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ANS 8-anilino naftaleno 1-sulfonato 

ATP- Tri-fosfato de Adenosina 

CNCD Carboxi metil carbo di -imi da 

CI'P Tri-fosfato de Citidina 

DCCD Di -ciclo hexil carbo di -imida 

DzD Oxido de Deuterio o Agua cleuterada o Agua Pesada 

e:-ATP 1-N6-etenoadcnosina S'tri-fosfato 

EDTA Aciclo tetra acético Etilen-cliamino 

EPR 

FMN 

GTP 

Resonancia paramagnética del electrón 

Mononucleóticlo flavínico 

Tri-fosfato ele Guanosina 

ITP Tri-fosfato ele Inosina 

MMIQ l-(p-methoxybenzyl)-6-7-methylene dioxyisoquinolina 

NAffi Di-nucleótido de nicotinamida en su forma reducida 

PITC Fenil isotiocianato 

PSM Partículas submitoconclriales 

SIITP 6-mercaptopurina ribósido tri-fosfato 

SDS Dodecil sulfato de sodio 

TMA-Cl Cloruro ele tetra-metil amonio 

TNBS Tri-nitrobenzen sulfonato 

UTP Tri-fosfato de Uridina 



CAPITULO I 

INTRODUCCION GENERAL 



El sistema transductor de energía en las mitocondrias está fonnado por 

dos grandes complejos morfo-funcionales que son la cadena respiratoria y 

la unidad de síntesis de ATP. Estos dos sistemas han podido ser aislados 

como complejos multisubwii tarios ftmcionalcs con una estructura muy compl_i 

cada debido principalmente al n(unero y naturaleza de los componentes que los 

integran. Corresponden a la cadena respira to ria los complejos I, I II y IV; 

a la ATP sintetasa se le denomina complejo V. (1). 

En el curso ele esta introducción, se analizarán los complejos que lle

van a cabo los procesos ele la fosforilación oxidativa y el transporte de ele~ 

trones y se enfatizarán aquellos pw1tos sobre los cuales versa el contenido 

de los trabajos que en esta tesis se conjw1tan y en los cuales se encuentra 

infonnación adicional. 

A. LOS COMPLEJOS DE LA FOSFORILACION OXIDATIVA 

1. COMPLEJO DE LA NADH-Q REDUCfASA O COMPLEJO I. · 

Constituye el componente mas grande de la membnma mitocondrial interna 

con W1 peso molecular de aproximadamente medio millón. A este complejo lo 

fommn 16 polipéptidos segün el análisis en geles de SDS, 23-36 nmoles de azu 

fre lábil a ácido, 23-26 mg átomo de Fe no hemo por mg de proteína, 1.4-1.S 

runolas de fllN, 4. 2-4. 5 runo las de ubhtuinona y O. Z2 mg de lípido por mg de 

proteína (1 ). Cuando el complejo I se trata con agentes caotrópicos se pr~ 

<lucen una fracción hidrofílica y W1a hidrofóbica lo cual no implica que se 

encuentren en esa fomia en la proteína nativa. La primera contiene una fla 

voproteína Fe-S, un flN, una proteína con Fe-S y 4 centros de Fe-S(2). 
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La flavoproteína contiene a su vez dos subunidades. Se sabe por estu

dios realizados con marcadores de superficie que casi toda la proteína está 

inmersa en la membrana, aunque hay una "hendidura" hidrofílica en la cual se 

localiza el HIN que podría dar cabida al NAIJI. La flavoproteína parece con

tener también 2 centros de Fe·S binuclearcs y a juzgar por las señales en 

EPR, ambos centros son reducibles por NADl f y ditioni ta (3). La flavina no 

está covalentemente unida a la apoproteína. 

La fracción hidrofóbica resultante del tratamiento con agente caotrópico 

parece contener centros Fe-S tctranuclearcs. Esta fracción con un peso mole

cular de 33 000 se marca con Iodo en presencia de lactoperoxidasa sólo en el 

Complejo I aislado, y no cuando está incorporado en liposomas, lo que ha sug~ 

rido su intervención en la conducción de protones en el Complejo I (4). 

El ferricianuro sirve como un oxidante para la deshidrogenasa tanto 

pum como adosada en las PS~!. En mi tocondri.as intactas, la reducción del fe

rricianuro por sustratos dependientes de NAD+, se inhibe por rotenona (S). 

El mecanismo por e1 cual una transferencia de electrones se acompaña 

de una eyccci.ón de rt al exterior mediado por e1 comp1ejo I reviste caracte

rísticas espcci a1es, dado que aclcmiis ele estas transferencias, en este segmento 

de la cadena transportadora de electrones se loca1 iza el llamarlo si tia 1 de 

acoplamiento. 

Para eJ..-plicar los mecanismos de la translocación de protones dependien

tes de reacciones redox, se han establecido dos modelos de acoplamiento (6): 

el directo y el indirecto. El primero está representado por el concepto de 

asa redox de Mitchell (7) y por la idea mas general de las reacciones vectori~ 

les y la transiocación de grupo; en este mecanismo el acarreador redox es 
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también un acarreador. de H+ al cual el ~t se une covalentemente cuando es 

translocado junto con el electrón. Este p1;oceso es electroneutro y lo lle 

' varían a cabo moléculas como la ubiquinona; posterionnente el electrón fluí-

ría de regreso a través de w1 acarreador ele electrones del tipo de los cito-

cromos. El mecanismo indirecto es básicamente igual al mecanismo directo 

pero difiere en que el ¡/ que se transfiere no está unido a la molécula re-

dox, sino que se fija a otro sitio que a su vez está ligado indirectamente 

a la reacción de óxiclo-reclucción. Tal parece que en la naturaleza ambas far 

mas ele acoplamiento se encuentran expresadas casi igualmente en sistemas tan 

to mitoconclriales como en cloroplastos. 

Un hallazgo importante para cli1uciclar y disecar los componentes de la 

cadena respiratoria lo constituyen los inhibidores específicos. 

Para el componente ATPsintetasa (Complejo V), existe una variedad extensa 

de compuestos capaces ele inhibir la actividad catalítica: antibióticos, aná-

lagos de nucleótidos, compuestos con grupos reactivos específicos, etc. Gra-

cias a su divns idad y por tanto a sus di fcrentes mecm1i.srr:os de acción, ha 

siclo posible prcdcci r, sugcr.i r y postular ]a existencia de grupos importantes 

en la catálisis y/o su posihlc papel en los eventos del proceso. 

Lo mismo ha sucedido con los complejos de la c;idena respiratoria. Gracias 

a los efectos específicos de inhibidores tales como la rotenona (8), el ami-

tal (9), la piericidina (10), la anti.micina (11) y el cianuro (12), fue pos.!_ 

ble conocer a los componentes de la cadena respiratoria y comenzaron a infe-

rirse los mecanismos del proceso de twusfcrcncia de electrones, y el arreglo 

secuencial de sus componentes. 

La rotenona y el amital fueron inhibidores propuestos para la flavopro-

teína NAI::t! deshidrogenasa (8) en base a estudios que incluían titulaciones 
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de los inhibido res y sus efectos sobre el consLm10 de oxígeno mi tocondrial, 

la oxidasa del NADH, la relación P:O, la respiración, la hidrólisis de ATP 

y el intercambio ATr- 32r. Las actividades dependientes de la oxidación de 

sustratos fueron probadas con piruvato, malato, NADH, succinato, a-cetoglu-

tara to y DL-S-OH bu tira to. Quedó establecido que el mni t:ü, la rotenona y 

la piericidina eran inhibidores de la· actividad de la NALll cleshidrogenasa, 

por lo que el flujo de electrones entre este complejo y la ubiquinona queda-

ba bloqueado (8,10). 

Sin embargo se desconoce el sitio preciso de acción ele los inhibiclorcs 

sobre el llamado sHi.o I ele acoplamiento. De LUla manera funcional se ha JlQ 

elido detectar el posible sitio ele inhibición ele la rotenona a través ele la 

señal que clan en EPR los centros Fe-S del segmento Ni\1111 Dll-Co Q. El esquema 

que se ha propuesto p;:ira dichos centros en PS~-! ele corazón ele res es el si-

guicntc (13): 

NADflf-·)(Ccntro 1) 

Potencial 
estfmdar -305mV 
de óxido
reclucción 

csm Fc-s) 
+30 mV 

Hotcnona I 
~-

(Centro 3+4)H(Centro 2)1-'--!,CCcntro 5)<->(Fe-S ele Rieske)H02 
~ 

-245mV -20mV +40n~·.f +280mV 

Tal. vez debido al gran número de sitios scnsibfos a inhibidores que puede 

presentnr el complejo NADH dcshidrogenasa, es que estos pueden 'incluir varia-

ciones en su modo ele acción, por ejemplo se requ.ieren ele 24-28 nmolas de 
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rotenona por mg de proteína mitocondrial para inhibir el transporte de elec-

trenes dependientes de NALH. En cambio para el amital, la antimicina A y la 

oligomicina se requieren concentraciones más elevadas. Por otro lado mientras 

la rotenona no inhibe la reacción del cambio ATP-P 32 el amital, inhibidor ta~ 

bién del sitio I, sí lo hace. Es claro que estas diferencias pueden deberse 

a que no sólo el complejo I sino otros complejos pueden ser receptores de un 

mismo inhi.bidor, lo que dependería de la estructura del inhibidor. En el caso 

de la rotenona y la antimicina se trata de compuestos fundamentalmente hidro-

fóbicos, aunque contienen algtu¡os sustituyentes polares en el annazón hetero-

cíclico, ambas características probablemente sean importantes para pennitir 

su interacción con otros componentes de la membrana. 

El l;L\llQ es un compuesto que tiene una estructura hidrofóbi.ca y contiene 

gmpos oor3, N y rn2 <_~ ; considerando estas caracterí.sticas y las propieda

des que comparte con la octilguani.dina como la de poseer carga positiva a pH 

7 (14), hicieron del ~MIQ un compuesto interesnntc en cuanto a la acción que 

podría tener sobre la fosforilación oxida ti va. En 1 n Scc. A, Cap. II se pre-

sentan las evidencÍl:ls que llevan a la conclusión de; que el M111Q intcrncciona 

con el segmento NADH-CoQ, lo que resulta en una inhibición del flujo de elcc-

trones. 

COENZJMi.\ Q10 O U8 IQUINONA 

Este es un derivado de la quinona con una cadena lateral isoprenoide de 

10 unidades. Es liposolub1e y se ha postulado como un translocador de prot~ 

nes en base a estudios cinéticos y de reconstitución (2). Su papel es funda 

mental para establecer la asociación entre las deshidrogenasas (succínica y 



del NADH) y el complejo de citocromos bc1(S). 

Para la teoría quirniosmótica que presupone la existencia de componentes 

transportadore~ de ~t, la ubi.quinona es un candidato pnra ctunplir esta fon-

ción, movilizando protones desde la mntriz mitoconclrial hasta el citosol. Es-

ta suposición implicaría la existencin de una poza de ubiquinona que difunda 

de la membrana a los sitios de las cleshidrogenasas y los citocromos, posibili-

dad que no ha siclo descartada dada la abundancia de Co Q10 en los complejos I 

y III (17). 

2. COMPLEJO DE LA UBIQUINOL CITOCRO~IO C OXIREDUCTASA O CO~l

PLEJO III. 
También es llamado complejo bc1 , y está constituido por 7 u 8 subunida-

des polipeptídicas en las que se hallan integrados cinco centros de óxido-

reducción, cuatro de ellos son: dos o tres tipos de citocromos b, una proteínn 

con Fc-S (el· fierro en grupo no hemo) lbmada protc11w ele Ricskc, y un cito-

cromo e dcnon•i11;1do e; contiene tamb.ién una protcím quc contiC'nc Q
10 

y fija 

anti.micina y una protcín:1 central (18,19). Lns subun.id:tLk,s ¡>Ltcckn p1-c:;l'ntar 

estequiometrías de uno o dos y sus pesos moleculares están entre 52,000 y 

9,000 daltones (20,21), sin embargo no se le ha asocü1clo una función a cada 

una, aunque se sabe que las subunichdes TT [ y IV,Jc110111inaclas así'. según su po-

sición en el patrón e1cctroforético de geles en SDS, contienen centros redox 

(22). El citocromo c1, es una proteína que pes::i 43 600 y está integrado al 

complejo III ya que solo es sensible a la acción de la tripsinn cuando se le 

aisla (8). Se le considera una proteína integral de membrana, cuya extracción 

se facilita con la presencia de agentes reductores (23). 
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Topológicamente se ha propuesto que el complejo se encuentra en fonna 

dimérica y aunque ésto se sabe a partir del anaiisis de la imagen computar_i 

zada del microscopio electrónico ele los cristales del complejo (22), talpa-

rece que ésta puede ser la fonm que se encuentra in ~i_:t:~; es probable que el 

dímero se encuentre atravesando el grosor de la membrana y que por consiguie!_! 

te tenga zonas hiclrofóbicas y zonas hidrofílicas. Se ha tratado de encontrar 

la distribución de las subuniclades dentro de estas zonas mediante el uso ele 

antic11erpos, de reactivos hidrofóbicos y de marcadores de superficie, pero no 

se tienen datos claros hasta ahora. 

3 • COMPLEJO DE LA CITOCROMJ C OXIDAS!\ A-A3 O COMPLEJO 1 V. 

Se ha encontrado que el complejo de la citocromo oxidasa, presenta gran 

semejama con el complejo b-c
1

. El complejo a-a3 contiene 7 subunidades po

lipeptídicns, cuyos pesos moleculares se hallnn en el rango entre 35000 y 

te 140 000. Es probable que esta complejo se halle en forma di.mér.ica (22) 

y que contcng:1 una región h.idrofóhica y una hidrofíl ica (ZS). El complejo tic 

( ) l (e +¡.e+) e ++e+)) ne 2 grupos he11;0 a y a3 y 2 átomos le cobre u¡\ y ull por 111onó111ero. 

El grupo hc1:10 n3 se encuentra asociado tanto físic-1 como f11nc ionalmcnic con el 

cu;+(+); los dos átomos metiílicos fonnan un centro binuclear que catal.iza la 

oxidación de o
2 

a HzD. Se ha demostrado que la citocromo oxi<fasa cat~,liza la 

translocación de 1t asociad<! a Ja transferencia de electrones (ZG). 

La reconstrucción de imágenes de microscopfa electrónica ha mostrado que 
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la citocromo oxidasa es tma proteína en fonna de Y, dos terceras partes de 

la cual están ~mbebidas en la membrana mitocondrial interna. El resto está 

expuesto al. lado citoplásmico de la membrana (27). 

La intensa búsqueda del arreglo de los polipéptidos en el complejo y la 

localización en ellos de los sitios ele unión del citocromo c y de los sitios 

responsables de la translocaci ón ele protones, . hacen ele la ci tocromo oxidas a 

el candidato mas probable de los 4 complejos ele la cadena respiratoria por 

ser conocido cletallacl<:u::ente. 

4~ ATP SINTETASA O COMPLF.JO V. 

El V complejo en el sistema transductor mitocondrial de energía es la 

también llamada ATPasa translocaclora ele protones, OS-ATPasa, DCCD-ATPasa, 

o comp~ejo F1-F
0 

(28). Esta enzima está constituida por clos porciones locQ_ 

)izadas en diferentes medios: 1't porci.ón soluble en ll{11Jmnacla F
1 

y la F
0 

que integra la porción hidrofúbica en la rnc;,1l;nnta y que e,; al t:11nc.tlc hidro

fóbica. 

El sector soluble de la J\Tl'asa pes;i 360 000 cbl t¡1;1:::; y esLií con:;Uturclo 

por 5 diferentes subtulidades: a,8,y,li,s. Sin emb:1rgo 1:1 cstequiomctrfa de 

las subwüclades está sujeta a discusión y so h;i propuesto que puede ser de 

2: 2:1:1: 1 o de 3: 3: 1: 1: 1; su topología y fw1ción no están resueltas, aunque 

hay datos que sug i.eren que la subLUlidad B cont icne el sitio catalítico (29 ,30); 

la subunidad a puede tener una función reguladora (31); las subunidades y,i5 y 

e: parecen tener contacto físico con el canal de H+ y quizás regulen el flujo 
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+ . .·· 
de H desde la F hasta el sitio de la catálisis (32). -- - --º-•-·- '- : __ -

.La porci6n membü1Jial ó F , contiene varias proteínas entre las que se . _, ' ·---.'- -. '. ~. . o 

han identificiJdO la F6, la proteína que confiere sensibilidad a la oligornicina 

y otra proteína de 10 000 daltones que es un proteolípido que fija DCCD 

(33,34). Se encuentra también lma proteína inhibidora de 10 000 daltones (35) 

que se trataTú detalladamente más adelante. 

El funcion:JJlliento de este complejo como ATP sintetasa se ha tratado de 

explicar mediante 2 diferentes moelcl os pTincipalmente: el confonnacional pro-

puesto por Boyer (36) y el quimiosmót ico propuesto por ~li tchell. Los pos tu-

fados bíisicos de la Teoría quimiosmótica parecen encajar en un esquema en que 

la fue1:za protomotriz es la que lleva a la fonr.aci ón de ATP, sin embargo el 

mecanismo fino moleculaT que supone la formación del enlace anhidri<lo entre 

el ADP y el P1 pellllancce como matcrfo ele continua bÍlsqucda y controversia. 

A la ATI' sintetasa se le conocen las siguiente~ activ.icln<lcs: 

a) Actividad hi.elrolí.tica. La pueden 1 lcv<ir [1 cabo l<int0 la OS 1\Tl'as<1 

como la F1 soluble. Los sustratos hidroli.zablcs pueden ser varios nuclcóti

dos trifosfatados: ITP, GJ'P, trrP, C:TP, SlrrP, g ATI' y aril5zido rnuinopropionil 

ATP ( 2 8 J Según las condiciones ele ens¡iyo la Km para el !\'ti' es l:'i cnt re O. 2 -

J. 25 m¡,¡, e] All!' es w1 inhibiJcq· cc11¡o::t i 1- i \'O Cllil un:t Ki ~ 3[) 100 ¡.11'-f (37). l.;1 

reacción es inJiib.lda por aurov,Jrtin:.t, ]:¡ protdn1 inhibidcc;1, el orto[o~[ato 

y el arscnato, y es estimulada por el bicarbo11;1to y e] bisul(ito (313). 

b) Síntesis de ATP. Esta sólo es cata1 iwda por el con;plejo F
1 

- F
0 

)''1 que debe establecerse un fJ.ujo de rt generado por el polcncial ekctrnquí· 

mico producido por la cadena rcspil«1tori:1. La reacci611 SL' inhibe· p01· DCC!l, 

oligomicina, aurovertina, y desacoplantes del transporte ele electrones (39). 
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La estequiometría propuesta para ATP fornmdo por 1-t transportados puede ser 

1:2 6 1:3 (40, 41). Debido a la diferencia de comportamiento cinético y se_!! 

sibilidad a inhibidores se ha sugerido la posibilidad de que existan en la 

enzima diferentes sitios para la hidrólisis y la síntesis del ATP (42). 

c) Translocación de 1-t ligada a la hidrólisis de ATP. Este proceso só 

lo es llevado a cabo por el complejo F1 F0 
embebido en una membrana, el movi

miento vectorial de los protones es fundamentalmente promovido por el sector 

F 
0 

del complejo, pernti tién<lole que fw1cione como una bomba de protones, tal 

actividad es inhibida por oligomicina, DCCD, venturicidina, etc. (39). 

d) Reacciones de Intercambio. Se ha encontrado que la ATP sintetasa y 

la F1 soluble catalizan varias reacciones de intercambio dependientes de ene.!:_ 

gía que son importantes ya que constituyen indicios de los eventos químicos 

involucra<los en la catálisis y pueden llevar a considerar o rechazar mecanis-

mas propucs tos. Las reacc.i ones ele intc rc1111hio son: 

1) Reacción de intercambio ATP-
32

1'. Como requisitos para que esta reac-

ción se real .ice están la presencia de una mcmbraua y el acoplamiento a ésta 

del complejo F
1 

F
0 

(43). El fosfato que se transfiere dunintc la re~1cción es 

el P. y del ATP. 
l 

Esta _reacción parcial es sensible a los inhibidores de la hidrólisis, a 

desacoplantes, a IXCD y a oligomicina. 

2) Reacción de intercambio ADP-ATP. Parece que los requerintientos y 

los inhibidores para esta reacción son los mismos que para la del recambio 

ATP- 32P (44). Quizás sea la reacción menos estudiada de todas las que inte

gran el recambio. 
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3) Reacción de intercambio ATP-HOH. En esta reacción el oxígeno del 

agua se incorpora al fosfato tenninal y del ATP vía el sistema intacto de 

ATPasa wlido.a la membrana. 

La reacción es sensible a desacoplantes, oligomicina, DCCD y a los inhi 

bidores de la F
1

, y también es sensible a "rscnato ('IS). 

4) Reacción de intercambi.o P-l!Oll, Esta re~1cción es sensible sólo par

cialmente a los des;1coplantes y tot<llrncnte inhibida por 01.igornicina, por lo 

que Boyer (46) ha propuesto que requiere tuia fuente Je energía no sensible 

a los des<lcopl<lntes y ha demostrado que ésta puede provenir de la hidrólisis 

de ATP. La reacción también es sensible a otros inhibidores como OCCD y los 

de la F1. 
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B. LA F.XPRESION DE LOS CQ\lPLEJOS. 

1 • EFECTO DEL K+ 

Gracias al empleo de efectores de diferente naturaleza como herrl!lllientas 

en el estudio de la estmctura y la fisiología mi tocondrial, ha podido avan

zarse en su conocimiento. Podemos nombrar como ejemplos de tales efectores: 

los ionóforos (47), compuestos hidrofóbidos (48,49), aniones (50,51) y catio

nes (52,53). Entre estos últimos se ha explorado la acción dC' los cationC's 

monovalcntC's como el K+. 

El problema de los movimientos de K+ en la mitocondria aislacl:i es muy in

teresante, ya que las concentraciones de K+ intramitocondriales ele este catión 

están entre 1 SO y 250 m:\1, lo cual signifie<1 que hay un gracli ente de concentr~ 

ción contra el cual se mantiene el K+ interno y por lo té111to dcberfa ser pos2_ 

ble postular mecanismos de transporte correspondientes. 

Por otra parte, los efectos prnclucidos por el K+ sobre la mitoconclria se 

han observaJo en diferentes estructuras y con variccbcl cualitativa: van desde 

fa estimulai.:ión de la fosforifoción oxidativa (54,SS), a un efecto desacopla!! 

te (56) y a no producir ningún efecto (57). 

Sin embargo, decir que la fosforilación oxicbtiva se ve afectada por el 

K+ implica la existencia de un gran n(unero de sitios sensihles <1 la ::icción 

del wtión, ya sc:t sobre l::is enzimas que llevan a cabo el transporte de elec

trones o sobre la ATPasa misma, los cuales scrí::in efectos directos sobre la 

fosforilación oxida tiv::i, pero también podrfan observarse efectos indirectos, 

como puede suceder en el caso ele que el transporte de K+. Tuena de Gómez-P. 

y Gómez-Puyou han descrito una técnica: incuban las mi tocondrias con Na+, 
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EUI'A, fosfato, y sustratos oxidables durante 3 rnin, así los valores de K+ 

disminuyen a 10 nmolas por mg de proteína (59). 

En mitocondrias depletadas de K+ hasta una concentración de 15 ni!, el K+ 

añadido en los medios de incubación a-menta la relación P:O y la respiración 

(56), además el efecto del K+ es m~netizado por otros cationes monovalentes 

corno Li+, Rb+, Cs+ y el 'Th'IACl+; la acción de estos cationes es al parecer de 

localización interna, ya que estos exper~entos se realizaron intercambiando 

K+ exógeno en presencia de valinomicina. El K+ también atunenta el control 

respiratorio, disminuyendo la velocidad de consumo de oxígeno en el estado 4; 

es posible que este efecto se deba a un incremento en la entrada de sustratos 

oxidables. 

Para superar los problemas de efectos de permeabilidad a sustratos como 

NADH, succinato, etc., se han desarrollado estrategias como detenninar los 

efectos del K+ en p<irtículas submitocondriales (58) o F
1 

aislada (59). 

Sin emb<irgo en partículas submi tocomlriales se h<in obtenido resultados 

contradictorios: dos grupos h:m rncontrado que fa veloci<bcl de oxidación de 

NADII o del B-011 buUralo se ve eslimubcla por K+, sin e1i1lxtrgo, esto no ocu-

rre cuando el sustrato oxidable es succinato (58,60). De estos resultados 

se llegó a la conclusión de que el efecto primario del K+ se localiza en la 

cadena respiratoria y muy probablemente a un nivel entre la NADII dcshidroge

nasa y la ubíquinona. Por otra parte Lee y Ernster (61) encontraron fosfori

lación oxidativa en partículas submitocondriales.depletadas de K+, mientras 

Papa y cols. (62) hallaron inhibida la fosforílación oxida ti va a altas caneen 

traciones de K+. 

.. 
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A diferencia de lo que s_ucede a nivel de cadena respiratoria con la estiJ11!:!. 

laci6n por K\ el cifecto en la ATPasa soluble es altmnente específico, ya que 

otros cationes monovalentes no estimulan la actividad hidrolítica de la F
1 

ais 

lada (48,63). 

Con respecto al transporte de adenín nucleóti<los a través de la membrana 

mitocondrial, se ha encontrado que el K+ produce w1 efecto de facilitación so

bre el intercambio de adenín nucleótidos (64,65). 

Respecto al influjo de K+ a la mitocondria, se sabe que la entrada es ópti 

ma en condiciones en las que hay tr:rn•;porte <le electrones, EDTA y fosfato en 

el medio. Estos, al igual que la presencia de otros cationes monovalentes (66, 

67), son factores que influyen tanto en la magnitud como en la direccionalicfod 

de los movimientos del rntión a través de Ja membrana interna, ya que también 

el eflujo de K+ es sensible a las condiciones mencionadas. En lo que respecta 

a la acción de otros cationes monovalentes como el Na+, parece ser que ambos, 

Na y K+, son transportados por s:istc:mas diferentes, ya que micntrns el trans

porte ele K+ es inhib:illo por Tl+ no lo es el ele Na+ (67). 

Tal parece que con el csLiblccimiento clcl potrnci:1l C'iccf·rC\cr11íniico bajo 

condiciones Lle cncrg i::ac .ión, hay urw cnt r;1Ja e Je.et ro forét:.i ca de K+ h;icia la 

matriz rnitocondrial, rnicntras que la s:1ii.Lb de K+ rlcsde la mjsma podría deber-

se a los niveles de NADPH y Pi (68). El intcrca.mbio puede inhibirse por dcsa

coplantes de Ja fosforilación oxi<lativa. 

2. EFECTO DE SOLVENfES: EL OXIDO DE DElJfERIO Y EL ~!ETA,"JOL. 

Las protc:íms de 111ernbrana pueden estar influenciadas ya sea en form:i sutil 

o bien dramática, por el medio 1 ipídico en que se encuentran incJuícbs p~rcial 
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o totalmente. Esta influencia puede hacerse patente en su estructura y de 

ahí, repercutir en su funcionamiento (69). La bicapa lipídica posee caracte

rísticas especiales definidas y diferentes a las de un medio acuoso. (70). 

La ATPasa mitocondrial constituye un caso muy claro del cambio de compor

tamiento de una enzima de membrana cuando se extrae de su ambiente en la bica

pa. Cuando la enzima está en forma particulada, su Km para el ATP es de 300 

pM, y en fonna soluble de F
1

, la Km es de 100 uM (37 ,40), además hay evidencias 

de que el ATP tiene más afinidad por los sitios de alta afinidad cuando la en

zima está unida a la membrana. 

La temperatura es otro de los factores que afectan de manera diferencial a 

la ATPasa: la F1 es inactivada por frío, mientras que la enzima particulada no, 

lo es, excepto en condiciones experimentales especiales (71,72). En la F1 de 

mitocondrias de levadura se han obtenido datos que sugieren que las bajas tem

peraturas promueven la disociación de las subunidades, principalmente, la a 

del resto de la enzima, a través del análisis elcctroforético de los productos 

ele la clisocfoción prncluc.id:i por el frío (73). 

Es intcn:c;anLe tw11bié11 que }a!; subuH.icl;idL'S a y;:s ele Ja J\Tl';1s;1, (la úl.tima 

de las cuales se s:ibe que fo1111a parte del sitio cataUtico}(30, 39), no son 

accesibles al marcaje con un reactivo rmlütctivo crnmclo la enzima está en for

ma soluble, y sí quedan marcarlas cmnJo la en:ima se encuentra en partículns 

submitocondr i.ales (24). 

Algunos autores basándose en hechos como los mencionados anterionnente han 

sugerido que la ATPnsa mcmbranal puede encontrarse embebida casi totalmente en 

la membrana, pero que en ciertas condiciones puede emerger de la superficie de 

ésta (25). Sin embargo, mediante la técnica de tinci6n negativa por microsco-
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pía electr6nica, se ha identificado a la F1 en las llamadas partículas de 

Fernández-Morán (76) como botones que sobresalen de la membrana interna mito

condrial cuando ésta se invierte (77) . Estas interpretaciones han sido obje

tadas por argtunentos basados en que la metodología que implica la obtenci6n de 

estas microfotografías puede introducir artificios, ya que el choque hipotóni

co que se aplica para el rompimiento de las membranas puede afectar la posi

ción ele la ATPnsa. 

Es por esto que es conveniente e:qilorar el efecto de solventes ele propiecl~ 

des muy difercn tes n lns del agua y aproxinwclns a las de la membrana. 

La intervención del solvente, cuanto éste es un solvente isotópico como el 

agua cleuteratla puede darse a diferentes niveles de la estructura y fw1ción de 

una enzima. Estos efectos se producen merced a la diferencia entre las propi.2_ 

dades químicas entre el HzD y el DzD, como pueden observarse en la siguiente 

tabla: 



Propiedad 

Punto de ebullición 

Punto de congelación 

Viscosidad 

Densidad! 

VolLnnen molar 

Constante tlieléctrica2 

Constante de ionizaci6n2 

l A ZOºC 

2 A 25°C 

OCº 

1.0005 centipoise 

O.!J982 g/cc 

18 . 04 7 cc/11101 

78.54 

l. 008 X 10 - l 4 

º2º 
101.42°C 

3.81°C 

17 

1.25 centipoise 

1.1056 g/cc 

18.117 ce/mol 

78.93 

1.95 X 10-l 5 

Concrctrnnente, los efectos de un solvente cano el agua deuterada pueden 

ser (78): 

a) El agua µ1ede actuar cano un reactivo en el proceso de la catálisis 

enzimática, a ésto se le ha llamado efecto isotópico y puede ser prinwr.io o 

secundario. 

b) El isótopo queda incorporado en el sitio activo de la enzima a través 

de reacciones ele rcrnmbio. 

c) El isótopo induce efectos cstructuralC's en la arquit.ect11ra de la cnzi 

ma, por interc::unbio con el rt involucrado en el eswblecimicnto de p.tentes 

de H. 

d) El isótopo al recambiarse produce a 1 te rae iones en las uniones de la capa 

primaria de solvatación de la enzima. 

e) El isótopo al recambiarse produce cambios en los puentes de unión en 

regiones muy hidrofílicas de las proteínas y que pueden o no estar situados le

janamente del sitio de reacción. 
•' 
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f) El canpuesto isotópico según sus características de viscosidad, de!!_ 

sidad, etc. , puede producir diferencias en la velocidad de las reacciones 

que constituyen la catálisis, según se hallen involucrados los fenómenos de 

difusión y movilidad en el contexto de funcionamiento de la enzima. 

A partir de estos posibles efectos, resulta razonable pensar que la deu

teración de los sitios con puentes de hidrógeno, puede inducir mcxlificaciones 

en diferente grado sobre la arquitectura y los crnnhios con[onnacionales de 

la enzima. La magnitud de l:Js mcxl"ificacinncs puede ser pequeiia y no detcct~ 

ble cano tal, pero trallucirse en un cCeclo notorio en la velociLl<Kl de la ca

tálisis. 

Un ejanplo muy claro de este tipo de efectos en una enzima de tipo so

luble es la sintctasa del fonnil-tctrahidrofolato (79). Esta emima en su 

fonna activa es un tetrámero que se fo11Ila a partir de la agregación de cuatro 

monáneros a través de 1<1 activación de cmln uno ele el los con K+ o Cs +. El 

efecto que tiene el óxido ele deuterio en este sistc111:1 es un i11cn1nento en la 

vclocicl:icl y en la consttmtc ele equilibrio ele la fonn:1ci6n del ktr(u11ero. A 

un nivel mas fino se h:i e1Ko11trado que el efecto isotópico se elche n la for

mación del complejo mon6nno-catión y no al paso de Ja combinación de un mo

náacro con el siguiente. 

En el caso de una proteína de menbrnna que ha siclo estudiada en el agua p~ 

sacia, se encuentra la ATPasa mitocondria l (80). De este estudio se h<t despre~ 

dido que aparentemente el agua deuteracla confiere a la enzima una cierta esta

bil iclad a la desnaturalización por frío, a través del fortalecimiento de las 

interacciones hidrofóbicas entre las subunidades que confonnan a la ATPasa, ya 

que ele la disociación por frío es posible obtener disgregadas las sul::unidades 
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(81). Adentís, la actividad de hidr61isis de ATP disminuye con la incub~

ci6n de la enzima en n2o, lo cual ha sido interpretado como una posible rigi

dez de la estructura de la proteína. 

Por los antecedentes mencionados es evidente que la ATPsintetasa resulta 

un excelente caso por ser estudiado, ya que sus propiedades como enzima unida 

a membrana difieren de las que posee como enzima soluble en medios acuosos, 

su posición en la membrana y las fuerzas que mnntienC'n estructurada su arqul_ 

tecturn mu1tisubunitari:1, así como sus efectos en Ja cat(iJisis, fueron las 

interrogantes que nos plantcrnnos en la Sec. A., ü1p. JII, en la rnal presenta-

mos la infonnación obten ida que señala la posibiliclncl ele que la F
1 

se encuen

tra embebida en la menbrana, así cano el papel que elesempeiian las interaccio-

nes ele tipo hidrof6bico entre las subunitlacles de la F 1 y el comportamiento ci -

nético de la enzima expuesta a la acción del I1Co3, la octil&,'1.Janiclirw y el K+. 

Todo esto utilizarxlo cano herramienta <11 solvente mas parecido al ¡¡
2
o, pero 

con características que lo hacen diferente: el o2o. 

Otro solvente explcir~Klo con el fin ele ahondar en el mecanismo ele reacción 

ele la A'J'Pasa, ha siclo el meUlllol; a través del a11(JI isis de su influencfo en 

el canportrnniento cinético y tenncdin:ímico ele la enzima. Con el metanol al 

20', (v/v 1120) (82) se ohsrrvó un efecto estimula torio de la hidr61 isis ele 

ATP e inhibitorio de la activid~1tl de ATPsintetasa, aunque la energía ele acti-

vación de la enzima en met;rnol, aumenta para ~•mbas reacciones. Una explica-

ción a estas observaciones es que el metano! interfiere con la liberaci6n del 

ADP del sitio de la catálisis y dado que éste puede ser el paso lirnitante de 

la serie de reacciones ele hiclr6lisis de ATP, el metano! puede facilitar la sa 

licia del ADP (83). 

Otros autores utilizando la F
1 

aislada de mitoconclrias de levadura (84) 
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han encontrado que el metanol inMbe los sitios de unión de la aurovertina en 

la F1 y también produce una activación de la actividad de ATPasa, lo cual han 

interpretado cano una acción de este solvente sobre los sitios reguladores. A 

excepción de la inte11)retación, los datos de este grupo encaj arfan en el esqu~ 

ma de Harris (83), ya que es sabido que Ja aurovertim se fija a la subunidad 

f3 que se considera cano parte (?) del sitio activo. 

El metanol se escogió para explorar la cinétic;-1 de la ATPasa, ya que es 

un efector .que por sus propiC'daclcs físicas puede repercutir en las interaccio

nes hidrofóbicas que intervfonen en la activ i(\<1d de la enzima ATP sintct::isa. 

La Sec. B, Cap. III, hace énfasis en la cinética bifásica de lüdrólisis de J\TP 

y los factores cano la octilgunniclina y la temperatura que ;;on capaces de mcxl_Í:_ 

ficar Ja actividad. Con este trabajo se sugiere la posibilidad ele que el me

tanol al modificar el patrón de velocidad de hidrólisis en la segunda fase, lo 

haga a través de la inducción de una transición en la confonnación de la F1 

requerida para el funcionamiento del 1\DP cnno inhibidor. 

3. CA~IBIOS CO?ffOR~IACJONJ\LES. 

Como fue indicado con al!teriorid;id, una posible catt!"a p;ira explicar las 

diferencias entre la F1 soluble y la particul:1da, puede deberse a la diferen

te confonnación adquirida por la proteína dentro y fuera de la membrana, y a 

las subsecuentes mcxlificaciones confonnacionalcs durante la catálisis en di-

ferentes medios. 

En relación con los cambios confonnacionales que puede sufrir la ATPasa 

durante la catálisis hay acuerdo en que existen y aunque se han podido detec

tar tanto en ATPasa unida a membrana (85,86) cano en la F1 (87), su interpre-



tación y participación en la serie de eventos que integran la catálisis y su 

relación con las reacciones de transferencia de electrones no están claras 

(40). 

Las fonnas en que se han detectado cambios confonnacionales en la ATP 

sintetasa son: el recambio de H con agua tritiada (88) el uso de reactivos 

blanco cano el TNBS (89), el uso de reactivos entrecruzadores de grupos ditiol 

(90) y el empleo de moléculas sonda fluorescentes como la aurovertina y la flu

oresceína (85, 91). Pese a lo variado de la metodología, todas estas técnicas 

se basan en la exposición a los reactivos de grupos de la enzima en las condi-

ciones experimentales que incluyen presencia de sustratos o efectores de la ac

tividad de ATPasa como ATP, ADP, Pi, succinato, gradiente de pH, etc. 

Los sustratos de la actividad de la ATPasa, ATP, ADP y Pi, tienen un sitio 

de unión en la enzima. Se han encontrado varios sitios de unión para nucleóti 

dos ADP y ATP a partir de 1as siguientes observaciones (92): 

a) Por la actividad ele hidrólisis y síntesis de ATI', Ja enzima debe tener 

al menos un sitio de unió11 para AD!' y otro para ATP. 

b) El AJJI' es un inhibiclor competitivo débil ele l~1 actividad de ATPns:l. 

c) Se h;in encontrnclo ADP y ATP radiactlvos unidos a fa enzima. 

d) Se han cucontrndo unidos a la F1 5 molas de nuclcótido por mol de en

zima. Hay desacuerdo para <lcternünar cuantas de las moléculas son <le ADP y 

cuantas de ATP, y de ellas cuales están finne o débi1mcntc unidas. 

e) Hay un retardo inicial de la hidrólisis cuando hay Mg++ y su duración 

depende de la concentración de ATP, 

Se ha considerado que en los sitios de unión los nucleótidos pueden cumplir 

tres funciones: estructural, catalítica y reguladora (40,93,94) y aunque hay 
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toda una serie de datos incongruentes, el tema reviste la mayor importancia 

para dilucidar el mecanismo de acción de la enzima. 

Para el fosfato, otro de los sustratos de las reacciones catalizadas por 

la ATP sintetasa, se han encontrado dos sitios de unión, uno de alta afini

dad y .uno de baja afinidad. El primero, con una constante de disociación de 

80µ M a pH 7.5 y cuya unión depende de pH, une reversiblemente Pi (95,96). 

Acerca de la intervención de este sitio en la catálisis, Lauquin y cols. (97) 

han. encontrado que el sitio al cual se une el Pi con una alta afinidad en la 

F1 soluble, está en la subunidad B , guarcliínclose al parecer una estec¡u:iometría 

de 1:1 entre este sitio y la enzima. 

4. LA PRm'EINA INHIBIDORA 

Compuestos cano la aurovertina, la octilguanidina y algunos cationes y 

aniones cerno los mencionaLlos, pueden tener también sitios ele unión en la F
1

, 

y alg1mos pueden prc:<lucir un efecto inhibitorio. 

Sin mhargo el i11hihidor 111:1s intc,res:1ntc· ele la ATl':1sa es el suyo n:iturnl: 

es una protefo:i que pcs:1 10 000 da 1 tones y que fu0 descubierta por Pullman y 

Monroy (35) hace quince aiios, abriendo nuev::is perspectivas en el conocimien

to de los mccan.i!:lnos de catiÍlisis y regulación de la enzima. 

Actualmente se silbe que la proteína inh.ibidora es una entidad común a to 

das las ATPasas de protones en las que se ha buscado: en mitocondrias de co

razón de res (35, 98), higiklo de rata (99, 100), levadura (101, 102); en estos 

organismos el inhibiclor es una proteí.na adicional a la F1, pero en ATPasas 

de protones como las de las bacterias ~oli (102), ~~ecalis (104) y t!..:_ 

lysodeikticus (105), el inhibidor constituye la subuniclad e de la ATPasa y 

lo misno sucede con el inhibiclor de la ATPasa de cloroplastos (106). Todos 
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han sido purificados y los pesos moleculares de los inhibidores de estas es 

pecies están entre 6000 y 16000 daltones. 

El inhibidor de la ATPasa rnitocondrial de corazón es el que mas se ha e~ 

tudindo y por canposición de aminoácidos, su peso molecular es de 10 000 da:!:. 

tones (107), aunque se han obtenido preparaciones de 6800 y 15000 daltones. 

También se ha descrito que el inhibidor tiende a asociarse en trímeros y te

trámeros y aún he:dmeros (108). La composición de aminoácidos ha revelado 

trunbién una gran cantidad de residuos ele lisina y ácido gluuímico principal-

mente, sin embargo aunque se le considera prutcína básica su pll isocléctrico 

es de 7 .6 (109). 

En cuanto a sus propiedades químicas, la proteína inhibidora de mitocon-

drias de corazón de res es estable al calor, a la acción de los álca1is, ele 

ácidos, del frío y es específico para H+ ATPasas ya que no inhibe a otro ti-

po ele enzimas, aunque dé reactiviclacl funcional con ATPasas de especies dife-

rcn tes (35) . 

Son muy i11teres;1ntes los rec¡ucrimienlos para la fijación de la proteína 

inhibidorn n la F1 soluble o particular.la y al complejo V. El pi! ópl iii10 pa

r.i conseguir 1n interacción es ele 6. 5 (35, 98); Hatefi sugiere que a phs en-

tre 6.8 y 7 .O hay residuos ele aminoácidos del inhibiclor con valores ele pK 

neutros que péffticipan en tal interacción (110). Otro ele los requeril!iien-

2+ 2+ 2+ 2+ 2+ 
tos es la pre sene ia ele un catión diva lente cano ~In , Ca , Fe , Mg , Cu 

co2+ y zn2
+ (98). La hidrólisis de un nucleótido tri fosfatado trnnbién es ne 

cesaría parn la unión F
1
-inhibiclor y el ATP, ITP, UTP, GTP y Cl'P son efica

ces para tal efecto (111). 

Se cree que el papel que desempeña el nucleótido no es estructural, sino 
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que es la confonnación transitoria que adquiere la enzima durante la hidró-

lisis del nucleótido, la que pennite que el inhibidor se fije (112). La Kd 

calculada en F
1 

soluble es 10-8¡,¡ (111). 

Acerca del sitio de interacción del inhibidor con la ATPasa, el dato mas 

exacto de que disponemos es el logrado por Klein y cols. (113) en que el inhl_ 

bidor natural de corazón marcado con un reactivo radiactivo de entrecruce, 

14c PITC, interacciona con la subuniclacl S de la F1 , según el análisis electro 

forético de los canplcjos inl1ibiclor-F
1

. Esta es la evidencia ele interacción 

estructural, sin embargo téunbién se dispone de evidencias cinéticas que indi-

can la relación del inhibiclor con respecto a los sitios de unión de nuclcóti-

dos y del Pi. 

Al respecto, Krull y Schuster utilizando F
1 

soluble encontraron que otros 

inhibidores <le la ATPasa como el AMP-PNP, Cr ATP y Cr ADP, tienen un mismo si-

tio de unión que postulan cerno un sitio regulador diferente al sitio catalíti

co (114), parece ser que el inhibidor no se une a ninguno de estos sitios di-

rectamente, aunque sugieren que su acción poJría ser cere<111a ;il sitio regula-

clor. Todas estas posibilidades se desprenden del aniíJ is is cin8Uco con pares 

de inhibidores. Por otrn partL', Klein y cols. (Jl.S) h;m clcmostr;1do que en la 

F
1 

en canplejo con la proteína inhihidor", se inhibe el intercambio de nuclcó 

tidos. Ferg11!o'on y cols.(29) encoI1traror. inhibido el reGunbio <le nuclc6Li.dos 

endógenos fuertemente unidos en PS'-1 de Mg ATP y atmientado en PS\1 expuestas a 

succinato. 

Q.tizás estos datos sean consistentes con los del grupo de Sfater (85) que 

proponen que dos moléculas de aurovertina se unen a las partículas A, las cua 

les tienen bajo contenido de proteína inhibidora (inferido por su alta acti-

vidad de hidrólisis de ATP), 
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. Conel, Pi, el otro de los sustratos de las reacciones ca tal i zac1as por la 

ATPasa, Klein y cols. (115) encontraron que cuando el inhi bidor se encuentra 

fonnando canplejos con la enzima, el Pi no se une, esto ha sido cJq1licado por 

los autores como una inducción por el inhibidor de un crnnbio conforn1acional 

sobre la F1 , generando un nuevo estado en la enzima al que ya no tien('.n ac

ceso ni los adenin nucleótidos ni el P .. 
1 

Koslov y Skulachev (25) h:m postuli:tdo la existencia de un grupo carhoxilo 

en el sitio activo de la F1, mediante el anpleo de un reactivo soluble afín 

a los grupos carboxilos de las proteínas, el O!CD rn~ircado y que se une mcx:lif.!:_ 

canelo un residuo de la en:dma, induciendo una inhibición de la actividad de 

ATPasa; cuando la F1 soluble en canplejo con el inhibidor se expone a GICD, 

el reactivo no inhibe la hidrólisis de ATP, hecho que es interpretado por los 

autores corno un efecto del inhibidor sobre un sitio que no es el catalítico, 

pero que interactúa con él, descartando que el inhibidor actúe sobre el sitio 

catalítico en base a que la inhibición por el inhibidor es del tipo no-campe-

titi.vo con el ATP (115) y porque el a!CD actúa sobre el sitio catalítico. 

Los datos de los que t1 isponc1nos s11g iercn q11c :11111que la proteína inhibiclsi_ 

ra se fija a la subunid<1d S (29, 117) <1 1<1 que se le reconoce la posesión del 

sitio activo, no se le une en este lugar sino en uno diferente y específico 

desde el cual puede interactuar a través de c;unbios confonnacionales o efec-

tos alostéricos. 

Se han descrito modelos que intentan describir el modo de acción de la 

proteína inhibidora (109), pero todos adolecen ele <JJnbigl'.kdades o huecos que 

los hacen poco satisfactorios. 

Una contribución importante al conocimiento del papel del inhibiclor en la 

fisiología de la ATPasa, es la hecha por los grupos de l!arris (118) y Gómez-
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Puyou (119). Con sus trabajos, establecieron que el retardo en la velocidad 

inicial de fosforilación en partículas su!mitocondriales y cloroplastos se 

correlacionaba con el desplazamiento de la proteína inhibidora. 

Anterionnente se le reconocía a la proteína inhjbidora cano un inhibidor 

de la hidrólisis (25 ,86, 98) postulánclosele de hecho cano un inhi bidor uniclirc~ 

cion~l de la ATPasa (lZ.O), controlando el flujo de energía clescle el ATP hasta 

los sistemas ele transporte de iones y de electrones. Aséun i y cols. sugi r ie

ron ésto en base a que habí.an encontrado que la proteína inhii>idora bloq11e;ib~1 

las reacciones de transferencia de energía promO\' ielns por J\TI', ta les como la 

reducción de NAD+ ligada a succinato, la transhiclrogcnasa de nucleótidos de 

nicotínamida, el aumento de fluorescencia del Af\/S y la activiclacl de hidróli

sis ele ATP, pero no la fosforilación oxiclativa (mcclidél por polarógrafo). Sin 

embargo cuando Harris y Crofts (121) midieron la fotofosfori lnción en cloro

plastos con una metodología más precisa, enéontraron Ja a¡rnrición ele una fase 

de retardo anterior al establecimiento del estado estacionario y propusieron 

que este retardo se debfa al clcspl;izanie11to del inliihidQr dc~cnc1dcnado por· 

"una entrada ele energía". [,1 fllncio11~11idnd del inhibidor adquirió nuevo se!2_ 

tido. Un año m;is t<Jnlc IJarris y cols. y Gómez-Puyou y cols. encontraron una 

clara correlación entre la aparición y duración del tiempo de retardo y el 

contenido de inhibidm· de diferentes preparaciones de PS\I. 

f.1. relevancia ele este proceso queda manifiesta en la Sec. A del Cap. III 

ele esta tesis, en el que se describen las condiciones en las que en mitocon-

drias aisladas, el i\µff' puede manifestarse en la actividad enzimática ele 

la ATPasa a través de su efecto sobre el desplazamiento del inhibidor, este 

mismo fenáneno es estudiado en presencia de otro proceso que requiere cner-
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2+ gía y que es el transporte de Ca , el cual puede efectuarse sin que haya 

activación de la hidrólisis de ATP por desplazamiento del inhibidor. 

Pennanece cano dato desconocido si el inhibidor bajo el efecto del po-

tendal electroquímico es liberado, desplazado o cambiado confonnacional-

mente. Pedersen argLnnenta que no se tienen evidencias directas que pnte

ben tal disociación (109). Consecuentemente, no se sabe del proceso inver 

so, si es que existe: el de reasociación de la proteína inhibidora a la en 

zima. 

En este punto se hace pertinente mencionar que llatefi cstudia1Klo el can 

plejo V~ (109) ha observado que la fracción endógena ele proteína inhibido-

raque no es removida durante el proceso ele extracción del complejo, es ca-

paz de manifestarse inhibiendo la hidrólisis de ATP; este autor ha interpr'.:_ 

tado dichos resultados proponiendo la existencia de un complejo F1-I, en el 

cual la proteína inhibi<lora mantiene latente su act ivicbd. i\simisno se ha 

encontrado que las partículas <le Edo. 3 reaccionan con el anticuerpo diri,gi_ 

do contra' el inhibidor (l 22). 

En nuestro laboratorio también hemos cncontn1clo cviclcnc.ias que scñalnn 

que el inhibidor puede hnllarse presente en PSM sin estar inhibiendo la hi

drólisis de ATP (123). 

El hecho ele que se haya detenninado que el inhibidor guarda una estcqui2_ 

metrí'.a de l mol por mol de F1 soluble, manteniendo una interacción con la 

subunidad e (117)' no descarta la posibilidad de otro sitio topogdfico o 

de otro estado confonnacional para el inhibidor con respecto al complejo 

ATPasa, ya que cano es sabido y se ha mencionado antes, la F1 soluble prese!!_ 

ta claras y varias propiedades diferentes a la enzima de localización membra 

nal. 



29 

magnitud y demarcaci6n de los cambios confonnacionales? ¿Cuál es el meca

nismo de síntesis y la función de los nucle6tidos unidos? ¿Cuál es el m~ 

canismo de transmisión de H+ por la F
0

? ¿Cuál es la función que in situ 

pueden llevar a cabo los cationes o aniones sobre los sitios respectivos?, 

etc. 

En esta tesis se agrupan los trabajos referentes a los temas que se han 

abordado en la introducción precedente, Los objetivos concretos que trata

ron de resolverse en los artículos que a continuación se exponen, son· los 

siguientes: 

1) El M-!IQ, un canpuesto hidrofóbico, de carga positiva, ¿es capaz de 

interferir con el sitio I de la cadena respiratoria? 

2) ¿Reside en la ATPasa mitoconclrial el sitio de estimulación de K+? 

3) El agua cleutcracla y el met:mol como herralllientas en el estudio ele 

las interacciones hiclrofóbicas que intervienen en la F1 soluble y p:irticu

lacla. 

4) El papel de la proteína inhibiclora sobre la ATPasa y sobre otros me 

canismos del transpo~te mitocondrial. 



CAPITULO II 

EL ~MIQ Y EL K+ CO~Kl EFECTORES DEL SITIO I 

SECCIONA. Effcct of l-(p-methozybcnzyl)-6,7 methylene dioxyisoqui

nolinc on mitochondrial rcspiration. 

SECCION B. i\ction of K+ on soluble ancl particulatc mitochomlrial 

F1 . Its rclation to mddativc phospho1·ylation. 
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brain levels of P1HJ2-MeDA occurrcü at approximalcly lhc 
samc time ílS thc non-amphetamine-like bchavior (grcatly 
rcduced response to cxtcrnal slimuli. dccrcascd motor 
activily, and signs of fotiguc 6-18 hr aftcr MOA admini
strntion to micc/ 1. "l> ~upports thc hypothcsis that 
a-Me DA muy be thc nlcdiator. 
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Elfcct of l-(p-mcthoxyhcn1.yl)-6,7-methylenedioxyisoc¡uinoline on mitochondrial 
rcspiration 

(Rt'n'ircc/ 9 May 1977: 11cct'fJied 21 )11/y 1977) 

Thc isolation of :.1n ;1lkaloic.I extrac1ed frum a spccies of 
Ocotea ( lauracl'a) which grows in thc Amazon rcgion. 
Brazil. ha!\ rcccntly bccn rcportcd. ll'i chcmical structurc 
is 1-( p-mcl hox ybc nzyl )-6 .7 -me t hylcncdio.\ yisoqui nolinc 
IMMIQ> tFif!. 1l111. Thc compound inhibits thcconvcrsion 
of cyclic J'.5-AMP lo 5'-AMPlll and inllucnccs 1hc 
con1rnction-rda.xa1ion cyclc of smooth muse/e. MMIQ is 
hydrophohic ami posscsscs a po'Jirivc chargc ;11 a pH 
arounc.I 7. Sincc ccrtain hydrophobic compounds wilh a 
posilive charge inhibil mittlchondrial oxidativc phos
phorylation !:!-4/, !he cffcc1 of MMIQ on the rcspíra
lion and phosphorylation procc!-.scs of mitochondria was 
cxplorcd. Thc rcsults show that MM IQ inhibits lhc c/cclron
lrnnsf cr proccss of mitochondria. 

Rat livcr mitochonc.lria wcrc isolatcd in 0.25 M man
nitol. :? mM Hcpes <md o.1i::;- bovine scrum albumin (pH 
7.4). EDTA submitochonc.lrial parlic/cs wcre prcpured as 
describcd clscwhcrc 1 J l. Oxygcn uptakc w:is mcasured 
cither with a Gilson or a YSI t1pparatt1<; adaplcd with a 

/º 
CH 1 

\.º 

OCH, 

MMIQ 

Fig. l. Chcmical struc1urc of MMIQ. 

Clark clcclrodc. Thc ATPasc activitv uf suhmiluchondrial 
particlcs wa!'. mc;.isured in a mÍ.\IU~c 1ha1 containcd 0.24 
M manni1ol. 10 mM Tris-HCI lpH 7.4). 11 mM ATP and 
4 rnM ~lgCl1 in a final volumc of 1.0 mi. Tite incubation 
time w;is 10 minal <1 lcmpcra1urc of JW. Thc rcaction was 
o;;hippcd with 6t;:f trichloroacctic acid (final conccntration). 
lnorganic phosph<1lc was c.lcrcrmincd in 1hc supcrnntant 

JJM MMJQ 

Fig. 2. Effccl uf MMI~ on !he S1atc 3-Stalc 4 rcspiration 
uf rat livcr mitochondria. Thc incubution mixture con
taincd, inufmalvolumcof2.0 mi, !O mMglutumatc, 10 mM 
malate. 5 mM phosphalc lpH 7.4). 0.25 M mannitol. 1 mg 
of bovinc serum albumin, 1.5 mg uf milochondrial protcin 
anc.I the indicatcd conccntrations of MMIQ. Statc 3 was 
induccc.I by lhc addition of 1 pmo/e ADP. Whcrc indicnlcd 
thc mixture containcd JO mM succinatc and 3 pg rotcnonc 
instcac.1 of glutamate-ma/alc. Tcmpcraturc was 27"'. Thc 
rcsults show cnhancemcnt of the rcspiratory rnlc ¡1ttaincd 
by thc nddilion of ADP to mitochondria incubatcd with 
thc indicatcd conccntration of MMIQ. For thc cffcct of 

MMIQ on State 4. sec tcxt. 
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Fíg. J. Effccl of MMIQ on uncoupler slimulatcd rcspira1ion. Thc incub;llion conditions wcrc as in 
Fig. 2. cxccpt that 10-~ M DNP was added whcre shown. Thc numbcrs in parcnlhcscs indicatc thc JIM 
conccntralion of MMIQ. whilc the numbcrs lo thc lcft of cach trace show 1hc ratc <1f rcspirntion 

(natoms O min- 1 mg- 11 after thc addition uf DNP. 

fn1ction according lo Sumncrl5J. MMIQ was addcd asan 
clhanolic solution: thc amount of cthanol addcd <lid nol 
modify thc paramctcrs studicd ( IO µl/ml oí incubalion 
mixture was thc highcst conccntration of cthanol cm
ploycd). At the highcst conccnlralion cmploycd, MMIQ 
did nol precipit.alc in thc respective incubation mixtures. 
Each cxpcrimcnl was repealed at lcast thrcc times wilh 
diffcrcnt mitochondrial prcparntions, and thc rcsults 
showcd a varia1ion oí less than IO pcr cent. 

Thc expcrimcnts in which lhc cffcct oí MMIQ on Stalt:: 
3 und Stmc 4 rcspiralion oí mitochondria w;1s assaycd 
showcd lhal Statc 3 rcspirntion with glu1ama1c-malalc as 

'ºº 
tlADH 

50 

.. 

pM MMIO 

Fig. 4. Effcct of MMIQ on thc respiration oí submito
chondrial particlcs. Thc incubation mixture contained 
0.25 M mannilol. 20 mM Tris-HCI (pH 7.4). and 1 pmolc 
NADH or 10 mM succinate. The particles (0.8 mg protcin) 
wcre incubatcd for 2 min with the indicatcd concentrations 
of MMIQ bcforc thc addition oí substrate. The results 
exprcss thc pcr cent inhibition oí respiration allaincd by 
thc indicated conccntrations of M MIQ. In thc cxpcrimenl 
shown, rcspiration in the absence of MMIQ was 354 and 
280 m1toms O min- 1 mg- 1 with NADH and succinate as 

substrate rcspectivcly. 

subslrntc was s1rnn!!IY inhibitcd by MMIQ (Fig. 21. half
maximal inhihition bcing allaincd by approxim:ucly 30-40 
¡1M MMIQ. Statc 4 rc"ipiration wus nol atfcctcd by MMIQ 
(data not shuwn). 

With succinatc fp/us rutcnonc) as substratc !Fig. 2), 
Statc 3 rcspiration was also inhibitcd by MMIQ. but highcr 
conccnlrations oí 1hc drug wcrc rcquircd 10 induce :m 
inhibi1ion of Slalc 3 rcspiratory ra1cs equivalen! to that 
attaincd with glutamatc-malate as substrate. With suc
cinatcas substralc. conccntrationsoí MMJQ:1bovc 100 ¡tM 
incrcascd Stn.tc 4 rcspira1ory ratc f roma r;.ltC in thc control 
of 10 natoms O min- 1 mg- 1 to aboul 16 natoms O min-1 

mg-•. 
Thc cffcct of MMIQ on rcspirution stimuluted by 

2.4-dinilrophcnol IDNP) was examincd (Fig. J). Wilh 
glutamatc-malatc as substrnte, MMIQ <1lso inhibitcd 1hc 
DNP-stimulnted oxygcn uplake. Howcvcr it should be 
nolcd that, wi1hin a ccnain conccntration rnngc oí MMIQ 
(30-105 µM). DNP induces an cnhanccment of rcspiration 
that is not lincur with lime; that is. aftcr an initial incrcasc 
in thc rcspiratory ratc. lhe DNP-stimulated oxygen uplakc 
slarts lo decline un1il it rcachcs thc ratcs shown in Fig. 3. 
With succinatc as subslrate. MMIQ diminishcd the rate oí 
the DNP-stimulated rcspiration. but al conccntralions 
significantly highcr than thosc that dccrcuscd thc rcspira
tion with glutamatc-malatc. 

Thc MMIQ-induccd inhibition of clcctron trnnsport in 
intact mitochondria cuuld be duc to inhibition of inílux of 
substratcs into 1hc milochondria or 10 ;:m cffcct oíl thc 
clcctron transpon chain. Thus, its action on thc rcspiration 
of submitochondrial panicles in which pcrmc;1bili1y bar
ricrs do not cxist was studicd (Fig. 4J. MMIQ inhibited by 
approximatcly 80 pcr cent thc acrobic oxidation of NADH 
al conccntralions which ;1ffcctcd. although slightly. 1hc 
acrobic oxidation oí succinate. 

MMIQ is iln inhibitor of clcclron transfcr in mitcx:hon
dria. lls main action jy, Oíl thc NADH-CoQ scgmcnt or 
thc rcspiratory chain. Al higher conccntrations il also 
affccts thc oxidalion of succinalc. JI is of imporlancc to 
point out that MMIQ docs nol :1ffcct thc ATPasc activity 
of submitochondrial particlcs f0.8 µmoles ATPhydrolyzcd 
min-1 mg- 1 under thc conditions ou1lined abovc); thus, thc 
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action oí MMIQ would sccm to be limitcd to thc respira
tory chnin. Howcvcr. if the data in Figs. 2 ;md 3 are 
comparcd to thc rcsultsshown in Fig. 4, it may beobservcd 
that MMIQ inhibits succinatc o.xidation in mitochondria 
but not in submitochondrial pmticlc..,. Thercfore. the poi;;o¡. 
ibility thal MMIQ affccts thc inllux oí succinatc into thc 
mitochondria cannot he íully discar<lcd. 

In comparbon to othcr inhihiturs oí elcctron transport 
whích prcfcrcntiully act on thc NADll-CoQ scgmcnt oí !he 
rcspiratorY clmin. MMIQ pos~csscs somc uniquc prop
crties. IL dilfcr!i. from rotenonc an<l picricidin 16, 71 in lhut 
thc~c two inhihitors are more pote ni than MMIQ [8). and 
ín addi1ion. MMIQ inhihits thi: (lxid111ion oí succini11e 
by intact mitochondria. In thi~ rcspcct. it is more like 
oct~·lguaniJine 12. 31. which at low concentrations(30 pM) 
inhibits thc couplcd oxidation oí NAD·<lependcnt sub
stratcs und al much highcr conccntrations 000 µMl in
hibits thc couplcd oxidation of ~uccinatc. Nevcrthelcss. 
thc inhibiting action uf octylguanidine is rcvcr~cd by 
uncouplcr~ 19]. while MM IQ inhihits uncouplcr-stimulatcd 
rc~piration. Sincc MMIQ. oc1ylguanidinc and cthidium 
bromi<lc po~sc!<.s a po..,ilivc charge ata pH arouml 7. the~c 
thrce compounJs rnost probahly act on thc samc sitc or 
thruugh a similar mcchanism: howcvcr. il is probable that 
the binding oí MMIQ 10 lhc memhranc wuul<l be more 
stable owing IO ~trongcr hydrophobic intcractions in nddi· 
tion to ch;ugc intcractions. Thus. MM IQ wou\d 1101 be 
rclc:iscd from lhc memlm111c hy the uncoupler-induced 
collnpse of the clectrochcmical potential. as is the ca~c for 
uctylg.uani<linc and ethidium bromidc 12. 4]. 

Anothcr importunt charactcristic of MMIQ is that it 
ínhibits clcctron transport al concentrations 50 per cent 
lowcr than tho~c that inhibit phospho<licstcrasc 
activily(!I. Thi!oo may indicate that MMIQ affccl!, !he 
cun1rac1ion-relaxation cyclc of muscle (sec Reí. 1) by 
i111crfcring with thc mitochondrial cncrgy-transducing 
syslem. particularly if it b considcrcd thnt mitochondria. 

f111Jo.:h~mi~al l'h:irm;icolug¡. \'ni. ~7. pp. 1.~07-1~09 
, l'l·r~an\\111 l'rc\\ Limi1~1L l'J7K. l'm11cd in Grcal llri1:1in. 

by regulating cytoplasmic Ca~'" Jevcls. may affect muscle 
contrnction ( 10). This is a possibility that will be explored. 
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Elen1tio11 of hrain histamine levels by diaminopyrimidine inhlhitors of histaminc 
N-methyl transfcrase 

(Rt•cei1·ed 29 Ju/y 1977; acceptcd ::!8 Se¡Hemher 1977) 

In thc central ncrvous system (CNSl uf mammalinn 
species. hislamine is metabolizcd primarily by methylation 
oí 1he imidazolc ríng 111. This reaction requires S-adenosyl 
mcthionine tSAMJ as the melhyl donar and is catalyzed 
by the cnzyme histaminc N-methyl transferase (HMTJ. In 
rals, howcver, tissues olhcr thnn brain contain histaminase 
and lhus have an nhernatívc pathway for the metabolism 
of histamine. Among sevcral antimalarial drugs that inhibit 
the mcthylatiun of histamine in dtro. pyrimethamine, a 
2.4-diaminopyrimidinc, has been rcportcd to be a potcnt 
inhibitor of this cnzyme In The initial clinical studics of 
a pyrimcthaminc analog. mctoprine, relmcd to its cvalua
tion as an antic::inccr agcnt, indicaled that this compound 
produccd CNS, culancous, and gastrointestinal 
toxicities (J-5), possibly involving ínhibition of histamine 
ca1abolism. Similar CNS and cutancous toxicities occur
red · during, clinical studies of the anticancer agent tri
azinate, íl diamino-s-triazine (6]. This rcport describes thc 
cffects oí thesc anticancer agents on the activity of HMT 
in \'itro and in •fro. 

l"Clmethyl-SAM (sp. act. 57.8 mCi/m-mole) and 
l'Hjmcthyl-SAM (sp. act. 10.5 Ci/m-mole) wcrc pur-

chased from New England Nuclear: hislaminc, quinacrinc 
and chloroquinc wcrc sccurcd from Sigma Chemical Co., 
SI. Louis, MO. Triazinatc was obtained from thc Drug 
Dcvclopmcnt Branch of the National Canccr lns1i111te, 
Bcthcsda, MO. Pyrimethaminc 12.4-diamino-5-{4'-chloro 
phcnyl)-6·cthyl pyrimidinc; BW 6JUJ. metoprinc (2.4-
diamino·5·(3' ,4' -dichlorophcny\J-6-mcthyl pyrimidine; 
DDMP; BW 197U). ctoprine. the corresponding 6-cthyl 
analog of mctoprinc (DDEP; BW 276U) and triazinate 
1 a-2-chloro 4·[ 4,6-diamino-2,2-dimethy1-s-tri<tzi ne-1 ( 2H )
yl Jphenox yl J-N, N-dimcthyl-111-loluami<lc ethancsulfonic 
acid; TZT; NSC 139105( wcrc dissolvcd in 0.01 N HCI 
prior to use. 

H MT was parthlllY purific<l from thc cerebral corlex of 
bovinc brain, using the ammonium sulfate fractionation 
an<l dialysis stcps described by Brown et ci/. !7). HMT 
incubation mixtures consisted of IO µmoles uf sodium 
phosphatc buffer, pH 7.4, 15 nmolcs histaminc. 14.2 
nmolcs (uCJ-SAM, cnzyme and, whcrc appropriatc, inhi
bitor, in a total volumc of 300 ¡11. Thc reaction was initiílled 
by the addition oí l"CJ-SAM and incubated íor 15 min at 
37º. The reaction was terminnted by the addition oí 0.5 
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Fig. l. Dh.on plots of thc cffccts of mctoprinc and tria
zinatc on thc activity of HMT. Vulucs are thc mcans of 
dupllcatcs for cach poinl. Panel A: mctoprint! (DDf\.IPJ: 
panel B: 1riazinatc. Kcy: •-•. 5 ;.; IW~' M hi~tumine: 

11-m. 1 x 10-~ M hisrnminc. 

mi uf 0.5 M hor:1tc lmffcr. pH 11. ;rnd lhc radioactivc 
producl was cxtrnctcd wilh 6 mi tolucnc-i'loamyl alcohol 
( 1: 1). Four mi uf !he organic extrae! was countcd in JO 
mi of an omnifluor-lolucnc scinlíllation mixlUrc conl:iinin!! 
2 mi of absolutc clhanol. Kinctic 'itt1Llics wcrc carricd out 
at histamine conccntrations ranging bctwccn) :-: 10··; ami 
5 x 10-'.i M, sincc highcr conccmrations uf his1:11ninc havc 
bccn shown to inhibir !he cnzymc [8]. Thc K,,, íor hi!>taminc 
was determined using the method of Lincwcavcr and 
Burk (9). and the various K1 valucs wcrc dctcrmincd by 1hc 
mcthod oí Dixon 1101. 

To cvalualc thc activily i11 i·fro of thc diaminopyrimi
dincs, male Spraguc-Dawley rats 1160-180 g) rcccivcd ;1 

single oral dosc of mctoprinc ( 10 mg/kg of body wcight). 
Thc hislaminc lcvcls in hrain wcrc dctcrmincd using thc 
cnzymatic assay uf Taylor and Snydcr [ 11] as modificd by 
Bcavcn et al. J 12). To avoid intcrfcrcncc in thc cnzymatic 
oissay, mctoprine was removed from tissuc cxtracts hy 
chromatography on Dowcx 50. 

The cffccts of sc\:cral drugs. ali of which wcrc found 10 

be effcctive inhihitors uf HMT isolatcd from bovint! brnin. 
art! summarizcd in Table t. Among thcsc cumpoun<ls. 
mctoprinc w;1s thc mo:i1 potcnl inhibitor uf thc t!ll/.)'lllt!, 
producing grcatcr 1han 90 pt!r cent inhibition ;11 a con
centration uf 10<• ~l. In a series of 5-phcn)'I am.l 5-hcn1}·I 
diaminopyrimidincs. widc variations in potcncy as inhibi· 
tors of HMT wi:rc uhscrved. und trimcthopriml13J. an 
:mtihactcrial agcnl. had rdativdy littlc :ictivity as an in
hihitor of HMT. For compari..,nn. wc includc in Table l lhc 
c!Tecls of !he antimalarial drugs chloroquim: ami quin· 
acrinc on thc 'iamt: cnzymc rrepar<1tion: thcsc drugs wert: 
among thc 1110..,1 c!Tectivt: inhibitor<> in l'itro uf llMT. lH 

dcscrihcd prcviously 12]. 
Thc mt:lhod of f)i,\on wa'i u~cd to determine thc naturt: 

of thc inhibition. Tht: diaminupyrimidincs and Nriazine 
wcre compctitivt: inhihitor~ of thc cnzymc. This is illus
trated grnrhicallr for mcloprint: •m<l triazinatc in Fig. l. 
The kinctic data rcvcal 1hat thc~c agcnis are compctitivc 
with rc'>pcct to hi~taminc. Mcwprinc is thc most potcnt 
inhihitor uf thc enzymc. having a K, of J :..: 10-; M. An 
importan! cun'>idcration conccrnin!! thc likclihoo<l of acti~ 
víty in 1·h·o is lhat thc'ic compounds have K1 valucs <11 
leas! lO-fold lcss than thc Km of histaminc (Table 1). 
Studics are currcntly in progrcss to as'icss thc c!Tccts of 
structurally rclatcd compounds on thc mctabolism of 
histaminc and to idcntify thc strucrnral fcaturcs neccssary 
for 1hcsi: compounds to act as compctitivc inhihitors of 
HMT. In this rcgard. it should be notcd thal. in addition 
to dia111inopyrimi<lines and triazincs. sevcrnl othcr classcs 
of compounds actas inhibitors in ritro of H MT. Wc havc 
obscrvcd that compmmds containingthc.t-aminoquinolinc, 
aminoacridinc. quínazolinc or pyridopyrimidine nuclcus 
are also polcnt inhibilor!> of thc cnzymc. Sincc a widc 
varicty of compound~ arc capublc of inhibiting 1his 
cnzymc. onc ~hould be awarc th:1t unwantcd si<lc c!Tccts 
may be prmluccd by sorne drugs vh1 clcvation in l'il'IJ of 
histaminc lcvcls. 

i>.lcwprine and ctoprinc are 4ui1c lipid soluble and 
rcadily cnter thc CNS. In rals, holh drugs allaincd con· 
ccntration'i in thc brain of apJiroxim:ilcly 2 ~, w-~. M withiti 
5 hr aftcr oral adrninhtration of 10 mg/kg of body 
weight l 141. Studic'i on ti~sut! distribution an<l climination 
of rnctoprinc in thc rat havc indícated a half-lifc of 17 hr 
in thc hrain l 1.51. In paticnts tn:ated with mctoprinc for 
a<lvanced rnalignancics. thc plasma leve! was 10-·' to 10-ri 
M within a fcw hours ahcr ornl adminislration 15], and in 
~orne paticnt'i, headachc and 01hcr CNS cffccts that may 
be histaminc rclatcd persistcd Juring thc pcrioJ uf peak 
drug lcvcls in thc blood. Thus. thcst! compounds are cap· 
ahlc of rcaching conccntralions ir1 1fro that rcsult ín sig
nilicanl inhibitiun of HMT aclivity i11 l'itro. 

Thc rcsulls illustrated in Fig. 2 show tlrnt meloprinc. thc 
mmt i:ffcctivc inhihitor in ritro uf HMT. is capablc of 
prndudng ;,, 1-il'o a markcd elcva1io11 of hrnin histaminc 

Table l. lnhihi1ion of histaminc methylatiun hy ~cvcral anticanccr 
agcnts ;:111d antimalarial drugs"' 

Per cent inhibition 
K, 

10-' M 10-' M 10-'•M 10- 1 M X 10' M 

Pyrimelhamine 8 18 69 94 9.0 
Mctoprine JO 69 93 98 1.0 
Etoprinc 14 52 84 96 7.6 
Triazinatc 9 4r, 82 97 6.0 
Quinacrínc o 25 79 97 
Chloroquine o 9 55 89 

• For comparison, the Km for histamine was 9.5 x 10-6 M undcr the samc 
experimental conditions. Thc conccntralion of histaminc used was5 x 10-!, M. 
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BIOCllEMISTRY ANO GENETICS OF YEAST' 

ACTION OF x+ ON SOLUBLE AND PARTICULATE MITOCHONDRIAL F 1 
ITS RELATION TO OXIDATIVE PHOSPHORYLATION 

M. Tuena de GÓmez-Puyou, J. /.!. Delaisse, 
M. Gavilanes and A. Gomez-Puyou 

DepaPtamento de Biologia Experimental 
Instituto de Biologia 

Universidad Naaional Autonoma de Mecciao 
Mexiao 20, D. P. 

A number of investigators have shown that oxidative phos
phorylation in mitochondria can be modulnted by potassium ions 
(far a review, see Gomez-Puyou and Tuena de Gomcz-Puyou, 1977). 
However, the mcchanism by which this cation exerts its effect 
is not clear and indeed conf licting reports have appearcd as 
to whether K+ causes favorable ar detrimcntal effocts on oxi
dative phosphorylation (Prcssman and Lardy, 1952; Blond and 
Whittam, 1964; Krall et al., 1964; Papa el al., 1969; Gomez
Puyou et al., 1972; Aiking et al., 1977). lfo have examined 
the role of K+ ln the oxidative phosphorylation of ycast mito
chondria (Saeeluu•onw .. .!CS ce1•c1Jlniac strain D311-3A); in these 
organelles the syntl1esis of ATP during coupled clcctron trans
port responds very dramatically to K+ and hence the study of 
the action of K+ is greatly focil i.tatcd. It has been found 
that K+ affects oxidative phosphorylation by increasing the 
rate of electron transport in the NADll-CoQ span of the respira
tory chain and also af f ects the ATPase complex, acting at the 
level of the F 1 componen t. 

ACTION OF K+ ON THE RESPIRATION AND PHOSPllORYLATION OF INTACT 
YEAST HITOCllONDRIA 

With ethanol as the substrate, K+ induces a marked enhance
ment of the respiratory rate, without affocting the ADP:O ratios 
(Table 1). With succinate as substrate, the effect of K+ is 
different; it does not enhance the rate of respiration, but it 
does increase the ADP:O ratio. 

Cnpyright© 197!lb)'r\CaJcrnicl're". lnc. 
/ / 9 All right~ of rcproJuc1inn in any forrn 11~~ervcd. 

ISDN 0-1:?·071250-4 
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TABLE l. ÉFFECT OF KCl ON OXIDATIVE PHOSPHORYLATION 
OF YEAST MITOCHONDRIAª 

Ethanol 

Addition State· 4 Sta te 3b ADP:O Phosphorylation Rates 

50 88 l. 7 150 

40mMKCl 65 121 l. 6 183 

Succinate 

21 53 1.1 58 

40mM KCl 22 46 1.6 74 

ªThe reaction mixtures contained 600 mN mannitol, 10 mM 
phosphate (adjusted to pll 6. 7 with Tris-base) and 10 mH sub
strate; where KCl was added, the concentration of mannitol was 
adjusted to maintain a constant tonicity. Hitochondria wcre 
prepared as described elscwhere (Pena et al., 1977). 

bstate 3 rates were initiated by adding l µmole ADP. 

Figure l shows thc effect of various concentrations of K+ 
on the State 3 and State 4 ratios of yeast mitochondrü1 oxidiz
ing succinate. Except et the higher concentrations of K+ the 
rate of State 3 and State 4 respiration is not significantly 
affected, but the AJJP:O ratio is significantly enhanced as the 
concentration of KCl is increased to 20mM. 

....., 

'"'' 

., 

\,..., 

~· •' 

According to current concepts of the mechanism of oxi<lative a- i 

phosphorylation, it is believed tl1at respiration is carried out 
by the various components of thc elcctron transport chain, while~ 
the phosphorylation of ADP J.s mediated by the ATPase complex of , 1 
the mitochondria. Accordingly, the action of K+ on the elec-
tron transport chain and on thc ATPase compJcx of the mitochon-
dria was studied. !.-· 

EFFECT OF KCl ON THE RESl'IRATION OF SUBMITOCHONDRIAL PARTICLES 

Table 2 illustrates the effect of KCl on the oxidation of .,., 
NADH and succinate by submitochondrial particles. K+ induces 
a more than three f old enhancement of the rate of respiration 
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FIGURE 1. Effect of increasing concentrations of KCZ on 
the oxidative phosphorylation of yeast mitochondr>ia. The ex
pe1>imental condt'.tions were descr>ibed in Table 1. 

with NADH as substrate, while the oxidation of succinate is 
little affected. This experiment was carried out under non
phosphorylating conditions with submitochondrial particles 
that had been obtained after sonication of rnitochondria. 'l'hese 
particles are devoid of its rnatrix enzyrnes and their mernbranes 
are inside-out; thus, the pcrmeability barriers to substrates 
are largely non-existent. 

Frorn the data in Table 2, we rnay conclude that K+ enhances 
the rate of electron transport, but since it does not affect 
the oxidation of succinate, it would appear tlrnt the site of 
actJon of K+ is on the NADH to Coenzyme Q span of the respira
tory chain and that it does not affect the chain on the oxygen 
side of cytochrome b. 

In rnitochondria frorn liver and heat a similar action of 
K+ has been described (Latina et al., 1973), but our results 
suggest that in yeast mitochondria, which are rotcmone-insens
itive and show ADP:O ratios less than 2 with NAD-dependent sub
strates, neither the rotenone-sensit:lve site nor site l phos
phorylation is involved. In any case an effect of K+ on the 
NADH-CoQ span probably accounts far the stimulating action of 
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TABLE 2. EFFECT OF KCl ON THE RESPIRATION OF 
SUBMITOCHONDRIAL PARTICLESª 

mM KCl 

30 

60 

90 

Respirationb 
natoms O min- 1 mg- 1 

NADH Succinate 

61 64 

136 81 

179 71 

200 55 

ªThe particles were prepared by sonication of mitochondria 
for 1 min in 250 mH sucrose, 1 mH EDTA (pH 8.0). The suspen
sion was centrifuged for 10 min at 10, 000 xg and the supernat
ant solution was centrifuged for 105,000 xg for 60 min. The 

~ ¡ 

final pellet was suspended in 0.25H sucrose. 
bResplration of the particlcs was assaycd 

tained 0.25M sucrose, 10 mM Tris-l!Cl (pi! 7.3) 
NADH or 10 mM succinate. 

1 

in media that con
and 1 pmole of 

the ion on the respiration of intact mitochondria oxidizing 
ethanol. On thc othcr hand, this action o( K+ clacs not explain 1 

why, in the abscnce of modification of respiratory rates with 
succinate as the substratc, the phosphorylation of ADP in in- t : 

tact mitochondria is importantly enhanced by K+. It was there
fore necessary to explore whcthcr potassium ions af fect the 
functioning of the ATl'ase complex of the mitochondria. 

EFFECT OF K+ ON Tl!E ATl'ase ACTIVITY OF MITOCHONDRIA 

1 ! 

Thc ATl'ase activity of yeast mitochondria is cnhanced by 
K+ (Fig. 2). In many expcriments and with mitochondria from 
scveral strains of yeast, we have observed 60 to 80% stimula-
tion of ATPase by K+. Jn lntact mitochondria the activity both ~' -
with and without K+ are linear with time; concentrntions of KCl 
of about 20 mN are rcquired to induce half-maximal activation. 

The conccntrations of KCl that stimulate ATPase activity 
are in the nmge rcquircd for stimulation of oxidative phos
phorylation in intact mitocl10ndria. Accordingly, it was thought 

m 
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FIGURE 2. Effect of KCl on the ATPase aetivitu of yeast mitoehond1•ia. f.litoehondl'ia wel'e in
eubated in 250 mM mannitol, 10 mf.1 Tl'is-IJCl (pfl 8.1), .5. 5 mM ATP and 1 mf.l /.fgCl2. On the left the 
mixtwe contained 70 mN KCl where indieated; on tlze l'ight the incubatfon time 1Jas 4 min. The 
1•eaction was stopped with 6% ti•ichlornacetie acid (final concenti•ation) and inol'ganic phosphate 
detel'lnined acco!'ding to Swrmer ( 1944), 
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that these effects of KCl may be related and therefore the ac
tion of KCl on the ATPase complex of the mitochondria was ex
amined. In reccnt years, elegant work has bcen carricd out by 
several groups of investigators on the structure an<l function
ing of the ATPase complex of many encrgy transducing mcmbranes 
(far a review, see Pe<lersen, 1972). One of thc most remarkable 
features of this enzymatic system is that the functioning of 
the complex is highly dependcnt on the subunit structure as 
well as on the arrangement of thc various subunits that cons
titute thc ATPase complcx. This complcx consists of two main 
structures. One is cmbcd<lcd within the membranc and requires 
very drastic proccdures, such as treatment of mitochondria ar 
submitochondrial particles wlth Triton X-100 in ordcr to relcase, 
it from thc mcmbrane. Thc othcr is a component tlwt is soluble 
in water and is rcadily detached from the membranc by sonication 1 

According to thc chcmiosmotic concept of oxidativc phos
phorylation, the function of the membranc component (Hitchell, 
1973; Mitchell, 1974) is to channcl or transport protons from 
the outer part of the mitochondrial membrane to the ca talytic 
site responsible far thc synthcsis of ATP, which resides in the 
soluble component (F¡). With respect to the action of K+ on 
the ATPase complex of thc mitochondria, it was of intcrest to 
determine whcther K+ acted on thc mcmbranc section ar on thc 
soluble F1 compon<'nt. 

Table 3 shows the effccts of oligomycin and K+ on thc 
ATPase activity of mitochon<lria which wcrc subjected to soni
cation with ultrasonic irradiation for various periods. It 
was observed that aftcr one minute of sonication, thc scnsi
tivity of the mitochondrial ATPase to oligomycin was almost 
abolished. This would be cxpcctcd of a systcm in which F¡ had 
been rcleased from thc mcmbranc, since its modulation by the 
mernbrane factor, as measurcd by scnsitivity to oligomycin is 
los t. 

The expcriment also shows that <lcspite the loss of sensi
tivity of the system to oligomycin, K+ stimulated thc A'l'Pase 
activity. It may be concluded that K+ stimulates ATPase acti
vity by acting on F1, the soluble component of the mitochondria.'-' 

Accordingly, F1 released from mitochondria by sonication 
was partially purified as previously describcd (Tuena de Gomez
Puyou and Gomez-Puyou, 1977) .' The cnzymc obtained hydrolyzed 
approximately 40 µmoles of ATP pcr mg of protcin per min under 
optimal conditions and in sodium dodecyl sulfate gels (Tuena 
de Gomez-Puyou and Gomez-Puyou, 1977) showed the subunit com
position characteristic of F1. 
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TADLE 3. EFFECT OF TINE OF SONICATION ON THE ACTION 
. OF .~· ON MITOCHONDRIAL ATPascª 

Minutes of 

125 

Sonication :-Oligomycin +oligomycin -Oligomycin +Oligomycin 

l. 3 o. 3 2.0 0.4 

o.s 2.9 l. 8 3.6 3.4 

1.0 2.6 2.1 3.5 3.2 

).0 0.5 o. 5 0.5 0.5 

ªHitochondria suspended in 0.6 H mannitol wcre sonicated 
far the indicatcd times and their ATPase activity measured as 
in Fig. 2 with 70 mM KCl in the mixture and/or 20 ¡Jg oligomycin 
per mg of protein. 

Othcr monovalcnt cations including Li+, Na+, K+ and Rb+, 
showed similar effects on the ATPase activity of partially 
purificd F 1 from yeast rnitochondría. In contrast, the activity 
of F1 from heart mitochondria (Tuena de Gomez-Puyou and Gomcz
Puyou, 1976) was stimulated only by catlons with a definite 
atomic radius; K+ an<l RL+ were the most effcctive. Thus, a 
clear diffcrencc ln the specificity of the response to mono
valcnt cations is obsc.rved between thc ycast and thc heart en
zyme, although thc two cnzymcs have similar subunit composition. 
Despite thesc differences the results confirm that K+ acts at 
the levcl of the F1 component (Fig. J). 

ATTEf!PTS TO DETERHINE THE MECllANISM OF THE K+ EFFECT i\ND ITS 
RELEVANCE TO OXIDATIVE Pl!OSPllORYLATION 

These observations left unanswered quest:Lons regarding 
1) the mcchanism whereby K+ activates the ATl'ase activity of 
F 1 and 2) the significance of the ac tivation in the formation 
of ATP during coupled electron transport. The following ex
periments wcre designed to provide answers to these questíons. 

The ATPase activity of F¡ is known to be inhibited by ADP 
(Pullman et al.., 1960; l!ammcs and l!ilborn, 1971), and we have 
confirmed this observation (Fig. 4). Inhibition by ADP is also 
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FIGURE 3. Effeat of va:rious monovalent aations on the ! ·1: 

ATPase aativity of partially purified F¡. The reaation mix-
tures aontained 5. 5 mf.1 ATP, 4 mf.1 MgClz, 10 mM Tris-HCl (pH 8 .1 ! , , 
and 70 mM of the incliaated ahloricle salts. The r•esults with 
F¡ f1'om heart mitoahondria are inaluded fo1' aomparison (far 
othe1• details of the heart preparation, see i•eferenae Tuena 
de Gomez-Puyou ancl Gomez-Puyou, 1.9 76). ¡ i 

ti 

observed in the presence of !(+ and the Lineweaver-Burk plots 
of percent inhibition against the concentration of ADP in the 
presence and absence of K+ are very similar. The same Ki value ¡.· 
for ADP is obtained in the presence and absence of K+. Although tÍ 
these findings suggest that K+ does not alter the affinity of 
the enzyme for ADP, a comparison of the absolute values indi
cates that the inhibition of ATPase activity by ADP is more 
significant in the presence of K+ than in its absence. This 
may have sorne relevance to oxidative phosphorylation. 

Potassium ions have a more profound effect on the response 
to changes in concentration of Mg-ATP. In the absence of po
tassium ions, a biphasic Lineweaver-Burk plot is observed 
(Fig. 4B), in agreement with the findings of Takeshige and 

i.,. 
~. 
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FIGURE 4. Effect of K'- on the ATPase aetivity of F¡ at vaPLous concentPations of ADP and ATP. 
In A the ineubating conditions wePe 10 mM TPis-llCZ (pi! 8. 5), 4. 2 mN /.Jg-ATP, and 8. 4 mflf MgCZ 2 and 
the indicated eoncentmtions of /.íg-ADP and ?O mM KCZ where shown. The pe1•cent inhibition by ADP 
is pZotted taking as 100% the activity in tlze absence o[ ADP. In B, 10 mN T1'is-HCl (pH 8. 5), 
?O rnM KCl (where s!townJ, and Mg-ATP (Mg-ATP/f pee f.fg2+ = 1 J. 
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co-workers (Takeshige et al., 1976). The data suggest that the 
enzyme may cxist in two different conforma tions which are con
trolled by the concentration of ATP. In the presence of K+, 
the biphasic pattern is almost completely eliminated. Thus 
K+ appears to alter the response of a putative regulatory site, 
although explanations may be offered. 

It is tempting to propase that a K+-induced modification 
of the catalytical behavior of F¡ results in an increase of 
the phosphorylating rate of whole mitochondria. Evidence in 
favor of this possibility is afforded by the experiments shown 
in the Fig. 5, which may also explain why the effect of K+ is 
less evident with manunalian mitochondrfo, than with yeast mito
chondria. It has been reported that the phosphorylation that 
accompanies the oxidation of succinate by intact liver mito
chondria is inhibited by octylguanidine (Papa et al., 1975). 
Subsequent work (Tuena de Gomez-Puyou el nl., 1976) showed 
that octylguanidine inhibited ADP phosphorylation by interfer
ing with the normal [unctioning of tlw ATPase complex and that 
the action of octylguanidine was exerted at the level of F1. 

Panel A of Fig, 5 shows that lncreasing concentrations of 
octylguanidine progressively inhibit the ATPase activity of 
liver mitochondria. The effect of octylguanidine on ADP phos
phorylation shows markedly different kinetics and at low con
centrations of octylguanid.ine (below 150 JJM) the phosphoryla
tion rate is not affected ar slightly enhanced. The data sug
gest that in liver mitod10ndria the activity of the ATPase com
plex is 11ot i•atc-lúwitl.ng. The observations with octylguani
dine are consistent with thc results obtained with oligomycin, 
i. c. the curves far inhibition of coupled respiration and ATPase 
activity by increasing concentrations of oligomycin are sig
moidal and hyperbolic, respectively. The lntrinsic ATPase ac
tivity in manunalian mitochondria nppears sufficient to maintain 
maxlmal rntcs of phosphorylation. 

In intact ycast rnitochondria, incrcasing concentrations of 
K+ increase the rate of phosphorylation and also cause an en
hancement of ATPasc activity. Thus in the absence of K+, the 
activity of the ATPasc complex may be rate limiting. The 
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function of K+ in yeast mitochon<lria would thus be to augment i , 

the rate of F¡ so as to induce maximal ratos of phosphorylation. 

In the strain employcd far these studies the mitochondria 
are very resistant to oligomycin. This may be taken as evid
ence far a phosphorylating system that is not tightly coupled, 
and one way to compensate for the lack of efficiency would be 
to increasc the overall rate of the process. In the light of 
the data reported here, this may be the role of potassium ions. 
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In summary, we believe that the action of J<-1- is to increase , 
1 

the catalytical activity of F¡ in the direction of ATP synthe-
sis. However, K+ in F¡ may also play a structural role. Thus 
K+ not only increases the rate of phosphorylation but also the 
ADP:O ratios. In the presence of K+, F¡ may adopt a conforma-
tion that inhibits the leakage of ¡¡+ across the mitochondrial 
membrane. 
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One of the questions that is often raised by students of 
membrane enzymology is why the properties of sorne enzymes iso
lated from a membrane dif fer from those of the membrane-bound 
enzymes. In this respect it is possible that the altered be
havior of the enzyme is due to the separation of the protein 
from other membrane components, but also it is conceivable 
that the environment or solvcnt surrounding the membrane-bound 
enzyme induces sorne of its particular properties. 

In arder to explore the latter possibility, the effoct of 
changes in the solvent on the soluble, oligomycin insensitive 
ATPase of mitochondria (F¡) was examined. Thís enzyme was 
chosen because it provides an excellent example of an enzyme 
whose properties are strikingly differcnt in the particulate 
and soluble forms. Far example, significant differences in 
the Km values far Mg-ATP, specificity towards various nucleo
sides triphosphates (Pedersen, 1976a), and energies of activa
tion (Takcshige et al., 1976) of the soluble and partícula te 
F¡ species have bcen reported. Furthermore, in additíon to 
the differences in sensitivity of the particulate and soluble 
enzyme to several inhibitors (Pedersen, 1975), the particulate 
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enzyme is markedly resistant to low temperatures, whereas ¡ ! 
soluble F¡ is extremely sensitive to cold (Pullman et al., 
1960). Thus mitochondrial F¡ possesses sorne well-defined char
acteristics that indicate that the milieu in which the protein 
exists may affect the kinetic properties and the structure of 
the enzyme. 

Hicrographs of mitochondria obtained using the negative 
staining technique (Stoeckenius, 1970) show F¡ as a "knob" of 
approximately 90 A that protrudes from the inner surface of 
the internal mitochondrial membrane. l t has not been estab
lished with certninty, however, that this is the true state 
of the enzyme in the mitochondria, and the possibility that 
this picture results from the methodology employed has not 
been excluded. If, by changing the solvent used to study the 
soluble F¡, sorne or all of the properties of the membrane en
zyme was to be reproduced, insight would be gained not only on 
thc location of the enzyme in thc membranc, but also on how 
this relates to ATP formatlon. 

'!'he study of the role of the solvent on the behavior o[ 
un enzymc presents some <lifficulties, mainly hecause thc ex
posure of an enzyme to media of low <lielectric constunt often 
induces drastic nn<l sometimcs irreversible changes in the en
zyn1e. Problems also cxist with respect to the solubility of 
substrates and products in sucl1 non-polar media. In view of 
these problcms,, wc dceided to stu<ly thc bchavior and charact
eristics of soluble F1 i11 heavy water, D~O, because tl1e D-bond
ing o[ liquid hcavy water is approximately O. 24 kcals per mole 
stronger thnn that of thc 11-bonding ln ordlnary water in the 
liquid phase. As a consequence of this higher strength of the 
D-bon<ling, heavy water is much more structured than 1120. This 
conclusion is bascd in part on tl1e diffcrenccs that l1ave hcen 
observed in the energics of hindcred molecular rotation of ll20 
and D:¿O, and also on sorne o[ their bulk propertics, such us t 

1 

melting point, viscosity and dielectric relaxation (Lewin, 1974). 

It may thereforc be expectcd that thc solution of an enzyme 
in hcavy water might induce two main alterations in the enzyme: 
the first, interactions of the polar groups of the cnzymc with 
the solvent through D-bonding or 11-bonding would be stronger 
in D20 than in 1120; this would also apply to those hydrogens 
in the protein tlwt are substitutcd by deuterlum in the short 
incubatlon times and are .11so capable of undergoing H-bonding. 
The second alteration to be expectcd also rcsults from the 
higher structural arder of D20. It is accepted by many workers 
(Tanford, 1973) that hydrophobic bonding originates mainly from •-• 
the strong attractive forces between water molecules and that 
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the attrilction per> se of nonpolar groups plays only a minar 
role in the stability of a hydrophobic bonds. Thus if D20 is 
more structured than 11 20, it would be expected that the hydro
phobic bonding within a protein dissolved in D:;O would be more 
stable than in the same enzyme dissolved in H20. 

Sorne evidence for this effect of D20 on hydrophobic bond
ing has already becn reportcd, Scheraga and his coworkers 
(Krescheck et al., 1965) showed that the solubility of hydro
carbons is higher in º"º than in HzO, and also that the crit
ical miscellar concentration of certain detergents is lower 
in D20 than in H20. 

Based on these propcrties of heavy water, two main factors 
should be considered whcn the effect of o2o on an enzymatic 
system is studied: first, the higher stobility of D-bonding 
with respect to H-bonding between Che enzyme and the solvent 
and perhaps also between sorne groups within the enzyme, and 
second, the higher strength of hydrophobic bonding that may be 
induced within the enzyme following substitution of 11 20 by DzO· 

EFFECT OF DzO ON TllE HYDROLYTIC ACTIVI'l'Y OF F¡ 

The ATPase activity of soluble F¡ obtained from baker' s 
yeast decreases as the concentration of D20 in the reaction 
mixture is increased (Fig. 1). At nearly 100% n,o the enzyme 
is reduced by about 50-60%. These results are in agreement 
with other data reported in the literature in that rather high 
concentrations o[ D20 are rcquired to produce significant ef
fects and also in that only partial lo,;s of activity is ob
served. The effect of D20 is fully reversible; if the enzyme 
after exposure to n,o is transforred to llzO, full enzymatic 
activity is restored. Therefore D,O <loes not produce irrevers
ible al tern tions uf enzyme s t ruc tu~:c. 

In arder to probe in sorne dctail the ef fect of heavy water 
on F1 , sorne of thc kinetic characteristics of thc enzymc were 
studied. The hydrolytic aetivity of F¡ from baker's ycast at 
various conccntrations o[ Mg-ATP shows non-linear kinetics ln 
a Lineweaver-Burk plot (Takeshige et aZ., 1976; Tuena de Gomez
Puyou et al. , this volume). Fig. 2 shows tha t D¿O <loes no t af
fect the kinetic pattern of thc enzymc. The Lineweaver-Burk 
plot of the enzyme incubated in o2o still shows two slopes, 
and moreover the Km of the system far Mg-ATP is not signifi
cantly modified by D20. The most obvious effect of D20 would 
seem to be on the Vmax of thc reaction. 
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FIGURE J. Effeat of D20 on the hydrnlytie aativity of ; 1 

soluble F¡. Soluble F¡ fr>om bakei> 1s yeast was isolated and 
pui>ij'ied as desm•ibed elsewhei•e (ReaktenJJald and lless, 1977). 
Its aativitiJ was mcasw•cd in lo mf.1 Ti>is-l!Cl (pll 7. 7 or> pD 8.1), 
4 mM MgCl 2 and 5. 5 nu\J Al'P; incuhation time 2 min., tempemt!II'e 
30°. Mixtw'es of 1120 and D2 0 wer>e pmpamd to yield the indi
cated content of D¿_O. The i>eaction waa stopped with t1>iahloro- ' 
acetia acid ( G% final concenti'ation) and inor>gania phosphate 
was detel'Tnined acam'dina to Swnne1' (1944). Tlw + indieates 
the aatfoitiJ of l"¡ incuhated in D20 for• 10 min. and thcn meas-
111•ed in 1120. 

Thcse obscrvations raise the question as to the mechanism 
whcreby DzO reduces thc enzymatic actlvity of F1. Thcre are 
several alternatives, and one of these would be the incluction 
by D20 of n structural rcarrangemcnt of the enzyme which would ! ! 

result in decreased enzymatic activity. Indced, it has bcen 
shown that somc moc.li(iers of the cLltnlytic properties of F¡, 
in particular anions, affect the functioning of F1 by acting 
ot a locus <lifferent from thc catolycic sita (Lambeth on<l Lardy, • 1 

1971; Pe<lersen, 1976b). The <lata show that the response of F¡ 
toan inhibitor ar toan activator is not affected (Fig. 3). 
These fin<lings, together with the observation that D20 does 
not affcct che Km of che cnzyme far MgATP suggest that the 
enzyme has not suffered changes in structure that affect its 
general cat.:i.lytic functJon. 

' As state<l earlier, the possible ef fects of D20 on the struc-
turc of an cnzyme, inclu<le increasc<l strength of D-bonding be
tween thc solvent an<l the protein as compared to H-bonding as 
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FIGURE 2. Effect of D20 on the hycb'oZytic activity of F¡ 
at VaI'ious concent1,ations of Mg-ATP. The l'erwtion mixt!ll'eS 
contained 10 n~·I TI'is-llCZ ( pll ? . ? 01' pD 8. 1J, and the indicated 
eoncentrations of Mg-ATP, maintaining the ratio of Ng-A1'P to 
fI'ee Mg 2+ eauaZ to 1. 11w tempeI'atw'e was 30° and tlie concen
tmtion of D20 1Ja11 .95~;. Note that thc scaZe [01' D2 0 is 2 x 
that fol' 1120. 

well as the ability of D20 to enhance hydrophobic bonding with
in the enzyme protcin. h'c attempted to assess the contribution 
of these factnrs. 

Oakenfull and Fenwick (1977) were <tble to calculate the 
chunges in free encrgy of hydrophobic interactions at tcmpera
ture bctween 278º and 320ºK. They also calculated the free 
cnergy changes of clectrostatic interactions at t11c same tem
pcratures. It was found th.::it as the temperature is incrcased, 
thc value of úG far hydrophobic interactions decreascs, that 
is, the strength o[ these interactions increases as the tem
peraturc of the system is raiscd. On thc other hand, electro
static interactlons were weaker at thc higher tcmperatures. 

Accordingly 1 if hcavy water <lecrcascs the enzymatic activ
ity of F1 through an enhancemcnt of hydrophobic interactions, 
it would be expectcd that as the tcmpcrnture of the system is 
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increased, the activity of the enzyme incubated in D?O would 
remain at the lower level, regardless of increments in the tem
perature of the system. On the other hand, if the inhibition 
of enzymatic activity is a consequencc of the increase<l 
strength of D-bonding relative to 11-bonding, it would be ex
pected that inhibition of enzymatic ;1ctivity woul<l be rcverse<l 
by raising the tempernture sincc the stability of 11-bonding 
would be expected to dccrcase. 

The results of cxperlmcnts in which the ef fcct of D10 on 
the hydrolytic activíty of soluble F 1 was mcasure<l at various 
temperatures are shown in Fig. 4. As expccte<l, the hydrolytic 
activity of F 1 mea.sured in Jl¿O increases as the tcmpcraturc of 
the incubation system is incrcase<l up to about 45oc. At high
er temperatures in H20, the enzyme acti.vity declines. With 
the enzyme incubated in 07.0, a <lifferent picture is observed. 
At temperatures between 15º an<l 4QOC, the activity of thc en
zyme in D,,O is lower thnn in lt')O, but above 40ºC its activity 
increases"vcry rapi<lly and i.n<l~ed at about 55ºC the activítles 
in HlO and D1D are comparable. This behavior suggests that 
D20 decrcaseS the actlvlty of the cnzymc at thc intenne<lintc 
temperntures be.cause of stronger ínteractions o( thc protein 
with the solvent through D-bonding. As the tcmperature is 
raise<l above l¡QDC, thc strcngth o( thc D-bon<ling <liminishes 
and the e[fcct of 02 0 dJminishes. 

The prcccding experimcnts indicate that for full enzymatic 
activity the enzyme may rcquirc a certaín <lcgrec of flexibility ... 
When this flexihility is impaírcd through its lnteraction with 
the solvcnt, its activity declines. It should be emphasized 
that the ovcrall cntalytícal propi~rties of thc cnzyme are not 
altered by the solvent, only the rate at which it catalyzes 
the hydrolysis of ATP is d lmi.nished; other propertics, includ
ing its scnsitivity to cations an<l anions, and to the inhibit-
ing effect of octylguani<line, as well as thc Km valucs for Mg-
ATP are not signiflcantly modifie<l (Figs. 2 and J). r ., 

EFFECT OF D20 ON TllE COLD-SENSITIVITY OF SOLUBLE F1 

In addition to an impaírmcnt o[ the flexibility of the en
zyme through its interactlon with the solvent, another of the 
predicted cffects of D2 0 on o protein would be to increase the 
strength of intra-chain hydrophobic bonds. Thus it was con
sidcred of interest to explore whcthcr this effect of D20 could 
also affect the functional or structural properties of F1, in 
particular its unusual cold-lability. The soluble enzyme is 
rapidly inactivated on exposure to temperntures of about 4oc. 
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FIGURE 3. J:,'ffeet of oet¡¡lr¡¡wnidine, llCO;_, and K+ on tlie 
hydrolytie aetivit¡¡ of soliible F¡ i>wuiJated in D10. 7'he ex
pe1'Ímental eonditi01w wei'e as in Fi[!. 1 .;xeept tlwt the mix
tm'es eontained 9m; D20 and the inclieated eonermtmtions of 
oetylauanidine, t1•is-l!C03 and KC'l. 

Penef sky and Warner (1965) showed that during this inactivation 
of soluble F ¡ the enzyme dissociatcs in to smaller molecular 
subunits. At low temperatures hydrophobic interactions are 
known to be weakencd and it is likely tlwt this contributes to 
the dissociation of F¡. Thc favorable effect of heavy water 
on the strcngth of hydrophobic interactions (Lewin, 1974) ap
peared to provide a uscful tool to test this possibility. When 
the enzyme was incubate<l in 1120 or D¿O in the cold, it was found 
to lose activity rapidly in 1120 and most of the activity was 
lost in about 2 hours. In contrast, the activity of the enzyme 
incubated in D20 was decreased by only 20%. Although Table 1 

_,. .. - <loes not show it, even aftcr S hours of cxposure to low tem
peratures, the enzyme was 50% active. 
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FIGURE 4. Effect of D20 on the hyd:r•olytic activity of F 1 
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The protective effoct of D20 on the cold-induced inactiva- _, 
tion of F¡ provides indirect evidence to support the suggestion 
that hydrophobic forces contribute to the interaction of the 
subunits of F¡. In arder to confinn this possibility, we em
ployed the fluorescent probe of ANS (8-amino naphtalene sulfon
ate). In media of low die lec trie constant the fluorescence of 
ANS increases dramatically (Chapman and Dodd, 1971) and an in
crease in fluorescence of thc dye in a given system is an in
dication that it has been transferred to a lcss polar environ
ment. 

lf the subunit structure of F¡ is maintained by hydrophobic 
bonding between its subunits, it would be expected that once 
these subunits dissociate, sorne hydrophobic groups will appear. 
These newly exposed hydrophobic groups will be now accessible 
to ANS and the fluorescence of the system will increase. Table 
1 shows not only that the fluorescence of ANS in the presence 
of the enzyme incubated in H,O at 4º increases with time and 
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TABLE l. EFFECT OF COLD ON THE ATPase ACTIVITY 
AND FLUORESCENCE OF SOLUBLE F¡ INCUBATED IN H20 AND D20ª 

H20 D20 
percent percent 

Time Fluorescence Fluorescence 
min Activity enhancement Activity enhancement 

o 100 o 100 o 

30 45 30 90 o 

60 30 70 88 

90 20 320 80 2 

150 5 380 84 3 

ªSoluble F (from bovine heart) was incubated in an ice 
bath in 10 mM Tris-l!Cl (pi! 7. 3 or pD 7. 7) and 100 mN KCl in 
H20 or D20. At the indicated times aliquots were withdrawn 
and the ATPase activity measured in H20 media as described in 
Fig. 1. For the fluorescence measurements the enzyme was in
cubated as above except that the mixture contained lOIJM ANS 
(8-amino naphthalene sulfonate). At the indicated times, the 
fluorescence of ANS was recorded. 

that the clrnnges in fluorescence roughly parallel the inacti
vation of the enzyme. Thus, it is likely that the dissociation 
of the F¡-subunits results from the rupture of hydrophobic bonds 
that maintain the native structure of the enzyme. On the con
trary, the enzyme incubated in DzO, where loss of activity is 
small, the changes in ANS fluorescence are negligible. Since 
D20 stabilizes hydrophobic interactions, the results are a 
further indication that hydrophobic bonding contributes to the 
stability of the subunit structure of F¡. 

LOCATION OF F ¡ IN TllE NITOCllONDRIAL MEHBRANE 

The results described in the preceding section suggest 
that the resistance to low temperatures of the membrane-bound 
form F¡ may be a consequence of stable hydrophobic bonding be
tween its subunits which is somehow muintained by its situation 
in the membrane. 
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This raises the question as to whether the mitochondria 
F¡ is indeed on the outside of the membrane as has been con
cluded from micrographs obtained through the technique of nega-
tive staining show (Stoeckenius, 1970). We therefore carried L.: .. 
out sorne electron microscope studies of mitochondria incubated 
in heavy water, When mitochondria were exposed to water 
treated witlt pltosphotungstic acid dissolved in water by tite t: 

1 
\ 

usual procedures, F¡ is observad as a "knob" of approximately 
90X protruding from the inner surface of tite mitochondrial mem- 1 1 

brane (Fig. 5A). 

If tite same procedure is carried out in lteavy water, these 
knobs are rarely seen and the membrane appears to be largely 
devoid of F¡ (Fig. 5B). Eitlter F¡ was removed by treatment 
witlt D20, or in DzO F 1 do es not protrude from tite inner sur
face of the mitochondrial membrana. 

The removal of F1 by D20 <loes not appear to be likely since 
mitochondria and submitochondrial particles treated with D;-0 

1 l 

show good rates of oligomycin sensitive ATPase (data not sltown), , , 
wltich indicates that F¡ is present in tite membrane. Additional 
evidence against the removal of F¡ by DzO ls provided by thc 
micrographs shown in Fig. SC. In 5B, mitochondria wcrc incu-

FIGURE 5. l·ficrog»aphs of mitochondl'iaZ membr•anes incubated t il 
in lizO and DzO, In A 111itoclzo11dr-ia WeI'e incuhated in I/20 fai' 
1 min. and f~xed with. 2% phosphotungstic acid dissolved in lizO. , / 
In B and C mLtochondi•La were incuhated in v,o foi' 1 and 5 min., 
respectively, and thereafter> fixed with phosplzotungstic acid f l 
dissolved in D2D. The bar I'epresents O. lµM. 
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bated in heavy water for 1 min. and treated with phosphotung
stic acid dissolved in n2o. In SC, the same mitochondria were 
also~incubated with D20, but the exposure of the mitochondria 
to this osmotic shock was prolonged for 3 min. and thereaf ter 
treated with phosphotungstic acid dissolved in D20. In this 
latter condition a substantial number of "knobs" are clearly 
visible. In other words, mitochondria incubated for short 
periods of time show a "naked" membrane, but at longer incuba
tion times, the 90~ "knobs" become clearly visible. 

The results thus indieate that F¡ is burie<l within the mem
brane and not protruding from the surface of the membrane. The 

® 
FIGURE 5B, C. 
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treatment of mitochondria with water and phosphotungstic acid 
(in H20) appears to induce a rapid extrusion of F¡ from the 
membrane, a process that is significantly delayed if all steps 
are carried out in D20. Heavy water may induce a stabilization 
of the membrane structures which permits their more accurate 
visualization. 

The stabilizing effect of DzO on membrane structure is not 
new. Hemolysis of erythrocytes has been rcported to be delayed 
in heavy water. Also, the rclease of sorne constituent membrane 
enzymes by chaotropic salts rcquires higher concentrations of 
the salts in D20 (Hanstein et al., 1974). The stabilizing ef
fect of D20 on membrane structures, probably a consequencc of 
the favorable effect of D¿O on hydrophobic interactions, may 
prove to be a useful tool in othcr electron microscope studies 
of membrane structurc. 

CONCLUSION 
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With respect to the functioning of F¡, the data reviewed 

here indicate that tite activity of the enzyme is strongly af
fected by the nature of the solvcnt, possibly because a certain 
degree of Elexibility is required far the enzyme to show its 
maximal activity. Recently, (Recktcnwald and Hess, 1977) ob
served a lag period of about 100 msec befare soluble F¡ exerted 1 

its catalytic activity. This may suggcst that F1 undergoes a 
transition from an inactive to an active statc. In DzO, this 
transition of F1 [rom an inactive to an active state may be 
slower. 

The results also indicate that the cold-lability of the 
soluble enzyme may be due to the sensitivity of hydrophobic 
bonding to low temperatures and that all ar at least part of 
the subunit structure of F¡, required far full enzymatic activ
ity, is maintained by such hydrophoblc bonding. 

Finally, with respect to the location of F¡ in thc mem
branc, the clcctron microscopc studies in<licate that, under 
native conditions, the enzyme may be localized within the mem
brane and not, as previously supposed, protruding from the in
ner surface of the mitochondrial membrane. 

More generally speaking, heavy water may have additional 
applications. Far cxample, it may be employed in the isolation 
and storage of enzymes that are easily denatured. Because of 
its stabilizing action of membrane structure, it may be useful 
to study the natural structure of membranes by electron micro-

! 1 

il 

, .. 



j' 
¡ .~ 

r"' 
1 
1 1 

[: 

¡ 1 
1 

b"I 

1 i 
1 ... 

Kinetic ami Structural Propcrties ,~( Mitoclumdrial A TPt1.H' 

scopy or by other rneans, and it rnay also be applied to the 
study of other systerns where stabilization of hydrophobic 
bonds is desired. 
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CONFORMATIONAL CHANGES OF SOLUBLE MITOCHONDRIAL A'l'Pase AS CONTROLLED 

BY HYDROPEOBIC INTERACTIOUS WITHIN THJ; ENZYMB 
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A. Góme ~-Puyo u 
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ncceivcd April 20 1 1978 
SUMMARY 

At 30° C soluble mitochondrial ATPase from baker's yeast shows non-
1.incar kinetics with respect to Mr;-ATP; the apparent Km values far Ms;-ATP are 
O. 6 and 2. O mM. At J cwer temperatures, 5°C and 12º C, the kinet ics of the 
cnzymc are linear with a Km for Mg-ATP of a.pproximately 0.6 mM. 
Octylguanidíne inüuces no;-i-lincar kinetics at 12º C. /;z octyl¡_;;uanidinc and 
increases in ternperature augment hydrophobic interactions within the cnzyme, 
it is concluded that the strength of hydrophobic bonding withi.n the protein 
t'egulates its conformat.ional ch-inges. Methanol activates the enzyme only 
at l'elath•ely high temperdture wldch further inJicatcs that the protein may 
exist :in t\:o active con!~ -~:1..:nions. 

INTRODUCTIOll 

Pullman et al (1,2) were the first to isolate a soluble oligomycin 

inscnsitive ATPase (F
1

) from the inner mernDrane of the mitochondria. TI1e 

importance of this enzyme in oxidative phosphorylation became apparent 

when it was found that F 
1 

restored oxidative phosphorylation in mitochondrial 

rnembr-anes dcvoid of this factor (2). It is now established that r
1 

possesses 

thc catalytic sitc(s) far ATP form3t.:ion and hydrolysis and thus, its 

mechan:ism of action is being extensively stud:ied (fer review see ref. 3). 

In this respect it has been ppoposcd that during o:ddat.:ivc phosphoryJat:ion, 

the E:nzymc may undergo conformational ch.:riges (4,5) that are dil'ectly 

related to the formation of ATP, however at the pr-esent this pc.issibility 

is a question of considerilhle controversy ( 3). 

In this work it is shown that F 
1 

may exist in two forms, which 

may be d.:ist:ineuished by their distinctive kinetics toward Mg-ATP, arid 
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by their diffe:rcnt sensitivity to methanol. In addition the results indicate 

that the change f-rom one state to another is controlled by variatkns in 

the strenr;th of the hydrophobic interactions that exist within the enzyme. 

MATERIAL AND METHODS 

Mitochondria from baY.er 1s ycast (La Azteca, S. A.) were obtainad 
accordíng to the procedure describcd by Tzagoloff ( 6) in O. 4 M sucrose, 
50 rnM tris- HCl (pB 8.2) and lmM EDTA. The mitochondria wet-e ~uspcnded in 
o.25 ?-~ sucrose, 10 rJ!.1 tris -HCl (pH 7.5) and 1 rnM phenylmethylsulfonyl 
fluori de ( PMSI') and sonicated far 1 rnin; the submitochondrial particles were 
i so] ated Ly centri f11r_ation at 105 ,000 x g fer 60 min. Fl was solubili:!ed 
bv -che m2thod of FlN:chcy et al (7), the water phase conL<:iincd O.lSM 
s~crosc, 2mM ATP, 2 mM F.:DfA ilña 1 mM FMSf (pH 7.3). furthcr purificat.ion was 
achieved by p.Jssar;e of thc enzyme through a column of Scpharosc-hexyl
am;ioni um (8) 1 e>:cept that thc clution mcdium contained l mM rMsr. The 
·:::n:.:nnc ·..:as stored as a 70% OlH

4 
)50

1 
precipitate. It was collected by 

c.:::rnr:ifur,ation and the pri:cipitatetdi~sol·~ed in 0.15B sucrose, 2mM ATP and 
2r.iM EDT/i (pH 7.!J) and thr: A:Ja.se activity ;;.c;:isured in the conditions 
dc.·~cr.iDed und~r F0.sults. Af:er stopping the rcaction with 5% 
trich1oroacetic adr-1, iu~,rg-mic phosphate was dctermined according to 
Surr;ner (9). 

RESULTS 

In a¡_:rcernent with Recktenwald and Hess ( 10) and Takeshigt' ~ ~ (U), 

the ATPase acti vi ty of yeast F 
1 

at various concentrations of Mg-ATP and at 

:incubation temperature of 30° e shows a biphasic Jdnetic behavjor in a Une-

wea\·er-Burk plot (rig. 1 A). TI1e two ~illi valuc.S far !·~g-ATP are approxirnately 

0.6 mM and 2.0 mH. The kinetic pattern at 30° Chas bcen consistently and 

i-epeatedly ohaerved in twelve diffcr<3nt prcparatjons of soluble r
1 

with 

¡¡¡ .. \.:'lJf.\::·ature ó·a3ticully a.lt~r th~ kinetic be>h."iVÍO!· of rl" A-z ::hc·,.;n in 

rir;urc lA, at an incubation temperature of 12ºC, ;md more clearly at s0 c, 

the Lineweavcr-Burk plot i.s monophasic with a Km far Hg-ATP cif appPoximately 

0.6 mM 1 which apparently corresponds to one of the YJJl values of the cn~yme 

incubated at 30ºC. 

It is known that the strength of hydrophobic honding in a given cystern 

incrcases as the temperature is raised (12). Thcrefore one of the possible 



' 
·~ 

' - ~ 
a: .. 
m 

~ 
3 
> 

-----·-----L~-------'----
1 2 

A ___ , __ _ 
mM Mg-ATP 

_ -· --·-·, .._....,,n1r1v1~l\..f\llUN~ 

0,3 

12° '"d º' ....._,,_ 

0.2 

, _______ __.a _________ , __ _ 

1 2 
B 

mMM9-ATP 

I'igure l. Lincwcaver-Eurk Plot for Mg-A'fP of Soluble r
1

• 'I11e e>:.rerirnental 
conditions were 10 m."~ tris-HCl (pH 8.5), the indicated concentrations of Mg
ATP shown riaintaining lfg-ATP/free Mg2+ =l. The incubatjon time was l min, 
at the ind.1 r:.:ated tempcratures. The rcactjon was started by the addition of 
F

1 
after tcmperature equilibration of the rcaction mixture. TI1e cxperir.ients 

at 30°C, 12ºC, and 5°C wcre carr.i.ed out with l~i ¡1g 30 l-lf, and 35 µg of enzyme 
respectively. In the e;.:pcrim-:mt with octyleu"1nidini:? (Op;) 35JJr.m of enzyme 
wer-e employed; the concentration of octylgui':l.n.idine was 180 µM and thc 
incubation tempcrature was 12ºC 

causes of the distinctive kinet.i.c characteristics of r
1 

at the temperatures 

assayed cou1d ~)C the iliffor(•nt ~tr~neth of 1'.y'.!ropbobic :11tcractions that 

with.in one c1!' another of its subunits). Indeed the .sens.itivity to low 

temperatures of soluble mitochondrial F 
1 

has bt:en sho\.m to be due to the 

weakening and rupture of the hydrophobic bonding that maintains the native 

structure of the enzyme ( 13). Accordinely it was thought that if the 

strength Of hydrophobic bonding within f l controls the kinetics Of the 

enzyme, any agent or condjtion that mod.ifics the ma.gnitude of hydrophobic 

interactions in the enzyme should also aJtt?r its catalyt.ical propert.ies. 
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Octylguanidine iiihibito the hydrolytic activity of r1 and prntects 

the enzyme againSt the inactivating action of low temperatures, the 1atter 

effect -of octylr:uanldine being due to an increa::.e in hydrophobíc 

interactions within the protein ( 14). rigure 1 D shows that at an incubation 

temperature of 12°C, octylguanidine inhibits ATPase activity, but also 

induces a change from linear to non-linear kinetics. Thus relatively high 

temperatures '3:5 well as octylguanidine at low temperatures induce non-

linearity of enzyme kinetics. Appa.rently the common action of these two 

agents is to incr·ea$e the strength of hydrophobic interactions in tbe 

enzyme. 

'Ole results of Figure 1 show that the enzyme may exist in two conforma-

tions i.e. a forro characterized by a low Km for Hg-ATP (the low temperature 

fvi·m), and anolhr~r thilt posscsccs. .1. low und a high l\m fer Hg-ATP (th'2: 30° C 

form). Therefore, it might be t:xpected that tllcse two forins could djffer 

not only in their Y..rn values toward !·:g-ATP, but also in their r-esponse to 

agents that modulate the ATPase activity of Fl' Thus, the response 

to tn'2;thanol of the cnzyme lncubated at va.rious remperatures WñS 

cxplored, because methanol activates the enz,yme through the removal ,_,f ADP, 

or via an alteration in the binding of ADP to r
1 

(15), which suggests that 

the stimulation of the activity by methanol requires the p1,esence of a 

binding si te for ADP. 

Table 1 shows that methanol fails to stirnulate the ATPase activity of 

dc·fÜ1itc stimulation of ATPase activity .. A.pparently the apr1earani:e in thc 

seT1!dtivity of F 
1 

to rr.r~thanol coincides with the chanre of monophasic to 

: 1.ipha!'.:dc kinetics, wh_ich suggests that methanol affects only t.he forro of 

"~he en:::1me wíth the higher Km far ng-ATP. 

DISCUSSION 

Tbe rcsults show that there are two forms of soluble !' 
1 

ene 
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Effect of Methanol on the ATPase Activity of Soluble F 
1 

at Various 

remp_e~at1:1re~ 

Temperature 
ºC 

10 

20 

30 

40 

50 

µmoles Pi 
formed min-1 mg-1 

- methanol + methanol 

10. 3 9.0 

45. 7 44.6 

55.4 66. 8 

64.2 97.2 

81. 3 115.1 

% of l1ctivity 
in methanol 

87 

98 

121 

151 

142 

'I)le experimental con di ti~-ns wcre 5 ._5 rnM ATP, 4 mM HgC1
2

, 10 inM Tris
HCl (pH 8.5), 15iJg of F1 and 15~. methanol where sl1own. Incubation time was 
rone min at the indicated tcmperatu:re. 

characterized by a low Km toward Mg-ATP and inscnsitivity to the activating 

action of methanol (the low tcmperature enzymc) and the other showing both 

low and high Km for Mg-ATP and the p¡~operty of bi:!ing n:ctivated by n.ethanoL 

Although the:se findings can be explained solcly on the basis of conforr;;at:ic.nal 

chanres, the rcsults may also be consis-rent with the possibility tr.at the 

enzymc in each of its two states possesscs a different number of catalytic 

si tes. Tiie 30ºC form wonld npp.-irt·nt posses5 two sí tes, uhile the low 

tt:=1r.p1:rature form would possess only one si te. 'fhe li.:1t ter sur,g·2$ tion :is 

reinforced by the observed lack of effect of r.iethanol on the latter form of 

the enzyme. Sincc the activat:ing action of methanol involves an alternt.íon 

in the binding of ADP to r
1 

(15), the ubsence of a stimulating action of 

methanol on the low temperature form would suggest that in this enzyrne 

a binding site for adenine nucleotides is missing. 

111e data also in<licate that F 
1 

undergoeS conformational chanr,~s as a 

ccnsequence of changcs in the rr.::ir.ñí tUdr:! of hydrophobic bond ir.& with!n "!:he 
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enzyme. 'Í1lis is .of iilt.eresi Lcca~Se-. the-so-l~·ent ·strikingl~ affccts the 

kinetiC and structural properties of ! 1 ( 16) ." Therefore if during ox:l dative 

phosphOry1ation thr; enzyme undergoes chanecs in its location within the 

r.iembrane ( 3), effects on the T!kigni tude of hy<lrophobic bonding wi thin the 

enzyme may induce reversible conformr:itional changcs accompnnied by the 

appearance and disappcarance of an adenine nucleotide binding site. Studies 

on the location of r 
1 

in the mitochondrfa.l membran€: will be presented 

e}s~where. 
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CAPITULO IV 

REGULACION DE LA ATPasa.MITOCONDRIAL 

SECCIONA. Controlo.f'activity states of heart mitochondrial ATPase. 

Role of the ¡frotan-motive force and ca2
+ 

SECCION B. Re¡,'lllation of the ATP supported caicitun uptake by heart 

and liver mitochondria. 
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CONTROL OF ACTIVITY STATES OF HEART MITOCHONDRIAL ATPase 
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Summm·y 

The ATPase complex of submitochondrial particles exhibits activity transi
tions that are controlled by the natural ATPase inhibitor (Gómez-Puyou, A., 
'!'uena de Gómez-Puyou, M. and Ernster, L. (1979) Biochim. Biophys. Acta 
547, 252-257). The A'r.Pase of intact heart mitochondria also shows reversible 
activity transitions; the activation reaction is induced by the establishment of 
electrochemical gradients, whilst the inactivation reaction is driven by collapse 
of thc gradient. In addition it has been observed that the influx of Ca'• into the 
mitochondria induces a rapid inactivation of the A TPase; this could be due to 
the transicnt collapse of the membrane potential in addition to a favorable effect 
of Ca"-ATP on the association of the A'l'Pase inhibitor peptide to F1-ATPase. 
This action of Ca2

• may explain why mitochondria utilize respiratory energy 
far the transport of Ca2+ in preference to phosphorylation. It is concluded that 
the mitochondrial ATPase inhibitor protein may exert a fundamental regula
tory function in the utilization of electrochemical gradients. 

Introduction 

A protein that inhibits the hydrolytic activity of soluble and particulate 
mitochondrial ATPase was isolated by Pullman and Monroy [l]. It was sub-

Abbrevintions: EDTA, cthylcnedlaminetetraacctic acid; F ¡ ·ATPasc, soluble, oligomycin..J.nsensitive mito· 
chondrlal ATPasc; FCCP, carbonyl cyanlde 4-trlfluoromcthoxyphcnylhydrazonc. 
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sequently established that the protein inhibited ali the ATP clependent reac
tions of mitochondria [2], and it was proposed that the inhibitor could actas a 
regu!ator of ATP synthesis and utilization [2,3]. 

More recently it was shown that the protein also inhibits the oxidative phos
phorylation process of submitochonclrial particles [ 4-6]. In ch!oroplasts, an 
almost identical action of the inhibitor has been observecl on the photophos
phorylation reaction [7]. In view of the possib!e role of the protein inhibitor 
on mitochonclrial function, it is of importance to note that the experimental 
data indicated that the prior to the onset of phosphorylation, the ATPase 
exhibits a transition from an inactive to an active state. This transition was 
shown to be clue to a proton-motive force induced dissociation of the inhibitor 
from the F 1 component of the mitochondrial A TPase [ 4,6]. 

In the light of these findings, severa! questions arise. One is as to whether the 
ATPase complex of intact mitochonclria exists also in the inactive and active 
states, and, if so, whether the activity states of the ATPase could regulate the 
utilization of the proton-motive force far either ATP synthesis and/or sorne 
other energy-requiring process, such as ion transport. 

In the !atter respect, it should be recal!ed that, under certain conditions, 
mitochondria have been founcl to uti!ize energy clerivecl from electron transport 
far driving Cal+ influx, in preference to carrying out ADP phosphorylation 
[8,9]. 

The results of this work show that the ATPase complex of intact rat-heart 
mitochondria exists in inactive ancl active states, and sorne of the factors that 
control this transition are describecl. In adclition the experimental findings pru
vide a molecular explanation far the ability of mitochondria to accumulatr, 
Cai+ in preference to oxidative phosphorylation. 

Material ancl l\lethods 

Mitochondria from the hearts of 4-6 rats were preparecl either by the 
Nagarse method [9] (the authors are indebted to Dr. A. Vercesi far a practica! 
clemonstration of this procedure), or by grinding the minced heart with sand in 
0.25 M sucrose, 1 mM EDTA pl-1 7.4. \Vith respect to the ATPase experiments, 
both methods gave essentially the same results; however in mitochonclria 
prepared by the Nagarse method, the respiratory control ratios were signifi
cantly higher ( at !east 4 in Nagarse prepared mitochondria ancl about 2 in the 
other preparation). Mitochondria were used within 1 h of their preparation. 

ATPase activity was measurecl (un!ess otherwise statecl) in 1.0 mi of an 
incubation mixture containing 0.8-1 mg mitochondrial protein, 0.125 1\1 
sucrose, 12,5 mM Tris-BCI (pl-1 7.4 ), ancl 3 mM A TP. The arder of acldition of 
the tested compounds, ancl other aclclitions are described in the respective 
tables and figures. Trich!oroacetic acid at a final concentration of 6% was 
added to stop the reaction and inorganic phosphate was determined in the 
supernatant according to Sumner [10]. 

Cai+ uptake was determined by monitoring absorbance changes of 30 µM 
arsenazo (III) at 675-685 nm in a dual wavelength spectrophotometer [11]. 

Soluble mitochondrial F1-ATPase was prepared as described elsewhere [12]; 
the preparation ofthe ATPase inhibitor protein has also been described [13]. 
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Results 

Actiuation and inactiuation of the ATPase by e/ectrochemical gradients 
As shown in Table I, the A TPase activity of rat-heart mitochondria is 

increased several-fold by including the uncoupler FCCP in the incubation mb:
ture. In the presence of glutamate-malate or succinate, the uncoupler stimu
lated ATP-ase activity beco mes higher, whilst in the absence of the uncoupler a 
lower amount of inorganic phosphate is detected in the presence of the oxidiz
able substrates; the latter is most probably dueto phosphorylation of ADP. 

The activation of the uncoupler stimulated ATPase activity by glutamate
malate is inhibited by rotenone and antimycin, and that induced by succinate 
by antimycin. The stimulation effect of antimycin in the absence of FCCP may 
be due to an uncoupling effect of this antibiotic. 

The aforementioned results indicate that electron transport induces activa
tion of the ATl'ase complex, The results in Table lI indicate that the proton
motive force derived from electron transport is the factor responsible far the 
activation, since FCCP effectively prevents the activating action of the sub
strates when added befare electron transport is established. This conclusion is 
in agreement with the studies in Mg-ATP submitochondrial particles, in which 
it was shown that the A TPase could be activated by a proton-motive force via 
removal of the endogenous ATl'ase inhibitor from the F, component [ 4,5,14). 
Also it agrees with previous findings of Bertina et al. [ 15] who used aurovertin 
as pro be of conformational changes of partícula te F 1 as induced by the energy 
state of the particles. 

Fig. 1 shows that once the ATPase of intact mitochondria is activated, it 
remains in that state for a period of at least 7 min. These results indica te that the 
process is not revcrsed by collapse of the electrochemical potential, provided 
the enzyme is maintained in an active hydrolytic state. Moreover the experi
ment shows that the activity state of the ATPase may be evaluated by assay of 

TABLE l 

EFFECT OF OXIDIZABLE SUBSTRATES ANO RESPIRATORY lNHJBlTORS OF THE ATPasc 
ACTIVITY OF llEART MITOCllONOIUA 

Mltochondria (0.72 mg) prcparcd by the Nugarse method were incubatcd in 1 mi of a mixture that con· 
talned 0.125 M sucrosc, 12.5 mM Tirs·HCl (IJll 7.4), and thc indicatcd additions: rotenone 4 µg, 
untlinycln A 0.5 µg, 5 mM glutamate/5 mM malate, or 5 mM succinate. Aftcr 3 min, 3 mM ATP .t 1 µM 
FCCP wns added, llydrolysls was allowed to proceed for 3 min. 

Additlons 

None 
Rote no ne 
Antlmycln 
Glutamntc/malate 
Glutnmate + rotcnom• 
Glutamatc + antimycin 
Succinatc + rotcnone 
Succinatc + antimycin 

ATPnsc (µmol P¡ Cormcd/mg) 

+FCCP 

0.09 0.54 
0.13 0.35 
0.25 0.50 
0.0·1 1.02 
0,16 0.60 

º"'º 0,55 
0.05 0.97 
0.23 0.52 
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TABLE lJ 

EFFECT OF THE ORDER 01;- ADDITION OF SUCCINATE ANO FCCP ON THE ATPasc ACTJVITY 
OF MITOCllONDRIA 

Mltochondria (0.6 mg) prcparcd by grindlng thc tissue wlth sand wcrc incubatcd in 1 ml of 0.125 M 
sucrose, 12.5 M sucrosc, 12,5 J\.f Tris·HCI (pll 7.4), 5 µg rotcnonc, and thc lndtcated addltlons (A). Aftcr 
3 mln, 3 mM ATP plus thc indicated addltlons in B wcre lnr.ludcd in thc mixture, Jlydroh·sis of ATP was 
allowed to procecd for 2 mln. 

Addltlon A 

5 mM succlnate 
1 µ~I FCCP 
5 mM succlnutc 
1 µl\f FCCP/5 ml\f succinate 

Addition B 

ATP 
ATP 
ATP/FCCP 
ATP 

ATPasc (µmol P1 formed/mc/min) 

0.0·1 
0.20 
0,38 
0,23 

the uncoupler stimulated hydrolytic activity in relatively short times of incuba
tion. 

This property of the A TPase may be utilized to study its activity state as 
influenced by the metabolic condition of the mitochondria. In the experiment 
of Fig. 2 fresh mitochondria were incubated with glutamate-malate for 2 min, 
at this time rotenone was added, and this was followed by the sequen tia! addi
tions of succinate and antimycin. Samples of the suspension were withdrawn at 
pre-determined times and their uncoupler stimulated hydrolytic activity was 
explored. 

The results show that the activity state of the A TPase oscillates in a fashion 
that is controlled by the build-up and collapse of an electrochemical gradient. 
Therefore electrochemical gradients would scem to be an important factor in 
the control of the number of ATPase molecules that exist in the active or 
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Fig, 1, ATPase activity of hcart mltochondria prcincubatcd wlth succinatc, Mitochondrlu (3 mg) prcparcd 
by grindlng thc hcarts with sand wcre incubatcd in 5 ml of 0,125 M sucrose, 12.5 mM Trls·UCI (pH 7 A), 
4 µg rotcnonc,and 5 mt-.1 succinntc as indicutcd, After 2 min, 3 mM ATP wus ndded with an without 1 µM 
FCCP as shown by the arrow. Al the times indicatcd alic¡uots ol 1 mi wcrc wlthdrawn und addcd to tri· 
chloroacctlc acld: inori::aníc phosphate was ussaycd in th-c supcrnatant, 
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Fig. 2. Changcs or ATPasc activity of hcart mltochuncJria 11s regulated by ch?ctrun flow in the respiraton· 
chaln, Mltochondrla (3,6 mg) prcpared by tite Nacarse method wcre added to 6 ml of incubatlon medium 
that contalncd 0.125 M sucrose, 12.5 ml\t 'l'rls·llCI (pll 7..1), ancl 5 mM glutamate/5 mM malate. Aftf.!r 
two mln und the times shown aliquots of 0,5 mi were withdrawn and addcd to 0,5 ml of 12,5 m~I Trls· 
llCI pll 7,.1, 1 µl\I FCCP and 3 mM A'rP (final concentratlon). Thc hydrolysis of A'l'P wns allowed to 
proceed Cor 3 mln, Al the arrows and immediately alter withdrawl of thc aliquot, 5 µg rotc11one, 5 m~I 
succinate, and 1 µg antimycin wcre aclded to the reuctlon mixture. 

Fig, ·3, Effoct oí Ca2+ on thc uctivation of ATl'asc by succinatc, Mitochondria {0.85 m") Jlrcpn.rcd b~· 
grlnding thc hcarts with sand wcrc incubatcd in 1 ml oí 1.25 ~I sucrosc, 12.5 mM Tris·HCI (pH 8..l), 
5 mM succinatc, 2 µg rotcnonc, .ind tht! lndlcatcd conccntrntions of ca2+. Aftcr 3 min, 3 mM ATP and 
1 µM l~CCP wcrc addcd; hydrolysis procccdcd for 2 min. Thc stimulation of A'l'Pasc activity induccd 
by succinatc is plottcd. Control tuhcs wcrc incubatcd without succlnate; thc incluslon of ca2+, in the 
absencc of succinatc dld not modif~· to a shtnificant cxtcnt mitochondrial ATPasc, 

inactive state. Although the rate of inactivation and activation cannot be pre
cisely determined by this methodology, the 'on' and 'off' rutes seem to be com
patible with those expected of a regulated process. Indeed in chloroplasts the 
activation rute of the ATPase via removal of the inhibitor has been shown to be 
in the millisecond range [7]. 

Effect of Ca2+ on the activity state of the A TPase 
Mitochondria from a large variety of cells accumulate Ca2+ [16], and it is 

known that electrochemical gradients are the driving force for Ca2+ accumula
tin [17]. As the activity state of mitochondrial ATPase seems to be controlled 
by the proton-motive force (Refs. 4, 5 and 14, and see also Fig. 2), it was con
sidered of interest to explore whether Ca2+ transport affected the activity state 
of the enzyme. 

Far this purpose mitochondria were incubated with various concentrations 
of Ca2+ anti with succinate. After 3 min ATP (+FCCP) was added and the 
hydrolysis of ATP was measured. Fig. 3 shows that Ca" effectively prevented 
the succinate induced activation óf the A '!'Pase. Parallel experiments carried 
out under identical conditions showed that in the presence of succinate, mito
chondria could accumulate about 90 nmol of Ca"/mgin a period of about 1.5 
min with 100 nmol Ca2+ added per mg of protein (data not shown). 

The action of Ca 2+ in inhibiting the succinate-induced activation could be 
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Flg, 4, lnactivatlon oí mltochondrlal ATPase by Cal+ mltochondria (3,6 mg) preparcd by thc Nugarse 
mcthod were lncubated Cor 2 min in 3 ml oí 0,125 M sucrose. 12.5 mM Tris·IICl (pII 7 .4), 0,5 ml\.1 phos
phate, 4 µg rotcnonc, nnd clthcr 5 mM succlnntc (A) ar 100 µM Cn2+ (Il), At the indlcated times 0.5 mi of 
this mixture was added to 0.5 mi Tris·HCI (pH 7.4), 3 mM ATP, and 1 µl\1 FCCP (final conccntration) 
and the hydrolysis muasurcd In a 3·mln perlad. Aftcr the flrst alh¡uot was withdrawn 100 µM cal+ was 
addcd (open clrclcs in A); in thc trace dcplctcd with /.-1'1. 100 µl\1 ca2+ plus 10 mnol rutlwnlum red 
(RR) was addcd, whUc in thc trace illuslratcd with closcd clrclcs (A), no addltlon was madc al 2 min. In 
U mitochondria wcrc incubatcd wlth 100 µM ca2+, and 5 mM succinatc was added at the arrow (2 mln), 
ThQ uppcr traces (dashcd Unes) indicate thc absorbancc changcs at 675--685 nm oí 60 µM arsenazo (lll) 
ar mituchondria incubatcd in cundltiuns identical to those oí the ATPase cxperlments. In A, Ca:?+ uptnke 
was startcd by a<lding Ca2+ (truthenimn red (HH)) to mltochondria lncubated íor 2 mln with succlnatc, 
while in B, uptake was started by addlng succlnatc to mltochondrla prelncubated wlth ca2+ for 2 mln. 

due either to interna! Ca2+ causing e.g. an inhibition of the activity of adenine 
nucleotide translocase [18] ar a prevention of the activation of the ATPase, 
dueto the utilization of the eiectrochemical gradient for Ca,. transport. 

An action of interna! Ca2+ on the translocase may be discarded, since the 
assay of the hydrolytic activity is carried out in the presence of FCCP which 
induces a release of Ca1+ from the mitochondria. Moreover the experiment of 
Fig. 3 shows that after the enzyme had been activated, the addition of FCCP 
(+ATP), which induces release of Ca,., does not reverse the activation. There
fore the results indicate that either interna! Ca1 + or Ca'+ inílux, ar both may be 
responsible for inhibiting the activity of the ATPase complex. 

To explore the Jatter alternatives, the experiment of Fig. 4 was carried out. 
Mitochondria were incubated for two min with succinate, at which time Caz+ 
was added and the activity state of the ATPase was measured at various time 
intervals, by assay of the hydrolytic activity of aliquots withdrawn from the 
incubation mixture. Upon the addition of Ca2+ a sudden drop in the activity 
state of the enzyme was observed, The activity continued to be Jow for at Jeast 
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l•"ig. 5, ActMty statcs oí mltochontlrial ATPasc durlng statc 4-statc 3 transltlons. Effcct of ca2+, l\llto
chondria (3,8 mg) werc lncubated as in Fi11. ·l. The rcst of thc experimental condltlons wcre also ldentlcal. 
In A, ADP (1 µmol) was addcci with and wlthout 100 µ;\l Ca2+ ns shown lo mltochondria prclncubntcd 
for 2 min with succlnatc (Succ); whUst in D, 5 m~I succinatc ± 1 µmol ADP was addcd to mltochondria 
prcincubntcd far 2 min with cn2+. llydroh·sis of thc withdrawn samplcs was allowed to procced for 2 
mln, 

4 min; it should be mentioned that CaH was comp!etely taken up by the mito
chondria in a period of about 60 s after its inclusion into the mixture (Fig. 4). 
The inhibition by Ca2+ was prevented by ruthenium red which inhibits the 
influx of CaH into the mitochondria [19,20]. It was also observed that suc
cinate <lid not activa te the A TPase system of mitochondria prcvious!y incu
bated with Ca'+ (Fig. 4). 

The results of Fig. 4 indicate that the influx of Ca'+ into mitochondria either 
prevents the aciivation of the ATPase or, alternatively, that it inhibits the 
enzyme by sorne other mechanism. In either case, this action of CaH could 
account far the observed ability of mitochondria to accumulate Ca2+ in prefer
ence to oxidative phosphorylation [8,9]. 

According to the data of Fig. 5, it would seem that the activity state of the 
ATPase accounts far this property of mitochondria. Mitochondria incubated 
far 2 min with succinate show a high A TPase activity, this is not modified 
during a state 3-state 4 transition, as induced by a limiting amount of ADP 
(Fig. 5). On the other hand, the simultaneous addition of Ca2+ and ADP 
induces a strong and rapid fall of A TPase activity and the low activity persists 
far at least 4 min. In agreement with this observation, the findings of Fig. 5 
indicate that mitochondria previously exposed to CaH (and rotenone), in 
which the activity is low, the addition of succinate (with and without ADP), 
<loes not increase the activity of the ATPase complex (Fig. 5). In other experi
ments (not shown) it was found that the rate of ATP synthesis was diminished 
by about 60% after a completed Ca'• cycle; this finding is in agreement with 
earlier observations by Vercesi et al. [9]. 

The preceding data indicate that CaH influx may regulate the activity state 
of mitochondrial ATPase. However, the data show that the low activity, as 
observed in the presence of Ca2•, persists even after CaH has been taken up. 
Therefare it is conceivable that Ca2+ per se affects the activity of the ATPase, 
e.g. by preventing the release of the inhibitor from the enzyme. 

The latter possibility was explored by measuring the effect of Ca-ATP on 
the interaction of soluble purified F 1-ATPase with the ATPase inhibitor. Horst-
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Fig. 6. Efícct ar Ca-ATP on thc lntcractlon of soluble Fi·ATPasc with thc natural ATPase inhlbitor. In 
A, soluble F ¡ ·ATPase (33 µg) was incubatcd with 4 µg lnhibltor íor 10 mln in a mixture uf 10 mM Tris· 
Mes (pll 6,5), and thc lntlicatctl conccntrations uf Ca·ATP, Aliquots wcre withdrawn Cor mcasuremcnts 
of ATPasc actMty, Thc spedflc activity of F¡-ATPasc was 54 µntol/mlnfmg. In B, thc samc lncuhntlon 
conditlons wcrc employed cxcept that 0,5 ml\1 Ca·ATl' was used, and the lndicatcd conccntration of thc 
lnhibitor was rnricd as indlcatcd. 

man and Racker [ 21] have reported that Cal+ pro motes the association of F 1 

with inhibitor. The data of Fig. 6 show that the association depcnds on the 
concentration of Ca2+-ATP added, and that ata concentration of 0.5 mM Ca
ATP the interaction becomes a function of the amount of inhibitor added. In 
this respcct Cal+ behaves similarly to Mg2+ (data not shown and Ref. 21). 

Discussion 

In this work, it is shown that the ATPase complex of intact heart mitochon
dria may exist in two states, which in reference to previous work [ 4] may be 
denoted as inactive and active. The present observations are in agreement with 
previous findings with particles [ 4], in which it was shown that the ATPase 
complex could undergo a reversible transition from the inactive to the active 
state through the reversible association of the A TPase inhibitor protein of Pull
man and Monroy [1] with the F1 component of the ATPase complex. As the 
presently described activity transitions of intact mitochondria are strikingly 
similar to those o bserved in particles [ 4] , most likely the association and dis
sociation of the inhibitor from F1-ATPase is responsible for the changes in 
activity of the enzyme in intact mitochondria. 

The results of this work show that in intact mitochondria, it is possible to 
determine the activity state of the ATPase complex by measurements of its 
hydrolytic activity in the presence of an uncoupler. Using this method we 
observed that the activity state of the enzyme exhibits reversible changes. 
Although it has not been possible to determine the rates of activation or inacti
vation, the data suggest that these are compatible with a system that is of 
metabolic significance. In addition some of the factors or metabolic conditions 
that control the activity transition have been determined. 

In agreement with previous observations in chloroplasts and submitochon
drial particles [ 4-7], the present data indicate that the shift of the enzyme to 
the active state is mainly, if not solely, controlled by the establishment of elec
trochemical gradients. On the other hand, th~ inactivation of the system seems 
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to be more complex and subject to a larger number of variables. It has been 
observed that the collapse of the gradient favors the active to inactive transi
tion, but in addition it has been found that the in flux of Ca 2+ also induces 
inactivation of the enzyme. 

We have considered the possibility that the relatively small decrease in the 
electrochemical potential that occurs during Ca i+ influx in heart mitochondria 
[22] accounts for the inactivation of the ATPase, but alhough the drop in 
potential may account for the inactivation, other factors are certainly involved. 
If shifts in electrochemical gradients are responsible for the activity transitions, 
it would be expected that after Cai+ uptake had taken place, the low activity 
of the ATPase would change to higher leve!. This was not the case; after Ca2+ 
had been accumulated the activity of ATPase remained at a low leve!. This 
observation suggested that Caz+ may inhibit ATPase directly e.g. by preventing 
the dissociation of the inhibitor. Indeed we found, in agreement with Horstman 
and Racker [21], that Ca2+ effectively induces the association of the inhibitor 
with soluble F1• Therefore it is conceivable that in mitochondria Ca,. has a 
dual effect; its influx causes an association ( or prevents the dissociation) of the 
inhibitor protein with F,, due to a decrease in proton·motive force; and 
interna! Caz+ stabilizes, or induces the formation of the F 1-inhibitor complex. 
In this respect it is worth noting that Carafoli et a'!. (unpublished results) have 
observed that the A TP-supported Ca 2+ uptake by heart and liver mitochondria 
may be regulated by the activity state of the ATPase. 

The experiments described in this work also shed sorne light on the molec
ular events that account for the known feature of mitochondria to utilize their 
electrochemical potential for Ca2 + transport in preference to oxidative phos
phorylation [8,9]. The inactivation of the ATPase by the inhibitory protein 
upan Ca2

• influx would explain why the proton-motive force is utilized for 
Ca2

• transport in preference to oxidative phosphorylation. 
As the inhibitor protein has been isolated from mitochondria from a large 

variety of cells [l,2,23-27], it is possible that the protein exerts a general and 
important regulatory role in the overall functionality of mitochondria by con
trolling the pathways through which the proton-motive force is utilized. 
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SUMMARY 

The ATP-supported ca2+ uptake of hcart and liver mitochondria 
preincubated in conditions in which electron transport had ei
ther been prevented by rotenone or antimycin, or induced by oxi~ 
dizable substrates, has been studied. Mitochondria preincubated 
with respiratory inhibitors accumulate ca2+ less efficiently 
than mitochondria preincubated with oxidizable substrates. The 
difference correlates with the degree of activation of the oli
gomycin-sensitive ATPase. The results indicate that the rate at 
which mitochondria take up ca2+ in the ATP-supported system may 
be controlled by the reversible association of the inhibiting 
peptide (Pullman,, and Monroy, J. Biol. Chem., 238, 3762-3769) with 
the ATPase complex. Since this process.appears to be modulated by 
the transmembrane ele5trochemical gradient, the latter may regu
late the uptake of Ca + in a hitherto undescribed way. 

INTRODUCTION 

The transport of ca 2+ by mitochondria has been the· subject of 
a large number of investigations (far a review see reference 1). 
It is supported by electrical gradients derived either from elec
tron transport or from ATP hydrolysis; in the former case the pro
cess is oligomycin insensitive, iu the' latter it is completely pre
vented by the antibiotic. It is very likely that mitochondria play 
an important role in the regulation of ca2+ levels in the extrami
tochondrial milieu (1). Therefore, knowledge of the factors that 
regulate the movements of ca2+ across their membrane is of impor
tance to determine the conditions by which mitochondria influence 
the ca2+ concentrations of the cytosol. 
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Recently, it has been found that the mitochondrial ATPase may 
exist in two states: an "active" state in which the enzyme ex
hibits full hydrolytic and synthetic activities, and an "in
active" state, in which the two activities are totally depres
sed (2). The transition of one form of the enzyme to the other 
was found to be controlled by the so-called ATPase inhibitory 
peptide originally isolated by Pullman and Monroy (3). When the 
inhibitor peptide is associated to the ATPase, the enzymatic ac
tivities of the complex are completely abolished. Dissociation 
of the inhibitor from the ATPase, is induced by electrochemical 
gradients, and resul ts in the complete restoration of the cata
lytic activities of the enzyme (2). In this work we will descri
be experiments indicating tlla.t under contitions leading to the 
"inactive" state

2
of the ATPase, mitochondria show a low ability 

to accumulate Ca + in the ATP-supported system. By contrast, the 
rate of ca2+ influx is significantly higher under conditions in 
which thc A'rPase is in an active state. 'rhe data suggest, a novel 
mcchanism through which mitochondri.a may rcgulate the rate at 
wh.ich they take up ca2+. Apparently, this regulatory proccss is 
controlled by the shifting of the inhibitory peptide to and from 
the ATPase. 

METHODS 

Rat heart mi todo ndria were prcpared by two mcthods. In the 
first, after disruption of the tissue by gentle grinding with 
sand in 0.25 M sucrose - 1 mM EGTA, 3 mM !lepes, pH 7.1, a stand
ard differential centrifugation scheme was followed, with final 
resuspension of the mi tochondria in O. 25 M sueros e, 3 mM Hepes, 
pH 7.1. The second method was that recently describcd by Verce
si et al. (4). 'rhe two methods yielded mitClchondria that wcre 
nearly identical functionally. Rat liver mitochondria were pre
pared by homogenization of the minced liver in 0.25 M sucrose, 
1 mM EDTA, 3 mM !lepes, pH 7.1. The mitochondria were washed twi-
ce and resuspended in 0.25 M sucrose, 3 mM !lepes, pH 7.1. 45ca2+ 
uptake was measured by Millipore filtration (the composition of 
the reaction media is detailed in the Results section). The fil
ters were washed with cold 0.25 M sucrose, and countered in a scin
tillation counter. The general procedure fer the measurement of 
the ATPase activity was the following. Mitochondria were incuba
ted in mixtures of differcnt composition (sce Results section), 
and at the described times aliquots were withdrawn and added to 
a medium consisting of 3 mM A'rP and 1 ¡t1 FCCP. After three minu
tes, the reaction was arrested with trichloracetic acid (6% fi-
nal concentration) and inorganic phosphate was determined in the su
pernatant.The tetraphenylphosphonium-sensitive electrode used 
fer the experiment of Figure 2 was prepared according to the 
indications given in (5). 

RESULTS 

ATP-Supported ca2+ Uptake in Heart Mitochondria 

Table I shows that the ability of heart mitochondria to ac-
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Effect of Succinate and Antimycin A on the ATP-suppor
ted ca2+ Uptake by Heart Mitochondria. 

Preincubation 
Mixture 

Antimycin 
Succinate/Antimycin 
Succinate 

Addition at 
5 min 

ca 2+/ATP 
ca2+/ATP 
ca2+/ATP 
ca2+/ATP/Antimycin 

ca2+ Uptake (nmoles 
per mg protein) 

20.3 
10.2 
13.3 
24.8 

Heart mitochondria (O. 56 mg protein) prepared by the 
method of Vercesi et al. (4) were added to !.O ml of 
0.25 11 sucrose, 15 mJI! Tris-Cl pH 7.4, 4 µg rotenone 
and 5 mM succinate and/or 2 pg antimycin, as indica
ted. After five minutes of incubation at 25°c, 3 mM 
ATP, 100 nmoles 45caC12, 2 µg antimycin were added. 
After one minute, an aliquot of the mixture was fil
tered thfough Millipore filters, washed, and the ra
dioactivity determined in a scintillation counter. 

In one minute, about twice as much ca 2+ is taken up by mitochon
dria that had bcen allowed to oxidize succinate during the 5 mi
nutes preincubation, than by those that had been preincubated 
with antimycin A. The presence of succinate by itself is not the 
cause of the higher uptake of ca 2+. Jl!itochondria incubated with 
succinate and antimycin, show a lower capacity to accumulate 
ca2+ in the ATP-driven system, than those which had been prein
cubated with succinate alone, and in which ca2+ uptake was ini
tiated by the simultaneous addition of ca 2+, ATP, and antimycin. 
Parallel experiments have shown that under these experimental 
conditions, antimycin Induces a total and in@ediate arrest of 
the respiration. 

The oxidation of glutamate-malate during the preincubation 
also induces a higher capacity to transport ca2+ in the ATP
driven system (Fig. 1), as compared to mitochondria in which 
NADH oxidation was blocked by rotenone. In mitochondria prein
cubated with rotenone, the uptake of ca2+ is higher than in 
those incubated with antimycin. This suggests that the oxidation 
of endooenous substrates may account for sorne of the ATP-suppor
ted Ca 2~ uptake that is observed in the absence of added oxidi
zable substrates (see also Table I). 
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Figure l. Effect of the Preincubation with Oxidizable 
Substrates and of Respiratory Inhibitors on the ATP
Supported Ca2+ Uptake by !leart Mitochondria. Mitochon
dria frorn heart ( 1. 8 mg protein), pre pared by grinding 
the tissue with sand, were preincubated at 25°c in 3 rnl 
of 0.25 M sucrose, 12.5 rnN •rris-HCl, pll 7.4. The reac
tion media also containcd 5 mM glut.:irnate-5 rnM rnalate 
(A, closed circles), 4 pg rotenone (A, open circles), 5 rnM 
succinate and 4 µg rotcnone (B, closed circles), and 2 µg 
antimycin and 4 µg rotenone (B, open circles). After 2 min 
ar preincubation, 300 µM 45cacl2 .:ind 3 rnM ATP were added 
to all reaction vessels. Together with ca2+ and ATP, 4 µg 
rotenone (A, closed circlcs) or 2 µg antimycin A (B, clo
sed circles) were added. At the indicated times aliquots 
were withdrawn, filtered through Millipore filters, 
washed, and counted in a scintillation counter. 

The recent suggestion that the mitochondrial ATPase may exist 
in "inactive" and "active" states (2) determined by the trans
rnembrane electrochemical gradient, was considered as a likely ex
planation for the ca2+ uptake results shown in Figure l. The 
transrnembrane clectrical potential was therefore rne.:isured direc
tly wi th .:i tetrapJ·,."nylphoq1honi um- sen si ti ve clcctrode upan ad
dition of ATP to liver rnitochondria that had been preincubated 
with either succinate, or antirnycin A. The traces in Figure 2 
show very clearly that ATP polarizes the mernbrane to a final 
value of about 170 rnv (negative inside) when added to succi
nate-preincubated rnitochondria, but only to a final value of 
about 130 mv in the case of antirnycin A preincubation. Thus, the 
preincubation under deenergizaing conditions indeed results in 
the transition of the ATPase towards a more inactive forro. 
The alternative possibility was also considered that the pre
incubation under de-energizing conditions resulted in a decrea
sed activity of the adenine-nucleotides translocase,which is 
known to be part:ly electrogenic (6). !lowever, direct tests of the 
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f!9ure 2. Transmembrane potential developed by ATP in li-
ver mitochondria incubated with succinate or with antimycin 
A. Mitochondria (O. 5 mg of protein per ml) were incubated at 
250 in 0.13 M KCl, 10 mM Hepes buffer, pH 7.4, and 2 µg rote
none per mg of protein. At point "S" 1 mM succinate was ad
ded, at point A'fP, 0.5 mM A'fP, at point AA, 1 µg antimycin 
A per mg or protein. The electrode response was calibrated 
as indicated in (5). The lower trace in the Fiqure is a ca
libration for an appé!rently unspe cific effect of l\'I'P, which 
is visible also in the upper traces, and was, accordingly, 
subracted. Fiftecn min of incubation in the prescnce of an
timycin A evi<lcntly abol ished completely the proton ;"otive 
force, thc.rcby inh i bi tj ng thc p0nctra.ion of Nl'P. 

translocase have shown it to be unaffected by the experimental con
ditions of Figures 1 and 2 (F. Alatriste et al., unpublished). 

It follows from the previous data that the hydrolytic activity 
of the ATPase could show changes that parallel the capacity of 
mitochondria to accurnulate ca2+. Figure 3 shows that the changes 
that occur as a function of time in ca2+ uptake and ATPase acti
vi ty in mitochondria exposed to either antimycin or succinate are 
indeed parallel. Antirnycin preincubation induces a dramatic decre
ase in both the capacity of mitochondria to accumulate ca2+ and 
their ability to hydrolyze ATP. 
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---On- -the-- other hand, in mitochondria preincubated with succi-
nate, both activities are considerably higher. It should be no
tad that the effects of antimycin occur within seconds of its 
addition. 
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Figure 3. Effect of the Time of Preincubation with Oxi
dizable Substrates or Antimycin on the ATP-Supported 
ca2+ Uptake, and on the ATP;:ise Activity of lleart Mito
chondria. Mitochondria were prepared by the Method of 
Vercesi et al. (4). Jn A,0.6 mg of mitochondrial protein 
were preincubated at 25ºc in 1 ml of 0.25 M sucrose, 
15 mM Tris-HCl, pH 7.4 and 4 µg rotenone. •rhe reaction 
medium also contained 5 1ru~ succinate (closed circles) 
or 2 µg antimycin (open circles). At the times indica
ted in the Figure, mitochondria wcre transfcrred to 
rcaction vcsscls con ta i.ning l 00 rnnolos 4 ScaCl2, 3 m!•1 
1-.1rP a.nd (closc~a circle:s) 2 :ig antimyci.n .. r..fter t'.·iO min 
of incubation, aliquots ~1crc witlidrawn, filtered, was
hed, and counted. In B, mitochondria (ID mg protein) 
were preincubated far two minutes in7 mlof 0.25 M sucro
se, 12.5 mM Tris-HCl pH 7.4, 5 mM succinate and 15 µg 
rotenone. At the times shown, 0.5 ml aliquots wcre with
drawn and added to 0.5 ml of distilled water that con
tained 3 mM ATP and 1 µM FCCP, and the amount of inor
ganic phosphate liberated in 5 min was assayed. After 
the first aliquot (2 min of incubation ) was withdrawn, 
15 µg antimycin was added to one incubation flasks (open 
circles), samples were taken thereafter, and their ATPase 
activity was determined. 
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The data presented in Table II show that the higher ATP-sup
ported ca2+ uptake that is observed in mitochondria exposed to 
succinate is inhibited by atractyloside and oligomycin. The for
mer prevents the influx of ATP into the mitochondria (6), while 
the latter inhibits the hydrolysis of ATP by interfering with 
the translocation of tt+ which is obligatorily coupled to the hy
drolysis of ATP (7) . Therefore, the hydrolysis of ATP is indeed 
the. factor that accounts far the higher ability of mitochondria 
to accumulate ca2+ when exposed to oxidizable substrates. Table 
II also shows that the inhibitor of ca2+ transport, ruthenium 
red (8,9) and the uncoupler FCCP, block the ATP-supported in
flux of ca 2+ into mitochondria. 

TABLE II 

Effect of Atractyloside, Oliaomycin, Ruthenium Red and 
FCCP of the ATP-supported ca2+ Uptake by Heart Mitochondria. 

Inhibitor present in the 
prcincubation mixture 

Atractyloside 
Oligomycin 
Ruthenium red 
FCCP 

Preincubation with 
antimycin succinate 
ca2+ Uptake (nmole pcr mg p:<:otein) 

15.2 
2.0 
3. 2 
2.2 
3.0 

69.5 
3.5 
2. 2 
2.5 
2.2 

Heart mitochondria were incubatcd as in the experi
ment of •rable I, with 2 µg antimycin or 5 mM succinate. 
The preincubation mixture also contained 50 µM atracty
loside, 5 µM ruthenium red, 2 µg oligomycin, ar 1 µM 
FCCP, as indicated. ca2+ uptake was init.iated by the 
addition of 45cacl2 (100 nmole), 3 m11 ATP, and 2 µg an
timycin. Three minutes later an aliquot was f iltcrcd 
through Millipore filters, washed and counted in a scin
tillation counter. 

The effccts of substratc ~reinct1bation on tha ATP-supported 
ca 2+ uptake are obscrved also ~hcn mitocl1ondria are cxposcd to 
relatively low concentrations of ca2+. Figure 4 shows that the 
uptake is higher in mitochondria preincubated with succinate 
even when the concentration of added ca2+ is of the arder of 10 pM. 
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Figure 4. Ca2+ Uptake at Various Concentrations of 
added ca2+ by Hcart Mitochondria preincubated with 
l\ntimycin or Succinate. !-litochondria: (0.6 mg pro
tein) prepared by the method of Vcrcesi et al. (4) 
were incubated for 6 min at 25ºc in l ml of o. 25 M 
sucrose, 15 mM •rris-HCl, pH 7 .4 and 4 ug rotenone. 
The incubation mixture also contained 2 µg antimy
cin (closcd circles) or 5 mM succinate (onen circ
les). At 6 min ca2+ uptake was initiated iiy the si
multaneous addition of 45cac12 (at the concentrat·ions 
shown) and 3 mM ATP to the antimycin treat.ed mi
tochondria and by 45cacl 2 , 3 mM A'rP and 2 µg ant.i
mycin to the succinate trcated mitochondria. After 
thrce nú.nutes thcdiffercnt mixtures were filtered 
through Millipore filtres, washed and counted. 

The clcctrochcmical g~~Ji~nt-Jep0nd~nt r~gul~tion of 1aito
chonarit'.1l I~rrra:;~ by lhc inhibitory pcptjdc isolüt:Gd by Pullman 
and Monroy (3), h·1s only L1..:0n t!e:scribcd in h(:art miloc1iondria 
(2), and chloroplcsts(lO). To test whether the phenomena so 
far described havc general s ignif icance, the A'fP-supported Ca 2+ 
uptake of liver mitochondria was studied. Figure 5 illustratcs 
that liver mitochondria preincubated with succinate also cxhi
bit a higher capacity to accumulate ca2+ in the system suppor
ted by ATP, as compared to mitochondria in which the develop
ment of electrochemical gradients was prevented by antimycin. 
The Figure also shows that the level of the ATP-supported up
take of ca2+ correlates with that of the ATPase activity. 

262 



A B / 
50 'C 1.0 .----º 

~ / 
e /J 'ii ~ 

! e 
! 

"' e 
E o/ a. 

" "' -E 25 $0.s ! E / 
a. 

.5 J! o w E . 
:.: "-
~ 

L~~- " :::;¡ "' <\, 
~ 
a. 

() ~ 1 .¡ ---'---'--
3 4 5 6 3 5 6 

TIME (mln) Tlll:E(min) 

!"..!_gure2· ca2+ Uptake and ATPase Activity of Liver 
Mitochondria preincubatcd with Succinate or Antimy
cin. Mitochondria (8 mg of protein) wcrc preincuba
ted at 25°c in 10 ml of 0.25 M suerosa, 12.5 mM 
Tris-HCl, pH 7.4, and 15 µg rotenone. The incuba
tion mixture also containcd 5 mM succinate (open 
circles) or 15 µo anU.mycin (closed circlcs). After 
3 min 100 pM 45c"acl2 and 3 mM A'rP (/\, closed circles) 
and 100 ¡1M 45cac12 1 3 mM ATP and 15 ¡1g antimycin 
(A, open circles) were added. l\t the indicated times, 
aliquots were withdrawn, filtered through Millipore 
filters, washed and counted. For measurements of 
/\'!'Pase activity, aliquots of O. 5 ml were al so with
drawn from the reaction i~1edium and added to 0.5 ml 
of water tha t contained 3 mM A'rP and 1 µM FCCP. Af
ter 5 additional minutes the reaction Wi!S '··;topped and 
the inorganic phosphate liberated assayed. 

flJSCUc'SION --------·------

The clectrocht!mical grddient dei:ived from l~'1'P hydrolysj s is 
thedriving force far the ATP-driven, ruthenium red-sensitiva, 
movement of ca 2+ across the inner membrana (1). 'rherefore, the 
rate of ca2+ influx in this system depends on the activity of 
the Oligomycin sensitive /\TPase. l\s a consequence, situations 
that "control" the ATPase activity would result in an indirect 
modulation of the rate of ca2+ influx into mitochondria. The 
experiments described here have confirmed that the activity of 
mitochondrial /\TPase may indeed be controlled by electrochemi
cal gradients derivad from electron transport. The behaviour 
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of the ATPase activity in intact mitochondria is thus analogous 
to that previously observed in heart submitochondrial particles, 
where it was shown (2), that the changes of activity induced by 
electrochemical gradients are mediated by the inhibitory pepti
de of Pullman and Monroy (3). The evidence presented here indi
catcs that the rate of ATP-supported ca 2+ uptake is apparently 
controlled by the variations in activity of the A'rPase system. 
Since the reconstitution studics mentioned above (2) have shown 
that these variations depend on the shifting of the inhibitory 
peptide to and from the ATPase, it follows that the ability of 
mitochondria to transport ca 2+ from their external milieu to 
their matrix compartment also depcnd on this shifting. 

It should be noted, howcver, that in the regulation of ca2+ 
uptake rates, other factors are likely to be involved, in addi
tion to the inhibi tory peptide. For example, i t may be observed 
that thc amount of A~'P hydrclyzed, cven under conditions in which 
the ATPase is in the 11 inactive 11 state, is rnuch larger on a molar 
basis than the amount of ca2+ accumulated under conditions of 
"active" ATPase, (Figs. ;: and 5). It may also be observed that 
evcn at very low conccntrations of added ca2+ (Fig. 1), thc up
take is f.1ster when the mitochc·ndria had becn previously cxpo
sed to clectrochcmical gradicnts. Thcsc obscrvations suggest 
that other voltagc-activatcd componcnts may be involved in the 
regulation of the ca 2+ uptake. 
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En la secci6n A del Capítulo II reportamos que el MMIQ es un compuesto 

que interfiere con el transporte de electrones mediante una acci6n incidente 

en el segmento NADll-CoQ. Esta conclusi6n surgi6 de la alteraci6n de varios 

parámetros: la transici6n del estado 4- estado 3 se inhibía y la respiración 

inducida por DNP se inhibía más apreciablemente cuando los sustratos respira

torios eran glutamato-malato y no succinato. Probablemente con respecto al 

último pueda existir un ligero efecto de inhibici6n en su entrada, no obstan

te, este hecho no afectaría la inte11Jretación de la inhibici6n del ~MIQ sobrn 

el sitio I de la cadena respiratoria, dados los resultados obtenidos con par

tículas submitocondriales. 

Las características de la estrnctura nolecular del inhibiclor sin duela le 

confieren efectos especiales en su nodo de acci6n, afectando su afinidad por 

el si tia de inhibici6n en el complejo, su estabilidad y su n(1TI1ero ele blancos 

en la menbrana; esto podría explicar que la concentraci6n de ~l!llIQ necesaria 

para inhibir la respiración sea superior a la qw se utiliza al e1111lcar rote

nonn o piericiclina. 

La cx11Joración mas a fondo del sitio especíLicn en Ja l\AnII dcshidrogc1F1s:i 

donde intcractfo el ~l'.llIQ y todos los inhibidores respiratorios darfo infornn

ci6n TI!lo/ valiosa sobre la estructura y el mccanisno de los conplejos de la ca 

dena de transporte de electrones, ya que la topología que observan en la mem

brana es poco conocida. En e wnto a los mecanismos que rigen las actividades 

6xido-reductora de los conplejos y de transferencia de protones, tanto los 

inhibidores del transporte de electrones como otros inhibidores de grnpos qui 

micos específicos pu::den dar luz sobre la cuestión, de hecho el uso de reacti 

vos corro el DCCD (125, 126, 127) están aportando evidencias nuy importantes en 
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favor de que los conponentes del sistema de transportes del sistema de trans

porte de electrones pueden fw1cionar cono bonbas de protones por un mecanisnri 

diferente al propuesto por Mi tchell (128, 129) . 

Podenos m:mcionar algunas de las muchas preguntas por ser contestadas so

bre el sistema de transporte de electrones, acerca de la estructura: 

¿Cuál es la topología de los complejos en la rrcrnbrana, la de los compone~ 

tes intra-complejo, la estec¡uiomctría de los complejos entre sí y su dis'tribu 

ción en la membrana? 

Y acerca de la mecanística del proceso: 

¿Cóno es el acoplamiento entre la transferencia de electrones y la de 1-t 
dentro del mismo complejo y cuáles son las partes del misno encargadas de ca

da proceso? Mediante c¡ue mecanismos moleculares se llevan a cabo? ¿Qué tanto 

pueden contribuir los cambios confonnacionales de las porciones embebidas en 

la mcnbrana? ¿Son de un mismo tipo los mecanismos de transferencia en los aia 

tro complejos respiratorios? ¿/\ c¡ué profuncl idacl de la membrana se encuentran 

los sitios donde se efectúan l:is transfcrenc.ias? 

Sobre la acción del K+ en las mHocondrias, en la sección B del capítulo 

II presentamos las evidencias para considerarlo como Lm agente est.imt1fante 

del sitio I y de la activiclall lüdrolít.ica ele la i\Tl'asa. Este efecto del K+ 

puede conducir a considcmcioncs de tipo regul at:or.io, ya c¡ue las f1uctu:1cio

nes en los niveles de K+ intramitr:contlri:tl pueden conduci.r a fluctmc.iones en 

las actividades de los complejos I y V, si b.ien <1lrecle<lor existen cuestiones 

de estructurn y mecanismo. Es interes<1nte que un catión t;in abundante tenga 

solo dos blancos de acción entre muchos posibles, c¡ue en ambos sea estimulato 

río y que ambos pertenezcan a dos componentes tan relacionados fW1cionalmente. 
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Además otros cationes como el Li+, Na+ y Cs+ carecen de estas propiedades 

(59). Curiosamente el Rb+ se comporta igual que el K+, lo cual habla de una· 

· especificidad en radio iónico bastante estricta por parte del si tia receptor 

de la proteína al K+. Es posible que el impacto del catión induzca una con-

fonnación diferente en la enzima que se trad11zca en w1 aumento de actividad 

hidrolítica, quizás a través de tul aLUnento en la afin.icbcl de la F1 por su su.:: 

trato. Aunque hay tul atunento en la velocidad de la catiílisis según se mues-

tra en la gráfica de dobles recíprocas, sería adecuado nverigu:1r m.'is sobre 

las constantes cinéticas que nos pe1111itieran construü- y afi11;1r una explica-

ción, ya que los datos bien podrían encajar con la desaparición del sitio de 

baja afinidad por la interacción del K+ con la proteína. De cualquier nwncra 

esto podría ser compatible o reconciliable con un esquema ele efecto confon11:1-

cional por el K+. 

Se han reportado dos posibles explicaciones de la estimulación del K+ en 

el segmento NADll deshidrogenasa - CoQ. Una ele el las propone que el K+ fun-

ciona modificando la carga ele superficie de la región activa ele la Ni\ll!l-DI!, 

disminuyendo su afinicbd por el NN/, el cual es el proclucto ck la catúlis.is 

del complejo y que tiene un efecto j¡¡]Jibidor sobre el sistc111a (130). Sin cm-

bargo los datos ele Cúrnbez y Sandoval sug.iorell fuertemente que e1 ccitión puede 

tener una acción estimulatoda miís específica interactu:in,Jn con la N,\DH clcshi. 

clrogenasa en sitios parn cationes (131), y;¡ que el poliéter XXVIII que es un 

que lante de K+, Rb + y Cs +, inhibe la oxidación <le N<\D[ [+. 

Resultaría muy interesante saber bajo que condiciones fisiológicas sería 

operante el proceso de stirnulación de la Ni\Dll y de la ATPasa por K+, así co 

mo de su contribución a la regulación del rretabolisno energético. Tal vez 

; 

i 
1 
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ahora sea posible in-trocÍt;cir un nllevo nÍCJduliclbr c!é la fosforilación oxidativa. 
--· -- ' i~·-··,~',,'._~', 

-·---~ .-·.:-.. ~-, --~- ·_:~.. ,-· <· ?fr ::.'~ :, 
LAS IM!'ERACCIONES. HIDROFOBICAS Y tos' CAlv!BIOS CONFORMACIONALES EN 1A ATPasa 

' ,--,,·:·~~ -~.\:,;):~T~~i)11~~.> 

MITOC01'iTIRIAL. <> >L ' "' >- ~ 
\:';;·.~--~; 

Acerca de la confon1Íación~.defii~nzima, con el óxido de deuterio encontra 

mos un arma poderosa para expr:~af ~~·ronia amplificada las fuerzas hidrofób:i:. 
- . . . _ .. 

cas que operan entre las subunicladesde la ATPasa, y en su interacción con ln 

bicapa y el solvente, esto está expresado en el trabajo de la sección ¡\ del 

capítulo III. Los resultados evidenciaron una protección de Ja enzinu por el 

agua deuterada a la inactivación por frío y la ap<Jrente righli wción de la en 

zima al pre.sentar una actividad de hidrólisis muy poco sensible a lJ es U mu l.'.!._ 

ción por K+ y !-IC03 y a la inhibitoria de la octilguanidina. La medición del 

incremento en la fluorescencia del ANS parece reforzar la interprct<1ción de 

que estos efectos se deben al aumento en la repuJsjón de los grupos polares 

hacia regiones hidrofílicas. Sin embargo pennanece por detcnni1wrsc 1<1 m:1g111:_ 

tud de las contribuciones de los. grupos apelares que esUín en los confines de 

la enzima y de los que se hallan en las clemarcacjones enlrc una y otra subuni 

dad. 

Cabe tilinbién considerar la posibilidad ele· que la activirbJ hiclrolític:1 ele 

la ATPasa se ve:i rnodificacb por el D20 no sólo a través ele erectos sobre las 

interacciones hidrofóbj cas que trascienden a la conformaci6n ele Ja enzima, sl_ 

no también por un efecto isotópico del o2o, ya que la hidróJjsis del ATP in1;~ 

lucra al rrp como un reactivo de la reacción. Dcsgrac iaLbrncntc se Gntoja di

fícil disecar si se trata de los dos efectos, o uno solo y cual puede ser la 

contribución de cada w10. 
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Existe mucha elucubración e interés en lo que se refiere a la fonna que 

guarda la ATPasa en la membrana. Anteriormente se señaló que la enzj1na tiené 

porciones expuestas directamente a la matriz mitocondrial (24), pero qué tan-

to representan estas del cuerpo de la enzima y cuales son las que pe11naneccn 

inmersas en la bicapa, son incógnitas por resolver. Por ello resu1ta ele esp~ 

cial interés lo que se qbserva en las micrografías al microscopio electrónico 

de la sección A del Cap. III y que nos llevaron a dar cabida a l::i posibiljcla<l 

de que en n2o las fotcracciones hidrofóbicas cnzima-membrnnn se huhjeron accn 

tur1do provocamlo tma extnisión más lenta ele ln enzima hacia la fose acuos;l, 

cosa que aparentemente sucede rápidamente cuando el d1oque hipotónico se pro-

duce en H2o. 
Es indiscutible la relevancia que tiene el conocimiento ele la relación ele 

los grupos, fuerzas y dinámica de la periferia de la proteína con su entorno 

lipídico, ya que se dispondría ele mas argumentos para ir conforrnnnclo meca nis-

mas cntaU:ticos y ele regulación de una fonna rnCis aproxirn:1r.1a a lo que ocurrl' 

in situ. 

Otra forma de exploraT la modificación de las interacciones entre Jos di-

ferentes grupos ele la enzj¡nn durante la catJlisis, es el enfoque cinético. 

Con esta iclen discñmnris los experimentos de la sección }; capítulo II r,quc nos 

llevaron a incluir oc ti lguani.dina y metanol comtJ agentes que mrn;0nt<.111 las in-

ter::icciones hidrofóbicas. Sus efectos pudciron ser comparados sobre el patrón 

bifásico <le la activid:1d hidrolí.tica de ATP cuando se grafica según 

Line1.;e:ivcr-Burk. Aparentemente con mctanol solo hay una estimulación :i tcmp~ 

raturas mayores o iguales a 30°c, lo cual podría interpretarse como un rejue-

go de los grupos de la enzima, inducido por C<UTibios en hidrofobiciclad, intcrac 

1 

l 
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cienes electrostáticas, etc. y que van siendo traducidos en cambios confonna-

cionales de la proteína, lo cual puede detenninar la participación de detenni 

nado sitio en la catálisis. 

En este trabajo se postula la existencia de dos estados confonnacionnles 

de la proteína, según su sensibilidad a la temperatura, al metanol y a la oc

tilguanidina y puede ser conipatible con tll1a. segtmda alternativa que incluye 

la presencia de dos sitios catalíticos, o bien ele una tercera que introduce 81 

rnetanol actunndo en tll1a reacción limitan te del proceso ele hidról:isis ele ATP, 

disminuyendo la velocidad de salida de uno ele los productos, el i\Jll' (S 3 ) 

Sobre este tema se pueden establecer muchas de las interrogantes por ser 

contestadas: 

a) El ácoplamiento' de la F{ al canal de protones, la transmisión del 1{ 

desde la F
0 

hasta el sitio donde se verifica la catiílisis, el papel del 1{ en 

la síntesis de ATP, el papel de los sitios de enlace de nuclcót.iclos y el meca 

nismo catnlítico. 

b) Descrihir los cnmbios conformacionales, entcn-:liendo como tales cu:i.lcs 

son los rcsüluus de los ürninoáciclos activos en In reacción catalítica, cu:ilcs 

se ocultan, que porciones de las rndenLts polipeptíclicas se plieg;rn o se repli~ 

gan, cu.'.ílcs son 111s zonns de la proteína que tienen mayor o menor 11\'.l'íilicbcl. 

Hasta ahora hablnr de cambios confonnacionales en proteínas es sólo la mani-

fcstación del cambio, o las repercusionc:s de éste sobre parámetros de unión o 

actividad de algún ligando. 

REGULACION DE LA ATPasa MITCX:ONDRIAL 

En la Sección A del Capítulo IV, mostramos que los resultados que habían 

siclo obtenidos por los grupos de Gómez-Puyou y Harrls en partículos submito-
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condriales eran también reproducidos en mitocondrias intactas, esto es, que 

la ATPasa puede existir en una forma activa o una inactiva, dependiendo de 

+ que el inhibidor haya sido disociado o no por el ll¡¡ H , 

En nuestro trabajo los datos mas interesantes fueron la presencia de fluc 

tuaciones de la actividad de ATPasa en respuesta a inhibiciones en diferentes 

sitios de la cadena de transporte de electrones y la inactivación de las 

ATPasas en condiciones en que se lleva a cabo el transporte de Ca++. Este úl 

timo hecho establecía una nueva fonna, aunque indirecta, de regulación por 

parte ele la proteína inhihidora con respecto a uno de los procesos rnitoconclri.'.!_ 

les rn5s estudiados como es el transporte de Ca++. La explicación que ofrece

rnos consiste en un pnpel asoci.atlor del Ca++ entre proteína inhibiclora y F1, 

aunque no dcscartmnos ln competencia de los procesos de disociación del inhi-

bidor y el transporte de calcio, ya que ambos son medü1clos por el gradiente 

electroquímico. 

Cuando exploramos m:'ís a fondo la rclm:ión entre el transporte de calcio y 

la activación de la J\TPasa vía r<.'111ocjt'ín del inhHiiclor, que se clescrjbc en la 

secc.ión B del Capítulo IV, cnconctr;unos un;1 dqKndenc ia de la ma~n.itu,1 de la 

entrada de Ca++ y la actividad ele ATPasa, cu:rnclo para el primero la [ucr:a im 

pul sora es la hidról is:i.s ele ATP y la segunda es 111~1nipulaL!a a trnvés ele Ja u( 

lización de sustratos oxidables o <le inhib.iclorcs respiratorios que pcnni.tfan 

o no el estableciJHiento de un llµW· 

Este fenómeno manifiesta una moclulación ele la entrada ele calcio cuando la 

fuerza impulsow es el potencial generado por la hidrólisis ele J\TP constitu-

yendo una fonna ele regulación no descrita hasta ahora. Sin embargo este ha

llazgo debe ser tomado con reservas pues si se considera que la hidrólisis de 
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ATP bien puede no ser una función in situ, la relevancia de un mecanismo como 

el que aquí exponemos podría ser escasa; no obstante, la posibilidad de que 

el sistema ATP sintetasa tuviera un efecto sobre el transporte de calcio a 

través de la disociación del inhibidor no sería remota y valdría la pena de 

ser considerada, ya que se tienen antecedentes de que el transporte de calcio 

es una función que se efectúa prioritariamente a la síntesis de ATP, cuando 

prevalecen condiciones para ambos (132, 133). 

El hecho de que no se pueda aclarar si la dirección hidrolítica de la 

ATPasa in vivo existe, puede ser relevante al papel de la proteína inhibido

ra. Como indicamos anterionnente esta proteína había sitio propuesta como un 

inhibidor undireccional, inhibiendo la hidrólisis y no la síntesis, posterioE_ 

mente quedó demostrada su acción inhbienclo los estados iniciales de la fosfo

rilación oxidativa. Cabe remarcar aquí que el efecto de la proteína inhibid~ 

ra parece ser diferente tanto cuan U ta ti va como cual itativamcnte en la hidró

lisis y en la síntesis de ATP. ¿Fs entonces la función del inhibiclor, inhibir 

la cat[ilisis en cl.irección ele la hidrólis·is y mrxlularb en la dirección ele la 

síntesis? Al respecto llarris (13:1) ha pru¡;11~'sto un motk'lo ck el que el inhihi. 

clor se asada y disocia en un equilibrio din6mico dando una población de molé 

cu las de ATPas~1 que sinteti mn 1\TP. 

Con cada nuevo dato que surge acerca del funciommicnto del inhibidor, se 

van planteando y replanteantlo cuestionamientos importantes que um vez rcsuel 

tos deben contribuir al entendimiento ele los mecanismos que regulan la activi 

dad ele la ATPasa. 
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Entre los puntos más importantes por contestar, señalo los siguientes: 

a) Dilucidar cual es el mecanismo molecular a través del cual el inhibi

dor o la ATPasa "detecta" el potencial generado o la ausencia del mismo . 

. b) Establecer si el llamado desplazamiento del inhibidor bajo el efecto 

del óµH+, corresponde a un cambio de conformación de la molécula, a un verda

dero cambio·del lugar físico de unión a la OS-ATPasa o a una liberación del 

inhibidor hacia el medio. En el caso de la existencia de un segundo sitio se 

abrir'ían posibilidades muy interesantes. 

c) Describir cuale's son los factores que detenninan el regreso del inhi

bidor a su sitio o a su fonna inhibitoria. 

d) Explorar, dentro de los eventos que confonnan la catálisis, cuál es 

el momento en que el inhibiclor deja ele ejercer acción, y que tan directa o in 

directamente interactúa con el sitio catalítico, así como el funcion:uniento 

del inhibiclor en los modelos que describen la sfotesis ele ATP y en especial 

en el ele Aclolfsen y ~louclriana1.·.is, el cual es 1 larn:iclo il!<Jdclo 

de los sitios alternantes (136),en el que se postulan 2 63sitios cat<1líticos 

de acuerdo con el número de subunidade:; wtalíticas y que funcion<HJ rclev:índo 

se. 

e) Detcnninar cuantas molé' 11las de 1\TP pueden sintcti zarse por una rnolé-

cula de ATP::isa en el tiempo en c1 que el inhibidor está en su sitio no-inhibi 

torio. Esto daría infonnación sobre la eficiencia del sistema y la velocidad 

del mecanismo enzimático. Además, proporcionaría indicios para esclarecer 

los siguientes puntos. 

f) Aclarar que está pasando con el inhibidor en la población total de 

enzimas (de la cual sólo un 10% es activa), cuando se observa el retardo exp~ 

rimental de la fosforilación. 
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g) Mostrar cual es la dinámica de "encendido" y "apagado" que sigue la 

poblaci6n de ATPasas bajo el establecimiento de óµI/. Es evidente que metoclo 

lógicamente no resulta fácil resolver este punto. 

En 1931 Engelhardt encontr6 el acoplamiento entre la respiraci6n y la fo2_ 

forilaci6n iniciando mm época en la que predominaron las respuestas a los f~ 

nómenos que empezaron a caracterizarse, curiosamente no siempre se tenía mu

cha idea en el planteamiento ele las pregLU1tas, ya que la investigación se en

frentaba a sistemas desconocidos. SO años después la situación ha e<unbiado: 

se tiene mucha idea de lo que hay que preguntar, pero ahora no parece fácil 

encontrar la fornn ele contestar las nuevas preguntas. Con la ATPasa y su pr~ 

teína inhibidora tenernos cada vez más interrogantes y las respuestas están 

surgiendo continuamente. Tal vez sea necesario un cambio de estrategias para 

responder a cuestionamientos más refinados en la estructura y la función de 

las ATPasas de protones y de su regulación; probablemente los sistemas modelo 

y la biología molecular sean las herramientas más prometedoras por el momento 

para disecar efectos y propieclndes. Sin embargo p~ira comprender el funciona

miento ele la ATP sintetasa cómo un todo integrado a su runbicntc, será incvita 

ble regresar al sistema mitoconclrial en el que se realizan concertadamente to 

dos los procesos que integran su fisiología. 
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