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Summary 

The interaction of soluble mitochondrial ATPase from beef heart with the 
natural ATPase inhibitor was studied. It was found that the phosphorylation of 
small amounts of ADP by phosphoenolpyruvate and pyruvate kinase, and an 
ensuing catalytic cycle supports the binding of the inhibitor to the enzyme. 
The association of the inhibitor with F1-ATPase does not increase the content 
of ATP in the F1-ATPase-inhibitor complex. The inhibitor of catalytic activity 
bathophenanthroline-Fe 2÷ chelate prevents the interaction, while the associa- 
tion of the inhibitor with F1-ATPase is delayed if the reaction is carried out in 
2H20. The data indicate that a transient state involved in the catalytic cycle is 
the form of the enzyme that interacts with the inhibitor. 

The proton-motive force-induced dissociation of the inhibitor from partic- 
ulate ATPase is prevented by bathophenanthroline-Fe 2÷ chelate and nitro- 
benzofurazan chloride, which indicates that a functional catalytic (/~) subunit 
is required for the proton-motive force-induced release of the inhibitor. The 
data suggest a direct involvement of catalytic (fl) subunit in the mechanism by 
which the F1-ATPase senses the proton-motive force. 

Introduction 

A protein that inhibits the hydrolytic activity of soluble and particulate 
mitochondrial ATPase was originally isolated from beef heart mitochondria by 

Abbreviations: EDTA,  ethylenecliarninetetraacetate; FCCP; cazbonyl cyanide p-tri f luoromethoxyphenyl-  
hydrazone; Mes, 2-(N-morpholino)ethanesulfonic acid; F 1 -ATPase, soluble, oligomycin-insensitive mito- 
chondrial ATPase. 
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Pullman and Monroy [1].  The protein has also been isolated from yeast  mito- 
chondria [2,3],  chloroplasts [4],  bacteria [5] and liver [6].  The protein was 
found to inhibit ATP-supported reactions of  mitochondria,  and was thus pro- 
posed to exert  a regulatory role on mitochondrial  functions [7].  In more recent 
work, it has been shown that  the protein also inhibits photophosphoryla t ion in 
chloroplasts [8] and oxidative phosphorylat ion in submitochondrial  particles 
[9,10].  The experimental data showed that the inhibitor is displaced from the 
F, component  of the ATPase complex upon the establishment of a proton- 
motive force [9],  and that this dissociation induces a transition of  the ATPase 
to an active state in which steady-state phosphorylat ion is attained. Accord- 
ingly, knowledge of  the factors that  control  the association and dissociation of  
the inhibitor with the soluble and particulate component  is of interest, since it 
may shed light on the mechanism through which F~ 'senses' the proton-motive 
force and catalyzes the synthesis of  ATP. 

This paper describes a study of  the events that  occur during the association 
and dissociation of t h e  inhibitor with soluble and particulate F~. The results 
indicate that  the enzyme undergoes conformational  changes which may be 
monitored by the displacement of  the inhibitor, and that these changes may 
well be the primary effect of  the proton-motive force on particulate F~ in the 
process through which the enzyme catalyses the synthesis of  ATP. 

Material and Methods 

Mg-ATP particles from bovine heart mitochondria were prepared as 
described elsewhere [11].  Soluble F~ [12],  and the ATPase inhibitor [13] were 
likewise prepared by established procedures. ATPase activity was measured in 
the presence of  an ATP regenerating system [14] by recording NADH oxida- 
tion at 340 nm, or by assay of  inorganic phosphate formed during ATP hydro- 
lysis [15];  the experimental conditions are detailed under Results. In several 
of the experiments, it was necessary to remove small molecular weight com- 
pounds from soluble F1; this was achieved by filtering the solutions through 
syringes that  contained. Sephadex G-50-Fine (equilibrated with 25 mM Tris 
acetate, pH 7.4) as described by Penefsky [16].  ATP was assayed by  the 
luciferin-luciferase assay [17];  all determinations of  the emit ted light were 
carried out  at least in quintuplicate. 

Results 

Association of F~-ATPase with inhibitor 
It has been reported that  the binding of  the natural ATPase inhibitor to F~ is 

promoted  by Mg-ATP [18].  More recently, G6mez-Fern~ndez et al. [19] 
presented evidence indicating that the rate at which the inhibitor interacts with 
F~ depends on the rate at which ATP (or analogs) are hydrolyzed.  In agreement 
with the latter experiments,  the data of  Table I show that the phosphorylat ion 
of  very low amounts  of  residual ADP that  remain in F~ passed through Sepha- 
dex (as detected by the amount  of  radioactive adenine nucleotides that  remain 
after filtration) by phosphoenolpyruvate and pyruvate kinase and an ensuing 
catalytic cycle supports the interaction of  F~ with inhibitor. Under these con- 
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T A B L E  I 

B I N D I N G  OF I N H I B I T O R  TO S O L U B L E  F i - A T P a s e  AS S U P P O R T E D  BY Mg-ATP A N D  P Y R U V A T E  
K I N A S E  

To F 1 (200  ~tg) which  had  been  s to red  in 50% sa tu ra t ed  ( N H 4 ) 2 S O  4 (pH 7.4) cen t r i fuged ,  and  dissolved 
in 200  ~l 25 mM Tris ace ta t e ,  100 p m o l  of  carr ier-free [ 8 - 1 4 C ] A T P  (11 5~0 d p m )  were  ad d ed  and 
the  so lu t ion  was  a l lowed  to s tand  for  15 rain.  S ubs e que n t l y ,  the  so lu t ion  was f i l tered t h ro u g h  S e p h a d e x  
syr inges (see Methods ) ,  wh iche  e l imina ted  res idual  ( N H 4 ) 2 S O  4 and  n o n - b o u n d  aden ine  nuc leo t ides .  An  
a l iquot  of  the  f i l t ra te  was  w i t h d r a w n  for  assay of  r ema in ing  aden ine  nuc leo t ides  by  scint i l la t ion coun t ing .  
A to ta l  of  84 d p m  were  r ecovered .  The  f i l tered e n z y m e  (3 #g)  was i n cu b a t ed  (whe re  s h o w n )  in 25 #1 of  
20  m M  Tris-Mes (pH 6 .5) ,  4 mM phosphoenolpyruvate (PEP) and  5 uni t s  of  p y r u v a t e  kinase (PK) 
(desa l ted) ,  (PEP + PK),  1 m M  KCI, 1 mM MgSO 4 and  0.3 pg inhibi tor .  Af t e r  10 m i n  1 ml  of 25 mM Tris 
ace t a t e  (pH 7.4),  3 m M  A T P  and  3 mM m a g n e s i u m  ace ta te  was ad d ed  in o rde r  to assay ATPase  ac t iv i ty .  
The  r eac t i on  was  s topped  wi th  t r i eh lo roace t i c  acid a nd  inorganic  p h o s p h a t e  d e t e r m i n e d .  Where  shown ,  no  
add i t ion ,  or  1 m M  Mg-ATP ins tead of  phosphoenolpyruvate and  p y r u v a t e  kinase was ad d ed  to  the  mix-  
ture  in which  b ind ing  of  the  inh ib i to r  was s tudied .  The  h y d r o l y t i c  ac t iv i ty  of  F l in the  i ncuba t ion  mix -  
ture  at  pH 6.5 was d e t e r m i n e d  in an ident ica l  m i x t u r e ,  excep t  t ha t  it was scaled to 3 ml  an d  0.6 m M  
N A D H  and  2 uni t s  of  l ac ta te  d e h y d r o g e n a s e  were  a dde d  to the  m i x t u r e  tha t  co n t a in ed  phosphoenolpyru- 
r a t e  and  p y r u v a t e  kinase; to this cuve t t e  no  ATP was added .  To  the  m i x t u r e  wi th  ATP,  phosphoenolpyru- 
r a t e  and  p y r u v a t e  kinase were  also added .  Ox ida t ion  of  N A D H  was t ak en  as an  index  of  A T P  hydro ly i s .  
The  n u m b e r s  indica te  p m o l  ATP  h y d r o l y z e d  per  rain pe r  rag. 

Add i t ions  to i ncuba t ion  
m i x t u r e  at  p H  6.5 

Hydro lys i s  at  pH 6.5 Hy d ro ly i s  a t  pH 7.4 

no  inh ib i tor  + inhib i tor  

- -  0 57 41 .0  
Mg-ATP 9.4 58 1.6 
PEP + PK 0 .24  68 6.0 

ditions the rate of  ATP hydrolysis was extremely low, about  0.2 pmol • min -1 • 

mg -1 F1. 
These results indicate that bound ADP may be converted by  pyruvate kinase 

to ATP, and that this condition induces the binding of  inhibitor to F~. The 
following experiments were designed to explore the mechanisms involved in the 
interaction. 

If  the form of  F~ that interacts with the inhibitor is the enzyme that con- 
tains ATP, it would be expected that  the content  of  ATP per  F~ would increase 
upon binding of  the inhibitor. Accordingly the amount  of  ATP in the F1- 
inhibitor complex was measured and compared to that  of  an enzyme which 
had been treated under identical conditions in the absence of  inhibitor. Various 
preparations of  F, with different ATP contents  and specific activities were used 
to explore whether the binding of  the inhibitor protein to F~-ATPase raised the 
content  of  ATP in the F~-inhibitor complex to values above 1. The results 
showed (Table II) that  the content  of  ATP in F~ did not  increase in a signifi- 
cant manner when the enzyme underwent  interaction with the inhibitor. This 
observation suggests that it is not  an ATP containing form of F1, as such, that  is 
specifically required for the binding of  the inhibitor. It would rather appear 
that the catalytic cycling of  the enzyme involves the transient appearance of  a 
conformational  state that  is required for the binding of  the inhibitor. It follows 
from this conclusion that any agent which interferes with the catalytic cycle 
of  the enzyme would inhibit the binding of  the inhibitor. 

Inhibition of  the hydrolyt ic  activity of  F~ by bathophenanthroline-Fe 2÷ 
chelate [20] prevented, as expected, the interaction of  F~ with inhibitor (Table 



388 

T A B L E  II  

C O N T E N T  OF A T P  IN F I - I N H I B I T O R  COMPPLEX 

F 1 (5 rag) was  i ncuba t e d  wi th  and  w i t h o u t  inh ib i to r  (500  ~g) in 2.0 ml  of 20 m M  Tris-Mes (pH 6.5)  0.5 
raM Mg-ATP for  20  rain.  At  this t ime ,  in all e x p e r i m e n t s  the  ac t iv i ty  was inhib i ted  m o r e  t h a n  90% by the  
inhibi tor .  The  m i x t u r e  was f i l tered t h rough  S e p h a d e x  syringes.  In  co n t ro l  e x p e r i m e n t s  u n d e r  ident ica l  
cond i t ions  w i t h o u t  F 1 and  inh ib i tor ,  f i l t ra t ion  r e m o v e d  m o r e  t h a n  99% of the  nuc leo t ides  as assay by  
f i l t ra t ion  of  [8-14C A T P ] .  Al iquo ts  of  f i l tered F 1 and  F l - i n h i b i t o r  c o m p l e x  were  r e m o v e d  for  assay of 
e n z y m a t i c  ac t iv i ty .  F 1 c o n t i n u e d  to be  inh ib i t ed  by  the  inh ib i to r  by  a b o u t  80% in all expe r imen t s .  Ali- 
quo t s  were  also w i t h d r a w n  and  boi led i m m e d i a t e l y  a f te r  f i l t ra t ion  and  used for  assay of  ATP by  the  luci- 
fer in-luciferasc assay [ 1 6 ] .  ATP c o n t e n t  was  n o t  m o d i f i e d  by  boi l ing as d e t e r m i n e d  by  r ecove ry  exper i -  
men t s .  D e t e r m i n a t i o n s  of  ATP were  m a d e  at least  in qu in tup l i ca te .  

E x p e r i m e n t  Specific ac t iv i ty  tool A T P / m o l  F 1 
of  s ta r t ing  F 1 

Free  F 1 - inhibi tor  c o m p l e x  

1 60  0 .38  0 .53  
2 32 0 .33  0 .55  
3 72 0.86 1,04 
4 51 1 .10  0,9 

III). The effect was relieved by FCCP, which reverses the bathophenanthroline. 
Fe 2+ chelate induced inhibition of  ATP hydrolysis by Fi. 

It has been reported [21]  that the ATPase activity of  soluble Fl is decreased 
by incubation of  the enzyme in media which contains 2H20 in comparison to 
the activity measured in H20. The lower activity o f  the enzyme in 2H20 results 
from the stronger interaction between the enzyme and the solvent which 
retards the conformational change that the enzyme undergoes when it is carry- 
ing out  ATP hydrolysis [21] .  Fig. 1 shows that the interaction of  soluble F1- 
ATPase with the ATPase inhibitor is significantly delayed if the interaction is 
carried out  in 82% 2H20. 

Apparently the delay in the interaction of  F1-ATPase with the inhibitor is 
not  due to a lower ATPase activity in 2H20 ( 2 0 ~  lower in 2H20; see legend of  
Fig. 1), since GSmez-Fern~ndez et al. [19]  showed that more drastic decreases 
of  activity are required to diminish the rate of  interaction with the inhibitor. 
Moreover the data of  Table I show that at rates of  about 2% of  the control (at 

T A B L E  III  

E F F E C T  OF B A T H O P H E N A N T H R O L I N E - F e  2+ C H E L A T E  ON T H E  B I N D I N G  OF I N H I B I T O R  TO F 1 

P re incuba t ion  was p e r f o r m e d  in the  presence  of  ATP + Mg 2+ as descr ibed  in Table  I. 34 ~g ATPase  inhibi-  
to r / r ag  F 1 was used.  Where  s h o w n  the  p r e i n c u b a t i o n  m i x t u r e  also con ta ined  10 #M b a t h o p h e n a n t h r o l i n e -  
Fe 2+ chela te  ( (B ph )3Fe  2+) and 1 ~M FCCP. 

Additions to preincubation ATPase activity (/~mol/min/mg protein) 

- -FCCP +FCCP 

F!  34 .5  - -  
F l + inh ib i to r  5.4 3.8 
F I + (Bph)3Fe2+ 1.6 16 .8  
F 1 + inh ib i tor  + ( B p h ) 3 F e  2+ 4.3 15.7 
F I + inh ib i to r  + (Bph)3Fe  2+ + FCCP 6.1 - -  
F I + inh ib i to r  + FCCP 6.2 - -  
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Fig.  1 .  E f f e c t  o f  2 H 2 0  o n  t h e  b i n d i n g  o f  t h e  i n h i b i t o r  t o  s o l u b l e  F 1. S o l u b l e  F 1 ( 1 6  /~g) w a s  i n c u b a t e d  
w i t h  t h e  i n d i c a t e d  a m o u n t s  o f  i n h i b i t o r  in  2 0  m M  T r i s - M e s  ( p H  6 . 5 )  a n d  2 . 5  m M  M g - A T P  in  1 0 0 %  H 2 0  or  
in  8 2 %  2 H 2 0  in  a f ina l  v o l u m e  o f  2 0 0  /~1. A t  t h e  t i m e s  s h o w n  a l i q u o t s  w e r e  w i t h d r a w n  f o r  t h e  m e a s u r e -  
m e n t  o f  A T P a s e  a c t i v i t y  i n  al l  w a t e r  m e d i u m .  T h e  s p e c i f i c  a c t i v i t y  o f  F 1 - A T P a s e  at  p H  6 . 5  w a s  1 2 . 3  
w h i l s t  in  2 H 2 0  it  w a s  9 . 8 .  In  D t h e  i n c u b a t i o n  t i m e  w a s  4 5  s e c o n d s .  

pH 6.5), total interaction of inhibitor with F1 is observed in a period of 10 min, 
whilst in ~H20, total interaction of F1 and inhibitor is not attained in the same 
time (Fig. 1). Most likely, the delay in the time of interaction between inhib- 
itor and F1 caused by 2H20 is due to an increase in the hydrophobic interac- 
tions within F1 [21] required for the binding of the inhibitor [19].  

These findings, together with those of GSmez-Fern~ndez et al. [19] are 
consistent with the idea that during its catalytic cycle, F1 undergoes a change 
in conformation, and that, in the transitional configuration, F~ interacts with 
the inhibitor. 

Ferguson et al. [22] have shown that the adenine nucleotide analog 4-chloro- 
7-nitrobenzofurazan binds covalently to a tyrosine residue of a/3-subunit, and 
that this results in total inhibition of hydrolytic activity. According to the 
results of these authors and those of Lunardi and Vignais [23],  the tyrosine 
residue is at the catalytic site of the/~-subunit of Fl. Therefore, a study of the 
interaction of the Fl-inhibitor complex with chloronitrobenzofurazan may 
provide information concerning the relationship between the catalytic site and 
the inhibitor binding site of the enzyme. 

Soluble Fi-ATPase was incubated with the natural ATPase inhibitor; the 
ATPase activity was inhibited 96%. An aliquot of the latter solution was 
incubated with chloronitrobenzofurazan, and subsequently filtered through 
Sephadex syringes to remove free chloronitrobenzofurazan (Fig. 2). It is to 
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be noted that under these conditions chloronitrobenzofurazan does not  induce 
dissociation of  the Fl-inhibitor complex, since very low ATPase activity was 
detected even in the presence of  dithiothreitol which effectively breaks the 
covalent bond between chloronitrobenzofurazan and the enzyme (Ref. 22, and 
control  experiments of  Fig. 2). 

In a subsequent step of  the experiment, the F~-inhibitor complex was incu- 
bated with high concentrations of  salt and EDTA, and its dissociation was 
induced; significant loss of  enzymatic activity was observed in this step. How- 
ever in the case of  the chloronitrobenzofurazan-treated complex, the prepara- 
tion that results from the latter t reatment  is an enzyme with an ATPase activity 
that becomes apparent only in the presence of  dithiothreitol. Therefore the 
results of Fig. 2 indicate that the F~-inhibitor complex contains a site that  is 
capable of  interacting with the adenine nucleotide analog chloronitrobenzo- 
furazan. 

Dissociation of the F,-inhibitor complex in Mg-A TP particles by electrochemi- 
cal gradients 

If the inhibitor interacts with an intermediate state of FI that  appears during 
active catalysis, it would be expected that  the proton-motive force induced 
dissociation would involve a conformational  change which would also be 
related to the catalytic process. Therefore, it was of  interest to explore whether 
electrochemical gradients could induce dissociation of  particulate Fl-inhibitor 
complex, under conditions at which conformational  changes that  occur during 
catalytic activity are prevented. 

For this purpose, Mg-ATP particles were incubated with bathophenanthroline- 
Fe :÷ chelate and subsequently exposed to an electrochemical gradient as 
generated by  NADH oxidation {Table IV). NADH oxidation was not  ostensibly 
affected by this concentration of  bathophenanthroline-Fe 2+ chelate. After 
exposure to NADH oxidation, which leads to a removal o f  the inhibitor [9,24],  
ATPase activity was assayed in the presence of  FCCP to relieve the effect of  
bathophenanthroline-Fe 2+ chelate on F1 [20,25].  

The results of  Table IV indicate that  bathophenanthroline-Fe 2+ chelate 
prevents the electrochemical potential  induced dissociation of  the Fl-inhibitor 

T A B L E  IV 

E F F E C T  OF B A T H O P H E N A N T H R O L I N E - F e  2÷ C H E L A T E  ON T H E  P R O T O N - M O T I V E  F O R C E  IN- 
D U C E D  A S S O C I A T I O N  ON I N H I B I T O R  F R O M  Mg-ATP P A R T I C L E S  

Mg-ATP part icles  (86 ~g)  were  i n c u b a t e d  for  2 vain in 1 val of 25 yaM "Iris ace t a t e  (pH 7.4),  3 yaM m a g n e -  
s ium a c e t a t e ,  and  25 ~M b a t h o p h e n a n t h r o l i n e - F e  2+ che l a t e  ( ( B p h ) 3 F e  2+) were  shown.  At  this  t ime  0.6 
yaM N A D H  was added  also where  shown.  Th re e  m i n u t e s  af ter  the  a d d i t i o n  o f  N A D H ,  3 yaM ATP  and  30 
/~M FCCP were  added  to ini t ia te  ATP  hydro ly is i s  a n d  to  r eve r t  the  a c t i o n  o f  ( B p h ) 3 F e  2+. Hydro lys i s  was 
a l lowed to p r o c e e d  for  5 vain a t  wh ich  t ime  the  r e a c t i o n  was  s t o p p e d  a n d  inorganic  p h o s p h a t e  deter -  
mined. 

Additions to preincubation mixture ATPase activity (/~mol/min/vag) 

- -  0 . 8 8  
(Bph)  3 Fe 2+ 0 .72  
N A D H  2.07 
( B p h ) 3 F e  2+ + N A D H  0.98 
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T A B L E  V 

E F F E C T  OF 4 - C H L O R O - 7 - N I T R O B E N Z O F U R A Z A N  (Nbf)  ON T H E  A C T I V A T I O N  OF ATPase  OF 
Mg-ATP P A R T I C L E S  BY A P R O T O N - M O T I V E  F O R C E  

Mg-ATP part ic les  (2 m g  of p ro t e in )  were  i nc uba t e d  in 200 pl  of 0 .25  M sucrose ,  10 mM Tris-HCl (pH 7.5) 
and  200  bLM Nbf  w h e r e  s hown  for  60  rain at  4-°C, these par t ic les  are r e fe r red  to as Mg-ATP-Nbf .  Measure-  
m e n t s  of ATPase  ac t iva t ion  were  car r ied  ou t  as follows: Con t ro l  Mg-ATP par t ic les  (100  pg p ro te in )  were  
i ncuba t ed  wi th  6 r a m  r o t e n o n e  ( to a l low d i f fus ion  of  r o t e n o n e  and  t h e r e b y  l imi t  the  aerobic  ox ida t ion  of 
N A D H )  in 3 m l  of  180  r a m  sucrose ,  30  m M  po t a s s ium ace ta t e ,  3 raM MgSO 4, an d  3 m M  m a g n e s i u m  ace- 
ta te  for  5 rain.  A t  this t ime  ac t iva t ion  of ATPase  was i nduced  by adding  0.2 mM N A D H  and  its ox ida t ion  
was  r e c o r d e d  for  8 rain.  S ubs e que n t l y ,  the  c o n c e n t r a t i o n  of r o t e n o n e  was raised to 1 ~M to comple t e ly  
inhibi t  the  aerobic  ox ida t ion  of  N A D H  a nd  ATPase  ac t iv i ty  was  r e c o r d e d  b y  s imu l t aneous ly  raising the  
c o n c e n t r a t i o n  of  N A D H  to 0 .2  mM a nd  inc luding in the  m i x t u r e  3 m M  ATP.  Mg-ATP-Nbf  par t ic les  were  
t r ea t ed  ident ica l ly  excep t  t ha t  the  add i t ion  of  6 nM r o t e n o n e  was n o t  m a d e .  Af te r  s teady  state ATPase  
ac t iv i ty  was r eached  1 ~zM FCCP fo l lowed  by  1 m M  d i th io th re i to l  were  added  to the  m i x t u r e  and  its 
e f fec t  on  the  ac t iv i ty  r e c o r d e d  (+DTT) .  

Particles ATPase (nmol/min/mg) 

+FCCP + D T T  

Mg-ATP 183 274 279 
Mg-ATP-Nbf  241 241 327 
Mg-ATP + N A D H  650  1928  1 9 2 8  
Mg-ATP-Nbf  + N A D H  602  1 0 1 2  1205  

complex. Since bathophenanthroline maintains F, in a fixed conformation 
(Ref. 25, and Hundal, T., Nordenbrand,  K. and Ernster, L., unpublished 
results) as revealed by  its protective effect  on the enzyme against cold-disso- 
ciation, it would be seem that  conformational  changes are required not  only for 
the interaction, bu t  also for dissociation of  the Fl-inhibitor complex. 

More specifically, it would appear that  the bathophenanthroline-Fe :+- 
chelate sensitive site of  F1, which is on the fl-subunit (Hundal, T., Nordenbrand,  
K. and Ernster, L., unpublished results}, is involved in the mechanism by which 
F1 senses the proton-motive force and releases the inhibitor. 

Similarly to bathophenanthroline,  chloronitrobenzofurazan bound to partic- 
ulate F1 also prevents the proton-motive force induced dissociation of  the F1. 
inhibitor complex .  The experiment of  Table V shows that the ATPase activity 
of  Mg-ATP particles is increased about  eight times by  NADH oxidation (with 
FCCP from 241 to 1928 nmol • min -1 • mg-*). In particles treated with chloro- 
nitrobenzofurazan, NADH oxidation induces a significant activation of  the 
ATPase that  is detected in the absence of  dithiothreitol  from 241 to 1012 
nmol • min -1 • mg -1 in the presence of  FCCP; this reflects the activity of  the 
enzymes free of  chloronitrobenzofurazan. The further addition of  dithiotreitol 
to these particles induces only a small increment in ATPase activity over that  
obtained with FCCP (from 1012 to 1205 nmol  • min-* • mg-1). 

As the increment in activity induced by  dithiothreitol reflects the activity of 
the enzymes that  possessed covalently bound chloronitrobenzofurazan [22],  
and as the increment observed was relatively small, it may be inferred that  the 
enzymes that possess chloronitrobenzofurazan fail to respond to NADH oxida- 
tion, otherwise a value close to 1928 nmol • min -t • mg -1, that  of  the control  
particles, should have been obtained. 

With respect to the experiment outlines in Table V, several points should be 
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noted. First, the particles treated with chloronitrobenzofurazan are still 
coupled; this is concluded from the enhancement  of  ATPase activity induced 
by FCCP (from 602 to 1012 n m o l - m i n  -1. mg -1 after exposure to NADH 
oxidation). Second, the activation of  the ATPase in the control particles was 
carried out  in the presence of  a limiting amount  of  rotenone, so as to maintain 
similar respiratory rates in the two types of  particles studied. Rotenone  alone 
had no effect on the ATPase activity, in accordance with earlier findings [26].  
Third, the ATPase activity of  Mg-ATP particles is largely in the inactive state 
[9,10,24],  and thus measurements of  activity are not  a reliable index to judge 
number of  enzymes affected by  chloronitrobenzofurazan; this explains why in 
Mg-ATP particles the effect of  chloronitrobenzofurazan is apparently low; a 
better  insight of  the number  of  enzymes affected by  chloronitrobenzofurazan 
may be obtained by  comparing the activities in the absence of DTT of Mg-ATP 
and chloronitrobenzofurazan treated particles exposed to NADH {1928 and 
1012 nmol • min -1 • mg -1, respectively). 

Discussion 

The mechanism through which the F1 component  of  the ATPase complex of  
mitochondria catalyzes the synthesis of  ATP is still not  settled. It has been pro- 
posed that the proton-motive force may be used initially for the formation of  
the covalent bond between ADP and Pi [27],  or that it is utilized for the 
release of  ATP [28,29] from FI, with the simultaneous binding of  ADP and Pi 
to a different but  equivalent, alternate site [28].  In the latter mechanism, a 
proton-motive force-induced conformational  change would be the driving force 
for ATP synthesis. 

Recent ly it has been shown that  proton-motive force induces the displace- 
ment of  the ATPase inhibitor from the F~ component  of  submitochondrial  
particles [9]. Since the dissociation of  the inhibitor from F~ involves a proton- 
motive force-induced conformational  change of  F1-ATPase, it was considered 
that this dissociation could be utilized to moni tor  the sequence of events that  
occur in F~ during the utilization of  a proton-motive force in the formation of  
ATP from ADP and phosphate. However, it is first necessary to ascertain the 
characteristics of  the F~-inhibitor complex. 

In the latter respect, the results o f  this work are in agreement with those of  
GSmez-Fern~ndez et al. [19] who showed that  during active hydrolysis, the 
enzyme interacts with the inhibitor. It is interesting that very low amounts of 
ADP suffice to induce inhibitor-F~ interaction, provided an ATP regenerating 
system is introduced; thus it would appear that  extremely low concentrations 
of  ATP support  the interaction. Moreover, the results may suggest that  adenine 
nucleotide binding site(s) in equilibrium with added pyruvate kinase would be 
the site(s) involved in F~-inhibitor interaction. 

Under conditions in which the interaction of  F1 and inhibitor has been 
induced by Mg-ATP, it has been observed that  the amount  of  ATP in the com- 
plex is not  higher than that of  the starting enzyme. On the other hand, batho- 
phenanthroline-Fe 2÷ chelate, an inhibitor of  the catalytic activity of  F~ [20],  
effectively prevented the binding of  the inhibitor to F~. Thus it would appear 
that some intermediate conformational  state in the catalytic cycle of  F~, and 
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not the mere presence of ATP in the enzyme, is required for the interaction of 
the enzyme with the inhibitor. 

2H20 delayed the interaction of the enzyme with the inhibitor, without a 
corresponding inhibition of the ATPase activity. Most likely, this effect of 
2H20 is due to a stabilization of hydrophobic interactions in the enzyme that 
are required for inhibitor binding, in accordance with earlier observations [ 19]. 

It has been known for some time that energy supplied by electron transport 
induces a release of bound inhibitor from particulate Fl [24,30], but it is only 
recently that direct evidence has been provided indicating that this effect is 
mediated by  the proton-motive force generated by electron transport [9,10]. 
The present data show that the proton-motive force-induced release of the 
inhibitor from particulate FI is prevented by agents such as, bathophenan- 
throline-Fe 2÷ chelate and chloronitrobenzofurazan, which inhibit the ATPase 
activity of F1, indicating that the process requires a catalytically active enzyme. 
Furthermore, since both bathophenanthroline-Fe 2+ chelate (Hundal, T., 
Nordenbrand, K. and Ernster, L., unpublished results) and chloronitrobenzo- 
furazan [22,23] interact with the ~-subunit of F1, which is generally considered 
to contain the catalytic site of the enzyme [31], our findings imply that a func- 
tional catalytic subunit is required for the proton-motive force-induced release 
of the inhibitor from Fl. These results strongly suggest that the catalytic (~) 
subunit is directly involved in the sensing of the proton-motive force by F~. It 
is interesting in this connection that Chernyak and Kozlov [32] recently 
observed an apparent release of adenylyl imidotriphosphate from particulate 
F1 under the influence of a proton-motive force. Since adenylyl imidotriphos- 
phate represents a catalytically inert ATP analog, these data show that the 
proton-motive force acts on F1 probably by inducing a release of ATP from its 
catalytic site, in accordance with the mechanism previously proposed [28,29]. 

Taken together with our findings, these results also suggest that the release 
of the natural inhibitor from F1 as.induced by the proton-motive force involves 
a simultaneous release of ATP from the catalytic site of the enzyme. In favor of 
this interpretation is the earlier finding [ 9,33] that ATP efficiently prevents the 
proton-motive force-induced release of the inhibitor. Future studies of the 
interaction of the naturally occurring inhibitor with F, may provide valuable 
information on the molecular mechanisms by which the catalytic site of F1 
senses the proton-motive force in the course of ATP generation. 
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