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Possible regulatory function of a mitochondrial ATPase inhibitor in 
respiratory chain-linked energy transfer 

In 1963 PULLMAN AND MONROY 1 reported the purification of an ATPase in- 
hibitor from beef-heart mitochondria. The inhibitor, a highly trypsin-sensitive protein 
of a molecular weight of approx. 15 ooo, potently suppressed the ATPase activity of 
both submitochondrial particles ("N-particles") and purified F1, but had no effect on 
the Fl-restored oxidative phosphorylation catalyzed by the particles. I t  was suggested 
that  the ATPase inhibitor may  act as a "respiratory control factor", but  its functional 
role in the respiratory chain-linked energy-transfer system remained undefined. 

In this paper it is shown that  the ATPase inhibitor efficiently blocks ATP-driven 
energy-transfer reactions, such as succinate-linked NAD ÷ reduction, nicotinamide- 
nucleotide transhydrogenase, and an increase in 8-anilino-naphthalene~i-sulfonate 
(ANS) fluorescence 2 (an indicator of membrane energizationS), while it leaves the 
same reactions when driven by  the respiratory chain unaffected. I t  also does not 
inhibit, and may  even stimulate, oxidative phosphorylation. The results suggest that  
the ATPase inhibitor may  function as a directional regulator of the respiratory chain- 
linked energy-transfer system. 

The experiments were performed with "EDTA particles", i.e., particles derived 
from "heavy"  beef-heart mitochondria by sonication in a medium containing EDTA 
as described by LEE AND ERNSTER 4. These particles possess only weak capacities for 
oxidative phosphorylation and for ATP-driven succinate-linked NAD ÷ reduction 5-7, 
nicotinamide-nucleotide transhydrogenase reaction s-7 and ANS fluorescence in- 
crease s , but these can be substantially increased by  the addition of an appropriate 
amount  of oligomycin. EDTA particles exhibit an oligomycin-sensitive ATPase ac- 
t ivity which is not stimulated by  trypsinS; in this respect they are different from 
the "S - "  and "U-particles" described by RACKER 1° or the phosphorylating "Mg 2+- 
ATP-particles"9. 

ATPase inhibitor was prepared from "light" beef-heart mitochondria as de- 
scribed by  PULLMAN AND ]VfONROY 1. The yield and puri ty of the preparation were 
approximately the same as those reported by these authors. To obtain maximal in- 
hibitory effect, the ATPase inhibitor, diluted with 0.25 M sucrose containing 0.3 mM 
imidazole sulfate (pH 6.75 ), was mixed with an equal volume of particles in 0.25 M 
sucrose (IO mg particle protein per ml) and preincubated for io min at 3 o°, all ac- 
cording to the method of PULLMAN AND I~ONROY 1. Aliquots of the mixture were then 
removed and used for the assay of various enzyme activities. Alternatively, the par- 
ticles could be reisolated by  centrifugation of the preincubation mixture, without loss 
of the effect of ATPase inhibitor (cf. ref. i), and used for the enzyme assays. 

Abbrev ia t ion :  ANS,  8 -an i l ino -naph tha lene - i - su l fona te .  
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ATPase activity was assayed n by linking the reaction to the pyruvate  kinase 
and lactate dehydrogenase systems and using the oxidation of NADH, measured 
spectrophotometrically at 34 ° n m ,  as a measure of the amount of ADP formed. 
Succinate-linked NAD + reduction 1~ and nicotinamide-nucleotide transhydrogenase 13 
activities, the latter coupled to the glutathione reductase system, were assayed as 
previously described, in both cases spectrophotometrically at 34o nm. Oxidative 
phosphorylation was measured in the presence or absence of hexokinase and glucose, 
by recording 0 2 uptake with a Clark oxygen electrode and determining the amount 
of Pi esterified, after approx. 7 ° To of the O 3 was consumed, by the isotope distribution 
method14; or, alternatively, by supplementing the system with hexokinase, glucose, 
glucose-6-phosphate dehydrogenase, and NADP ÷, and recording the appearance of 
NADPH spectrophotometrically at 34o nm (cf. ref. 15). In the latter case, the system 
also contained AMP, in order to minimize the rate of adenylate kinase, reducing it 
to less than IO % of the rate of oxidative phosphorylation. P/O was estimated by  
allowing the system to become anaerobic and dividing the increase in NADPH concen- 
tration due to oxidative phosphorylation by the concentration of oxygen originally 
present in the medium. ANS fluorescence was measured at 47 ° n m ,  with an excitation 
wavelength of 366 nm. The composition of the assay systems is specified in the table 
and figure legends. 

As shown in Fig. I, the ATPase inhibitor suppressed the ATPase, ATP-driven 
succinate-linked NAD + reduction and ATP-driven nicotinamide-nucleotide trans- 
hydrogenase reactions (the two latter reactions measured in the presence of an optimal 
amount  of oligomycin) with approximately equal effieiencies; half-inhibition occurred 
at  about 5 #g inhibitor per mg particle protein. In contrast, the respiratory chain- 
driven succinate-linked NAD ÷ reduction and nicotinamide-nucleotide transhydro- 
genase reactions were unaffected by the ATPase inhibitor. Similarly, the ATPase in- 
hibitor blocked the ATP-induced increase in ANS fluorescence (measured in the 
presence of an optimal amount of oligomycin), without affecting the succinate (plus 
oligomycin)-induced fluorescence increase (Fig. 2). 

Oxidative phosphorylation with NADH or succinate as substrate, measured in 
the presence of an optimal amount of oligomycin, was likewise not suppressed by 
the ATPase inhibitor (Table I), in agreement with earlier findings of PULLMAN AND 
MONROY 1 with the Fl-induced oxidative phosphorylation of "N-particles". As ex- 
pected, a decrease in P/O occurred when hexokinase and glucose were omitted, due 
to the hydrolysis of ATP, and this effect was counteracted by the ATPase inhibitor 
(Table I, Expt.  2). With succinate as substrate, the ATPase inhibitor repeatedly 
caused an increase in P/O, in spite of the presence of an ATP-trapping system (Table I, 
Expts.  3 and 4 ) - a  phenomenon that  will require further investigation. The ATPase 
inhibitor did not replace oligomycin in promoting oxidative phosphorylation (cf. 
Table I, Expt.  I), nor did it alter the respiratory rate in either the absence or presence 
of oligomycin (not shown), leaving the extent of oligomycin-induced "respiratory 
control" unaffected. These findings thus fail to support the suggestion 1 that  the 
ATPase inhibitor may  function as a "respiratory control factor". 

I t  is evident from the data presented above that  the ATPase inhibitor, besides 
blocking ATPase, also suppresses ATP-driven energy-transfer reactions. PULLMAN 
AND MONROY 1 have noticed an inhibition of the Pi-ATP exchange reaction, catalyzed 
by  Fx-supplemented "N-particles",  when ATPase inhibitor was present, but this effect 
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w a s  o v e r c o m e ,  a n d  e v e n  t u r n e d  i n t o  a s t i m u l a t i o n ,  b y  t h e  a d d i t i o n  of  a n  e x c e s s  o f  

A T P .  T h e y  h a v e  a l s o  f o u n d  z t h a t  F 1 - A T P a s e  i n h i b i t o r  c o m p l e x ,  w h e n  a d d e d  t o  

" N - p a r t i c l e s " ,  s u p p o r t e d  A T P - d r i v e n  s u c c i n a t e - l i n k e d  N A D  + r e d u c t i o n  e q u a l l y  a s  

A 

t 
ATP ATP 

\ \  
~ ATPase 

_o 50" cc-~NAD*(AT P) o 

i9. ig. 

100 - -  - -  
s lo *s 20 2's ¢ 1 ,m i .  , 

ATPase i n h i b i t o r  ~ g / m g  partL:le protein ) s u e t .  suc¢. , 

Fig. i .  Effect  of ATP ase  inh ib i to r  on va r ious  ene rgy - t r ans fe r  react ions .  The  a s say  s y s t e m s  con- 
t a ined ,  in a final vo lume  of i ml :  A TPase: io  m M  T r i s - a c e t a t e  (pH 7.5), 3 ° m M  KCI, 3 m M  ATP,  
3 m_M MgC12, i o / z g  p y r u v a t e  kinase,  2. 5 m M  p h o s p h o e n o l p y r u v a t e ,  15 ktg lac ta te  dehydrogenase ,  
o.18 m M  2gADH, i ktM ro tenone  and  o.o2 m g  part icle  protein.  The  ac t iv i ty  in t he  absence  of 
ATPase  inh ib i to r  was  3.04/~moles A D P  fo rmed  per  rain per  m g  protein.  A TP-driven suceinate- 
linked NAD+ reduction ( succ-~  N A D  + (ATP)):  5 ° m M  T r i s - a c e t a t e  (pH 7.5), 17° m M  sucrose,  
5 m M  succinate ,  o.15 m M  N A D  +, 3 m M  ATP,  2 m M  MgSO 4, 2 m M  KCN, o. 3 m g  part icle  pro te in  
a n d  o. I #g  o l igomycin  per  m g  par t ic le  protein.  The  ac t iv i ty  in t he  absence  of ATPase  inhib i tor  
was  56.3 nmoles  ~NAD + reduced  per  rain per  m g  protein.  Respiratory chain-d~'iven succinate-linked 
NAD + reduction (succ--~ N A D  + (succ)): 5 ° m M  T r i s - ace t a t e  (pFI 7.5), 17o m M  sucrose,  5 m M  
succ ina te ,  5 m M  N A D  +, o. 3 m g  par t ic le  p ro te in  and  2 /*g o l igomycin  per  m g  part icle  protein.  
The  ac t iv i ty  in t he  absence  of ATPase  inhib i tor  was 4.5 n m o l e s / m i n  per  m g  protein.  A TP-driven 
transhydrogenase ( N A D H - +  N A D P  + (ATP)):  5 ° m M  Tr i s - ace t a t e  (pH 7.5), 17° m M  sucrose,  
o.2 m M  N A D H ,  o.15 m M  NADP+,  i m M  oxidized g lu ta th ione ,  2/~g g lu t a th ione  reduc tase  in 
i ~o bovine  s e r u m  a lbumin ,  I /tM rotenone,  2 m M  KCN, 5 m M  MgSO, ,  4.5 inM ATP,  o. i  /~g 
o l igomycin  per  m g  prote in ,  and  o.2 m g  par t ic le  protein,  The  ac t iv i ty  in t he  absence  of ATPase  
inhib i tor  was  141 nmoles  N A D P  + per  m i n  per  m g  protein.  Respiratory chain-driven transhydro- 
genase ( N A D H  --~ • A D P  +(succ))  : 5 ° m M  T r i s - ace t a t e  (pH 7.5), 17o m M  sucrose,  o.2 m M  N A D H ,  
o.15 m M  N A D P  +, i m M  oxidized g lu ta th ione ,  2 #g  g lu t a th ione  r educ tase  in I ~o bovine  s e r u m  
a lbumin ,  i /~M ro tenone ,  5 m M  succinate ,  0.2 m g  par t ic le  p ro te in  and  2/~g o l igomycin  per  m g  
par t ic le  prote in .  The  ac t iv i ty  in t he  absence  of AT P ase  inhib i tor  was  214 nmoles  N A D P  + reduced  
per  rain per  m g  protein.  T e m p . ,  3 o°. 

Fig. 2. Effect  of ATP ase  inh ib i to r  on t h e  e n e r g y - d e p e n d e n t  e n h a n c e m e n t  of ANS fluorescence.  
T h e  a s s a y  s y s t e m  con ta ined ,  in a final v o l u m e  of 3 ml ,  IO m M  T r i s - a c e t a t e  (pH 8.8), 17o m M  
sucrose,  2o/~M ANS and  i m g  par t ic le  prote in .  I n  A a n d  ]3, t he  m e d i u m  also con ta ined  2 m M  
MgSO 4 and  o . i /~g  o l igomycin  per  m g  par t ic le  p ro te in  and ,  in  C and  D, 1.7/zM ro tenone .  Addi t ions  
a t  t h e  t i m e s  ind ica ted  were : 2 m M  A T P  (A and  B) ; 5 m M  succ ina te  a n d  5 ktg o l igomycin  pe r  m g  
p ro t e in  (C a n d  D). T e m p . ,  24 °. A and  C : no AT P ase  inhibi tor .  B and  D : 30 # g  ATPase  inh ib i to r  
per  m g  protein.  
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TABLE I 

E F F E C T  O F  A T P A s E  I N H I B I T O R  O N  O X I D A T I V E  P H O S P H O R Y L A T I O N  

The assay system contained 17o mM sucrose, o. 4 mg (Expts. i and 2) or o.8 mg (Expts. 3 and 4) 
particle protein,  5 ° mM Tris-acetate  (pH 7.5), 3.2 mM Pi, 3 mM (Expt. i), 5 mM (Expt. 2) or 
i mM (Expts. 3 and 4) ADP, 2 mM MgSO 4, 8 mM AMP (Expts. 3 and 4 only) and, when indicated, 
i mM NADH, io mM succinate, o . I / , g  oligomycin per mg protein, o.i mg (Expts. I and 2) or 
0,2 mg (Expts. 3 and 4) hexokinase, 20 mM glucose, 9 ~g glucose-6-phosphate dehydrogenase, 
and i mM NADP+. The final volume was 3 ml (Expts. i and 2) or i ml (Expts. 3 and 4)- The 
amount  of ATPase inhibi tor  used in all experiments inhibited the ATPase act ivi ty of the same 
particles by  more than  95 %. In Expts.  3 and 4, the particles were reisolated from the preincu- 
bat ion with ATPase inhibitor  before the assay (see text). In  Expts.  I and 2, the rate of O 3 con- 
sumption was measured polarographically, and PI uptake was determined by  the  isotope distri- 
but ion method 13. In Expts.  3 and 4, the rate of PI uptake was determined from the reduction 
of NADP +, measured spectrophotometrically at  34 ° n m ,  and the rate of O 3 uptake was estimated 
by allowing the system to become anaerobic as indicated by  the decline in NADP+ reduction. 
Temperature,  3 °° . 

Expt. Substrate A TP-trapping system Oligomycin A TPase inhibitor 
No. (l~g/mg particle 

protein) 

P/o 

I NADH Hexokinase, glucose 

2 NADH 

3 Succinate 

Hexokinase, glucose 
None 
None 

Hexokinase, glucose, glucose- 
6-phosphate dehydrogenase, NADP ÷ 

- -  o o.13 
+ o 0.76 
- -  3 ° 0.08 
+ 3 ° 0.76 

+ o 0.53 
+ o 0.35 
+ 3 ° 0.49 

+ o o.19 
+ 15 0.35 

4 Succinate Hexokinase, glucose, glucose- + o 
6-phosphate dehydrogenase, NADP + + 15 

O . 2 1  

o.32 

we l l  as  d i d  a d d e d  F 1. T h i s  a p p a r e n t  d i s c r e p a n c y  b e t w e e n  t h e i r  a n d  o u r  r e s u l t s  m a y  

b e  e x p l a i n e d  in  v i e w  of t h e  f ac t ,  f i rs t  s u g g e s t e d  w h e n  t h e  p h o s p h o r y l a t i o n - r e s t o r i n g  

ef fec t  of o l i g o m y c i n  in  E D T A  p a r t i c l e s  w as  d i s c o v e r e d  5, a n d  s u b s e q u e n t l y  d e m o n -  

s t r a t e d  b y  SCHATZ et al. 1~ w i t h  i m m u n o l o g i c a l  t e c h n i q u e s ,  t h a t  a d d e d  F 1 m a y  ac t  

n o t  o n l y  b y  r e p l a c i n g  a m i s s i n g  e n z y m e  spec ies  b u t  a lso  b y  p r o m o t i n g  t h e  a c t i o n  of 

F 1 a l r e a d y  p r e s e n t  in  t h e  pa r t i c l e s .  C o n c e i v a b l y ,  t h i s  l a t t e r  ef fec t  of F 1 is n o t  a b o l i s h e d  

b y  t h e  A T P a s e  i n h i b i t o r ,  a n d  t h u s  t h e  a d d e d  F 1 - A T P a s e  i n h i b i t o r  c o m p l e x  m a y  h a v e  

p r o m o t e d  t h e  a c t i o n  of r e s i d u a l  F 1 p r e s e n t  in  t h e  p a r t i c l e s  u s e d  b y  PULLMAN AND 

1VfONROY 1 to  m e d i a t e  t h e  A T P - d r i v e n  r e d u c t i o n  of N A D  + b y  s u c c i n a t e .  

I t  is n o t e w o r t h y  t h a t  t h e  u n i d i r e c t i o n a l  ef fec t  of t h e  A T P a s e  i n h i b i t o r  on  

e n e r g y - t r a n s f e r  r e a c t i o n s  is t h e  c o n v e r s e  of t h a t  f o u n d  w i t h  t h e  a n t i b i o t i c  a u r o v e r t i n ,  
w h i c h  h a s  b e e n  s h o w n  to  i n h i b i t  o x i d a t i v e  p h o s p h o r y l a t i o n  17-21 b u t  n o t  A T P a s e  1L 18 

or  A T P - d r i v e n  ion  t r a n s l o c a t i o n  19-21, s u c c i n a t e - l i n k e d  N A D  + reduct ionT,  22,2s, a n d  

n i c o t i n a m i d e - n u c l e o t i d e  t r a n s h y d r o g e n a t i o n  ~, 29., 33. A u r o v e r t i n  f o r m s  a f i rm c o m p l e x  

w i t h  F 124 s i m i l a r l y  to  t h e  A T P a s e  i n h i b i t o r  1, a n d  r e c e n t  e v i d e n c e  25 s u g g e s t s  t h a t  i t  

a c t s  as  a m o d i f i e r  of F1, a l t e r i n g  i t s  r e l a t i v e  a f f in i t ies  for  A D P  a n d  A T P .  W h e t h e r  

a s i m i l a r  t h o u g h  c o n v e r s e  r e l a t i o n s h i p  h o l d s  for  t h e  A T P a s e  i n h i b i t o r  is t h e  s u b j e c t  
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of current studies in this laboratory. Whatever the precise mechanism, the present 
results strongly suggest that  the mitochondrial protein, now known for 7 Y ears1 as 
the "ATPase inhibitor", may have the important functional role of a directional regu- 
lator of respiratory chain-linked energy transfer, controlling the back-flow of energy 
from ATP to the mitochondrial electron- and ion-transport systems. 

This work has been supported by grants from the Swedish Cancer Society and 
Swedish Medical and Natural Science Research Councils. 

One of the authors (K. A.) is a Research Fellow of the Atomic Energy Agency 
of Japan. 

Department of Biochemistry, 
University of Stockholm, 
Box 6409, S-II3 82 Stockholm (Sweden) 

KOUICHI ASAMI* 

KERSTIN JUNTTI 
LARS ERNSTER 

I M. E. PULLMAN AND G. C. MONROY, J. Biol. Chem., 238 (1963) 3762. 
2 A. AzzI, B. CHANCE, G. K. RADDA AND C. P. LEE, Proc. Natl. Acad. Sci. U.S., 62 (1969) 612. 
3 A. Azzl, Biochem. Biophys. Res. Commun., 37 (1969) 254- 
4 C. P. LEE AND L. ERNSTER, Methods Enzymol., lO (1967) 543. 
5 C. P. LEE AND L. ERNSTER, Biochem. Biophys. Res. Commun., 18 (1965) 523 . 
6 C. P. LEE AND L. ERNSTER, in J. M. TAGER, S. PAPA, E. QUAGLIARIELLO AND E. C. SLATER, 

Regulation of Metabolic Processes in Mitochondria, B.B.A. Library,  Vol. 7, Elsevier, Amsterdam,  
1966, p. 218. 

7 C. P. LEE AND L. ERNSTER, European J. Biochem., 3 (1968) 391. 
8 K. NORDENBRAND AND L. ERNSTER, manusc r ip t  in preparat ion.  
9 K. JUNTTI, U.-B. TORNDAL AND L. ERNSTER, in S. PAPA, E. QUAGLIARIELLO, E. C. SLATER 

AND J. M. TAGER, Round-Table Discussion of Mitochondrial Electron Transport and Energy 
Coupling, Fasano,  1969, Adriatica Editrice, Bari, in the press. 

io  E. RACKER, in B. CHANCE, Energy-Linked Functions of Mitochondria, Academic Press, New 
York,  1963, p. 75. 

I I  M. E. PULLMAN, H. S. PENEFSKY, A. DATTA AND E. RACKER, J. Biol. Chem., 235 (196o) 3322. 
12 L. ERNSTER AND C. P. LEE, Methods Enzymol., IO (1967) 729 . 
13 L. ERNSTER AND C. P. LEE, Methods Enzymol., io  (1967) 739. 
14 O. LINDBERG AND L. ERNSTER, Methods Biochem. Anal., 3 (1956) I. 
15 M. E. PULLMAN AND E. IRACKER, Science, 123 (1956) 11o5. 
16 G. SCHATZ, H. S. PENEFSKY AND E. RACKER, J. Biol. Chem., 242 (1967) 2552. 
17 H. A. LARDY AND e .  C. McMURRAY, Federation Proc., 18 (I959) 269. 
18 n .  A. LARDY, in T. W. GOODWlN AND O. LINDBERG, Biological Structure and Function, Vol. 2, 

Academic Press, London,  1961, p. 265. 
19 H. A. LARDY, J. L. CONNELLY AND D. JOHNSON, Biochemistry, 3 (1964) 1961" 
20 J.  L. CONNELLY AND H. A. LARDY, Biochemistry, 3 (1964) 1969. 
21 J. L. CONNELLY AND H. A. LARDY, J. Biol. Chem., 239 (1964) 3065 • 
22 G. LENAZ, Biochem. Biopkys. Res. Commun., 21 (1965) 17o. 
23 L. ERNSTER, C. P. LEE AND S. JANDA, in Z. KANIUGA, L. WOJTCZAK AND E. C. SLATER, 

Biochemistry of Mitochondria, Academic Press, London,  and P.W.N. ,  Warsaw,  1967, p. 29. 
24 B. CHANCE, A. AzzI, I.-Y. LEE, C. P. LEE AND L. MELA, in L. ERNSTER AND Z. DRAHOTA, 

Mitochondria--Structure and Function, Academic Press, London,  1969, p. 233. 
25 P. MITCHELL AND J. MOYLE, FEBS Letters, 6 (197 o) 3o9 . 

Received December 23rd, 1969 

* Permanen t  address:  Nat ional  Ins t i tu te  of Radiological Sciences, Chiba-shi, Japan .  

Biochim. Biophys. Acta, 2o 5 (197 o) 3o7-311 


