in yeast mitochondria.

On the other hand, the present results showing that IF,
contributes to F1F, dimerization are consistent with a number
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of structural and biophysical studies. It is well documented
that IF, adds stability to the soluble F; and to the whole
ATP synthase in SMP to denaturants and high pressure (32,
33). This is also in consonance with the observed IF;-induced
dimerization of the soluble F, (13, 29). Therefore, a structure
similar to that of the soluble F;I dimer could exist in the
whole dimeric F;F, of the inner mitochondrial membrane.
The location of IF; on the native structure of the F;F,-ATP
synthase molecule is an unresolved issue that has been
studied for several decades. Cross-linking (8—1/0) and
subsequent crystallographic analyses (//) have shown that
IF, binds in a cleft formed by an o/f interface and the y
subunit, thus hindering catalytic conformational changes as
well as rotary motions of the central stalk (/0, 11). On the
other hand, the C-terminal sides of two IF;s form a coiled
coil structure that is instrumental in the dimerization of two
soluble F; molecules bound to their N-termini. Our results
indicate that, in order to stabilize the dimeric structure of
the whole F,F, molecule, IF; must form a bridge between
both extramembranal F; parts. Recently, we resolved the
structure of the dimeric F;Fy-ATP synthase from bovine heart
mitochondria by high-resolution electron microscopy (EM)
(27). It is relevant that the MF,F, dimer showed a crossed
bridging protein density between the two F; moieties which
is reminiscent of the IF; bridge found in the crystal structure
of the F;-I complex (/7).

On the basis of these cross-linking, crystallographic, and
EM antecedents together with our present data, the ap-
proximate position of the IF; bridge in the whole rat liver
FF, is proposed in Figure 7. According to a previous model
of monomeric F|Fy (34), the location of IF; in the dimer
interface was modeled by simple fitting of the crystal
structure of rat liver F;-ATPase (35) with a model of the rat
liver IF; constructed with the software SWISS-MODEL
according to the coordinates of the bovine IF; (36). A bent
conformer of the four crystallographic bovine IF, structures
(36) was used to form a crossed IF; dimer in the F;Fy dimer
interface. Using RASMOL 2.6, the inhibitory N-terminal IF;
sides were oriented close to the rotor/stator interfaces
between o/f3 and /e subunits, whereas the C-terminal sides
were bent upward close to the position of the OSCP subunits
according to cross-linking and crystallographic studies (10,
11). To accommodate the two IF; molecules in a Fi-F;
distance of about 10 A as observed in the bovine F;F, dimer
(27), IF, bending was necessary to reduce the observed 62
A that separate the extended structure of the IF; dimer (/7).
In the present model, the C-terminal sides of both IF;s are
proposed to cross the interface and interact with the OSCP
subunit of the neighboring monomer. Crossed protein
structures have been observed in the bovine heart IF; crystal
(36) and in the iron sulfur protein (ISP) of the dimeric bc;
respiratory complex III (37). However, in the bc; complex
the bridging protein ISP induces crossed-electron transfer
(38, 39). In contrast, in this proposed position, the IF; protein
would have a better resistance to the rotational drag of the
central rotor, which is one of its conformational targets for
inhibition (27). Thus, this working model explains how IF;
can stabilize the F|F, dimer, and reciprocally, the dimeric
F,F, will reinforce the inhibitory function of IF;. The exact
position of IF; in the dimeric F,F, will wait for further
structural analyses of higher resolution. Our conic working
model of the rat liver F;F, dimer was constructed according
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FIGURE 7: Working model of the possible accommodation of the
IF, bridge on the rat liver dimeric F,Fy. A structural model of rat
liver IF; was obtained from a bent conformer of the four resolved
for bovine heart IF; (36). The model was obtained with the software
SWISSMODEL (42—44). Two identical rat liver IF; molecules
were fitted manually into the F-F; interface by using RASMOL
2.6. The overall model was made according to the EM structure of
bovine heart FF, that shows a crossing F;-F; bridge in the dimer
interface attributable at least in part to IF; (27). Distances and
orientations are approximate, and the possible accommodation of
dimerizing subunits e and g in the Fy-F interface is shown. Another
Fo-Fy bridging structure (?) of unknown composition observed in
the bovine heart dimer (27) was also depicted on the intermembrane
space side. The C-terminal sides of both IF;s are proposed to bend
and cross the dimer interface to contact the subunit OSCP, as
observed by cross-linking results (45, 46). Peripheral stalk subunits
are not shown for simplicity; they are likely to form part of the
dimer interface (27). Subunits are named according to their
respective color; the dark blue F, subunit close to subunit 6 is
subunit A6L. See text for further details.

to the EM structure of the dimeric bovine heart FF, (27)
assuming a 1:1 stiochiometry of IF; per F,F, in the ATP
synthase dimer, as found in soluble F;-I and monomeric
F,Fo-1 complexes; however, the exact stiochiometry remains
to be determined. The model does not exclude that other
second stalk subunits presumably located in the dimer
interface (27) (not shown) would also contribute to the
observed F;-F; crossing bridge. In this dimer, the close Fy-
Fy interface is likely formed by dimerizing subunits e and
g, together with another Fy-F, bridging protein of unknown
composition (?) that lies on the intermembrane space side
(see Figure 7).

Finally, it has recently been shown that an important role
of FiF, dimerization is to induce the formation of the inner
membrane cristae of mitochondria. Mutations that disrupt
the dimeric structure of the ATP synthase shift the shape of
the inner mitochondrial membrane from the normal cristae
into several concentric layers within enlarged “onion-like”
mitochondria (/7, 30, 31, 40). Thus, the dimeric conic
structure of F,F is a primary building block that polymerizes
to form an arc in a budding inner membrane which eventually
forms tubular cristae wrapped by a helical F,F, polymer (41).
By bridging the F,F, dimer, IF; should also add stability to
the formation of mitochondrial cristae. Experiments are under
way in our laboratory to assess the possible role of IF; in
the stability of the ATP synthase dimer that gives shape to
mitochondrial cristae of transfected cells and to confirm the
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identity of the F;-F, bridge of the bovine heart F,F,-ATP
synthase dimer.
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