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Summary 

The ATPase complex of submitochondrial particles exhibits activity transi- 
tions that  are controlled by the natural ATPase inhibitor (Gbmez-Puyou, A., 
Tuena de G6mez-Puyou, M. and Ernster, L. (1979} Biochim. Biophys. Acta 
547,252--257) .  The ATPase of intact heart mitochondria also shows reversible 
activity transitions; the activation reaction is induced by the establishment of 
electrochemical gradients, whilst the inactivation reaction is driven by collapse 
of the gradient. In addition it has been observed that  the influx of Ca 2÷ into the 
mitochondria induces a rapid inactivation of the ATPase; this could be due to 
the transient collapse of the membrane potential in addition to a favorable effect 
of Ca2+-ATP on the association of the ATPase inhibitor peptide to F1-ATPase. 
This action of Ca 2÷ may explain why mitochondria utilize respiratory energy 
for the transport of Ca 2+ in preference to phosphorylation. It is concluded that  
the mitochondrial ATPase inhibitor protein may exert a fundamental  regula- 
tory function in the utilization of electrochemical gradients. 

Introduction 

A protein that  inhibits the hydrolyt ic  activity of  soluble and particulate 
mitochondrial ATPase was isolated by Pullman and Monroy [1]. It was sub- 

Abbreviations: EDTA, ethylenediaminetetraacetic acid; F1-ATPase , soluble, oligomycin-insensitive mito- 
cbondrial ATPase; FCCP, carbonyl cyanide 4-trifluoromethoxyphenylhycl.razone. 
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sequently established that the protein inhibited all the ATP dependent  reac- 
tions of  mitochondria [2],  and it was proposed that  the inhibitor could act as a 
regulator of  ATP synthesis and utilization [ 2,3]. 

More recently it was shown that  the protein also inhibits the oxidative phos- 
phorylation process of  submitochondrial  particles [4--6].  In chloroplasts, an 
almost identical action of  the inhibitor has been observed on the photophos-  
phorylat ion reaction [7].  In view of  the possible role of  the protein inhibitor 
on mitochondrial function, it is of  importance to note that  the experimental 
data indicated that  the prior to the onset of  phosphorylat ion,  the ATPase 
exhibits a transition from an inactive to an active state. This transition was 
shown to be due to a proton-motive force induced dissociation of  the inhibitor 
from the F1 component  of  the mitochondrial  ATPase [4,6]. 

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

In the latter respect, it should be recalled that,  under certain conditions, 
mitochondria have been found to utilize energy derived from electron transport  
for driving Ca 2÷ influx, in preference to carrying out  ADP phosphorylat ion 
[8,9]. 

The results of  this work show that the ATPase complex of  intact rat-heart 
mitochondria exists in inactive and active states, and some of the factors that  
control this transition are described. In addition the experimental findings pr~- 
vide a molecular explanation for the ability of  mitochondria to accumulate 
Ca 2÷ in preference to oxidative phosphorylation.  

Material and Methods 

Mitochondria from the hearts of  4--6 rats were prepared either by  the 
Nagarse method [9] (the authors are indebted to Dr. A. Vercesi for a practical 
demonstrat ion of  this procedure),  or by  grinding the minced heart with sand in 
0.25 M sucrose, 1 mM EDTA pH 7.4. With respect to the ATPase experiments, 
both methods gave essentially the same results; however in mitochondria 
prepared by the Nagarse method,  the respiratory control  ratios were signifi- 
cantly higher (at least 4 in Nagarse prepared mitochondria and about  2 in the 
other  preparation). Mitochondria were used within 1 h of  their preparation. 

ATPase activity was measured (unless otherwise stated) in 1.0 ml of  an 
incubation mixture containing 0.8--1 mg mitochondrial  protein, 0.125 M 
sucrose, 12.5 mM Tris-HC1 (pH 7.4), and 3 mM ATP. The order of  addition of  
the tested compounds,  and other  additions are described in the respective 
tables and figures. Trichloroacetic acid at a final concentration of  6% was 
added to stop the reaction and inorganic phosphate was determined in the 
supernatant according to Sumner [10].  

Ca 2÷ uptake was determined by monitoring absorbance changes of  30 ~M 
arsenazo (III) at 675--685 nm in a dual wavelength spect rophotometer  [11].  

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

Activation and inactivation of the ATPase by electrochemical gradients 
As shown in Table I, the ATPase activity of  rat-heart mitochondria is 

increased several-fold by including the uncoupler FCCP in the incubation mix- 
ture. In the presence of  glutamate-malate or succinate, the uncoupler  stimu- 
lated ATP-ase activity becomes higher, whilst in the absence of  the uncoupler  a 
lower amount  of inorganic phosphate is detected in the presence of  the oxidiz- 
able substrates; the latter is most probably due to phosphorylat ion of  ADP. 

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

The aforementioned results indicate that  electron transport  induces activa- 
tion of  the ATPase complex. The results in Table II indicate that  the proton- 
motive force derived from electron transport  is the factor responsible for the 
activation, since FCCP effectively prevents the activating action of  the sub- 
strafes when added before electron transport  is established. This conclusion is 
in agreement with the studies in Mg-ATP submitochondrial  particles, in which 
it was shown that the ATPase could be activated by a proton-motive force via 
removal of the endogenous ATPase inhibitor from the F, component  [4,5,14].  
Also it agrees with previous findings of  Bertina et al. [15] who used aurovertin 
as probe of  conformational  changes of  particulate F, as induced by the energy 
state of the particles. 

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

T A B L E  I 

E F F E C T  OF  O X I D I Z A B L E  S U B S T R A T E S  A N D  R E S P I R A T O R Y  I N H I B I T O R S  OF  T H E  ATPase  
A C T I V I T Y  O F  H E A R T  M I T O C H O N D R I A  

M i t o c h o n d r i a  (0 .72  rag) p r e p a r e d  b y  the  Nagarse  m e t h o d  were  i n c u b a t e d  in 1 ral o f  a ra ixt t t re  t h a t  con- 

t a i n e d  0 .125  M sucrose ,  12,5  m M  Tixs-HCI (pH 7.4) ,  and  the  i n d i c a t e d  addit ions:  r o t e n o n e  4 ~zg, 

ant imyc in  A 0.5 ~g,  5 rnM g l u t a m a t e / 5  raM raa la te ,  or  5 r a m  succinate.  Af ter  3 rain,  3 mM ATP ± 1 ~M 
F C C P  was  added .  H y d r o l y s i s  w a s  a l lowed  to  P r o c e e d  for  3 rain.  

A d d i t i o n s  A T P a s e  (~tmol Pi f o r r a e d / m g )  

- -  + F C C P  

N o n e  0 .09  0 .54  
R o t e n o n e  0 .13  0 .35  
A n t i m y c i n  0 .25  0 .50  
G l u t a m a t e / m a l a t e  0 . 0 4  1 .02  
G l u t a m a t e  + t o t e n o n e  0 .16  0 .60  
G l u t a m a t e  + a n t i r a y c i n  0 .40  0 .55  
Succinate  + r o t e n o n e  0 .05  0 .97 
Succinate  + a n t i r a y c i n  0 .23  0 .52  
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T A B L E  II  

E F F E C T  OF T H E  O R D E R  OF A D D I T I O N  OF S U C C I N A T E  A N D  FCCP ON T H E  ATPase  A C T I V I T Y  
OF M I T O C H O N D R I A  

Mi tochondr i a  (0 .6 rag) p r e p a r e d  by  gr inding the  tissue wi th  sand were  i n c u b a t e d  in 1 ml  o f  0 .125  M 
sucrose,  12.5 M sucrose ,  12 .5  M Tris-HC1 (pH 7.4) ,  5 #g r o t e n o n e ,  and  the  ind ica ted  add i t ions  (A).  After  
3 rain,  3 mM ATP plus the  ind ica ted  add i t ions  in B were  inc luded  in the mixture .  Hydrolys i s  o f  ATP was 
al lowed to proceed for 2 min .  

A d d i t i o n  A Add i t i on  B ATPase  ( p m o l  Pi f o r m e d / m g / m i n )  

5 mM succ ina te  ATP  0 .04  
1 btM FCCP ATP 0 .20  
5 mM succinate ATP/FCCP 0.38 
1 pM FCCP/5 mM succinate ATP 0.23 

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

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

The results show that the activity state of  the ATPase oscillates in a fashion 
that is controlled by the build-up and collapse of  an electrochemical gradient. 
Therefore electrochemical gradients would seem to be an important factor in 
the control o f  the number of  ATPase molecules that exist in the active or 
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Fig. 1. ATPase  activity o f  heart  m i t o c h o n d r i a  p r e i n c u b a t e d  wi th  succ ina te .  Mi tochondr i a  (3 rag) p r e p a r e d  
by grinding the hearts  wi th  sand were  i n c u b a t e d  in 5 ml  o f  0 . 1 2 5  M sucrose ,  12.5 m M  Tris-HC1 (pH 7 .4) ,  
4 ~g r o t e n o n e ,  and  5 m M  succinate  as ind ica ted .  Af te r  2 min ,  3 m M  ATP  was  ad d ed  wi th  an  w i t h o u t  I /~M 
FCCP as s h o w n  by the a r row.  At  the  t imes  ind ica ted  a l iquots  of  1 ml  were  w i t h d r a w n  and ad d ed  to  tri- 
ch lo roace t i c  acid; inorganic  p h o s p h a t e  was assayed in the  s u p e r n a t a n t .  
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Fig. 2. Changes  of  A T P a s e  ac t iv i ty  o f  heart  m i t o e h o n d r i a  as regu la ted  b y  e l e c t r o n  f l o w  in the  resp iratory  
cha in .  M i t o c h o n d r i a  (3.5 rag) p r epa red  b y  t h e  Nagarse  m e t h o d  w e r e  a d d e d  to  6 ml  of  i n c u b a t i o n  m e d i u m  
that  c o n t a i n e d  0 .125  M sucrose,  12 .5  m M  Tris-HC1 (pH 7.4),  and  5 mM g l u t a m a t e / 5  mM malate .  A f t e r  
t w o  rain and  t h e  t i m e s  s h o w n  a l iquot s  o f  0.5 ml  w e r e  w i t h d r a w n  and  a d d e d  to  0.5 ml  of  12.5 mM Tris- 
HC1 pH 7.4,  1 pM FCCP and 3 m M  ATP (final c o n c e n t r a t i o n ) ,  T h e  h y d r o l y s i s  o f  ATP was a l l o w e d  to  
p r o c e e d  for 3 rain.  A t  t h e  arrows  and  i m m e d i a t e l y  a f ter  w i t h d r a w l  o f  t h e  a l iquo t ,  5 pg  r o t e n o n e ,  5 mM 
s u e c i n a t e ,  and  1 pg a n t i m y c i n  w e r e  a d d e d  to  t h e  reac t ion  m i x t u r e .  

Fig.-3. E f f e c t  o f  Ca 2+ on t h e  ac t i va t i on  o f  ATPase  by  s u c c i n a t e .  M i t o c h o n d r i a  (0 .85  rag) p r e p a r e d  b y  
g r ind ing  the  hearts  w i t h  sand w e r e  i n c u b a t e d  in 1 ml  of  1 .25 M sucrose ,  12 .5  m M  Tris-HCl (pH 8 .4) ,  
5 mM succ ina te ,  2 ~tg r o t e n o n e ,  and  t h e  i n d i c a t e d  c o n c e n t r a t i o n s  o f  Ca 2+. A f t e r  3 rain,  3 mM ATP  and  
1 pM FCCP were  added;  h y d r o l y s i s  p r o c e e d e d  for 2 min .  T h e  s t i m u l a t i o n  o f  A T P a s e  act iv i ty  i n d u ced  
by s u c c i n a t e  is p l o t t e d .  C o n t r o l  t u b e s  w e r e  i n c u b a t e d  w i t h o u t  s u c c i n a t e ;  t h e  i n c l u s i o n  o f  Ca 2+, in the  
a b s e n c e  o f  s u c e i n a t e  d id  n o t  m o d i f y  to  a s ign i f i cant  e x t e n t  m i t o c h o n d r i a l  ATPase .  

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

Effect of  Ca 2÷ on the activity state of  the ATPase 
Mitochondria from a large variety o f  cells accumulate Ca 2÷ [16] ,  and it is 

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

For this purpose mitochondria were incubated with various concentrations 
of Ca 2÷ and with succinate. After 3 min ATP (+FCCP) was added and the 
hydrolysis of ATP was measured. Fig. 3 shows that Ca 2÷ effectively prevented 
the succinate induced activation Of the ATPase. Parallel experiments carried 
out under identical conditions showed that in the presence of  succinate, mito- 
chondria could accumulate about 90 nmol of  Ca2÷/mg in a period of  about 1.5 
min with 100 nmol Ca 2÷ added per mg of  protein (data not shown). 

The action of  Ca 2÷ in inhibiting the succinate-induced activation could be 
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Fig. 4, Inactivation of mitochondrial ATPase by Ca 2÷ mitochondria (3.6 rag) prepared by the Nagarse 
method were incubated for 2 rain in 3 ml of 0.125 M sucrose, 12.5 mM Tris-HCl (pH 7.4), 0.5 mM phos- 
phate, 4 #g rotenone, and either 5 mM succinate (A) or 100 #M Ca 2+ (B). At the indicated times 0.5 ml of 
this mixture was added to 0.5 ml Tris-HCl (pH 7.4), 3 mM ATP, and I #M FCCP (final concentration) 
and the hydrolysis measured in a 3-rain period. After the first aliquot was withdrawn 100 /~M Ca 2+ was 
added (open circles in A); in the trace depicted with z~ ~ 100 #M Ca 2+ plus 10 nmol ruthenium red 
(RR) was added, while in the trace illustrated with closed circles (A), no addition was made at 2 rain. In 
B mitochondria were incubated with I00 /~M Ca 2+, and 5 mM succinate was added at the arrow (2 rain). 
The upper traces (dashed lines) indicate the absorbance changes at 675---685 nm of 60/~M arsenazo (Ill) 
of mitochondria incubated in conditions identical to those of the ATPase experiments. In A, Ca 2+ uptake 
was started by adding Ca 2+ (+ruthenium red (RR)) to mitochondria incubated for 2 rain with succinate, 
while in B, uptake was started by adding succinate to mitochondria preincubated with Ca 2+ for 2 rain. 

due either to internal Ca 2+ causing e.g. an inhibition of  the activity of adenine 
nucleotide translocase [18] or a prevention of  the activation of  the ATPase, 
due to the utilization of  the electrochemical gradient for Ca 2÷ transport. 

An action of  internal Ca ++ on the translocase may be discarded, since the 
assay of the hydrolytic activity is carried out in the presence of  FCCP which 
induces a release o f  Ca 2+ from the mitochondria. Moreover the experiment of  
Fig. 3 shows that after the enzyme had been activated, the addition of  FCCP 
(+ATP), which induces release of  C #  +, does not reverse the activation. There- 
fore the results indicate that either internal C #  + or Ca 2+ influx, or both may be 
responsible for inhibiting the activity of  the ATPase complex. 

To explore the latter alternatives, the experiment of  Fig. 4 was carried out. 
Mitochondria were incubated for two min with succinate, at which time Ca 2+ 
was added and the activity state of  the ATPase was measured at various time 
intervals, by assay of  the hydrolytic activity o f  aliquots withdrawn from the 
incubation mixture. Upon the addition of  C #  + a sudden drop in the activity 
state of  the enzyme was observed. The activity continued to be low for at least 
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Fig. 5. Act iv i ty  s ta tes  of m i t o c h o n d r i a l  ATPase  du r ing  s ta te  4-state 3 t rans i t ions .  Ef fec t  of  Ca 2+. Mito- 
chondr i a  (3.8 rag) were  i n c u b a t e d  as in Fig. 4. The  rest  of  t he  e x p e r i m e n t a l  cond i t ions  were  also ident ical .  
In A, ADP (1 # m o l )  was a d d e d  wi th  and  w i t h o u t  100  #M Ca 2+ as s h o w n  to  m i t o c h o n d r i a  p r e i n c u b a t e d  
for  2 rain wi th  suceinate  (Succ);  whi ls t  in B, 5 m M  succ ina te  + 1 /~mol ADP was a d d e d  to  m i t o c h o n d r i a  
p r e i n c u b a t e d  for  2 rain wi th  Ca 2+. Hydro lys i s  of  the  w i t h d r a w n  samples  was  a l lowed  to  p~oceed for  2 
rain. 

4 min; it should be mentioned that  Ca 2÷ was completely taken up by the mito- 
chondria in a period of about  60 s after its inclusion into the mixture (Fig. 4). 
The inhibition by Ca 2÷ was prevented by ruthenium red which inhibits the 
influx of Ca 2÷ into the mitochondria [19,20]. It was also observed that  suc- 
cinate did not  activate the ATPase system of mitochondria previously incu- 
ba ted  with Ca 2÷ (Fig. 4). 

The results of Fig. 4 indicate that  the influx of  Ca 2÷ into mitochondria either 
prevents the activation of the ATPase or, alternatively, tha t  it inhibits the 
enzyme by some other mechanism. In either case, this action of  Ca 2÷ could 
account for the observed ability of mitochondria to accumulate Ca 2÷ in prefer- 
ence to oxidative phosphorylation [8,9]. 

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

The preceding data indicate that  Ca 2÷ influx may regulate the activity state 
of mitochondrial ATPase. However, the data show that  the low activity, as 
observed in the presence of  Ca 2÷, persists even after Ca z÷ has been taken up. 
Therefore it is conceivable that  Ca 2+ per se affects the activity of the ATPase, 
e.g. by preventing the release of  the inhibitor from the enzyme. 

The latter possibility was explored by measuring the effect of Ca-ATP on 
the interaction of  soluble purified Fz-ATPase with the ATPase inhibitor. Horst- 
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A, soluble FI -ATPase  (33 ~g) was  in c u b ate d  wi th  4 #g inhib i tor  for  10 rain in a m i x t u r e  o f  10 mM Trls- 
Mes  (pH 6.5),  and the  ind icated  c o n c e n t r a t i o n s  o f  Ca-ATP.  A l i q u o t s  w e r e  w i t h d r a w n  for m e a s u r e m e n t s  
o f  ATPase  act iv i ty .  The  spec i f i c  act iv i ty  o f  F1 -ATPase  was  54  # too l / ra in /rag .  In B, the  same  i n c u b a t i o n  
c o n d i t i o n s  w e r e  e m p l o y e d  e x c e p t  that  0.5 mM Ca-ATP wa s  used ,  and the  ind ica ted  c o n c e n t r a t i o n  o f  the  
inhib i tor  w as  varied as ind icated .  

man and Racker [21] have reported that Ca 2÷ promotes the association of  F1 
with inhibitor. The data o f  Fig. 6 show that the association depends on the 
concentration of  Ca2÷-ATP added, and that at a concentration of  0.5 mM Ca- 
ATP the interaction becomes a function o f  the amount  of  inhibitor added. In 
this respect Ca 2+ behaves similarly to Mg 2÷ (data not  shown and Ref. 21). 

Discussion 

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

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

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

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

The experiments described in this work also shed some light on the molec- 
ular events that  account for the known feature of  mitochondria to utilize their 
electrochemical potential for Ca :÷ transport in preference to oxidative phos- 
phorylation [8,9]. The inactivation of  the ATPase by the inhibitory protein 
upon Ca 2+ influx would explain w h y  the proton-motive force is utilized for 
Ca ~+ transport in preference to oxidative phosphorylation.  

As the inhibitor protein has been isolated from mitochondria from a large 
variety of  cells [1,2,23--27],  it is possible that  the protein exerts a general and 
important  regulatory role in the overall functionality of  mitochondria by con- 
trolling the pathways through which the proton-motive force is utilized. 
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