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INTRODUCCION 

El mecaniamo por •I cuel •• sintetiza el ATP • pertir de ADP y PI durent• I• 

foaforilaclón oxidatlv• y la fotofoaforilación permenece eún oculto dentro de I•• 

rnembr•n•• trensductorea de energía. Eate mecaniamo •• ha entandido de forme 

perclal gracia• • vario• avencea técnico• y conceptuelea. Uno de loa grand•• peaoa en 

el campo de la bioenergétlca y en I• bioflaicll de membrana• en general, fue I• 

acepwción de I• Teori• Qulmioamótica de Pet9r Mitchell (1981), en la cual .. propuao 

que le aínteaia de ATP no ocurre por medio de un lntermedl•rlo foaforilado, alno que el 

intermediario ea un gradiente electroquímico de protonea eatablecido • travéa de I•• 

membr•n•a transductor•• de energía. 

Dentro de ••te contexto quimloamótlco, lea pregunte• que quedan por resolver 

.. concentren en loa mecaniamoa del funcionamiento de I•• proteínea transductor•• d• 

energí•. El •vanee en eate campo ha •ido muy lento debido • que le membrana misma 

impone, ...,_. de. una berrer• de penneebilldad, una berrare técnica per• poder 

· ••tudier I• eatructur• y la función de lea proteína• lntegr•le• de rnembr•n•. Ea por ••to 
que por ejemplo, en el caao de le FoF1-ATP••• que tiene une parte catelítica aoluble 

(F,) y un canal de protonea (Fo) membranel, he aldo muy útil aolubillzar la parte F,, la 

cual mantiene I• ectividad de hidróliaia del ATP (Penefaky et el., 1980). 

Recientemente .. han logredo •v•ncea noteblea en el •n•H•i• eatructur•I de laa 

proteín•a tranaductorea de energíe. En primer término figura I• reaolución por 

difracción de rayoa-x del centro de reacci6n fotoaintétlco de R~udomon•• viridia 

(Delaenhofer et el .• 1885), y m9a recientemente, I• F,-ATP•- mitocondrial (Abr•h•m• 

et •l .• 1994) y I• cltocromo oxide .. de Pe,-.coccua denilTiffl:ena (iw.t. et el .• 1985). En 

••ta últlme, .. he logrado deacifr•r le eatructura terciaria de I• enzlrne de mitocondrl•• 

de corezón de rea (Taukih•r• et el.. 1988), alendo I• eatructur• proteicll de mayor peao 

molecular de le cual .. h• obtenido la eatructur• crlatalogrMice. Eate •• un gran paso 

pera entender el mecanismo de acoplamiento o de transporte de ceda una de ••ta• 

proteínea. Otro caao imponente •• I• reaolución de I• estructura d• I• porin• de 

Rhodobacter cepauletua (VV.laa et •l., 1990), •unque éate no •• una proteína 

trenaductor• de energíe, tembién constituyó un avence muy significativo en el 

conocimiento de lea eatructur•a proteica• trenamembranelea. 



La preaente t••i• ae enfoca en el mecaniamo catalítico de la F,-ATPaaa 

mitocondrial, la parte aoluble del complejO FoF1. E•t• complejO ••16 preaente a lo largo 

de toda la ••cala filogen6tica. En la• eubacteriaa ayuda a mantener un gradiente de 

proton•• para el tranaporte de nutriente•. y también funciona como ATP aintetaaa. En 

loa eucariont••. ••le enzima que lleva a cabo la aínt••i• de ATP por medio de la 

fotofoaforllación y la foaforllación oxldativa en cloroplaatoa y mitocondriaa, 

reapectlvamente. 

CARACTERISTICAS ESTRUCTURALES Y FUNCIONALES DE LA FoF1-ATPaaa. 

En todo• loa organiamo• de donde .. ha aialado, ••ta enzima .. compone de 

tr•• aector••. el canal d• protones Fo. la parte soluble F, y el cuello que conecta a 

ambo• aectorea. La complejidad ••tructural de la enzima aumenta conforme .. avanza 

en la eacala filoge~ (Tabla 1). Le estructura má• simple•• la del complejo FoF1 de 

E. coli, ••ta enzima ~ne tre• aubunidadea en el canal de protonea (a,, b:i y c,.,.12) y 

5 mli• en la parte F, (a:s1J3y,&,r;,). La• eatequiometrla• de cada aubunldad .. muestran 

como aubíndieea. En eucarionte•. la• diferencia• principales •• obaervan en la parte 

Fo. En cloroplaatoa .. aumenta una aubunldad a la• tre• mencionada• para la enzima 

de E. coli. Mientra• que en la enzima mltocondrlal. el número de aubunldade• del canal 

••incrementa a 9 o 10. Sin emb81'go, e• Importante .. ftalar que en la parte F, de la• 

diferente• eapecl••. la nomenclatura para la aubunldadea corresponde en homología• 

••tructuralea •ólamente en la• aubunldadea a, ll y y, mientra• que la• aubunid8dea & y 

& de la enzima mltocondrlal aon diferente• a la• d• E. coll y cloroplaato (Tabla 1). 

La• diferencias ••tructuralea de la• FoF1-ATPaaa• de E. coll, cloroplaato y 

mitocondria •• r.rlejlln en au funcionamiento y en la regulación de au actividad. Por 

ejemplo, la F, mltocondrlal tiene una -=tlvldad hldrolítlca que ea de 3 a 5 vece• mayor a 

la de la F, de E. con y a la de cloroplaato. Ad•má•. la enzima de cloroplaato contiene 

un puente diaulfuro en la aubunldad y que .. reduce o •• oxida por la tlorredoxlna •n •I 

eatroma del cloroplaato, dependiendo d• la• condicione• de iluminación. En la luz, ••t• 

puente diaulfuro •• reduce. permitiendo el funcionamiento de la enzima; en la 

obacuridad, •• r••tablece eata puente diaulfuro para impedir la actividad de hidróliai• 
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TABLA l. SUBUNIDADES QUE COMPONEN AL COMPLEJO FoF1 DE E. coll., 

CLOROPLASTOS Y MITOCONDRIAS . 
PROCEDENCIA 

E. col/. Cloroplasto Mltoconclrta (PM, KO.) 

ª• ª• ª• 55.1 
lh lh lh 50.1 

PI 10.0 
Y1 Y• Y• 32.4 
¡;, ¡;, 
E1 E1 ¡;, 15.1 

E1 5.7 
OSCP 21.0 

•• a, (IV) •• 19.0 
l>z l>z (1), b' (11) l>z 24.0 

C1C1-12 C10.1a (111) C10-12 7.S 
e, Fe. AeL. ? 

Esta tllbl• mue.,_ la diapo91Ción general que tiene et complejO FoF1 de tod8a 1- especies. Las 
sub&a1idades que componen a la parte 90luble (F1). al cuello, y el canal de protones (Fo) se descnben a la 
derecha a una a1t1111 aproximada a su IOCllllZllClón en la enzima. Las eatequlometrf- se ...,.._ como 
subíndices. Entre parWnteSls se mueatra la ..-nencl....,. de 1- subunldades de Cloropl-o. En la última 
COiumna - mueatran los .,._ molecul-• de 1- sub&a1idades m8s lmpart9'1tes del complejO F 0F 1 de 
mitocondrl- de corazón de ..... Los datos fueron recolectados de .Josnl y BurT'CM9 (1lillil0). Welker et al. 
(1981), y de Pedersen y Amzel (1983). 

de ATP en condicione• de .. nerglzlld9a (Ketcham et •l., 1984). Por otro lado, le enzima 

mitocondrlel tiene une protein• lnhlbldor• (Pullman y Monroy, 1M3) que .. aaocie • 

un• aubunided P de le F,. E• .. protein• inhibidore diamlnuy• en· do• órdenea de 

magnitud I• velocidad de hldróliaia del ATP de I• F, aoluble y del complejo FoF1. Sin 

embargo, I• ainteaia de ATP no •• etect.d• por ea .. protein• porque le preaencie de 

un gradiente de protonea induce au reecomodo dentro de I• ••tructur• de I• F 1 
(Gómez-Puyou et •l., 1979). Ea .. forme de regulación ea diferente •I de I• enzima de 

cloroplaato. En I• enzima de E. coll I• aubunided E funcion• como un inhibidor, y ae 

regula de manere aimll•r • I• protein• inhibldor• de la mitocondri•. 

FUNCION Y ESTRUCTURA DEL CANAL DE PROTONES (Fo). 

El nombre MFo• con el que ae conoce •I can•I de protonea. fue deaignedo 

inicalmente por el grupo de Racker p•r• una preparación aolublliZad• con detergente 

que al .. r reconatltuid• con F, aoluble, h•cí• que le actividad de ATP••• recuper•r• 

au .. naibilidad •le oligomicine (Racker, 1978). Eate aec:tor Fo puede reconatituirae en 
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membr•n•• •rtifici•lea y tener •ctividlld de tr•naporte de protonea en •u•enci• de F, 

(KmgllWtl y R•cker, 1888; C•ll•. 1980; Negrin et •l., 1980; Friedl y Sch•irer, 1981; 

Schneider y Altendorf, 1982). L•• aubunid•dea eaencial•• P•r• I• tr•n•loe11elón de 

protonea aon I•• trea pre-ntea en E. coli (ver T•bl• 1). Eauia aubunidmdea ae 

conaerv•n en cloropl•atoa y mltocondrl••· • I•• cu•lea ae lea h•n •l'illdido otroa 

~ptidoa que podrí•n tener un• función relmcionlld• con I• blog•neaia, eambllldlld o 

rmgulmción de I• enzlm• (T•bl• 1). Ea poalble que eama 1ubunidmde• lldiclon•le• ae 

h•y•n integrmdo en I• auperflcie extem• de I•• aubunidmdea centr•lea del cmn•I. c:Omo 

ocurre con I•• aubunid•dea aupemumer•ri•• de I• cltocromo oxid••• de bovino 

(Taukih•r• et •l., 1898). El funclon•miento de I• Fo depende de un cmrboxllo (Aap.81 en 

E.coll) que ae locmllz• • un• •ltur• medl• del •ncho de I• bic8pe membr•n•I en I• 

aubunidlld c. L• modiflc:mclón de eate cmrboxllo con diciclohe.xllcmrbodiimla (DCCD). o 

au cmmblo por ~neala dirigid• • otro •mlnoácido, bloque• el tr•naporte de 

protonea (lleechey •.t 81., 1M7; Cmttell et •l., 1971; Fillingmme, 1975; Seb•ld y Hoppe, 

1981, Hoppe y Sebmld, 1SNM). Un dmto lmportmnte • eate reapmcto ea que I• 

modlflcmclón con DCCD de un• aol8 aubunldlld e de I•• 10-12 exlatentea detiene por 

completo el tr•naporte de protonea (Hermolin y Flllingame, 1989). Eate reaultlldo 

auglere que el funclon•miento del cen•I ea almll•r •I de I• F,, dmdo que I• inmctivmción 

de uno aolo de loa trea altloa c.Ullítlcoa gener•lmente lnmctlv• compi.t.mente • I• 

enzlme (reviamdo en Boyer, 1993). En otr•• pel..,,.••· I•• 1ubunid•de• e del c.n•I de 

protonea perecen tener un mecmnlamo coopermivo o •ltem•nte en au funcion•miento. 

L• aubunldlld b del cen•I extiende un• p•rte aoluble hmci• mfuer• de I• membr•n• p•r• 

hmcer contmcto con I• P•rte C-termin•I de I•• aubunld8dea a y p de I• F, (Wllkena et 

•l., 1994). poaiblemente • tr~a de I• inter8CCión con I•• 1ubunidmdea y, a y & (Howitt 

•t •l .. 1998). 

En I• meyorí• de loa complejo• FaF1 deacrltoa, I• hldr61iaia del ATP induce un 

bombeo de protonea, pero ae h• encontrlldo que el complejo FaF1 de I• bmcteri• 

Propiogenium rnodeatum bombe• ione• de aodio, mdem6• de protonea (Hllpert et al .. 

1984; L•ubinger y Dimroth, 1988; 1989). Eate cmmbio de eapecificidlld de protones por 

aodio en el complejo FaF1 - h• ob~mdo tmmbi•n en otr•• bmcterl•• como aon 

Ac•tobacl9rium woodii (Reldlinger y Müller, 1994). Meth•noa•n::in• m•zei (Becher y 

.. 



Müller, 1994) y poaiblement• en Vitrflaacill• (Efiak y W.bater, 1992). E•to• reaultada• 

augieren que el meC9niema de tr•naporte de protane• par Fo•• aimilar •I de un canal 

iónico, y no al de un conducto par el cu•I alguno• realduoa de •mlnolilcida• van 

protonlilndo .. y deaprotanlilndo .. durante el funcionamiento de la enzima, coma P•r•ce 

aer el caao de la citacrama oxida .. (lwata et el .• 1995; Taukih•r• et el., 1999). En otra• 

pal•braa, •• muy probable que Fo funcione coma un can•I ••pecíflco para el ión 

hidronio (H"O.,. A ••te reapecto, .. ha conatruldo un complejo FoF1 híbrido conalatente 

en un• parte F, de E. col/ y un canal de pratane• de P. nJOdeatum. Eata quimera acopla 

la hldróli•I• o aínteala de ATP al tr•naport• de •odia, y en au .. ncl• del catión 

tr•n•porta protone• de manera acoplada a la aínt••I• o hldróll•I• de ATP (Klllm y 

Dlmrath. 1993; 1994). E•ta• reaultado• augi•r•n fuertemente que el complejo FoF1 de 

diferente• eapeclea pueda tranaportar al meno• do• diferente• ion•• par medio de un 

mecanlamo común, acoplado a la hldróli•I• o aínte•I• de ATP. 

La ••tructura. del can•I de protan•• •• conoce de manera rudimentaria. El 

arreglo en la membrana de laa tr•• aubunldllde• e .. nclalea •• una Incógnita. Sin 

embarga, .... be que laa porcione• hldroaoluble• de I•• aubunldade• b y c forman 

P•rt• Importante del cuello que contacta•••• aubunidade• de la F,. E•tructuralmente, 

I• aubunldad b forma una trenza de do• alf• h611ca• en au parte extramembran•I que 

compone parte del cuello (Dunn, 1992). La P•rte hldrafíllc8 de la aubunidad c eatablece 

contacto• con laa aubunidade• y y & de la P•rt• F, (Zhang y Filllngame, 1995; w.tta et 

•l., 1995). Ademé•, .. 88be que la ••tructur• de la •ubunldad c •• del tipo h61ica-aaa

héllca, formando una horquilla (Figura 1 ). E•ta ••trucutra de la aubunldad c •• pudo 

conocer gr•ciaa a au aolublllzaclón en solvente• orglilnico• y a un an611•1• de 

reaon•ncia rnegn6tica nucle•r (RMN) (Glrvin y Filling•me. 1994). Aunque tal eatructura 

no •• obtuvo en la membran•, laa coorden•da• de•crita• para lo• amino6cido• de la 

aubunldad c concuerdan con mucho• eatudlo• prevloa de mutag9neal• y modificación 

química. La• doa aubunldadea b exiatent•• en Fo contienen un cruce tranamembr•nal y 

una región hldrofillc8 •JCPUe•ta del l•do del cuello de la F,. Por otro lado, la aubunidad 

• par- contener cinca cruce• tranamembr•n•I••· El modelo mé• reciente del •rreglo 

de ••ta• tres aubunldad•• esencial•• del canal Fo. propone una dlapoalclón central de 

I•• aubunid•d•• a y b, rode•d•• de I•• 10-12 subuni•d•• e (Howltt et e/., 1998; Fig. 1). 
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Figur• 1. EatructuA '9re._.. de .. aultunlded e lf au poal.,. CllatrllHH:ldn en el Anal "•ele•· COll 
~- • ... aultunldeclae • lf b. En I• P8ft• superior se muaatrw Uf1ll im.gen aaten1oacópica de •• 
e9tn.lc:IW'e terciana d• I• SUIKMVdad e obtenida por RMN en un medio llPOI• (tomado de Gi"'in y 
Filling..,,e, 111184). En I• u-hélice der'llCha se mueatni • ~co e--=i• 91 modiflClldO con un .-.ogo 
parwnagnético del DCCD. La pene infllflor ea una perapectiv• perpet ldimw • pi- de I• membl'W de 
la posibl• di8trlllución de •- 8Ubunldade9 •· b y e en el can.i de protones Fa . .__ subunldade• e rodean 
e •- cinco posibles u-hélices hidrofdbicaa da I• .... !Md •· y • un dlmero de SUIJUnidllde• b. Loa 
reSiduoa de amlnoik:idoa que se indican 90f'I import.ntea .,..._et trwwparte de prolOnea y su cen:aní• 
relativa se infirió de resultados de complementación de mutante• punt....,•• (tomado de Howltt et 111., 
1989). La ~· er1lrW I• •ar11na 24 y et aaplflrtico e1 de la subunldad e .. ·puee1e ver1flc.. Cl..-.mente 
en I• pene supanor. 
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En la figura 2 se mue•tr• un esquem• con la loc.lización de las subunidades y, E y e, 

respecto • las subunidades a y 13 de la F, de E. coli. La estructura terciaria de la 

subunidad E se determinó por medio de RMN (Wilkens et al., 1995) y su orientación se 

dedujo de los resultados obtenidos a partir de construcciones de puentes disulfuro 

(Capaldi et al., 1996). 

Figura 2. Orlen .. clón de I• subunld•d e respecto • la subunld•d•• a, p, y l/ c en el complejo F 0 F 1 

d• E. col#. La estructura de la subunidad e fué resuella por experimentos de RMN. Su orientación en el 
cuello de F, se dedujo del análisis de la estructura terciaria con experimentos de entrecruzamiento y 
formación de puentes disulfuro entre las subunidades p y &. Esta figura muestra un estado de la enzima 
asociado con AOP. Cuando la enzima une ATP, ocurre un rearreglo de las subunidades y y & en el cual, 
las dos a-hélices del dominio e-terminal de la subunidad e se separan de una subunidad p. Por otro lado, 
la subunidad y parece tener un movimiento rotacional (ver texto) (Tomado de Capaldi et al., 1996). 
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FUNCION Y ESTRUCTURA DE LA F,-ATPaaa . 

La parte F, de eataa enzima• puede aolubilizar•• y aialar•• como una F ,

ATPa- activa (Penefaky et 611 •• 1980). La auaencia de Fo y de potencial electroquímico 

d• proton•• en la F, Impide que ••ta enzima aolubillzada pueda •intetlzar ATP y 

liberarlo al medio. Sin embargo, la F, ••capaz de •intetlzar ATP en un medio de 

dimetllaulf6Jádo (Sakamoto y Tonomura, 1N3; Yoahida, 1883; Sakamoto, 1884; G6mez 

Puyou, et a/., 19H; Kandpal, et a/., 1887; Beharry y Braga, 1891a, 1891b; Beharry y 

Bragg, 1992). En etitaa condicione•. el ATP alntetlz9do permanece unido a la enzima 

debido a la auaencia de energía para ecoplarla a la liberaci6n del ATP del •itio 

catalítico hacia el medio. De manera •ímilar, .. ha demoatrado que la F, puede 

aintetlzar pirofoafato (PPI) (Tuena de G6mez-Puyou ., a/., 1993), el cual puede ••r 

liberado al medio en donde .. ha diluido el DMSO. preaumibtemente gracia• a au baja 

energía de unión al •ltlo cat.lftlco de la F, (Tuena de Gómez-Puyou eta/., 1995). 

La F, cont~ tr•• aitloa catalítico• y tr•• aitioa de uni6n a nucle6tido• no 

cabllítlcoa (Croa• y Nalln, 1882; Bullough et al .. 1988). E•to• aitioa •• encuentran 

intercal9do• en la• .. ia interfa .. a a/fJ que contiene la enzima (Abraham• et a/., 1994). 

La• aubunidadea p contienen a la mayoría de loa aminoKldo• que componen a loa 

altioa catalítlcoa, y la• aubunidade• a contienen análogamente a lo• aminoácido• de 

roa aitlo• no cabllfticoa (Flg. 3). Loa altloa catalítico• funcionan de manera cooperativa; 

mueatran cooperatlvidad negativa en fa uni6n a nucfe6tldoa (Tledge et al., 1882) y 

cooperatlvided poaltlva en la cinética de catállala (Kayalar et a/., 1977; Hackney y 

Boyar, 1978; Hutton y Boyar, 1979; Grubmeyer y Penefaky, 1N1; Grubmeyer et a/., 

1N2; O'Neal y Boyer, 11N!M). Loa aitio• no catalítico• inducen fa cooperatividad 

negativa que mueatran loa aitioa catalítico• (Jault y Alllaon, 1893; Edel et a/., 1993). La 

cooperatividad poaltlva parece Inducir•• por la interacci6n de loa nucle6tidoa con loa 

aitioa catalítico• (revlaado en Penefaky y Croaa, 1891). Sin embargo, de acuerdo con 

lo• reaultadoa del aegundo trabaja que •• preaenta en ••ta teaia, exiate la poaibilidad 

de que la cooperatividad poaitiva de la enzima •• pueda inducir a travé• de ambo• 

tipo• de altloa. 
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Figure 3. E••uctur• tr1din.nelo-1 da .. F,-AT~•- mltocondr .. I de coraz6n de raa ob•nlda ia
crl-IOgr•n. da r•lfO••X. El reculldro a muestr11 I• estNCtura complet• de •- subunldades "' (rojO). 
P<•martllo) y I• mltmd de 1- subunidmd y (violet•). Se observa I• altemanci• de 1- subunldades "' y p 
que rode.,, •dos m-hélices de I• subunidad y. L.11 subunidad y muestra una fracción de sus dos hélices y 
un11 pequet'\a hélice mdicional que protn.iyen llfuer11 del heamero de subunldades a y p. formando....,. 
pmte del cuello que conecta • F, con F 0 • El ángulo superior derecho muestr11 I• diferente dlspoa!Clón de 
1- subunldades m~ con subíndices de acuerdo al nucleótido unido • 1- lnterf-s cmtaliticas de 
IU subunldades "' y ll (mrll• corTesponde • UN1 lnterf- v-=i•. a,_p.,,. a un11 interf- con AMP-PNP 
unido. y aorPi. corntspande • ....,. interf- con ADP unido). El inciso b muestr11 l.WI detalle de I• 
estNCtura .nterior. 1- subunldades a.,,. y Pi.. y en el centro 1- tres hélices de I• subunldad y. Se 
muestr11 I• homologi• estructural de 1- sutlunldades a y p. mmbaS cantl~ 3 dominios diferentes. Un 
dominio N-terminal que form• un bmnll de hOj.a p. l.WI dominio central de estructura .,.¡p de unión • 
nucleótldos (H distinguen los nucleólidos unidos en estos dominios en COior negro) y l.WI dominio C· 
terminal formado de m-héllces. Se puede ver dar.mente que •- hélices de I• subunidad y 
corntSPQndientes • sus extremos C y N terminal ~ la dlstancl• cubierta por los dos últimos 
dominios de lu subu"lldades a y p en el centro del complejo F,. El inciso e muestr11 l.WI corte tr11nSversal 
de la estNCtura del inciso e. a la altura del dominio e-terminal de 1- subunldades a y p. observad• 
desde la perte ''Inferior". Estm perspectiva muestl"ll • 1- seis lntelf-s cetalítlces y no cetalítlcas con los 
nucleótldos IUOCiados en negro. L.ms interf-s cmlalitlcas son "'rll•· a.,,..p.,,. y aor13,., nomtlnldas de 
acuerdo al gl"lldO de mpertuni obserVado. Est- dlf_nci_ de estructura en 1- lnterf-• catalíticas 
concuerdlln con el modelo cmlalitlco de cmrnblo de unión propuesto por lloyer donde - propone I• 
existencia de l.WI sitio abierto (0), uno semlablerto (L) y uno cenado (T) (Ver texto y Figura 4). Los 
diag~ - tomaron de Abnlhama et al., (1994). 

El mec11niamo por el cuel ae expre .. le cooperetlvlded poaltlv• de I• enzlme 

p•r- b•••rae en le eltemencl• de lo• trea altlo• cetelítlco• durente le cetáll•i• de I• 

F, (Keyel•r et el. 1977; H•ckney y Boyer, 1978; Hutton y Boyer, 1979; Boyer, 1987, 

1989. 1993). Se ••be que lo• altio• cetelítlco• aon heterog6neoa en •u• propiedede• 

funclonele• (Bullough et al .• 1987) y en au eatructur• (Abr•h•m• et •l .. 1994). Sin 

embergo, ae h• demoatredo que exiate un• aole rute cetelítlce por I• cu•I ••te enzlm• 

hidroliz• el ATP (Hutton y Boyer, 1979; Hecney et •l .• 1979; Kohlbrenner y Boyer. 

1983). E•to eugiere fuertemente que lo• tr•• eitlo• cetelítlcoe que en un momento dedo 

tienen propiedede• diferente•. convergen •ltemed•mente en un mi•mo meceniamo de 

reección. El modelo de ce~ll•i• que expllce le meyorí• de lo• detoa experimental•• 

que •• h•n encontredo •obre le eatructur• y funcion•miento de ••to• eitlo• cetelíticoa, 

ea el modelo de cembio de unión de Boyer (revieedo en Boyer, 1987; 1989; 1993). Eate 

modelo propone que lo• tre• eitio• cetelíticoa ven altemándo .. ah'nu~neemente en 

tr•• diferente• conformecionea: •bierto (0) ... miebierto (L) y cerredo (T) (Fig. 4•). L• 

unión de eubetreto en un aitio cetelítico, y le energí• proveniente del grediente de 

proton•• (en el complejo FoF1). inducirí• un cembio de unión en loa otro• do• aitio• 
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cmtmlíticoa p•r• liber•r •I ATP reci6n •intetiz•do, y p•r• •umentmr I• mfinid•d por ADP y 

PI (Fig. 4A). 

El modelo d• cmmbio de unión concuerd• con I• hipóteala de que I• •ltern•nci• 

de loa aitioa cmtmlítico• •• puede explicmr por medio d• un mecmnlarno rotmcion•I en el 

cu•I I•• aubunid•d•• pequei'\•• de I• F, podrí•n rotmr dur•nt• I• cmtáli•I• p•r• cmmbl•r 

I• conforrn•ción de lo• aitlo• cetmlítlcoa de m•n•r• •lt•rn•d• (Boyer y Kohlbrenner, 

1981). Recientemente, eatm hipót••i• edquirió mma fuerz• debido• que en I• ••tructur• 

criatmlogrlflficm de 1• F, mitocondri•I. I• aubunided y formm doa l•rg•• a·h61icea 

•comoded•• en un paeudo eje de aimetri• entre I•• aubunided•• a y p, • mener• de un 

eje de roteción p•r• I• F, (Flg. 3). Se h•n tr.mdo de eatudi•r loa poaibl•• movimiento• 

conforrnecion•lea de I•• aubunldmde• de b•jo peao rnolecul•r de I• F,. Lo• reaultedos 

"'*• concluyente• ae h•n encontrmdo p•r• I• aubunid•d•• y y &. lnlci•lmente. se 

obaervó por medio de microacopi• electrónice que I• aubunlded y de E. coli m•rced• 

con metmlea pea.do•. puede •ltem•r su poalción entre un• aubunld•d a y un• Jl 
deapu6• de hidroliz•r ATP (Gogol et •l .• 1990). Alguno• cemblo• de posición almll•r•• 

se h•n demoatredo recientemente p•r• I• aubunided & de I• F, de E. coN por medio de 

experimento• de entrecruz•mlento por puentea diaulfuro (Aggeler et al., 1895; Aggel•r 

y C•P•ldi. 1SHMS; Grüber y C•p•ldl, 1998). De mmner• aimil•r. ae tr•tó de entrecruz•r o 

formmr puente• diaulfuro entre I•• aubunid•de• de b•jo peao molecul•r de F, con un• 

subunlded a o p p•r• detener I• poaible roteción entre ••tm• aubunid•dea. Loa 

reaultedo• d• eato• experimento• h•n sido controversl•I•• (Musi•r y H•mmes. 1987; 

Kmndp•I y Boyer. 1987; Tozer y Dunn, 1989). Sin •mb•rgo, ae h•n reportado trea 

tr•b•jo• reciente• que augleren fuertemente I• roteción de I• aubunidad y dur•nte I• 

cmtállala. Eatoa tr•b•Jo• •e b•••ron en I• eatructur• crlatmlogrMice de I• F, 

mitocondri•I. En el primer tr•b•jo. ae conatruyó gen6ticemente un puente diaulfuro 

entre I• aubunided y y un• de I•• trea subunid•d•• Jl de I• F, de E. coli. Se encontró 

que •ate diaulfuro inhibe completmmente I• •ctlvid•d hidroliticm de I• enzlme. Deapu6s, 

ae obaervó que I• aubunided y podi• cmmbi•r de posición eate dlaulfuro, orlent6ndolo 

h•ci• I•• otr•• do• aubunidad•• Jl reconatituid•• y m•rced•• con 35S. Este cmmbio de 

poaición de I• aubunidad y reapecto • I•• aubunid•d•• Jl fue dependiente del 

tr•tmmiento con MgATP, deapu6a de reducir el diaulfuro orlgin•I y •nt•• de reoxid•r 
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nuev•'"9nte • I• enzim• reconatituid• (DunC11n et •l., 1995). Eate experimento ae h• 

reproducido en el complejo FoF1 reconstituido, encontr•ndoae reault.doa aimil•rea, con 

I• importmnte obaerv•ción de que el c.mbio de poaición de I• aubunid8d y fué inhibido 

por I• modific.ción químic. de Fo con DCCD (Zhou et •l., 1998). Eate resultado 

mueatr• que loa movimiento• de I• aubunid•d y en F, eat9n ••oci•doa •I P••o de 

protonea por Fo. 

El otro eatudio que h• moatr•do I• ro .. ción de I• aubunid8d y ea el •n•llaia de I• 

relaj8c:ión de I• •baorción de luz pol•riz•d• de I• aubunid•d y de cloropl•ato mmrcada 

con eoain•-5-mmleimid• (S•bbert et a/., 1998). En este estudio, el cromóforo unido 

cov•lentemente • I• aubunld•d y fue expueato • doa hace• de luz pol•riz8d•, uno que 

ae mmntuvo fijo y otro cuyo vector ae hizo •ltem•r entre do• orient.cionea, un• P•r•l•I• 

y otr• perpendicular reapecto •I primer hmz. Eate último fue un lá-r ua8do p•r• exclt8r 

y •P•a•r • un• frmcción de loa cromóforo• orienmdoa en P•r•lelo reapecto al lá-r. El 

aegundo hmz de polerizmción •ltem•nte, ae uaó p•r• medir I• diferenci• de •baorción 

en •mb•• orientecionea reapecto el lá-r. Si el cromóforo no ro .. r•, - con~•rí• I• 

diferenci• de •baorción entre •mb•• orien .. cionea del aegundo hmz polariz8do; ain 

embergo, al el cromóforo ro ... ea .. dlferenci• dec.e debido • I• reorienteción de loa 

cromóforo• excit8doa. El reauit.do moatró un decmimiento de I• dlferenci• de I• 

•baorción del cromóforo en •mb•• orien .. cionea del segundo hmz pol•riz8do, lo cu•I 

mostró que I• aubunid8d y ro .. durante I• cet91iaia. Ea .. ro .. ción fue dependiente de 

MgATP, no ae ob-rvó en preaenci• de un •nlillogo de ATP no hidroliz•ble (AMP-PNP), 

y ae detectó en un •ngulo de • 200°, •lr8dedor de I• hélice máa l•ra• de I• aubunidlld y 

(ver Fig. 3). 

Eatoa reaultadoa •poy•n fuertemente I• hipóteaia de c.t91iaia ro .. cion•I por I• 

F,, I• cu•I eat9 de .cuerdo con el mec.niamo de cambio de unión de Boyer. Sin 

emb•rgo, •ún no ae h• demoatr•do que ea .. rot•ción ocurr• de mmner• efectlv• en un 

lilngulo de 380° dur•nte I• aínteaia de ATP por el complejo FoF1. y al gu•rd• relación 

con I• velocid8d de hidróllaia. 

El mecanismo de 8COPl•miento entre Fo y F, eat9 baa8do en movimiento• 

conform•cion•lea. Aunque p•r• conocer con det•lle eate mecaniamo •ún falta mucho 

tr•b•jo. ae h• propuesto un• hipótesi• que concuerd• con I• mmyorí• de loa d•toa 
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funcion•le• y eatructur•I••· Por ejemplo, •nteriorment• ae mencionó que .. nto el c.n•I 

Fo como I• P•rt• aolubl• F, aon inhibido• por I• modific.ción de un• aol• de aua 

aubunid•d•• •••nci•I•• con DCCD. Eato h•ce auponer que •mboa aectorea funcion•n 

de m•n•r• •lt•m•nt• y cooper•tiv•. Reapecto •I aector Fo. d••d• h•ce •lgunoa •i'ioa 

{Hoppe y S•b•ld, 1988) •• propuao que I•• aubunid8dea c podri•n funcion•r de 

mmner• rotmcion•I y concen.d• con I• aubunid8d • p•r• tr•n•IOC8r protonea De 

8CUerdo con ••tm propueatm, .. conocen loa •ntec8dentea mencion8doa de I• poaibl• 

rotllCión de I• aubunidmd y, y 8dem8a .. a8be que ••t• aubunid•d .. extiende deade I• 

F, h••l8 I•• aubunidmdea e del c.n•I Fo (W•tta et el., 1985). De •cuerdo con eatoa 

dmoa, el grupo de Croa• h• propueato que I• rol8ción de I• aubunid•d y ••181 8COpl8d• 

• un• rot.ción homólogm de I•• aubunldmdea c de Fo. Un eaquem. de eatm hipóteaia •• 

mueatr• en I• Fig 4b. E•t• modelo concuerd• con loa d•toa experiment.lea 

mencion8doa previ•mente, ain •mb•rgo. •• requiere de rNll• e>eperimentoa P•r• 

ponerlo • prueb•. 

Dentro de ••te contexto, un• pregunl8 que ••tá •bien. •• ai I• aubunid•d y 

podri• rol8r o no en ••ntidoa opueatoa dur•nte I•• re8CCionea contr•rl•• de hidróliai• o 

ainteaia de ATP que cetmllz• el compleja FoF1 {C•peldi et e/, 1898). A eate reapecto, en 

I• pre .. nt• teaia - propone un modelo de c.18illaia rot8Cion•I en donde loa reault8doa 

que ae deacribmn • continumción podri•n •>1Plicera• auponiendo que I• aubunid8d y 

puede roter en doa aentido• opueatoa dur•nte I• inducción de I• cooper•tivid•d 

poaitiv• de I• enzim.. 

CINETICA UNISITIO Y COOPERATMDAD POSITIVA DE LA F,. 

P•r• obtener I•• conatmntea de remcción del ciclo cet.litlco de ••tm •nzim., ea 

necea•rio medir I• hldróliala de ATP en un aolo aitio c.telítico. P•r• ••to. el grupo de 

Penefaky diaei'ió I•• condicione• de "c.18iliaia uniaitio", en I•• cu•I•• I• F, aolubl• •• 

mezcl• con centid•de• aubmatequiométrlc.• de [y32P)ATP. L• F, tiene un aitio cmtelitico 

d• •118 8finid•d por nucleótldo•. y éate ea el único que•• ocup• con el (y32P)ATP que 

ae •i'i8de en condicione• uniaitio {Grubmeyer y Penefaky, 1981; Grubmeyer et •l., 
1982; Penefaky, 1988). Eato permite medir I•• conatentea de velocidmd del ciclo 

c.t.lítlco del aitio de •lt8 etinidmd d• I• enzime. Eate c.18iliaia uniaitio .. c.r•ct•riz• por 
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Figura 4. Modelo de cambio de unión en la síntesis de ATP, asociado a la posible rotación de la 
subunidad y en el complejo F 0 F 1 • En el recuadro A se muestra un dibujo simplificado de la F 1 ATPasa 
en el cual, de acuerdo al modelo de cambio de unión de Boyer, los tres sitios catalíticos se presentan en 
tres estados conformacionafes diferentes O, L y T (ver texto). La subunidad y se muestra en el centro de 
F 1• El primer cambio de unión que ocurre en la fase uno se induce por la energía proveniente del 
gradiente de protones, provocando un incremento de afinidad por ADP y Pi. y una liberación de ATP 
simultánemente. Este cambio de unión está asociado a la rotación de la subunidad -¡. En la fase 2, la 
síntesis de ATP ocurre espontánemente en el sitio T, sin consumo de energía del gradiente de protones. 
En este estado, la enzima puede unir ADP y Pi en el sitio abierto y reinjciar otro ciclo catalítico repitiendo 
la fase 1. En el dibujo inferior (B) se muestra un modelo de acoplamiento para el complejo FoF,, en el 
cual el flujo de protones por Fo indudria la rotación de fas subunidades c. las cuales al estar asociadas a 
Ja subunídad 'l inducurian Jos cambios conformacionales de los sitios catalíticos en F, (Tomado de Cross 
y Duncan, 1996). 
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••r 105 veces mlila lentll que I• cetáli•i• en condiciones ••tur•nt•• de auatr•to 

(revla•do en Pen.raky y Croas, 1991). En ••tll• condiciones no •• •JCPr••a I• 

cooper•tivid•d positiva de I• enzlm• debido • que h•Y un único sitio cetlllítlco ocupedo 

en un• fracción de I•• enzim••· 

Deapu•• de conocer loa v•lorea d• I•• conatllntea de velocided del ciclo uniaitlo 

de la enzim11, •• obtuvieron v•ri•• conclusiones importantes repecto a I• ener•tlce de 

I• hidrólisis y síntesis de ATP. En primer t•rmino, H observó un• K..,-1 p•r• I• 

hldróli•lalainteala d• ATP dentro del sitio cetlllítlco (Flg. 4). Esto Impla que I• reección 

de hidrólisis o síntesis de ATP en ••t• sitio cetlllítlco ocurre de rnaner• eapontliln••· 

por lo cual •• supone que ••tll reecclón no está acopled• •I transporte de protones por 

el cen•I Fa (Fig. 4). Por otro ledo, H obHrvó que I•• reacciones mas exergónicea del 

ciclo cetalítlco unlaitlo en el .. ntido hidrolítico son I• entrede del ATP y I• -•Id• de Pi 

(Al-Shewi y Senior, 1988; Al-Shewi et al., 1989; Al-Shmwi et al., 1990). Si ••te ciclo -

•naliZ• en -nticlo inverso, •• decir en el sentido aint•tico, •• puede predecir que loa 

paso• mea endergónico• dur•nte la síntesis d• ATP aerí•n la liberación del ATP del 

sitio cetalítico, y la entred• de PI. Estas predicciones •• h•n conflrmedo 

•JCPerimentalmente, dado que el grupo de Boyer h•bía obHrvedo que I•• reacciones 

de hidrólisis y síntesis de ATP ocurren de rnaner• reversible dentro del sitio cetalítico 

(Klly•l•r et •l., 1977; Hmckney y Boyer, 1978; Hutton y Boyer, 1979). De acuerdo con 

••ta• predicciones, Pen.raky demostró que la liberación del ATP unido • un sitio 

cetalítico de •ltll .rlnlded en el complejo FaF1 de partícula• aubmitocondrl•I••. •• 

induce con un gredlente de protones generedo con NADH (Pen.raky, 1985). 

La m•n•r• mea cl•r• de detecter experimentalmente I• cooperetivided poaitiv• 

de I• enzlme •• I• de Inducir I• tr•nalción de cetállal• uniaitlo • cetállala multl•ltlo en I• 

F,. Esto se logr• al •t\edir un exceso de nucleótldoa • I• F,-ATP••• que eatlil 

cetllliZando hldróllal• unlaitio de (y32P]ATP. En estos eicperimentoa, - oba•rv• un 

incremento •brupto en I• centldad de (y32P]ATP hldrolizado, que comunmente se 

describe como un salto en I• hidrólisis del (y32P]ATP unido previ•mente al sitio 

catlllítlco de •ltll flnlded de I• enzima. Este ••lto de hidrólisis se cr- que ocurre en 

respuesta • I• unión de loa nucleótldo• frío• • loa sitios cetalíticoa que están vacíos. 

Estos experimentos h•n sido muy útil•• en el anliliai• de I• cetállaia uniaitio de la 
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F, ATP•••· Por ejemplo, mediante ••ta metodologí• de aceleración de catálisis, •• 

midieron las constante• de velocidad del ciclo d• cetálliai• uniaitlo de I• enzima (Croas 

et •l., 1982). Sin embargo. un resultado que no •• ha analizado en todos ••toa 

experimento• de aceleración de catálliaia, •• que deapué• de que la enzima ha paaedo 

de catlilli•I• unialtlo • multlaitio, no •• hidroliz• rmpld•mente el 100% del [y32PJATP 

unido previ•mente en condiciones unialtio. A e•t• reapecto, en loa trabajos que 

contiene eata tasia ae mu••tr• que la fracción del (y32PJATP que no•• hidrollz• en loa 

primero• segundos deapuéa de la tranaiclón de catlilliaia uniaitlo • multialtio, •• libera •I 

medio en respuesta de la adición de ADP o de ATP en exceso. 

Eatoa reaultadoa son importante• por que no se había detectado •nterlormente 

que I• inducción de la cooperatlvidad positiva d• I• F, Indujera la liberación del 

substrato ((y32PJATP) de su sitio catalítico de alta afinidad. Unicamente •• h•bí• 

detectado la aceleración de au hidróli•I• (CroH et al., 1982; Penefaky y Croas. 1991). 

El otro ••pecto importante de ••ta reacción de liberación, ea que constituye I• etapa 

final, y I• mm• endergónlce, de la toatorilación oxidativ• que realiz• el complejo FoF,. 

Por otro lado, el primer trabajo que contiene ••ta tesla muestra un estudio inicial 

d• I• reacción de catlilli•i• unialtlo en au-ncia y en presencia d• un inhibldor parcial 

de I• actlVidad de ATP•- multl•ltlo, la trlfluoroperazlna (TFP). La TFP ••un inhlbldor 

reversible. no competitivo con ATP. que disminuye I• actividad multialtio d• I• ATP••• 

haata un 70% (G•rcí• et el., 111116). Se -be que la TFP pertenace • un grupo d• 

inhibidorea p•rcialea d• la F,-ATP•- conocido como el grupo de loa catlonea 

anfipmtlco•. Esta• molécul•• aon inhibidor•• no competitivo• con ATP de la actividad 

de hidr611•1• multi•itio de la enzima (Vanderkooi et al., 1981;Chazotte et el., 1982; 

Palatinl, 1982; Adade et e/., 1984; d• Mela et el .• 1988), pero •• desconoce• qué nivel 

del ciclo catalítico de la F, •• que actúan. Un enfoque con el cual •• iniciaron loa 

preaentea estudio•. fue el de averiguar qu6 ocurre en I• catálli•I• unlaitlo de una enzima 

que tr•b•j• al 30% d• su actividad multiaitio, en pre-ncia de TFP. A reserva de la 

posible •lt•m•ncia entre loa aitioa catalíticos de la F,, era prob•bl• que la enzima 

inhibid• con TFP conservara uno o dos sitio• catalíticos funcional••· o alternativamente 

que todo• loa sitio• catalítico• - inhibieran parcialmente con la TFP. En •I primer 

caso, •• eaper•rí• que la TFP tuviera un efecto de todo o nada en la catálli•i• uniaitio 
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por I• F,. El segundo ctiao concord•rí• con un• inhibición p•rci•I de I• hidróllais 

uniaitio de [y32PJATP por I• F,. Además de eate estudio de I• cmtállais uniaitio, tmmbl6n 

ae estudió ai estm inhibición por TFP involucr• un efecto en I• cooper•tlvided de I• 

enzi"111. 

OLIETIVO GENERAL. 

Inducir I• tr•nslcl6n cooper.UV• de cmtállala unlaltlo • multialtlo de I• F,-ATP•- con 

diferente• aubatr•to• par• mceler• I• hidróli•ls y/o I• llbermción del [y32PJATP unido •I 

•itlo cmtmlítlco de •b .rinldmd de I• enzlmm, en •u-nci• y en pre-nci• de I• TFP. 

OBJETIVOS PARTICULARES. 

- Medir I• hldróllal• unlaitio de [y32PJATP por I• F,-ATP••• en auaencl• y en pre-ncl• 

del•TFP. 

- Medir el cociente~ (y32PJATP unldo/32Pi unido a la F,-ATP•- en condicione• de 

hldróli•I• uni•itio en a1Uaencl• y en preaencl• de TFP. 

-Medir I• con•tmnte de velocidH de llbermción de 32Pi de la F, en condicione• de 

hldróli•la uni•itlo de [y312P)ATP. 

-Inducir I• tr•n•lci6n de hldróllaia unl•itlo de [y32PJATP • hldróli•I• multlsltlo en 

•uaencl• y preaencl• de TFP. 

-Medir I• po•ible llber..:ión del [y32P)ATP unido prevl•mente • I• F, en condicione• de 

ctitáll•I• uni•itlo. durmnte I• -lermción • Clltáll•i• multl•itlo induclde por ADP. E•tm 

libermción H mide por medio de I• •cce•ibillded del [y32P]ATP • un• tr•mpm de 

gluco .. -heJCDCin•-· 

-Determln•r •i el PPI e• o no un inductor •lo•t6rlco de I• hidróli•i• uni•ltlo de (y32PJATP 

por I• F,-ATP•-aoluble. 

-Determln•r •i el PPI, • un• concentreci6n m6>ci"111 de 5 mMI, puede inducir I• llbermción 

del [y32P]ATP unido• I• F,-ATP•- en condicione• de hidróll•I• uni•ltio. 

-Determin•r •i I•• reeccione• de hldróli•i• y libereción del [y32P]ATP •e pueden -p•r•r 

e.xperlmentmlmente por medio de •u• re•pectiv•s llflnidmde• por lo• nucleótido•. 

-Proponer un• eJ1Pllceclón p•r• I• hldróll•I• y I• liberación de (y32PJATP que eJ1Pre- I• 

F, dur•nte I• tr•n•iclón de ctitáli•i• uni•itlo • multisitlo, con un modelo que concuerde 
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con el mecaniarno c.talítico de c.mbio de unión de Boyer, y con el poaibl• mec.niamo 

rot8cionel de le F,-ATP•-· 
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- RESULTADOS Y CONCLUSIONES. 

En el artículo y el manuacrlto que ae anexan, •e mue•bln lo• reaultadoa 

obtenido• a partir de loa objetivo• pl•nteadoa anteriormente. Eato• reaultadoa •e 

pueden re•umlr en lo• •igulente• punto•. 

- Primer trab8jo:•Unl•ite hydroly•i• ar [y32PJATP by •oluble mitochondrial F 1-ATPa•e 

•nd it8 rele••e by eJ111Ce•• ADP and ATP. Etrect ar trifluoperuine. • Autore•: Jo .. .J. 

García, Armllndo Gómez-Puyou y M8rietbl Tuen• de Gómez Puyou' . 

L8 hidróli•i• uni•itlo de [y32PJATP por la F,-ATPa .. •e inhibió pmrci•lment• par 

TFP. Lo• .recto• de la TFP en el ciclo cabilítico de la enzima .. ob-rv•ron en do• 

•tapa• diatinbl•: i) .. encontró un Incremento en el cociente [y32P)ATP unido/32Pi unido 

re•pecto a I• enzima control, que de8f8VOreee • la hidróli•i• uni•itio, y ii) la TFP 

dl•minuye parcialmente la llberaci6n del producto 32Pi del •itio c.talitico. E•to• do• 

efecto8 contribuyen a la Inhibición parci•I de I• actividad uni•itio de I• enzima. 

Reapecto al efecto de la TFP en la cooperatlvidad Po•itlva de I• enzima, ae encontró 

·que Inhibió en un 15'6 la tr•n•lción de c.Uili•i• unl•itio • multialtio de la F,-ATP• ... 

probablemente debido a I• 89P81rmclón funcion•I de lo• •ltio• c.bilítico• en ••ta 

fr•cción de la• enzima•. Debido a que la llberaci6n del 32Pi •• un pa80 limltant• en la 

c:.Uili•I• uni•itio, - eaperarí• que el efecto de la TFP en e•te pmao tuera el de mayor 

contribución a I• inhibición de la caUili•i• multiaitio por la F,. 

E•to• reauttado• •utaieren que la TFP inhibe a la ATPa .. por un efecto en la 

velocidad de la caUili•I• en cad• uno de lo• trea altlo• c.talítlco• de la enzima, y no por 

una inactlvaclón .. lectiva de uno o do'a de lo• •itioa activo• de la F ,. 

Por otro lado. ae encontró una ob•ervmción impartante al ••tudlar la aceleración 

de la c.hlili•I• unl•ltlo por ADP. Eate nucleótldo .caleró la hidróli•I• del [y32P)ATP 

previamente unido a la F, en condicione• uni•itlo, y produjo I• liberación de una 

fr•cción del [y32PJATP unido• la enzima. Eate re•ultado mu••tra que la .caleraclón de 

c:.tiíli•i• uni•itlo por la F, puede producir do• reaccione• opue•taa: hidróli•i• y 

liberación del [y32PJATP de8de •I •itio c:.talítico de •Ita .,inldlld hmci• el medio acuoao. 

Esbi observación •• relevante ya que la únic. reacción que .. había detectado 

' Este trablljo est• publicado en et Jount#ll ol IJk»fWITl«lcs lll1d 1Jiom9mbr-s 29:61-70 (1997). y se 
re811zó en su tot811ct.d tllljo I• dirección, y en los lllboratonos de los Ores. M#lett• Tuene de Gómez 
Puyou y ArmandO Gómez Puyou, en el Instituto de FISiologia Celul.,. de la UNAM 



anteriormente durante la aceleración de c.Uillai• de la F1 soluble era la hidr61iaia. La 

liberación del [y32P]ATP H había reportado aolamente una vez con anterioridad en una 

mutante puntual de la F, de E.coli afectada en la cooperatlvidad poaitlva de la enzima 

(Al-Shawi et •l., 1889), pero nunca en una F,-ATPaaa soluble totalmente funcional. 

La importancia de la liberación del [y32P]ATP de la F,, radica tambi6n en el 

·car41cter endergónico de I• -•Ida del ATP. Como ae mencionó en la lntroducci6n, I• 

llberaci6n del ATP ••la última fa .. de la reacci6n de aínte•I• de ATP, y H induce por 

el potencial electroquímico de protonea en el complejo FoF1. Por lo tanto, eate trabajo 

mueatra que la energía de uni6n del ADP ea auflciente para inducir la liberación del 

(y32PJATP unido• un aitio catalitico de alta afinidad de la F1-ATP•- soluble. 
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Original Artic/e 

Unisite Hydrolysis of ['Y32P]ATP by Soluble Mitochondrial 
Fi-ATPase and lts Release by Excess ADP and ATP. Effect of 
TriOuoperazine 

.José .J. García,1 Armando Gómez-Puyou,1 and Marletta Tuena de Gómez-Puyou1 

INTRODUCTION 

Receiv~d Matrh 31. 1996; accepted Ju/y 10. 1996 

Sorne of the characrcristics of unisite hydrolysis of (-y32P]ATP as well as thc cbangcs that 
occur on thc transirion to muhisitc catalysis were further studied. ll was found that a fraction 
of (-y32P]ATP bound ar the catalytic sites of F 1 under unisire condirions undergocs both 
hydrolysis and releasc induced by medium nuclcotides upan addition of millimolar concentra
tions of ADP or ATP. The fraclion of (-y32PJATP lhat undcrgoes release is similar 10 the fracaion 
thal undcrgoes hydrolylic clcavage. indicating that the rarcs of the release and hydrolytic 
reactions of bound (-y32PJATP are in the same range. As pan of studies on thc rnechanisms 
lhrough which tñfluoperazine inhibits ATP hydrolysis. its effect on unisire· hydrolysis of 
(-y32PJATP was aJso studied. Trifluoperazine diminishes the rate of unisite hydrolysis by 
3o-40%. The inhibition is accompanied by a nearly tenfold incrcase in lhe ratio of (..,32PJATP/ 
32Pi bound al the catalytic site and a SO% diminution in the ratc of 32Pi rclease from the 
enzyme into the media. Trinuopcrazine also induces heterogeneity of the three catalytic sites 
of F 1 in the sense lhat in ·a fraction of F 1 molecules. the high-affinity catalytic site has a 
aumover rate lower than the orhcr two. Trifluoperazine does not modify the releasc of previously 
bound (-y3:!PJATP induced by mcdium nuclcotides. The lattcr indicares ahat hindranccs in the 
relcase of Pi do noa necesarily accompany alrerations in the release of ATP even lhough both 
species lie in the same site. · 

KEY WORDS: ATP rclcasc; mitochondrial F 1 ; trinuoperazinc; unisilc ATP hydroJysis. 

The rni1ochondrial ATP synlhase is fonncd by a 
mernbrane rnoiely (Fo) 1ha1 allows lhe coupling of 
eleclrochernical ff+ gradien1s lo 1he syn1hesis of ATP 
by 1he ca1aly1ic porlion. F 1• The lauer rnay be oblained 
as a soluble ·prolein 1ha1calalyzes1he hydrolysis of ATP 
(Penefsky et al .• 1960). 11 is fonned by five differenl 
subunils in a s1oichiorne1ry of 3a, 3j3. 1-y. 15. IE. in 
order of decreasing molecular wejghl (Knowles and 
Penefsky. 1972a,b; Fosler and Fillingame. 1982; Mor
adi-Arnéli and Godinol, 1983. Pedersen and Arnzel, 

1993). F 1 has six binding si1es for adenine nucleolides, 
lhree of which possess calalylic propenies (Garre! and 
Penefsky. 1975; Cross and Nalin. 1982; Xue et al .• 
1987; Cross, 1988). Sorne years ago, 1he irnponanl 
observalion was rnade (Grubmeyer and Penefsky. 
1981 ; Grubmeyer et al., 1982) lhal al concen1ra1ions 
of ATP lower 1han lhose of lhe enzyrne, F 1 ca1alyzed 
ATP hydrolysis lhrough 1he funclion of only one ca1a
ly1ic sile. The kinerics and lhennodynarnics of lhe 
various sleps of unisile hydrolysis have been rhor
oughly s1udied (Grubrneyer et al., 1982; Cross et al., 
1982; Al-Shawi and Senior. 1988; Al-Shawi et al., 
1990; Cunningharn and Cross, 1988). Also. sile
direcled rnu1agenes in F 1 frorn E. coli (Duncan and 
Senior, 1985; Parsonage et al., 1987; Al-Shawi et al., 
1989; Wood et al., 1987; Weber et al., 1994; Ornole 

1 Instituto de Fisiología Celular. Universidad Nacional Autónoma 
de México. Apartado Postal 70-243. México. O. F. 04510. México. 
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et al., 1995) and inhibitors of F 1 have been used to gain 
insight into the ste~s of the cai.alytic cycle (Kandpal et 
al .• 1985; Tommasmo and Capaldi, 1985; Noumi et al., 
1987a,b). The reaction sequence of unisite catalysis is 

(1) (2) 

Scheme 1 

p; 
(J) 

ADP 
(4) 

Although F, can function with only one catalytic 
center, it has been extensively documented (Grub
meyer and Penefsky, 1981; Cross et al., 1982; Hackney 
and Boyer. 1978; Hutton and Boyer. 1979; O'Neal 
and Boyer, 1984) that th!' rate of unisite hydrolysis is 
accelerated approximately 105 times when excess ATP 
is added. This is due to an increase in the rates of 
substrate hydrolysis and product release from the cata
lytic site upon filling of the other catalytic sites. i.e., 
the altemating site mechanism of Boyer et al. (Hack
ney and Boyer, 1978; Hutton and Boyer. 1979; Kayalar 
et al., 1977; Boyer. 1993). In confirmation of previous 
data (Grubmeyer and Penefsky. 1981; Cross et al., 
1982; Hackney and Boyer. 1978; Hunon and Boyer. 
1979; O'Neal and Boyer, 1984). it was found that 
under unisite hydrolysis of [-y32PJATP. the addition of 
excess ATP or ADP enhanced the rate of hydrolysis 
of [-y32P]ATP bound to the catalytic site; however. it 
was now observed that the addilion of excess ATP (or 
ADP) caused the release of a fraction of the bound 
["y32P]ATP. 

The effect of trifluoperazinc (TFP)2 on unisite 
ATP hydrolysis was also determined. This was because 
at saturating ATP concentrations. the maximal inhibi
tion auained with TFP is approximately 70% (García 
et al., 1995). and thus it was considercd of interest to 
explore the mechanisms that lead to an enzyme that 
works at 30% of its maximal velocity. lt was found 
that. Tf'.P. i_nhibited by about 30% unisite hydrolysis; 
th~ 1nh1b1t1on was accompanied by an increase in the 
ratio of bound ATP/Pi at the catalytic si te anda diminu
tion in the rate of Pi release. 

In the light of the data observ;,d with and without 
TFP, it was studied if the altcrations of steps 2 and 3 
induced by TFP reflect on ATP release from the cata-· 
lytic site induced by excess nucleotides. The results 

2 Abbreviations: EDTA. ethylcnediaminetctraacclic acid; MES. 
2~N-morpholinoJcthancsulfonic acid; TFP. trinuopcrazine; Tris, 
tns[hydroKymcthyl)aminomcthane. 

García, G6mez-Puyou, and G6mez-Puyou 

show that although TFP affects the rates of steps 2 
and _3. the rele~se of bound [-y32P]ATP induced by 
medoum nucleot1des was not affected. This indicates 
th~t impairements i~ the release of one of the species 
(P1) do not necessanly accompany modifications in the 
release of ATP. even though both share the same site. 

MATERIALS AND METHODS 

3

, • All nonradioactive chemicals were from Sigma; 
·P1 was purchased from NEN and used without further 

purification for the preparation of [-y32PJATP according 
to Glynn :ind Chappell (1964). Soluble F 1 was prepared 
from bovme heart mitochondria as described elsewhere 
~Tuena de Gómez-Puyou and Gómez-Puyou, 1977); 
1ts ATPase activity al 24ºC was 60-80 µ.mol per min 
per m~ as measured spectrophotometrically al pH 8.0 
(Garc1a et al., 1995). F 1 was stored al 4ºC in a 50% 
ammonium sulfate suspension thal contained 4 mM 
~TP an.d 2 mM EDTA. pH 7.4. Befare use, the suspen
s1on was centrifuged and the pellet dissolved al a con
centration of 5 mg per mi in 40 mM MES/Tris 3 mM 
Mg-acctatc. and 1 mM KH2P04 • pH 8.0; the di~solved 
cnzyme was passed by centrifugation through Sepha
dex. ?-50 columns (Grubmeyer and Penefsky. 1981) 
eqmhbratcd with thc same buffer. Protein in thc eluate 
was determined according·10 Lowry et al .• ( 195 1) using 
bovinc serum albumin as standard. TFP was freshly 
prepared for each experiment; its concentration was 
calculated using a molecular extinction coefficient of 
log E = 4.5 al 258 and nm (Posf eral .• 1980). 

Unisile ATP Hydrolysis 

The standard buffer used in ali unisite reactions 
containcd 40 mM MES/Tris, 3 mM magnesium acetate. 
an~ l mM KH2 PO. adjusted to pH 8.0 with KOH. F,. 
[-y ·PJATP (1-2 X 106 cpm/nmol). TFP. and other 
reactants added during unisite hydrolysis were dis
solved in this standard buffer. Unisite hydrolysis was 
started by mi><ing 100 µ.I of 2 µ.M F 1 with 100 µ.I of 
0.6 µ.M [-y32P]ATP. Al a ratio of 0.3 ATP/F1 only the 
high-affi nity hydrolytic si te is filled (Grubmeyer et al., 
1982; Penefsky. 1988). In studies with TFP. this was 
added at thc desired conccntration in both the buffer 
and enzyme so]utions. At various tin1es. the reaction 
was arrested by mixing with 0.3 mi 8.3% trichloroace
tic acid. When the transition of unisite to multisite 
hydrolysis was studied. Mg-ATP or Mg-ADP (5 mM 
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final concentration) was added 10 lhe unisile reaclion 
mixture (cold chase). and at various times, the reaclion 
was anesled wilh trichloroacelic acid (S% final con
cen1ra1ion). The final volume of lhe anes1ed samples 
was O.S or 1.0 mi; to lhese 0.5 mi of 3.3% ammonium 
molybdale dissolved in 3. 7S N H 2S04 and 0.2 mi of 
accione were added. The resulling phosphomolybdale 
complex was extracted wilh l mi of bulyl ace1a1e; 
the organic phase was discarded and lhe ex1rac1ion 
repea1ed lwo more times. From the radioaclivity ofthe 
aqueous phase the amoun1 of [-y32PJATP 1ha1 remained 
was calculaled. 

Blndlng or [yUPJATP and 32PI to F 1 durlng 
Unlslte Hydrolysls 

To lhis purpose, SS or 110 µI of soluble F 1 (2-4 
µM) was mixed with equal volumes of [-y3'PJATP 
(0.6-1.2 µM. respectively). Al 1he desired times, the 
mixture was passed by cenlrifugation (l.S min) 
through Sephadex G-50 columns equilibra1ed with the 
unisite buffer wi1hou1 ATP; when the effecl of TFP 
was explored, 1he equilibraling buffer also con1ained 
TFP. The elua1es were received in 100 µI of 10% SOS. 
An aliquot was used lo measure prolein, and the resl 
divided inlo two portions. One was used 10 determine 
lolal radioactivily (32 Pi + [-y32P]ATP) bound to F 1; the 
other was exlracled three times wilh butyl acelate afler 
fonnalion of lhe phosphomolybdale complex as 
described above. The radioactivily of lhe remaining 
aqueous phase was used to calculale the amounl of 
bound ["Y32P]ATP; from the difference of lhe lolal 
radioac1ivi1y and thal of [-y32P]ATP. 1he amounl of 
32Pi bound to F 1 was calculated. The eluale of buffer 
wilhout F 1 conlained 1-2% of the total radioactivily 
introduced. 

Rate Constant ol 32PI Release 

This was delermined by incubalion of 100 µI 
mixtures of [-y32P]ATP with F 1 under unisite conditions 
with and wilhoul TFP. After 20 s the mixtures were 
passed lhrough Sephadex cenlrifugalion columns and 
lhe eluale received in 0.1 mi of 10% SOS (lime zero 
in 1he experimenls). Jdenlical samples of the unisite 
mixtures were also passed lhrough the cenlrifuge col
umns; lhese eluales were received in empty tubes. Al 
the indicaled times (see Results section), the lauer 
eluates were again passed by centrifugation through 

Sephadex columns and received in SOS for dc1ennina
tion of protein, total radioactivity, and its distribution 
into 32P and [-y32P]ATP as described above. The 
decrease in 1he amount of 32Pi bound to F 1 in the second 
eluates was used to calculate the rate of 32Pi relcase. 

Release or Bound [y32PJATP aner a Cold Chase 

This was determined by incubaling F 1 with 
[-y32P]ATP under unisile conditions, f"ollowed by thc 
addition of S mM ADP, 10 mM glucose, and J 
mg/n1l of hexokinase (360 units); After S min, the 
reaction was anested with HCI 1.3 N final concentra
tion. The samples were placed in boiling water at 90-
93ºC for 30 min in order to hydrolyze lhe existing 
[-y32PJATP. Thereafter, lhe samples wcre cxlracted with 
bulyl acelale afler formalion of lhe phosphomolybdale 
complex (see above). The radioactivity that remained 
in 1he aqueous phase after the heat treatmenl ([32P]glu
cose-6-phosphate) was considered to conespond to 
[-y32PJATP lhat became accessible tó hexokinase in the 
cold chase. Control experiments showed lhat after heat 

- treatmenl, less than 1% of [-y32P]ATP remained and 
that at least 98% [32P]glucose-6-phosphate was hcat 
resistan!. Other control experiments showed that ali 
[-y32P]ATP added to a mixture that contained hexoki
nase and glucose (with and wilhout F 1) was trapped 
as [32P]glucose-6-phosphate and that 5 mM MgADP 
did not inteñere with hexokinase. 

RESULTS 

At sa1urating concenlrations of-ATP. TFP modifies 
the kinetics of the ATPase activity of F 1• lt diminishes 
the V max by approximately 70%, whereas the Km f"or Mg
ATP is increased from 0.1 to 0.2 mM (García et al., 
1995). In consequence, TFP· diminishes Vm.,.1Km 
by aboul twofold. To probe into the mechanisms that 
lead to an enzyme that works with 50% efficiency, the 
effect of TFP on unisite ATP hydrolysis was deter
mined. Figure 1 shows the hydrolysis of 0.3 µM 
[-y32P]ATP by 1 µM F,, with and without TFP. In a 
time course, an initial rapid burst of hydrolysis was 
followed by a slower rate of ATP breakdown. The 
initial burst reflects the velocity of binding of ATP 10 
the catalytic sile and lhe establishment of an equilib
rium between hydrolysis and synthesis of bound 
[-y"PJATP. The slower phase is a state in which 32Pi 
is produced and slowly released into the media (Grub-
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Fla-1. Unisite hydro1ysisof[y3:P)ATP by F 1• EffcclofTFP. Unisitc 
hydrolysis was mcasured as dcscribcd undcr Matcrials and Methods. 
Al zero lime. 100 JLI of 2 tJ.M F 1 was mixcd with 100 µ.I of 0.6 
p.M ('Y32P]ATP. Whcrc indicated. thc mixtures containcd too µM 
TFP. Al the times shown. thc rcaction was stopped with S% trichlo
roacetic acid final conccntration and dilutcd to a volume of 0.S mi. 
Aflcr CJUracting 3~Pi. thc amount of remaiñing [-y3ZPJATP was 
detennined. 

meyer el al., 1982); lhis was inhibiled by TFP by 38% 
(average of five idenlical experimenls ± 8.3). 

Dlstrlbutlon or bound ATP and PI at the 
Catalytlc Slte 

The decrease in lhe rale of unisile [-y32P]ATP 
hydrolysis induced by TFP suggesled 1ha1 in ils pres
ence lhe amounl of ATP lhal bound 10 F 1 was lower, or 
1ha1 TFP hindered lhe breakdown ofbound [-y32P]ATP. 
Therefore, F 1 was incubated under condi1ions for uni
sile hydrolysis wilh and wilhoul TFP. and al differenl 
limes, lhe mixtures were passed by cenlrifugalion 
through Sephadex columns. Analysis of the eluale 
showed thal in bolh cases, mosl of lhe radioactivily 
inlroduced (0.3 moUmol F 1) had bound lo the enzyme 
(Figs. 2 and 3). Hence, TFP did not inlerfere wilh 
ATP binding. However, when 1he dis1ribu1ion of 1he 
radioactive label inlo 32Pi and [-y32P]ATP was deler
mined, a significan! difference belween lhe two sam
ples became apparenl. TFP shifled lhe dis1ribu1ion of 
32P between [-y32P]ATP and [ 32P]Pi bound lowards 
[-y32P]ATP. The shifl 10 a higher ATP/Pi ratio al lhe 
catalylic sile could be observed at concenlralions of 
TFP as low as 5 µ.M (Fig. 3). This shifl was likely 
duelo lhe binding ofTFP 10 a high-affinily sile of F,, 
since with 5 µ.M TFP. lhe ratio of TFPIF, was 2.5. 

García, Gómez-Puyou, and Gómez-Puyou 

Release or 32Pl From the Catalytlc Slte 

Under unisite conditions, there is continuous syn
lhesis and hydrolysis of ATP al 1he ca1aly1ic sile (Hack
ney and Boyer, 1978; Kayalar et al., 1977). Thus, il 
was s1udied if the change induced by TFP on 1he ratio 
of ATP/Pi al lhe ca1alytic sile was rela1ed to the rale 
al which Pi is released from the enzyme into 1he media. 
Accordingly, F 1 was incuba1ed under unisile condilio.ns 
wilh and wi1hou1 TFP for 20 s and thereafler passed 
through Sephadex centrifugation columns; F 1 in the 
elua1e conlained [-y32P]ATP and 32Pi (Fig. 4). In order 
to determine lhe rale of Pi release, aliquols of identical 
elua1es were fihered again al differen1 times 1hrough 
Sephadex columns. In accordance wilh 1he reported 
value of 3 X 10-3 s- 1 (Grubmeyer et al., 1982), 1he 
rate conslanl of Pi release in control F 1 was 3.1 X 
10-3 s- 1; wilh TFP. this decreased lo 1.7 X 10-3 s- 1 

(an inhibilion of 45%). In both cases, 1he dala fined 
a first-order equalion (Fig. 4). The reason why lhis 
decrease is slighlly (7%) higher lhan lhe inhibilion of 
unisile hydrolysis by TFP (see above) is nol- clear. 

Transltlon or Unlslte to Multlslte Catalysls 

One of lhc mosl notable fealures of F 1-ATPase 
is ils slrong posilive coopera1ivi1y (Grubmeyer anc 
Penef sky, 1981; Cross et al., 1982; Hackney and Boyer 
1978; O'Neal and Boyer, 1984). In faca, lhe additio1 
of high concenlralions of ATP lo F 1 ca1alyzing unisil• 
hydrolysis increases 30 limes lhe rate of hydrolysi 
al lhe calalylic sile, whereas that of product releas• 
increases by a factor of 105 (Cross et al., 1982; Cun 
ningham and Cross, 1988; Penefsky and Cross, 1991: 
In consonance wilh lhese data, Fig. 5 shows lhat th 
addilion of sa1ura1ing ATP concentralions 10 F 1 unde1 
going unisile catalysis produced a rapid breakdow 
of lhe bound [-y32P]ATP. However, not ali lhe boun 
[-y32P]ATP was hydrolyzed after inlroduc1ion of excei 
ATP. Aflcr lhe hydrolylic bursl (one second afler 1t 
addi1ion of excess ATP), about 30% of lhe [-y32PJAT 
inlroduced al the beginning of lhe experimenl was n 
hydrolyzed. In TFP-1rea1ed F 1, lhe cold chase al: 
produced a burst of hydrolysis; however, in lhis ca5 
1he sum of[-y32P]ATP hydrolyzed during unisile hydr 
lysis and lhe hydrolysis anained in lhe firsl seco1 
afler lhe cold chase was lower lhan in control F 1• T 
dala of Fig. 5 also show lhal wilh or wilhout TFP, 1 
rapid bursl of hydrolysis induced by excess ATP "' 
followed by a slower rale of hydrolysis of [-y32P]A1 
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Flg. 2. Amount of (-y32PJATP and 32Pi bound to F 1 undcr unisitc conditions. Effcct of TFP. 
Unisilc hydrolysis was stancd by mix.ing 55 µ.1or2 µM F 1 with 55 µ1of0.6 µ.M ['Y32PJATP. 
Al thc indicatcd times. 100 µ.I of thc mixture was passcd through centrifugc columns. The 
eluatcs werc receivcd in 100 J&.l 10% SDS and thc amount ofpro1cin. 32Pi. and [-y'2PJATP was 
dctennined as dcscribed undcr Matcrials and Mcthods. Thc lcft and right pancls show ex.peri· 
mcnts whhout and wilh 100 tLM TFP. rcspcctivcly. (•.o) total 32P ((-y32PJATP + 32Pi). <•.a) 
>::p¡0 and <•.6> (-y32P)ATP bound at lhe catalytic sitc. 
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Fla. 3. Effecl of diffcrcnl conccntrations of TFP on thc [-y32PJATP 
to l:?p¡ ratio at thc catalyric sile of F 1 undergoing unisitc hydrolysis. 
Unisite hydrolysis was started by mix.ing 110 ..,.1of4 µM F 1 with 
110 f.LI of 1.2 µM [~3:PJATP that contained the indicated final 
conccntrations of TFP. Ten seconds later. 100-µ.I samples wcre 
passed through Sephadcx columns containing thc sarne conccntra
tion of TFP and the cluate was rcccived in 100 µl 10% SOS. In 
rhc latter. thc amount of protein. total 31P (•). [-y3:?PJATP (O). 

and l:?p¡ (.6) wcrc dc1ermined; (•) ratio of 32Pil['Y3:?PJATP at the 
catalytic site. 

o 

...:-
~ 

-0.5 

-e 
e 
::> 
o 

<D 

~ 
e 

-2.0 

o 2 4 6 e 
Time (min) 

Fia. 4 Ratc of Pi re tease from F 1 catalyzing unisitc hydrolysis of 
[-y>:p]ATP. Effcct ofTFP. Unisitc hydrolysis was inilialcd by mix.ing 
110 ¡.I 4 ¡.M F 1 with 110 ¡.I oí 1.2 ¡.M h"PJATP. with and 
wi1hout 100 JA.M TFP. The experimental dclails are dcscribed un~cr 
Matcrials and Mclhods. Al time zcro. thc samples withoul and wuh 
TFP conlaincd 0.15 and 0.025 nmot of J:p¡ pcr nmol of F1. Thc 
logarithm of the fraclion of bound 32Pi rcmaining at differcnt times 
is plottcd against time. From thc slopc of thc dccrcasc in the amount 
of J:p¡ bound 10 F 1• thc first:ordcr ratc constants wcrc calculated. 
Thc valucs obtaincd werc 3.1 X 10-3 s-• and 1.7 X 10-J s-• for 
the control and the TFP lrcatcd samplcs. respcctivcly. 
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Fla:. 5. Transilion from unisitc to muhisitc hydrolysis. Effect of 
TFP. Unisite hydrolysis was mcasurcd as in Fig. 1 (2 µM F 1 and 
0.6 µM [y31PJATP) and was allowed to procccd for 25 s; at 1his 
time 100 Jo&.) of l.S mM Mg-ATP was addcd to givc a final .S mM 
conccntration of Mg-ATP in ttic cold chase. Al 1hc limes indicatcd 
the rcaclion was ancstcd with lrichloroacctic acid. 32Pi wa.• 
extractcd as dcscribed and thc amount of (y32PJATP rcmaining was 
detcnnined. Thc rcsuhs show thc pcrccm of lota) (-y32PJATP 
hydrolyzcd. 

These results suggested that the portian of the bound 
[-y32P]ATP that was not hydrolyzed in 1 s after the 
cold chase was released and mixed with medium ATP, 
which thereafler underwent hydrolysis. In the presence 
ofTFP. the rate of [-y32PJATP hydrolysis that followed 
the hydrolytic burst was lower than in control F,, as 
expected from the inhibiling effect of TFP on ATP 
hydrolysis at saturaling subslrate concentrations (de 
Meis et al., 1988; García et al., 1995). 

Hydrolysls and Release or [y32 PJATP Bound 
under Unlslle Condillons 

The possibility 1hat in a cold chase a portian of 
the ['Y32PJATP bound al the ca1aly1ic site could be 
released into the mediurn and mixed with cold nucleo
tides was directly determined. In F 1 loaded with 
[y2PJATP under unisile conditions, lhe inlroduction 
of millimolar concentrations of AOP (similarly to ATP) 
induces a burst of hydrolysis of previously bound 
[-y32PJATP (Grubmeyer and Penefsky, 1981). Hence, 
excess AOP togelher with hexokinase plus glucose 
was added to F 1 undergoing unisile hydrolysis of 
[-y32PJATP. As the aclivily of hexokinase introduced 
was in a tenfold excess over the hydrolytic activily of 
F,, most of the [-y32P]ATP released from the enzyme 
upon the addition of AOP would be trapped by hexoki
nase, yielding [ 32P)glucose-6-phosphale. 

García, Gómez-Puyou, and Gómez-Puyou 

Under unisite conditions, only about 2% of the 
total [-y32PJATP that had been introduced was accessi
ble to hexokinase (Fig. 6). Al lhis state, the addition 
of AOP + hexokinase produced a burst of hydrolysis 
of about 20% of the enzyme bound [ -y32P]ATP; the resl 
was found as [32P]glucose-6-phosphate. Thus, upon the 
addition of AOP, close to 30% ofthe bound [-y32PJATP 
became accessible to hexokinase, which indicates that 
this fraction of the previously bound [-y32PJATP had 
the capacity to be released into the medium wlien 
excess AOP is added. A release of [-y32PJATP of similar 
magnitude was observed in the presence of TFP. 

In order to further discard the possibility that any 
free [-y32PJATP could contribute to the formation of 
[32P]glucose-6-phosphate induced by AOP (Fig. 6), a 
control experimenl was made in which previous to the 
addition of excess AOP (± glucose-hexokinase), F 1 
(1 µM) was mixed wilh 0.3 µM [-y32PJATP and 15 s 
later the mixture was filtered through Sephadex col
umns. Ten seconds afler filtration, the eluted enzyme 
retained almost half of added [-y32PJATP (0.142 moU 
mol F 1). Ofthis bound nucleotide, 70% (0.1 mol/mol 
F 1) was hydrolyzed in 2 s after adding excess MgAOP; 
30% (0.042 mol/mol F 1) was released by MgAOP and 
trápped by hexokinase-glucose, and 3% (0.004 molJ 
mol F 1) was accessible to hexokinase in the absence ol 
MgAOP. Thus, as observed with the unfiltered enzymc 
(Fig. 6), lhe fraction of ['Y32PJATP not committed te 
rapid hydrolysis was also trapped by hexokinase ir 
filtered F 1 undergoing unisile hydrolysis. 

The overall results of Figure 6 show lhat thc 
fraction of [-y32PJATP that underwent hydrolysis nearl! 
equalled the fraction that is released by medium nucle 
otides. This indicates that notwithslanding the presenc• 
of TFP, the rate of [-y32PJATP release was as fasl a 
that of the splilling reaction (approximalely 300 s-• 
see Penefsky, 1988). However, it is poin1ed out tha 
in the presence of TFP, after 2 s of applying a col• 
chase wilh ei1her AOP or ATP. about 15% of enzym 
bound [-y32PJATP was not hydrolyzed, and not release 
inlo the media (Fig. 7). Nonetheless, lhis ['Y32P)AT 
was at a catalytic sile as illustrated by the followin 
experimenl. To F 1 catalyzing unisite hydrolysis e 
['Y32PJATP for 25 s in the presence of TFP, an AT 
chase was applied; al 35 s the samples were filtere 
lhrough Sephadex columns as in Fig. 7. A sample th• 
was received in SOS had 0.025 nmol ATP per nm• 
F 1• ldenlical samples were received in empty tubc 
and quenched with SOS; afler 5 min the ATP conle 
decreased lo 0.003 nmol per F 1 ; after 15 min, no A"J 
was detecled. The failure of a fraclion of previous 
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bound ATP 10 undergo release or hydrolysis afrer 
repealed 1umovers afler a cold chase suggesls lhal TFP 
produces a he1erogenei1y of hydrolylic siles. Func
lional and slruclural helerogenei1y of calalylic siles 
has been reported (Melese and Boyer, 1985; Belrrán 
et al .• 1988; Bullough et al .• 1987; Fromme and Grltber. 
1989; Malsuno-Yagi and ffa1eti. 1990; Bragg and Hou. 
1990; Shapiro and McCarty. 1990; Abrahams et al .• 
1994). 11 is also evidenl 1ha1 in 1he presence of TFP. 
lhe si1e 1ha1 relains and slowly hydrolyzes bound 
(y32PJATP e><hibils a high aftinily for ATP. olherwise 
ir would have been released inro 1he media. 

DJSCUSSION 

In continna1ion of reporred dala (Grubmeyer and 
Penefsky. 198 J; Grubmeyer et al.. 1982; Cross el al .• 
1982; Penefsky. 1988). il was observed 1ha1 al concen-

Mg2•-AOP 

lrarions of ATP lower 1han F 1 concenlralions, ATP 
rapidly binds 10 lhe enzyme and 1hereaf1er undergoes 
slow hydrolysis; in lhis s1a1e, e><cess ATP produces a 
rapid cleavage of a 70-80% porrion of enzyme-bound 
[-y32PJATP as lhe consequence of an enhancemenl in 
i1s rale of hydrolysis and an increase in lhe ra1e of 
product release (Grubmeyer et al .• J 982; Cross et al .• 
1982;Penefsky, 1985, 1988;SouidandPenefsky.1995 
and Fig. 5); Penefsky ( 1988) suggesled 1ha1 lhe 20-
30% porrion of [-y32PJATP 1ha1 is nol rapidly 
hydrolyzed was due 10 enzyme he1erogenei1y. ffow
ever, in the present experimenrs we observed that in 
1he 1ransi1ion of uni- 10 mullisi1e hydrolysis. a frac1ion 
of appro><imately 30% of rhe bound [-y32PJATP is 
released inlo lhe media. This illus1ra1es 1ha1 upon addi
lion of excess ADP or ATP. [y32PJATP bound al lhe 
catalytic site under unisite conditions can folJow two 
pathways. i.e., hydrolysis or release. This indicares 
1ha1 1he reported unisite rates of ATP binding and 
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Fig. 6. Hydrolysis and relcasc of [-y32P)ATP bound to F 1 undcr unisite 
condilions aflCr a cold e hase. Effcct of TFP. F 1 was incubatcd undcr unisile 
conditions (6 tJ.M F 1 and 1.8 µM [-y32P)ATP). After 25 s, thc rcaction was 
cithcr qucnchcd with HCI (1.3 N, final conccntralion), or supplcmentcd 
with 1 S mM MgATP or 1 S mM MgADP (5 mM final conccntra1ions) as 
indicated. Aftcr 2 s the rcaction was stoppcd with HCI; afterwards, thc 
amount of rcmaining [-y32P]ATP was detemlincd (open bars). In scparatc 
samp1es, aflcr 25 scconds of hydrolysis, thc unisitc mixture was supplc
mentcd wilh S mM MgADP, 30 mM glucosc, and 350 units per mi of 
hexokinasc (HK) (final conccntrations); aftcr S min thc rcaclion was 
qucnchcd with HCI. The amount of [-y32P]ATP that remained and [32P)glu
cose-6-phosphatc fonned (fillcd bars) was detcnnined as describcd undcr 
Matcrials and Mcthods. Thc first lwo bars (lcft side) show 1hc amount of 
[-y32PJATP ~•ydrolyzcd at 25 s of incubation. Whcrc indicatcd, the mixtures 
containcd 100 µ.M TFP throúghout thc various trcatments. Note that after 
a cold chasc wilh F\-tg-ADP + hcxokinasc. thc totality of thc radioactivity 
Was .accountcd for, cithcr as [-y32PJATP or [32P) glucose-6-phosphate, 
whcreas in thc prcscnce of TFP. 15% [-y~PJATP was not hydrolyzcd. nor 
trapped by hexokinase. 

bound ATP to undergo release or hydrolysis after 
repeated tumovers after a cold chase suggests that TFP 
produces a heterogeneity of hydrolytic siles. Func
tional and structural heterogeneity of catalytic siles 
has been reported (Melese and Boyer, 1985; Beltrán 
eta/., 1988; Bullough et al .• 1987; Fromme and Grliber. 
1989; Matsuno-Yagi and Hatefi, 1990; Bragg and Hou, 
1990; Shapiro and McCarty, 1990; Abrahams et al .. 
1994). Jt is also evident that in the presence of TFP. 
the site that retains and slowly hydrolyzes bound 
[-y32P]ATP exhibits a high affinity for ATP. otherwise 
it would have been released into the media. 

trations of ATP lower than F 1 concentrations. ATP 
rapidly binds to the enzyme and thereafter undergoes 
slow hydrolysis; in this state. excess ATP produces a 
rapid clea~age of a 70-80o/o portion of cnzyme-bound 
[-y32P]ATP as the consequence of an enhancement in 
its rate of hydrolysis and an increase in the rate of 
product release (Grubmeyer et al .• 1982; Cross et al .• 
1982; Penefsky. 1985, 1988; Souid and Penefsky. 1995 
and Fig. S); Penefsky (1988) suggested that the 20-
30% portion of [-y32P]ATP that is not rapidly 
hydrolyzed was due to enzyme heterogeneity. How
ever, in the present experiments we observed that in 
the transition of uni- to muhisite hydrolysis, a fraction 
of approximately 30% of the bound [-y32P]ATP is 
released into the media. This illustrates that upon addi
tion of excess ADP or ATP, [-y32PJATP bound al the 
catalytic site under unisite conditions can follow two 
pathways. i.e.. hydrolysis or release. This indicates 
that the reported unisite rates of ATP binding and 

DISCUSSION 

In confirmation of reported data (Grubmeyer and 
Penefsky. 1981; Grubmeyer et al., 1982; Cross et al., 
1982; Penefsky. 1988). it was observed that at concen-
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Fls. 7. Amount of (y32PJATP bound and 32Pi bound ro F 1 aftcr 
accclcrarion of unisi1c hydrolysis by cold chascs. F 1 (SO µl. 6 
µM) was mixcd wilh (y32PJATP (SO µl. 1.8 µM) to start unisite 
hydrolysis. Aftcr 2.S s. 100 J.1.I of unisitc buffer (no chasc). 10 
mM MgATP. or JO mM MgADP wcre addcd to givc .5 mM final 
concentrarions of cold nuclcotidcs. At thc times shown. samplcs 
wcre filtered through cc:ntrifugc columns. and lhe amount of 
("'l"12PJATP,, 32Pi. and protcin eluted from thc columns wcrc measurcd 
as dcscribed in Figs. 2-4 and in Materials and Mcthods. 'Jñc uppcr 
panel shows thc total radioaclivity bound ro F 1• 1hc middlc panel 
shows thc amount of ('l'32PJATP. and thc Jowcr panel lhc amounl 
of 32Pi. Conrrol cxpcriments are shown in whirc bars. and thc 
cxpcrimcnls _made in thc prescncc of 100 µ.M TFP in shaded bars. 

hydrolysis in F 1 would be slightly underestimaled, 
since lhese values have been calculaled assuming lhal 
none of the bound [-y32PJATP is released inlo 1he media. 
In facl, in particulate F 1, Suoid and Penefsky (1995) 
found a value of 2.3 x 105 M- 1 s- 1 for ATP binding 
measured by the cold chase lechnique which increased 
to 8 X 105 M- 1 s- 1 when measured with a hexokinase 
lrap. lt is importan! to menlion that a release of bound 
[-y32P]ATP under unisile conditions induced by excess 
ATP has been previously detected by a hexokinase 
trap; this release was observed in a mutan! of F 1 from 
E. co/i (f3-M2091) in which lhe unisile hydrolysis and 
the transition from unisite to rnultisite catalysis are 
impaired. This mutan! was lhought lo promole the 
release of bound [-y32PJATP by the binding of medium 
ATP al a second or third calalytic sile (Al-Shawi et 
al., 1989). 

García, Gómez-Puyou, and Gómez-Puyou 

This work also probed lhe mechanisms through 
which TFP (de Meis et al., 1988; García et al., 1995), 
similarly to olher amphipatic calions (Palalini, 1982; 
Adade et al., 1984; Chazoue et al., 1982; Laikind 
and Allison, 1983; Bullough et al., 1989), produces 
a panial inhibilion of ATP hydrolysis al saturating 
substrate concenlrations. lt was found 1hat unisile 
ca1alysis was panially inhibited by TFP. and that TFP 
diminished the rate of Pi release during unisite cataly
sis. As the inhibiting effect of TFP on ATP synthesis, 
and hydrolysis al saturating ADP or ATP concentra
tions is prevented by Pi in a compelitive form (de Meis 
et al., 1988; García et al., 1995), il is likely thal TFP 
acts by hindering lhe movemenls of Pi 10 and from 
!he catalytic sile. Rosing et al. (1977) and Al-Shawi 
et al. (1990) showed 1ha1 !he partilion of Pi from the. 
media into the calaly1ic site requires a fairly large 
energy input, which implies that the release of Pi from 
the catalytic sile is energclically favorable. Therefore, 
il is likely lhat TFP acls by imposing kinelic impaire
mcnls lo !he partilion of Pi between 1he media and lhe 
calalytic site. This alleralion could account for lhe 
inhibition of ATP hydrolysis induccd by TFP; however, 
it is no.red that TFP also increases lhe ratio of ATP/Pi 
bound lo lhe high-affini1y calalytic site of F., and 
induces a helerogeneity of lhe ca1aly1ic siles, which 
may also conlribule lo ils inhibiting effecl on ATP 
hydrolysis. In other condilions, helcrogeneily of cala
lylic siles has also been observed (Bullough et al., 
1987; Vázqucz-Laslop and Dreyfus, 1990; Murataliev 
and Boyer, 1994). An increase in lhe ATP/Pi ratios at 
the catalytic site during unisite conflitions was also 
observed by Al-Shawi et al. ( 1989) in mutants of the 
13 from E. coli in which amino acids localed at or 
ncar lhe catalytic site were subslituled by less polar 
residues. Thus, as prcviously suggested (de Meis et 
al., 1988; de Meis, 1989), it is possible that TFP 
increases !he hydrophobicity of lhe calalylic sile, 
lhereby shifting lhe cquilibrium between ATP and ADP 
+ Pi. 

Taken togelher, 1he dala of lhis work show (i) 
that in lhe 1ransi1ion of unisile to mullisile hydrolysis, 
a fraclion of lhe prcviously bound ATP is released by 
medium nucleotides, and (ii) lhal in unisile conditions, 
TFP imposes hindrances. in Pi release and increase• 
lhe ratio of ATP/Pi at lhe calalylic sile. Hence, il wru; 
asked iflhe change in ATP/Pi ratio and lhe hindrance• 
in Pi release run in parallel lo modificalions of ATF 
release from lhe calalytic sire induced by excess ade' 
nine nucleotides. The resulls showed that the amoun 
ofbound [-y32P]ATP 1ha1 is released by medium nucleo· 
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lides. as well as the inilial entrance of [-y32PJATP into 
lhe catalylic sile. were nearly of the same extent with 
and without TFP. However. the rate of Pi release was 
50% lower in the presence of TFP. A similar pallem 
in the effect ofTFP is observed in multisite hydrolysis 
and respiration-driven ATP synthesis; TFP lowers the 
Vma• of ATP hydrolysis with only a moderate increase 
in the K,. for ATP. whereas the inhibilion of ATP 
synthesis driven by electron transport is observed only 
at relatively low Pi concentrations (García et al .• 1995 ). 
Therefore. the results in soluble and particulate F 1 
indicate lhat TFP induces aherations in the partition 

. of Pi between the media and lhe enzyme; however. 
the resolis also show that these alterations do not 
accompany modifications of the partition of ATP. albeit 
both Pi and ATP occupy lhe same catalytic site. In 
this respect. it is pointed out that Al-Shawi and Senior 
( 1992) indicaled that the environment of the calalytic 
site in unisile catalysis is more hydrophobic when it 
is occupied with ATP than when it has ADP. Therefore. 
it is possible thal these differences in hydrophobicity 
of the catalytic site are related lo different pathways 
of partition of lhe lwo species. ATP and Pi. into and 
from the catalytic site. 
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• 
• - Segundo trabajo: "Acceleration of uniaite cataly•i• of mitochondrial F.-ATP••e by 

ATP. ADP and pyrophoaphate: hydroly•i• and rel•••e of the previoualy bound 

[y32P)ATP". Autorea: Joaé J. García. Armando Gómez-Puyou, Emeato Maldonado y 

Mari•tta Tu•n• d• Gómez Puyou. 2 

En ••te trabajo •• determinaron alguno• de loa factor•• que pueden inducir 

tanto I• hidróliaia como la liberación del [y32P)ATP del aitlo catalítico de alta afinidad de 

la F,. durante la inducción de au coopel'.ativldad poaltiva. Por un lado. - encontró un 

nuevo inductor aloatérlco de la hldr61i•I• unialtio de [y32PJATP catalizada por I• F, 

soluble: el PPI. Ademáa. - encontró que el PPI (5 mM) no Induce la reacción de 

liberación del (y32PJATP. Por otro lado. también ••determinó que el ATP •• un inductor 

tanto de la hidr61i•i• como de la liberación del (y32PJATP unido• la F, en condicione• 

unlaltio. Eate reaultado •• importante porque en el primer trabajo solamente .. había 

demo•trado que la liberación era Inducida por ADP. Sin embargo, el reaultado m41a 

interesante de ••te· trabajo fUe que I• hldr61iala y la liberación del (y32PJATP -

indujeron con diferente afinidad por un mlamo nucleótldo. Ea decir, • concentraclonea 

s 10 µM. el ADP y el ATP produjeron aubatanclalmente la hidróllal• de [y32P)ATP. ain 

inducir aignlficatlvamente la liberación de éate hacia el medio. Para inducir la liberación 

- necealt6 egregar concentracionea de ADP o de ATP a: 10 µM. Eato Implica que I• 

población total de molécula• de F, que ••~n realizando hidróll•I• unialtio de (y32PJATP. 

puede separa,_ en doa freccionea de molécula• al egreger un exceao de ADP o de 

ATP: un 50 % de I•• enzima• inducen I• hldróll•i• del [y32P]ATP • mayor velocidad que 

au liberación, con una mayor .rlnldad aparente por loa nucleótldoa; y otro 50 % de 

enzima• que inducen I• liberación del aubatrato • mayor velocidad que au hldr611ala. 

2 Este trabajo está en pn>ceso de reviSidn, y se comenzó en los lllborlltorios de los Ores. M. Tuena de 
Gómez Puyou y A. Gómez Puyou, en el Instituto de FisiOlogí• Celular de le UNAM. Un eo % restante del 
tl"lltlejO experimental se continuó y se concluyó en el Depmrtamento de l!lloquímice del Instituto Nacional 
de C.-diología, en el laboratorio del presente tesista. 
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DISCUSION Y PERSPECTIVAS 

Son v•ri•• I•• •portmcion•• que •• desprenden de loa reaultmdoa •nteriorea. A 

conticu•ción •• diacutir•n por ••P•r•do loa efectos de I• TFP en I• cmtmlaia uniaitio de 

I• F,, y I• liber•ción del [y32P]ATP inducid• por ADP y ATP. 

llllec•nismo de acción de I• TFP como inhibidor de I• F,-A TPasa. 

En el primer tr•b•jo de ••te tesis, •• encontró en cu•••• pasos del ciclo 

cetmlítico uniaitio de I• F, soluble•• en donde -=tú• I• TFP como un inhibidor p•rci•I. 

Este •• un •v•nce importente p•r• el entendimiento del meceniamo de inhibición de loa 

cetion•• •nfipliticoa, dmdo que no •• h•bí•n reportlldo estudio• similares con otros 

inhibidor•• de ••te tipo. Loa dos p•ao• cetelíticoa que disminuyó I• TFP fueron el 

equilibrio 32PU[y32PJATP unidos • I• enzima, y I• velocidad de liberación de Pi. En 

comp•ración con loa efecto• de I• TFP en la cmtmll•I• multiaitio, •• puede .-1\•l•r que 

el efecto en el coci9('1te 32PU[y32P)ATP ••obtuvo• concentraciones muy b•Ja• de TFP 

(desde 5 µM). Sin emb•rgo, I• inhiblcón de I• cetmli•i• multiaitio - obtiene de men•r• 

aignificetiv• • concentraciones de TFP mayor•• • 5 µM (G•rcí• et a/., 1985). Por lo 

tento, el efecto de I• TFP en I• velocid•d de salid• del Pi p•rece ser el mma importente 

par• inhibir tento la cetmli•i• uniaitio como I• hidról•I• multiaitio de ATP. Eatm 

interpretación concuerd• con el hecho de que I• inhibición de I• hidról•I• multiaitio de 

I• F, soluble •• revierte con Pi (de Meia et a/., 1988). Ademma, - ••be que en I• 

síntesis de ATP cmtelizad• por el complejo FoF1. el efecto de la TFP ea competitivo con 

Pi (G•rcí• et a/., 1985). En resumen, hmy v•ri•• aemejanz•• que - pueden ael\•l•r 

entre I• inhibición por TFP d• I• hidrólisis uniaitlo y multiaitlo cetelizad•• por I• F,

ATP•••: 1) inhibición p•rci•I de I• actividad; 2) efecto no competitivo con ATP: y 3) 

efecto en la p•rtición del Pi haci• y desde loa sitio• cetelítico• de la F,. Estas 

aemejanz•• sugieren fuertemente que I• TFP efecte de man•r• p•rci•I • loa tres sitio• 

cetmlíticoa de I• F, soluble, disminuyendo I• velocidmd de ••lid• del Pi dur•nt• I• 

hidrólisis, y I• velocidad de entrad• de Pi dur•nte la síntesis de ATP. Ademé•. loa 

dato• tembi•n sugieren que I• TFP induce un• lig•r• disminución en I• comunicmclón 

aloatérice de lo• sitios cetmlítlco• de I• enzim•. 
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Loa efecto• de v•rioa cetlon•• llflpliticoa y •n••t••lcoa locmlea. como I• TFP, en 

I• mctlvidlld de I• F, auelen tener cermcteríatlcea aimll•r••· Entre ••t8• aimilitudea •• 

h•ll•n I•• aiguientea: Inhibición p•rcl•I no competitlv• con ATP. aenaibllldmct •I Mg. Ki 

en el interv•lo µM, aenaibilid•d al pH y dependenci• reapecto • I• hidrofobicldlld del 

inhibidor <V•nderkool et •l., 1981;Chmzotte et al., 1882; P•l•tlnl, 1982; Ad8de et •l .• 

1984; de Mela et al., 1988; G•rcí• et al., 1995). Con b•- en ea .. • propiedade• 

comunea. - puede augerlr que el mecmnlamo por el cu•I I• TFP inhibe • I• cmtlÍliaia 

unialtio y multlaltlo de I• F,, podrí• ••r el mlamo por el cu•I mctúa el reato de loa 

e11tionea •nflplitlco• y •ne•tli•ico• locmlea par• Inhibir I• mctlvldad de ea .. enzimm. 

Hidr6/iaia y libereción del [y32P JA TP unido •I ailio catalitico de alta •flnided de I• F,

A TP••• inducldea por ATP, ADP y PPI. Un modelo de t:•Mllaia t'Olat:ionel que ••plk:• ,. 
hidr61iaia y la Nbereción. 

L• pregun .. que aurge de loa preHntea reaultlldoa •• mcercm del mect1nlamo por 

el cu•I el ADP o el ATP Inducen I• liberación del [y32P]ATP unido •I altio catmlitlco de 

ait. llflnldlld de I• F,. Loa reaultmdoa mueatr•n que I• hidróliala y I• liberación del ATP 

ocurre en diferente• fraccione• de I•• mollÍCUI•• de F,, y que •mbm• fraccione• pueden 

expre••r•• diferencl•lmente gr•ci•• • aua diferente• llflnld•dea por ATP, ADP y PPi. 

Sin emb•rgo, no - conatea .. cullil ••el mecmniamo por el cu•I. el ADP o el ATP 

inducen I• hidróliala o I• liberación del [y32P]ATP. Entender eate mecmnlamo Hrlli un 

acercemlento p•r• entender cómo ae exprea• I• ... P• fin•I de I• aínte•i• de ATP por 

•I complejo FoF1. Un• mmner• de extender ••to• eatudioa • condícion•• máa 

fiaiol6gicea, •• determln•r cómo- induce la liberación del [y32P]ATP del complejo F 0 F, 

acopl•do. Alguno• •ntecedentea mueatr•n que .. 1 liber•ción ae induce por ADP, como 

ae obaervó con I• F, aoluble en eate tr•b•jo. Sin emb•rgo I• liberación del (y32P]ATP 

unido •I complejo FoF1 inducida por ADP ocurrió de un• mmner• eatrictemente 

dependiente de I• preaenci• de un grmdlente electroquímico de protonea (Sould y 

Penefaky, 1995). L• pregun .. lmportmnte ea entonce• cómo •• que .... liber•ción 

ocurre en I• F, aoluble en reapuea .. • I• energí• de unión de loa nucleótidoa y en 

auaenci• del grlldiende de protonea. Ea poaible que •lgunoa e11mbioa 

conforrnmcion•lea (o rotacion•lea) que ocurren dur•nte I• inducción de I• liber•ción del 

·nrA · TfSIS n IEW 
~AliR DE lA BIBLIOTECA 
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[y''2P)ATP ••ten limit8do• cinética,,,.nte en el complejo FoF1. y que en la F, aoluble 

tal•• cambio• puedan ocurrir ain reatriccione• cinética•. Sin embargo, Ulmbién •xi•te le 

poaibilidad de que la liberación del (y32P)ATP que•• ob••rvó en I• F, aoluble. no•• 

induzca de manera aloatérica, •ino que •e• el producto de un recambio directo del ADP 

o del ATP por el (y32P)ATP en el miamo aitio caUllítico de elte afinidad de la enzirne. 

Aunque ••UI poaibilidad no .. puede de•carUlr con lo• pre .. nte• reaultadoa, ea difícil 

entender cómo ea que una fracción de I•• enzima• recambiaríen al (y32P)ATP en luger 

de hldrolizarlo. Un poaibilidad que concordaría con ••UI interpreUlción .. ria que I• 

fracción del (y32PJATP que .. libera al medio ••tuviera unida inicialmente• algún aitio 

no-catalítico. o• una fracción inactiva de enzima•. Sin embargo, dado que el H-100'6 

del (y32PJATP atladido • la F, en condicione• uniaitlo .. hldroliz• en cueatión de 

•lgunoa minuto• (ver lo• pre.ente• reaultadoa), •• poaible asegurar que prl6cticamente 

todo el (y32P)ATP ••une• un aolo aitlo caUllítico de alUI afinidad d• una pobleclón de 

_i,,,.• 100'6. activa•. 

Por otro lado, al auponer que la liberación del (y32P)ATP de la F, inducida por 

ADP o por ATP ocurre por medio de un mecani•mo aloatérico, podría hallar.. un 

mecaniamo tanto de hidr61i•I• como de liberación •i .. toma en cuenUI el modelo de 

altloa caUllftico• alternante• (Boyar, 1993) en conjunto con I• poaible rotación de la 

aubunldad y de la F, (Duncan eta/., 1ff5; Sabbert eta/., 1998; Zhou eta/., 1ff7). Para 

••to ... propone el alguiente modelo de aceleración de catllli•i• bi-rotaclon•I (Fig. 5): 

1) de acuerdo con el mecani•mo de cambio de unión de Boyer, de lo• tr•• •itio• 

catalítico• exiatentea O L y T. el •ltlo catalítico de alta afinidad ••ríe el aitio T; 2) el aitio 

T ocupado con (y32P)ATP en condicione• uniaitio aolo puede aeguir do• aecuenci•• de 

cambioa conformacionalea inducid•• por I• unión de nucleótido• exl6geno•: T-L-0 o 

T-o-L; 3) en el primer caao, la tranaición T -L induciría una rneyor hidratación del 

aitlo catalítico y ••to debería favorecer la hidróli•I• del (y32P)ATP (de Mela, 1989); 

mientra• que la tranaici6n L-0 induciría la liberación de lo• producto• (ADP y 32Pi). 

Por otro ledo, la tranaición T-o-L induciría una diaminuci6n abrupUI en la efinid•d 

por el (y32P)ATP y au conaecuente liberación a una velocidad rneyor que le de •u 

hidróliaia; 4) •• poaible que I•• tr•• confor,,,.cionea de loa aitioa catalítico• ae 

eatablezcan en reapueaUI • lo• diferente• contacto• que mantiene la aubunided y con 
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I•• aubunidlldea p de I• F,, y por lo mnto, I• rot8Ci6n de ••• aubunld8d inducirí• 

aimult8ne•rnente loa C8mbioa de uni6n propuestos en el modelo de Boyer (Croas, 

1SHM; Croas y DunC8n, 19M); 4) ai I• aubunid8Ct y puede rot8r en do• direcciones 

diferente• en I• F, soluble, .. obtienen I•• tr•nl!icionea T-L-o o T-o-L, 
reapectiv.mente (Flg. 5). Si •••• rot8cione• opueat8a ocurren en do• pobl8cionea de 

diferente• de I• enzi"'8, entonces .. obtiene t8nto I• hldr61iaia como I• libereci6n del 

[y32P)ATP inducidos •loat*ic8rnente por ADP o ATP. Ea posible que eat8a doa 

poblaciones de enzima .... ,....aen por I• inter8CCl6n de loa nucle6lldoa ellll6genoa con 
dos aitioa vecioa de diferente 8flnld8d, y que el PPI a.ng. muy b8j8 efinidlld por el aitio 

que induce la liber8Cl6n del [y32PJATP (ver loa reault8doa preaentea). Si ••te modelo 

reault8 correcto. indic8ri• que en I• F, soluble 18 aubunld8d y tiene I• libert8d 

confon'n8cion81 de rotar en •mbo• aentldoa. 5-ri• muy lntere-nte 8ftaliz• al ••• 

rot8Cl6n en do• aentldo• pudler• ocurrir durante la aínteaia e hidr61iaia de ATP llev8d8 

• c8bo por el complejo FoF, completo. 
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ABBREVIATIONS 

AMP-PNP, lldenyl-5 • -yl lmldodiphoaphate; EDTA; Ethylenedi•mlnetetraacetic 

llCid; MES, 2[N-Morphollno]eth•neaulfonlc •cid; PPi, pyrophoaph•te; TNP-ADP, TNP

ATP, •nd TNP-ITP, the 2·,3·-0-(2,4,8-trinltrophenyl) deriv8tlve9 of ADP, ATP •nd ITP; 

Tri•. Tri•[hydroxymethyl)8mlnometh•ne. 
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ABSTRACT 

The eft'9ct of edding ATP, ADP and pyrophosphate (PPI) on hydrolyai• ancl 

relea .. of [y32P)ATP bound to a high atfinity catalytlc •ite of •oluble F1 from bovine 

heart mitochondria under uni•lte conditlon• (Grubmeyer, C., Cross, R. L. ancl 

Penefsky, H. S. (1982) J. Biol. Chem. 257:12092-12100) wa• •tudied. In consonance 

with the previou• data, it W.• ob .. rved that mM concentratlon• of ATP and ADP added 

to F1 undergol~ uni•ite catalyai•. produce• a rnarked acceleratlon of hydrolysi• of 

[y32p)ATP that hed been previou•ly bound to F1 at aubstoichiometric concentratlon of 

[y32P)ATP to F1. PPI also produced a hydrolytic burst of a fractlon of the previou•ly 

bound [y32P]ATP; kinetic data •Usig-ted that for production of optima! hydrolysi• by 

PPI of the bound [y32P)ATP, two blndlng site• rnu•t be filled by PPI, their apparent Kd 

were 27 ancl 240 ~M. Nonethel .... the extent of the hydrolytlc burst inducecl by Mg 

PPI wa• lower than that lnclucecl by ADP and ATP. In F1 In which PPI had produced a 

hydrolytlc burst of the bound [y32p)ATP, the additlon of ATP lnduced a eecond burat of 

hydroly•i•. By mean• of flltratlon experimenta and enzyme trapping, it wa• aleo •tudled 

if ATP, ADP and PPI produce relea .. of the tightly bound [y32P)ATP. At mM 

concentratlons, ATP ancl ADP brought about relea .. of about 25% of the previou•ly 

bouncl [y32P)ATP. However, at J&M concentration•, ADP and ATP accelerated the 

hydrolyai• of the previoualy bound [y32PJATP, but not ita relea ... Hence, the hydrolytlc 

and relea .. raaction• could be separated, indicating that the two reaction• require the 

occupancy of ditferent •ite• in F 1 • With PPi, no release of the tightly bound [y32p]ATP 
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Wll8 ob .. rved. Since rel••- of ATP from • high •ffinity cmtmlytic site of F 1 ,_.,,....... 

the termin•I step of oxld•tive phosphoryl•tion, the d•m illustrllte thmt the blnding 

energy of substrmtes to F, is crlticml to the ejection of ATP lnto the medi•. In fmct, the 

fmllure of PPI to induce,. ..... of [y32P]ATP bound to F, under unlslte conclltion• Is 

probmbly dueto Ita low.r blnding energy. 

.. 
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INTRODUCTION 

The FoF,-ATPa88/ATP syntha .. of bacteria, chloroplasts, and mltochondrla is a 

multisubunit enzyme complex that catalyzes the synthesi• of ATP from ADP ancl 

inorganic phosphate (Pi) during oxidative or photo-phoaphorylatlon. Catalysis tak

place in the F, portlon of the complex which can be detached from the membrane as a 

eoluble enzyme; it exhiblta a high ATPa .. activity (Penefsky et al., 1980) ancl in 

presence of ~lvents, auch •• dimethyl sulfoxide, it has the capacity to synthesize 

enzyme bound ATP (Sakamoto & Tonomura, 1983; Yoshida, 1983; Sakamoto, 1984; 

G6mez-Puyou, et al., 19M; Kanclpal, et al., 1987; Beharry & Bragg, 1991a, 1991b, 

1992) and pyrophosphete, (PPi) (Tuena de Gómez-Puyou et al., 1993, 1995). F, is 

formed by five dlfferent aubunits a3j}sr181&1 with the indlcated •tolchlometrl-. lt h•• 

three catelytlc ancl three non-catalytic sites that ere located in the lnterfe-• formed by 

the a and j} subunits (Wllliams and Coleman, 1982; LOben et al., 1984; Noumi et al., 

1987; Abrahanw et al., 1994). 

The mechanism through whlch the ATP syntha .. carri- out synthesi• encl 

hydrolysis of ATP ha• been extanaively atudied. With respect to F, function, it has 

been propoaed that during ateady-atate hydrolysis, the three catalytic sltes work 

through the blndlng change mechaniam of Boyer et al. (Kayalar et al. 1977; Hackney & 

Boyer, 1978; Hutton & Boyer, 1979; Boyer, 1987, 1989, 1993). Thi• hypothesis 

proposea that the catelytlc aites exi•t in three different conformation• (open, •~ ancl 

tight), and that th.- conformation• altemate upon blnding and rele•- of subatnitea 
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and producta. The altemancy of the catalytic aitea ia thought to be driven by the 

binding energy of the aubatrat- and by the H+ gradient. The model la in line with the 

cryatallographic atructure of bovine heart F, (Abrahama et al., 1994), and experimenta 

that auggeat that during hydrolyaia, the y aubunit rotatea betw9en the core of the a and 

p aubunita (Duncan et al., 1995; Sabbert et al.; 1998, Zhou et al., 1998). 

lmportant knowledge of the kinetica (Grubmeyer & Penefaky, 1981; Grubmeyer 

et al., 1982) and thermodynamica (Al-Shawi & Senior, 1988; Al-Shawi et al., 1989; Al

Shawi et al., 1 ~) of the hydrolytic reaction ha• been obtalned from the atudi .. of 

[y32P)ATP hydroly•i• under unialte conditiona (Grubmeyer & Penefaky, 1981; 

Grubmeyer et al., 1982). In the latter reaction, aubatoichiometrlc concentrationa ot· 

(y32P]ATP are incubated with F,; thi• resulta in the binding of [y32P)ATP to the high 

affinlty catalytic aite of F,, where lt la alowly hydrolyzed. At thla atete, the addltlon of 

relatively hlgh concentratlona of ATP or ADP produC.. a burat of hydrolyaia of the 

bound [y32P)ATP, aa conaequence of a 105-fold lncrea .. in the rate of product relea .. 

(for review ... Penefaky and Croaa, 1991, but ... Reynafarje and Pederaen, 1997). 

However, varioua reporta ahow that only about 70-SO % of the bound [y32P)ATP that la 

bound to the high afftnity catalytic aite of F, ia hydrolyzed in the firat catalytic tumovera 

of multiaite activity induced by the addition of high concentrationa of ATP or ADP to 

mitochondrial F, undergoing uniaite catalyaia (Grubmeyer and Penefaky, 1981; 

Grubmeyer et al., 1982; Penefaky 1988). Further atudiea with particulate (Souid and 

Penefaky, 1995) and aoluble F, (Garcia et al., 1997), ahow.d that upon addition of 

ADP, the [y32P]ATP that waa not hydrolyzed -• releaaed into the media. 
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.. 
The relea .. into the media of ATP bound at the high affirilty catalytic •lte of Ft i• 

an endergonic reaction (Al-Shawi & Senior, 1988; Al·Shawi et al., 1990), and lt i• 

accepted that during electron tranaport driven phoaphorytatlon, it• tranafer into the 

media conaumea an important amount of the energy of electrochemical H• gradienta. In 

thl• context, lt ia relevant that Souid & Penefaky (1995) recently ahOW9d that in Ft of 

aubrnitochondrial particl- that had been loaded with [y32P)ATP under uniaita 

conditlona, a aubatantial amount of [y32PJA TP -• releaaed when a H+ gradient and 

ADP w.re appl~. Theae data atrongly augg .. t that the releaM of [y32PJA TP that had 

been bound to aolubl• F, under unialte conditiona i• part of the overall raaction that 

occura during electron tranaport driven- ATP ayntheaia. Therefore, it _. further 

atudied, how the relea .. and the hydrolytic reactiona of [y32P)ATP that haa been bound 

to aoluble mitochondrial F, under unlaita conditiona are afrected by ADP, ATP and PPi. 

The reaulta ahow that hydrolyaia and relea- of [y32P)ATP are conaequence of difl'9rent 

aventa; the formar i• trlggered by relatively low concentrationa o"f ADP and ATP, 

whereaa the rel••- of (y32P)ATP into the media requi,_ aignificantly hlgher 

concentrationa. In addition, it -• found that in contraat to ADP and ATP, PPi which 

ha• a low.r binding energy (Weber & Senior, 1995) induce• [y32P)ATP hydrolyaia, but 

not the ejection of [y32P)ATP into the media. 
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EXPERIMENTAL PROCEDURES 

Meteríais. 

AH nonradioactive chemiClll• W9re obtained from Sigma. [y32PJATP waa 

preparad according to Glynn & Chappell (1984) uaing [32PJPI obtained from N.w 

England Nuclear; ita apecific activity waa between 1 to 3 x 10• cpm/nmol. Soluble F, 

from bovine heart mitochondrla waa preparec:t a• d-cribed ela.where (Tuena de 

G6mez-Puyou & Gómez-Puyou, 1977). lt waa atored at '4-C aa a auapenaion in 50 % 

ammonium aulfate, 4 mM ATP and 2 mM EDTA, pH 7.4'. Before each experimentan 

allquot of the enzyme auapenaion waa centrifugad and the precipitate diaaolved in '40 

mM MES/Tria, 3 mM Mg-acetate and 1 mM KH2P04, pH 8.0. Theraafter, it waa paaaed 

by centrlfugatlon trough Sephedex G-50 columna that hed been equllibrated in the 

-ma butr.r. Protein wa• detttrmined in the eluate according to Lowry et al. (1951). 

Melhods 

Promotlon of Unillite [,JRPJA TP Hydrolysia by F, -A TP•-· 

In the atandard mathod for maaauring uniaite [y32PJATP hydrolyai•, 50 1-11 of 2 µM 

F, diaaolved in 40 mM MES/Tria, 3 mM Mg-acetate and 1 mM Pi, pH 8.0, wa• mixed 

with 50 1-11 of the _,,,. butr.r that in addition contained o.e .,M [y32PJATP. At variou• 

tima•. the reaction wa• arreated with trichloroacetic acid (8 %, final concentration) in a 

final voluma of 0.5 mi. To the latter mixture, 0.5 mi of 3.3 % ammonium molybdate in 

3.75 N H~. wa• edded and the phoaphomolybdate complex waa extractad three 

ti~ with 1 mi of butyl acetate. The radioactivity that remained in the aqueoua pha-
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([y32P)ATP) waa deterrnined; from thi• value the emount of [y32P)ATP hydrolyzed waa 

calculeted. 

To determine the etrect of ATP, ADP and PPi on hydrolyaia of [y32P)ATP that 

had been bound under uniaite conditiona, 100 ~I of the mixture in which F1 had been 

undergoing uniaite (y32P)ATP hydrolyaia waa mixed with 350 ~I of the atandard buffer 

that alao had the indicated concentrationa of Mg-ATP, MgAOP, and Mg-PPi. At the 

d-ired time•, the reaction wea atopped with 6% trichloroac:etic acid, end the amount 

of [y32P)ATP th~t remeined after the varioua treatrnenta wea determined •• deacribed 

above. 

To examine if ADP or PPi induced the rel••- of [y32P)ATP bound to F1 under 

uniaite conditiona, the atandard uniaite mixture waa aupplemented with 350 ~I that hed 

the d .. ired concentrationa of ADP or PPi in 40 mM MES/Tria, 3 mM Mg-acetate, and 1 

mM Pi, pH 8.0; thia mixture elao contained 25 unita of hexokin•- and 10 mM glucoae. 

The activlty of hexokina- wea in 10-fold exceaa over the multlaite hydrolytic activity of 

F1. In control aemplea, only th• buffer plua hexokin•- and glu~ _,. added. The 

reectiona were anwated 30 aeconda after the addltion of the hexokina .. mixture wlth 

HCI (1.3 N, final concentratlon). To determine the amount of (y32P)ATP tranaforrned 

into [ 32P]glucoae-8-phoaphate (Penefaky, 1885), the HCI mixture waa pleced in boiling 

water for 15 min. After cooling to room tempereture, 32Pi wea extreéted aa deacribed 

above anct the radioactivlty that remeined in the aqueoua ph•- wea conaidered to 

correapond to [32P)glucoae-8-phoaphate i.e [y32P)ATP that had been become acceaible 

to hexokin•-· Controla in eech experiment ahowed that el~ to 100 % (88-88 %) of 
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(y32P)A TP waa hydrolyzed and th•t the amount of [32P)gluco--8-phoaphate wm• not 

affected by the heat treatment. Additional controla In theae experimenta ahowed th•t 

when (y32P)ATP waa added to a mixture of hexokinaae and F •• •11 the [y32P)ATP wa• 

tranaformed into ( 32P)glucoae-8-phoaphate, and alao that the preaence of PPI did not 

affect the activity of hexokin•--

Meaaurements ol f?PJA TP ancl í°PJPi Bound to F1 

To dete~ne the arnount of [y32P)ATP and [32P)Pi bound to F •. 100 µI of the 

lndicated ,..ac:tlon mixtu,..a W9re paaaed by centrifugation through columna of 

Sephlldex G-50 (Penefaky, 1977) that h•d been equilibrated with th• mlxtu,.. In which 

the reaction waa carried out (except for [y32P)ATP). The eluatea (approx 100 µI) W91W 

received in 100 µI 10 % aodlum dodecyl aulfate. In the eluatea, proteln, [y32P)ATP •nd 

c»PJPI w.,.. determinad •• deacribed before. 

10 
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RESULTS 

Elfect of PPi on the Acce/eration of Unlsite {y32PJA TP Hydro/ysis. 

lt h•• been •hown th•t PPi eatimul•t•• the multi•ite ATP•- •ctivlty of F 1 

(l<ml•ahnikov• et •l.. 1988; Jault & Alli•on, 1993; Jault et al., 1994). Therefore, it Wll• 

••ked lf PPI, aimil•rly to ATP •nd ADP (Grubmeyer & Penefaky, 1981), •cceler.tea 

hydrolyaia of (y32P]ATP bound under uni•ite conditiona. Accordingly, 1 J,IM F 1 Wll• 

incub8ted wlth 9.3 µM (y32P]ATP for 25 aecond•; in thi• time e._nti•lly •11 (y32P]ATP 

h8d been bound to the high .t'finity c.telytic aite F,, and lied in equilibrium with 32Pi 

end ADP et the c.tlllytlc aite (Croa• et al., 1982). At thia amte, 5 mM ATP or PPI Wll• 

8dded. The two compound• •cceler•ted hydrolyai• of bound (y32P]ATP, albeit the 

extent of the hydrolytlc burst w.a higher with ATP (Fig. 1). In both c.-•. the r•pid 

pha- Wlla followed by• rel•tively alow ph•- of (y32P]ATP hydrolyaia, •nd within 5 

min •11 the [y32P]ATP h8d been hydrolyzed. 

The af'ftnity of the bindi~g •itea of F 1 for PPi and mzido-nitrophenyl-PPi are in the 

µM renge (Kironde & Croaa, 1988; l•-rtel et al., 1987; Michel et •l., 1989; Peinnequin 

et •l.. 1892; Weber & Senior, 1995); thua, lt Wll• atudied if in thi• concentr•tlon r•ng• 

PPI •cceler•t•• (y32P]ATP hydrolyaia. To thl• purpo ... ditrerent concentr•tiona of PPI 

w.re 8dded to F, 108ded with aubatoichiometric •mount• of (y32P]ATP; it la noted th•t 

the higheat PPi concentr•tion th•t could be ••-yed w•• 5 mM (•t higher 

concentr•tiona, PPi precipimted). Two .. conda after the •ddition of PPi, the re•ction 

-• •rreated. The extent of the hydrolytic burst incr••-d with PPi concentration (Flg. 
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2), and a Lin-aver Burk plot of the data (in-t, Fig. 2) ahowed two slopes wtth 

affinltie• of approximately 20 and 200 µM. Results from thr- independent 

determlnationa ahowed that the- values-re 27 ± 10 and 240 ± 70 J1M (± s.d.). Thi• 

suggests that the filling of at least two binding aites for PPi operate in the acceleration 

of hydrolysis of [y32P)ATP bound at the high affinity catalytic aite of F1. 

Regarding the aites that operate in the hydrolytic burst of (y32P]ATP bound 

under unisite conditiona, it -• explored if after PPi had induced a hydrolytic burst of a 

portion of the b~und [y32P]ATP, hydrolysis of the (y32P]ATP that remained could stlll be 

accelerated by excess ATP. lt -• found that after a PPi induced burst of [y32P]ATP 

hydrolysis had taken place, the further eddltion of ATP produced a aecond hydrolytic 

burat of the remainlng [y32P]ATP (Fig. 3). Thua, it appears that although moat of the 

[y32P]ATP bound under uniaite condltiona i• committed to hydrolysia, the filllng of PPI 

blnding altea doea not auffice to induce full hydrolyaia of the bound [y32P]ATP; thl• 

auggeats that ATP and PPI occupy dltferent altea in F1. or that th• particular 

characteriatlca of ATP are needed for maxlmal hydroly•i• of the bound (y32P]ATP. 

PPi Does Not Pioduce Re/ease of (,i'2PJATP Bound to F, Under Uniaite Condition11. 

The addition of high concentratlona of ADP or ATP to F1 undergoing uniaite 

cataly•i• accelerates the rate of hydrolysl• of the previously bound [y32P]ATP (Crasa et 

al., 1982); however. it has been ahown that ADP alao produces the partltion of a 

fraction of the bound [y32P]ATP into the media (Souid & Penefsky, 1995; Garcia et al., 

1997). Therefore, it was studied if PPi induce• [y32P]ATP relea-. In theae 
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experimenta, two protocola were followed. In one, F, undergoing uniaite [y32P]ATP 

hydrolyal• -• mixed with 5 mM PPi, and thereafter paaaed by centrlfugatlon through 

Sephedex columna. In the experimenta, two controla -re included l.e. F, -• mixed 

with buffer alone or with buffer that had 5 mM ATP; the reaultlng mixture• -re alao 

paaaect through Sephedex columna. In the eluatea, the amount of p_rotein, [y32PJATP 

and [32PJPI were determined. In conaonance with publiahed data (Duncan & Senior, 

1885; Bullough et al., 1987; Noumi et al., 1987; Al-Shawi & Senior, 1988, 1989), the 

eluate of F, th~t had been mixed with butrer contained [y32P]ATP and [32P]Pi in a 

atoichiometry that waa cloae to one (Table 1). In contraat, in the elu•t- of F, that had 

been trellted with ATP, no redioactivlty-• detectad; thi• -• expected aince excesa 
. . 

ATP produce• • rapid breakdown of the bound [y32P)ATP •• conaequence of 

acceleretion of product rele•- (but - below). Aa ahown in Table I, PPI alao 

produced a hydrolytic burst of bound [y32P]ATP, but the eluate atill contained [y32P)ATP 

and 32Pi. Aa ahown below, the preaence of [y32P)ATP in F, i• not dueto releaae and 

reblnding of [y32P)ATP. 

Thia iaaue -• further explorad in experimenta in which F, that hed been 

incubated with aubatoichlometric amounta of [y32P)ATP -• mixed with PPi and a large 

excesa of hexokinaae and glucoae. Under theae conditiona any [y32P]ATP in the media 

would be converted into ~P)glucoae-6-phoaphate. Before the addition of PPI, 

.... ntlally all [y32P)ATP introduced waa inacceaible to hexokin•- (Table 11). When 

PPi -• added to the [y32P]ATP-F, complex, a hydrolytic burat of a fraction of the 

bound [y32P]ATP took place, but thi• -• not accompanied by the formation of • 
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algnificant •mount of [32P)glucoae-8-phoaphate. A relevant control in theae 

experimenta -• to add 0.3 µM [y32P]ATP to a mixture that contained F 1 and 

hexokina-. In the latter conditiona, all the added [y32P]ATP waa converted into 

[
32P)glucoae-8-phoaphate (Table 11, third line). In addition to ahowing that hexokina

etfectlvely tr•pped all the [y32P]ATP, thi• control aleo llluatrated that the preaence of 

[y32P]ATP in the elu•te from Sephadex columna in the experiment of Table I, or the 

rel•tively alow rate of [y32P)ATP hydrolyaia that took pl•ce after addition of PPi (Fig. 1) 

-• not coneeqµence of relea- and re-binding of [y32P]ATP to F,. 

ADP and ATP lnduc:ed Hydrolytlis and Re/ease of [,J'2P}ATP Bound Under Unillite 

Condltlons. 

The d•ta of T•blea 1 and 11 ahowed th•t although PPi produced • hydrolytic 

burat of [y32P]ATP bound under uniaite conditiona, it did not cauae ita rel••-· Thi• 

augg-ted th•t promotion of th• hydrolytic •nd rel••- reactiona of the tightly bound 

[y32P]ATP could be -p•rately induced. Thia poaaibility wa• firat explorad by 

determinlng the etrect of dif'lerent ADP concentrationa on hydrolyai• •nd rele•- of 

[y32P)ATP th•t had been bound to F, under •tandard conditiona (Fig. 4); rel••- -• 

determinad by the •cce•ibllity of [y32P]ATP to hexokina-. Near-m.ximal •ccelerdon 

of [y32P]ATP hydrolyai• -• ob-rved with 10 µM ADP. Below thl• concentration, 

h•rdly •ny [ 32P)glucoae-8-phoaphate wa• formec:I, but a• ADP concentration -• 

raiaed, there waa a progreaaive incre•- in the •mount of [y32P)ATP that becalme 

acceaible to hexokin•-· Th• Kd- for the l•tt•r reaction calculated from thr- dif'lerent 
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determin•tiona w•a ~± 10 µM (±a.d.). The differencea in concentr•tion required for 

promotion of the hydrolytic •nd rele•ae re•ctions auggest th•t the number •nd •ffinlty 

of the altea th•t •re occupied by ADP •re centr•I to the p•thw•y th•t tightly bound 

[y32PJATP followa. Figure 3 •lao aho- th•t ATP. •t concentr•tion• equlv•lent to thoae 

of ADP, produced • higher hydrolytic burat of the bound (y32PJA TP. 

T•ken together the experimenta of T•bles 1 •nd 11 •nd Figure 3 ahow th•t the 

hydrolytic re•ction of (y32P)ATP bound to the high •ffinity catmlytic aite can be induced 

.. p•r•tely from .the rele•ae re•ction by uaing either PPi, or by •dding rel•tively low 

ADP concentr•tiona. lt -• thua explored if the two re•ctiona could •lao be ob .. rved 

when ATP Is 8dded to F, th•t Is carrying out uniaite (y32P)ATP hydrolyaia. In one aet of 

experimenta (T•ble 111), F 1 previoualy lo•ded with (y32P)ATP w•• mixed with 5 µMor 5 

mM ATP or ADP; •fterw11rda the mixture -a centrifugad through Seph•dex column•. 

In •ccord•nce with the d•tm of Figure 4, 5 µM •nd 5 mM ATP produced • ne•rly equ•I 

hydrolytic burat of the previoualy bound [y32P)ATP, but there were ditrerences In the 

[y32PJATP content of the elu•tea. The elu•te of F, tre•ted with 5 rnM ATP hed no 

[y32PJATP, where•a th•t of F 1 tre•ted with 5 µM ATP cont•ined • aignificant •mount of 

[y32PJATP •nd [ 32P)Pi. The experimenta with ADP yielded aimil•r resulta, except th•t • 

smmll f,.ction of [32PJPi rernmin9d bound to F 1 •fter •ddition of 5 mM ADP. 

The l•tter reaults with ATP •gree with the d•t8 of Milgrom & Mur•t.liev (1987) 

who ahowed th•t •ft•r •cceler•tion of catmlyaia by 20 µM ATP. • 20 % fr•ction of the 

previously bound [ 32PJPi co-eluted with F, •fter P•a-ge through Seph•dex columna. 

Theae findinga could auggest th•t there is • popul•tion of enzymea in which hydrolyai• 



of previoualy bound [y32P)ATP doea not take place in the firat turnover wlth cold ATP. 

and that a number of turnovera higher than the few that took place with 5 tJM ATP la 

needed to hydrolyze all the bound [y32P)ATP. In thi• reapect, it is notad that in early 

experimenta on the acceleration of uniaite hydrolyaia by ATP. two ratea of hydrolyaia of 

previously bound [y32P)ATP -re ob-rved and thia finding was adacribed to enzyrne 

heterogeneiw (Cross et al., 1982; Penefaky, 1988). Alternatively, and In the light of the 

data obtained wlth PPi and ADP (Figa 1-4), it was conaldered that under unlalte 

catalysis, a fnl~ion of the enzymea could be prone for relea- of the tightly bound 

[y32P)ATP. lndeed, the ab .. nce of [y32P)ATP in the eluate of F, treated wlth 5 mM ATP 

(Table 111) could reflect that [y32P)ATP waa releaaed from F, and removed when lt waa 

paaaed through the Sephadex columna. 

Therefore. further experimenta -r• carried out to explore if the addition of ATP 

to F, undergoing uniaite·[y32P)ATP hydrolyaia produces ita rel••-· Figure 1, •• well aa 

other reporta (Croas et al., 1982;· Penefaky, 1988; Garcla et al., 1997), ahow that the 

addition of exceaa ATP produces a hydrolytlc burat that ia follow.d by a al~r phaae 

of [y32P)ATP hydrolyala. The latter coincides wlth hydrolysia of rnedium ATP sugg-tlng 

that a portian of the bound [y32P)ATP mixed wlth rnedium ATP. Thua, to F, loaded with 

(y32P)ATP, 5 mM ATP -• added. thia waa followed one .. cond later by the additlon of 

hexokinaae. lt waa found that a 28 °/o fraction of previoualy bound (y32P)ATP waa 

transformed into [32P)glucoae-8-phoaphate (Table IV). In control experimenta. 5 mM 

(y32P)ATP waa mixed with F 1 undergoing unisite hydrolyaia of non-radioactive ATP. In 

th ... conditlona, 15 o/o of [y32P)ATP waa hydrolyzed in one ~nd of reaction time. 
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Thla hydrolyaia correlated with the 10 % hydrotyaia expected from a multlalte 

F1·ATPa .. activity of 70 µmol/minlmg. Therefore, it appeara that excesa ATP indeed 

produces relea- of (y32PJATP bound at the high aftlnity catalytlc aite of F1. 
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DISCUSSION 

The finding th•t rel•tively high concentr•tiona of ATP or ADP •ccelerme the 

bre•kdown of [y32P)A TP bound to F, under uniaite conditlona, h•• been inatrumentml 

for mmny atudi .. on the rnech•niarna th•t oper•t• during ATP hydrolyaia by soluble F, 

(for review ... Perwfaky & Croaa, 1991). Nonetheleaa, •• ahown in thi• work,, the 

llddltion of rel•tively high •denine nucleotide concentr•tiona to F 1 undergoing unlelte 

(y32PJATP hyd~y•I• •lao produce• rel•• .. of • portion of the tightly bound [y32PJATP. 

The l•ttar i• of importmnce aince during oxid•tive or photoaynthetic phoaphoryl•tion, 

re,.. .. of eynthealzed ATP conaurnea •n lmportmnt •mount of electrochemlcml H+ 

energy; the free energy di11gr•m of hydrolyei• under unlaite conditione la In 

conaon•nce with thl• conclualon (Al-Shmwi & Senior, 1988; Al-Shawi et •l., 1990). 

Thue, kowledge of the fllctora that lead to rel••- of [y32P)A TP from • high •frlnlty 

cmtlllytlc eite •cql.llre p•rtlcul•r relev•nce. 

Hydrolyala and Re/eaae of [,i'2P}A TP bound under Unlsite Conditions. 

Acceleretion of hydrolyai• of [y32P)ATP bound under unleite condition• cmn be 

induced by ATP, ADP. •nd PPi; in •ddition, it h•• been ahown thmt TNP-ITP, TNP-ATP 

•nd AMP-PNP (Grubmeyer & Penefeky, 1981) produce •lmil•r err.cte. Appmrently, 

there i• not a large epecificlty for the molecule th•t induce• import•nt •cceleration of 

hydrolyaie of the tightly bound (y32P)ATP. H~ver, it i• noted th•t ATP, ADP and PPi 

produce hydrolytic burate of [y32P)ATP of ditrerent extente; i.e. 0.10 ± 0.02, 0.07 ± 0.01 
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•nd 0.05 ± 0.01 mol/mol F,, reapectively (data calculated from 4-7 dlfl'erent 

deterrninatlon• ±•.d.). Moreover, it -• found that after a hydrolytic burat of [y32PJATP 

hlld been induced by PPi, the further additlon of ATP produced a aecond burat of 

hydrolyala. Theae finding• indicate that acceleration of hydrolyia of [y32P)ATP bound 

under uniaita conditiona can be induced by the occupancy of varioua altea in F 1 • From 

the data in thia work, it cannot be aacertained if the.. ait- are catalytic or non

catalytic. 

lt -• al~ ob-rved that the filling of the aite• that trigger [y32P)ATP hydrolyal• 

by ADP or ATP may be accompanied by ita relea .. into the media; however, thia latter 

event may be .. parated from the hydrolytic reaction. For inatance, hydrolyala of the 

tlghtly bound [y32P)ATP could be triggered by concentration• of ADP and ATP th•t do 

not produce relea ... lt la alao relevant that, et variance with ADP and ATP, PPI at 

relatively high concentrationa doea not induce relea .. of the tightly bound [y32P)ATP, 

although PPi acce.leratea hydrolyaia of a portian of the tightly bound [y32P)ATP. In thl• 

regard, it la poaaible that PPi concentrationa higher than thoae that could be 

experimentally aa-yed are needed to produce [y32PJATP relea ... Neverthel .... t~ 

varioua obaervationa indicate that partition of [y32PJATP into the media requirea the 

occupancy of aite• ditrerent from tho.. that trigger hydrolyaia, or altern•tively, the 

fllllng of a •ite with relatively low aft'inlty for PPi. 

In aoluble F,, the tr•n•ition of uniaite to multiaite hydrolyaia of (y32P)ATP by 

exce•• ATP may leed to the expreaaion of two ditrerent ratea of hydrolyaia of the 

previoualy bound [y32P)ATP. Thia h•• been •ttributed to heterogeneity in the 
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population of F, (Cross, et al., 1982), orto an intrinsic heterogeneity of the Clltalytic 

sites of F, (Bullough et al., 1987). In the presently described experimenta, it was 

observed that hlgh concentrations of ATP and ADP produce rapid hydrolisis of only • 

fr•ction of the previously bound [y32P)ATP, the rest I• ejected lnto the medl•. Thls 

could lndicate the existence of • heterogeneous population of F, in which [y32P)ATP In 

• frllctlon of the enzymes is committed to hydrolysis and in another to release. 

However thls raises the question of why in the l•tter population, PPi does not produce 

rele•se of [y32P)ATP. 

Thermodyn•mic •n•lysls of unisite hydrolysis by F, (Al-Shawi & Senior, 1988; 

Al-Shawi et •l., 1889, 1990) lndlcates th•t release of [y32P)ATP bound to• hlgh •tftnlty 

·slte of the enzyme is •n endergonlc re•ction, •nd that ADP binding Is a favorable 

reaction. In this context, it Is rel•v•nt that [y32P)ATP bound to a high atnnlty blnding 

slte of particulmte F, could be released provlded • H. gradlent was -tablished 

(Penefsky, 1985); this procesa was enh•nced by ADP (Sould & Penefsky, 1985). 

Tiiken together, these findings suggest that the observad [y32P)ATP ralease from F, 

representa_ the terminal step of oxidative phosphoryl•tion, and that energy input from 

electrochernical H• gradienta plus the binding energy that derives from the blndlng of 

ADP to F 1 resulta in optirnml ejection ofthe tightly bound [y32P)ATP. 

These observ•tions may expl•ln why the occup•ncy of sites in F, by PPi does 

not produce relesse of the tightly bound [y32P)ATP. The values reported in thls work of 

the Kd- of soluble F, for PPi (27 and 240 µM) agr-• with the r•nge of •frinities 

d .. cribed previously (0.3-230 µM) (Kironde & Cross, 1988; ls-rtel et •l.. 1987; Mlchel 
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et al., 1989; Pel_nnequin et al., 1992; Weber & Senior, 1995). T~i• auggeata thet the 

inablllty of PPi to induce rele•- of [y32PJATP bouncl to F, uncler uniaite conclitlona 

could be relllted to ita blnding eoergy; it ia lower then thet of ATP or ADP, ancl in 

conaecuence lower then thet required to rele•- [y32PJATP frorn ita high affinity 

cetalytic alte. Moreover, it ia relevant that in aoluble F 1 in which [ 32PJPPi and [y32PJATP 

heve been aynthetized in the pre-nce of dimethylaulfoxide, only the former ia 

releaaed upon dilution of the coaolvent (Tuene de G6mez-Puyou et el., 1995), which 

again illuatratea.that PPi binding la I••• tlght then thet of ATP. 

Thua, thl• work ahowa that the hydrolytic reection of the tightly bound [y32PJATP 

cen be -pareted from the rel••- reaction. lt la elao relevant that hydrolyala end 

...... _ ofthe tightly bound [y32PJATP mey be induced by ADP •ncl ATP, and th•t pp¡ 

which h•• a low.r binding energy then ATP end ADP, lnclucea ita hydrolyala, but not Ita ......... 
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TABLES 

Teble 1: Etfect of ADP end PPi on.(y8 PJATP and (:IZpJPi bound to F, under Unlsite 
Condltlona. 

.Addltlona to F, 

undergolng unialte cetalyaia 

Buffer 

5mMMgATP 

5mMMgPPi 

(y32PJATP hydrOlyzed Bound (y32P)ATP Bound (32PJPi 

(mol/mol F 1) 

0.110 

0.190 

0.180 

(mol/mol F t) 

0.210 

NO 

0.058 

(mol/mol F 1) 

0.090 

NO 

0.092 

F, waa lneubafied In the atanderd conditJona for unialte hydrolyaia of (y32PJATP. 

After 10 aeconda of incubetion, the indiceted eddltlona were mede •nd 10 aecond• 

leter, the .. mples were centrlfuged through Sephedex columna •nd in the eluete. the 

ernount of proteln, (y8 PJATP end (32P)Pi were determined (aee Methoda aec:tion). In the 

control, butr.r wlthout ATP or PPi waa edded. ND lndlcetea that no redloectivlty wea 

detected in the eluete. The Teble elao ahowa the amount of [y8 PJATP thllt hed been 

hydrolyzec:I et the time In which the varioua -mpl- were C9ntrlfu9ed. 
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T•ble 11: Accealbillty to Hexokin•- of [y32P)ATP Bound to F, Under Uniaite 

CondlUona. 

Experirnent81 [y32P)ATP hydrolyzed [y32P)A TP tr•naformec:I into 

Condition [
32P)Glucose-e-phoaphllte 

(mol/mol F ,) (mol/mol F 1) 

F 1 + 0.3~M [y32P)ATP 0.130 0.003 

M -smMMg~Pi 0.188 o.ooe 

HK+ F, - 0.3J&M [y32P)ATP o 0.3 

F, -• incub•ted in the at.ndard unlalte condltion• of [y32P)ATP hydrolyaia. 

After 20 aecond• of incubation, -mplea were quenched wlth acid to determine the 

amount of [y32P)ATP hydrolyzed or aupplernented with hexokina- and glu~ to 

determine the amount of [y32P)ATP accesible to hexokin•-; the latter reactiona -re 

•~ted 30 eeconda l•ter. In other identical tubea, 5 mM PPi without •nd wlth 

hexoklna .. -• •dded; the re•ctiona were •rreated 2 •nd 30 ~nd• later in order to 

det8rmine the •mount of [y32P)ATP hydrolyzed and th•t that become accealbl• to 

hexoklnaM. The amount of (y32P)ATP and [32P)glucoae-8-phoaphate Wll• determlned 

•• deacribed under Methoda. In the experiment of the third line, [y32P)ATP -• added 

to• mixture of F, •nd hexokin• .. plua glu~. and 30 aecond• later, the •mount of 

[y32P)ATP hydrolyzed •nd tranaforrned lnto [32P)glu~phoaph•te Wll• determlned. 
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Table 111: Etrect of ATP and ADP on (y»P)ATP and (»P)Pi Bound to F, under Unlalte 

Conc:lltiona. 

Adclltiona to F, (y»P)ATP hydrolyzed Bound (y»P)ATP Bound (»P)Pi 
undergoing.unlalte hydrolyaia (mol/mol Ft) (mollmol F,) (mol/mol F t) 

Buffer 0.150 0.080 0.088 

5µMMgATP 0.202 0.025 0.035 

5mMMgATP 0.220 ND ND 

5µMMgADP 0.193 0.030 0.028 

5mMMgADP 0.195 ND 0.018 

Unialte [y»PJATP hydrolyaia -• allowed to proceed for 10 aeconda under the 

atandard condltlona. At thla time, 100 '" of buffer, or ATP or ADP at the indlcated 

concentrationa W9re added; 10 .. conda llltter, the mixtures W9re elther ecid quenched 

to determine the amount of [y»PJATP hydrolyzed, or paaaed through S.phadex 

columna. In the latter eluatea, protein, [y»P)ATP and [»P)Pi -re determined. NO 

lndicatea that no radioactivlty -• detectad. 
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TABLE IV: ATP lnduced Rele ... of [y8 P)ATP thllt h•d been Bound to F, under Unialte 

Condltiona. 

Additiona to F, 

undergoing uniaite Clltmlpi• 

Butl'9r 

5mMATP 

[y32PJA TP hydrolyzed 

(% of tot81 8dded) 

42 

53 

[y32PJATP t8n•fonn9d into 

[
32P]Glucoae ~phoaphllte 

(% of total (y32P)ATP mdded) 

2 

28 

Unialte [y32P)ATP hydrolyai• wm• •llOW9d to proceed for 10 eecond•. At thi• 

time, identie91 .. mplea _,. tremted With 100 µL of but'ler, or with 5mM MgATP. After 

one· eecond, the remction Wll• quenched with •cid, to determine the •mount of 

[y32P)ATP hyclrolyzed, or aupplernented with hexokin• .. + glucoae; the lmtter .. mp1 .. 

_,. quenched wtth llCid 30 aecond• l•ter in order to determine the •mount of 

[
32P)glucoae e phoaphmte fonned. 
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FIGURE LEGENDS 

Figure 1. Effect of ATP end PPi on Hydrolyaia of (y32PJATP Bound Under Unialte 

Conditlona to Soluble. F,. At lime zero, the lncubation of 1 J,IM F 1 wlth O. 3 J,IM 

(y32PJATP wea atened •nd et the times ahown the reaction we• •rreated with 

trichloroecetic •cid. At the errow, 350 J,11 of buffer that contalned MgATP (• - •> or 

MgPPi (o- o) ware edded (5 mM fin•I concentretion), end the reectiona -re ellowed 

to proceed for th9 times •hown befare edding trichloroacetic acld. At the polnta ahown, 

the amount of (y32PJATP hydrolyzed wea_detennlned. The •-r curve (O- o) ahowa 

the unlaite reection profil• in which no ATP or PPi -re added. For further deteila aee 

Methods MCtion. 

Figure 2. Et'fect of dit'ferent Concentrationa of MgPPi on Hydrolyai• of (y32P)ATP 

Bound Under Unlalte Conditiona. F, wea lncubeted with (y32P)A TP under the atendard 

conditiona for uniaite hydrolyala. After 10 -cond• of incubetion, the amount of 

(y32PJATP hydrolyzed waa detennined; in the figure, thi• i• ahown •• the potnt with zero 

PPi concentretion. To identical -mplea, 350 J,11 of buffer that contained MgPPi to yield 

the indicated final concentretiona _,. added; after 5 aeconda the reaction wa• 

. erreated. The in-t I• • Llnewaever Burk plot of the data in which the amount of 

(y32P)ATP hydrolyzed efter the eddition of PPi minua the obaerved without PPi waa 

plotted ageinat the lndicated PPi concentretiona. 
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Figure 3. Hydrolyaia of (y»P)ATP Bound Under Uniaite Conditiona After 

Treatment With PPi •nd ATP. F1 -• loeded wlth [y32P)ATP under uniaite conditiona. 

After 20 aecond• of incubmtion, 5 mM MgATP or MgPPi wm• mddecl; theae mddltiona 

reaulted in • hydrolytic burat of (y»P)ATP. F1 thmt h8d been tre•tecl wlth PPi wms 

aubaequently exposed to 5 mM MgATP; thi• induced • aecond hydrolytic burat. 

Figure 41. Effect of Ditferent Concentr•tions of ADP •nd ATP on Hydrolyaia of 

(y32P)ATP Bou~ to F1 under Unialte Conditiona. F1 wma lomdecl under the uau•I 

condltiona for uniaite (y:aaP)ATP hydrolyais for 20 aeconds. At this time, the •mount of 

[y32P)ATP hydrolyzed wms determined. Alao •t thi• time, identicml -mples w.re. tre•ted 

wlth: 1) the lndicmted condentr•tiona of ADP <•- •) or ATP (o- o), •nd 2 aeconda 

l•ter the re•ctiona w.re quenc:hed with •cid •nd the •mount of [y32P)ATP hydrolyzed 

wma determined, or ii) the indicmtecl conomntr•tions of ADP plus hexokin•.. and 

glucoae _,. added <• - •>; thirty . aecond• l•t•r the reactiona w.re llCid quenched 

•nd the amount of [:aaP)glucose 8-phoaphate formed wma determined (aee Methods 

aection). 
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