
130 Biochimica etBiophysicaActa, 767 (1984) 130-137 
Elsevier 

BBA 41592 

AN I N V E S T I G A T I O N  O N  T H E  E F F E C T  O F  O L I G O M Y C I N  O N  STATE-4  R E S P I R A T I O N  
IN I S O L A T E D  RAT-LIVER M I T O C H O N D R I A  

ALBERTO MASINI a, DANIELA CECCARELLI-STANZANI b and UMBERTO MUSCATELLO b 

a Institute of Biological Chemistry and b Institute of General Pathology, University of Modena, Via Campi, 287, 41100 
Modena (Italy) 

(Received May 23rd, 1984) 

Key words: Oligomycin; Respiration," Membrane potential," A TP synthesis; (Rat-liver mitochondria) 

The inhibitory action of oligomycin on State-4 respiration in rat-liver mitochondria has been investigated in 
detail with regard to the extent, mode and characteristics of the inhibition. The possibility that this effect may 
be due either to some damage of the mitochondrial preparation used or to the presence of heavy 
contaminations by microsomes has been excluded. It has been found that the concentration of specific 
binding sites is the same in State 4 as in State 3. The extent of the inhibition appears to be related to the 
ADP concentration, rather than to A T P / A D P  ratios. The inhibition of this antibiotic on State-4 respiration 
does not depend on the experimental conditions used (i.e., choice of substrates or composition of the reaction 
medium). In agreement with these observations, it has been found that the membrane potential of State 4 is 
significantly increased when oligomycin is added. All these results provide further evidence to the conclusion 
that a large portion of State-4 respiration is linked to phosphorylation. 

Introduction 

One of  the long-standing problems of  Bioen- 
ergetics is why the respiration of  isolated 
mitochondria  is not  zero in respiratory State 4 
according to the operational  definition given by 
Chance and Williams [1], i.e., in the experimental 
steady state obtained by incubating isolated 
mitochondria  in the presence of substrate, in- 
organic phosphate  and oxygen, but in the absence 
of  added ADP.  In fact, in spite of  consistent 
oxygen consumption,  no net accumulat ion of AT P  
is measured under this condit ion [2]. The occur- 
rence of a number  of  energy-utilizing a n d / o r  en- 
ergy-dissipating processes was therefore proposed 
to account  for oxygen uptake in this state [3-8]. 
These include: energy-dependent  Ca 2÷ cycling 

Abbreviations: FCCP, carbonyl cyanide p-trifluorometho- 
xyphenylhydrazone, DNP, 2,4-dinitrophenol. 

[4,5]; recycling of H + through the inner membrane  
[6-8]; extramitochondrial  ATPase  activity [3], etc. 

More recently, evidence has been obtained 
showing that a respirat ion-dependent ATP synthe- 
sis also occurs under  the conditions of  respiratory 
State 4 [9-11] and that the net accumulat ion of  
ATP  is prevented by the concomitant  activity of  a 
mitochondrial  ATPase  [11]. This activity has been 
proposed to play an important  physiological role 
in the structural and functional transition from 
respiratory State 3 to respiratory State 4 [11]. 

In the a t tempt  to define the precise aliquot of 
State 4 respiration, that is linked to ATP  synthesis, 
oligomycin has been used as a specific inhibitor of  
coupled respiration [12]. However, little, if any, 
information exists in the literature as to the effect 
of  oligomycin on the respiration of  isolated 
mitochondria  incubated in respiratory State 4. 
Oligomycin, as a specific inhibitor of tightly cou- 
pled respiration [13,14] exhibits its maximal effect 
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on State-3 respiration [15,16]; however, there exist 
in the literature some scattered indications of ef- 
fects also on State-4 respiration [17-19]. For ex- 
ample, it has been reported that in rat-liver 
mitochondria the value of the respiratory control 
index increases about two-fold if it is measured as 
the ratio of the rate of oxygen uptake in the 
presence of ADP (State 3) to the rate of oxygen 
uptake in the absence of ADP but in the presence 
of oligomycin (State 4 plus oligomycin) [18,19]. 
This indicated that oligomycin lowers the rate of 
State 4 respiration by a 50%. Furthermore, in a 
study aimed at analyzing the effect of different 
monovalent cations in the incubation medium on 
mitochondrial respiration, it has been reported 
that oligomycin inhibits to some extent the respi- 
ration of isolated liver mitochondria incubated 
under conditions essentially similar to those of 
State 4. [17]. 

It seemed therefore of interest to investigate in 
some detail the extent, mode and characteristics of 
the effects of oligomycin on State 4 respiration as 
well as on the membrane potential of isolated 
mitochondria in respiratory State 4. 

Preliminary reports of this research have been 
presented elsewhere [20,21]. 

Materials and Methods 

Rat-liver mitochondria were isolated in 0.25 M 
sucrose according to a standard procedure [22]. 
Microsomes were prepared as described by Sot- 
tocasa et al. [23]. 

The incubation medium for assaying the meta- 
bolic and the electrochemical parameters, unless 
otherwise indicated, had the following composi- 
tion: 100 mM NaC1, 10 mM MgC12, 10 mM 
Tris-HC1 buffer (pH 7.4), 10 mM sodium-potas- 
sium phosphate buffer (pH 7.4) and 1.6 mM 
sodium pyruvate plus 0.4 mM L-malate as the 
substrate. The oxygen uptake was measured with a 
Clark oxygen electrode at 25 o C in a final volume 
of 3 ml. The concentration of mitochondrial pro- 
tein was 3.0-3.5 mg per ml. The respiratory states 
were those defined by Chance and Williams [1] on 
the basis of the factors limiting the respiratory 
rate. 

The transmembrane potential (A~b) was mea- 
sured at 25°C in a final volume of 1.5 ml by 

monitoring, with a tetraphenylphosphonium-selec- 
tive electrode, the movements of tetraphenylphos- 
phonium across the membrane according to Kamo 
et al. [24] and to L6tscher et al. [25]. The inner 
mitochondrial volume was assumed to correspond 
to 1.1 /~1 per mg protein [26]. The mitochondrial 
concentration ranged from 3.0 to 3.5 mg protein 
per ml. 

ATP  and A D P  concent ra t ions  in the 
mitochondrial suspensions were determined spec- 
trophotometrically according to the procedure de- 
scribed by Jacobus et al. [27]. 

Glucose-6-phosphatase activity was measured 
at 37°C as described by Baginski et al. [28]. 

The concentration of cytochrome P-450 was 
calculated from the CO difference spectrum of the 
reduced sample [29]. 

Protein concentration was determined by the 
Lowry method [30]. 

Oligomycin, ATP, ADP and hexokinase type 
III were purchased from Sigma (St. Louis, MO, 
U.S.A.). Other enzymes and nucleotides were ob- 
tained from Boehringer (Mannheim, F.R.G.) 

Results 

Table I shows the effect of oligomycin on State-4 
respiration. It appears that addition of 1 /~g of 
oligomycin per mg protein to isolated rat-liver 
mitochondria in respiratory State 4, inhibits the 
oxygen uptake by a 50%. Addition of uncouplers, 
such as dinitrophenol or FCCP, completely re- 
verses the inhibition. 

The inhibition by oligomycin on State 4 respira- 
tion does not depend on a partial transition to 
State 3, caused by ADP produced by a con- 
taminating extramitochondrial ATPase or by an 
activated ATPase in damaged mitochondria. In 
fact, as shown in Table II, atractyloside, a specific 
inhibitor of A D P / A T P  translocator, has a limited 
inhibitory effect on State-4 respiration, and does 
not prevent the further effect by oligomycin. On 
the basis of the effect of atractyloside it can be 
deduced that from 10 to 15% of respiration mea- 
sured in State 4 may be related to the production 
of limited amoun t  of A D P  by an ex- 
tramitochondrial ATPase and not to the activation 
of a mitochondrial ATPase due to structural 
damage. In fact atractyloside completely abolishes 
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TABLE I 

EFFECT OF OLIGOMYCIN ON OXYGEN UPTAKE OF RAT-LIVER MITOCHONDRIA IN RESPIRATORY STATE 4 

Mitochondria were incubated as described in Materials and Methods for 1.5 min in State 4(b), i.e., after transition from State 3 to 
State 4. State 3 was obtained by addition of 0.33 mM ADP. Oligomycin was then added. DNP or FCCP were added after 2 rain 
incubation in the presence of oligomycin. The data are for one of four identical experiments in which the results were within 5% of 
each other. 

Conditions Addition Respiratory rate Inhibition by 
(ngatom 0/min  per mg protein) oligomycin 

(%) 

State 4 none 12.6 - 
State 4 1 ~tg/mg oligomycin 6.3 50 
State 4 + ohgomycin 25/~M DNP 50.6 0 
State 4 + oligomycin 2.5/aM FCCP 51.4 0 

t he  e f fec t  o f  a d d e d  A D P  ( T a b l e  I I )  t h u s  s h o w i n g  

t h a t  the  s t r u c t u r e  o f  m i t o c h o n d r i a  is wel l  p r e -  

se rved ,  a c o n c l u s i o n  f u r t h e r  s u p p o r t e d  b y  t h e  o b -  

s e r v a t i o n  t h a t  t he  m i t o c h o n d r i a l  p r e p a r a t i o n s  u s e d  

d o  n o t  ox id ize  e x t e r n a l  N A D H  [34], a n d  h a v e  a 

t r a n s m e m b r a n e  p o t e n t i a l  t y p i c a l  o f  i n t a c t  

m i t o c h o n d r i a ,  i.e., o f  a b o u t  180 m V  u n d e r  S t a t e - 4  

c o n d i t i o n s  [24]. M e a s u r e m e n t s  o f  G - 6 - P a s e  ac t iv -  

i ty,  as a m a r k e r  o f  m i c r o s o m a l  c o n t a m i n a t i o n  in  

t he  m i t o c h o n d r i a l  p r e p a r a t i o n s  used ,  i n d i c a t e s  t h a t  

th i s  c o n t a m i n a t i o n  is v e r y  l i m i t e d ;  th i s  c o n c l u s i o n  

is a l so  s u p p o r t e d  b y  m e a s u r e m e n t s  o f  c y t o c h r o m e  

P -450  in  t h e  s a m e  m i t o c h o n d r i a l  f r a c t i o n s :  t he  

c o n c e n t r a t i o n  o f  th i s  c y t o c h r o m e  is in  f ac t  t h a t  

s t r u c t u r a l l y  p r e s e n t  in  m i t o c h o n d r i a  [31,32] ( T a b l e  

I I I ) .  T h e  ze ro  e f fec t  of  o u a b a i n ,  a n  i n h i b i t o r  o f  

s o d i u m - a c t i v a t e d  m i c r o s o m a l  A T P a s e  [33], o n  

S t a t e - 4  r e s p i r a t i o n  f u r t h e r  s u p p o r t s  th i s  c o n c l u s i o n  

( T a b l e  III) .  

Fig.  I s h o w s  t h a t  the  m a x i m u m  i n h i b i t i o n  level  

of  S t a t e -4  r e s p i r a t i o n  is a t t a i n e d  in  t he  p r e s e n c e  o f  

0.3 /xg of  o l i g o m y c i n  p e r  m g  m i t o c h o n d r i a l  p ro -  

t e in ;  h i g h e r  c o n c e n t r a t i o n s  of  th i s  a n t i b i o t i c ,  d o  

n o t  e n h a n c e  the  e x t e n t  o f  the  i n h i b i t i o n .  T h e  s a m e  

f igu re  i l l u s t r a t e s  t h e  c h a r a c t e r i s t i c s  of  the  i n h i b i -  

t i o n - c o n c e n t r a t i o n  c u r v e  fo r  S t a t e  4 as  c o m p a r e d  

to  t h a t  for  S t a t e  3. B o t h  c u r v e s  a re  s i g m o i d a l  a n d  

t he  m a x i m a l  i n h i b i t i o n  is a t t a i n e d  in  b o t h  c o n d i -  

t i o n s  a t  the  v e r y  s a m e  c o n c e n t r a t i o n  o f  i n h i b i t o r .  

T h e  ch i e f  d i f f e r e n c e  lies in  t he  e x t e n t  o f  t he  m a x i -  

m a l  i n h i b i t i o n  a t t a i n e d :  90% in  t he  case  o f  S ta te -3 ,  

a n d  50% in  the  ca se  o f  S ta te -4 ,  r e s p i r a t i o n .  

T h e  i n h i b i t o r y  e f fec t  of  o l i g o m y c i n  o n  S t a t e -4  

r e s p i r a t i o n  d o e s  n o t  d e p e n d  o n  t he  c o m p o s i t i o n  o f  

t h e  r e a c t i o n  m e d i u m  used ,  as  f a r  as t he  i on i c  

spec ies  a re  c o n c e r n e d .  I n  fact ,  as s h o w n  in  T a b l e  

IV,  t he  i n h i b i t i o n  o f  o l i g o m y c i n  o n  S t a t e -4  r e s p i r a -  

t i o n  is the  s a m e  if  N a  + is s u b s t i t u t e d  fo r  b y  e i t h e r  

TABLE II 

EFFECT OF ATRACTYLOSIDE ON OXYGEN UPTAKE OF RAT-LIVER MITOCHONDRIA IN RESPIRATORY STATE 4 

Mitochondria were incubated as described in Materials and Methods for 2 min in State 4. 4/~M atractyloside or 1 /~g per mg protein 
of oligomycin were then added. 0.33 mM ADP or 1 /~g per mg of oligomycin were added after 2 min incubation in the presence of 
atractyloside. All other conditions as in Table I. 

Conditions Addition Respiratory rate Inhibition of 
(ngatom 0/rain per mg protein) respiration 

(%) 

State 4 - 12.2 - 
State 4 + atractyloside - 10.8 12 
State 4 + atractyloside ADP 10.8 12 
State 4 + atractyloside oligomycin 6.6 46 
State 4 + oligomycin - 6.5 47 



133 

TABLE III 

EVALUATION OF THE MICROSOMAL CONTAMINATION IN THE MITOCHONDR1AL FRACTION FROM RAT LIVER 

Mitochondria were incubated for 3 min in State 4 in the presence of added 0.33 mM ATP. Then 0.2 mM ouabain was added. 
Cytochrome P-450 concentration and glucose-6-phosphatase activity were estimated as described in Materials and Methods. 

Fraction Cytochrome P-450 Glucose-6-phosphatase State 4 respiration 

(nmol per mg protein) (nmol Pi /min per mg protein - Ouabain + Ouabain 

Microsomes 1.098 273.70 - - 
Mitochondria 0.111 9.01 12.9 12.9 

Microsomes 
- 30.4 - - 

Mitochondria 

K + or sucrose in the reaction medium. Similarly, 
® 

the inhibition is found the same by varying the 
concentration of Mg 2+ from 10 mM to 2.5 mM. 

O The inhibitory effect of oligomycin does not 
depend on the choice of substrate and it is ob- 
served i n  t h e  p r e s e n c e  o f  b o t h  N A D  - l i n k e d  s u b -  

s t r a t e s  a n d  s u c c i n a t e  ( T a b l e  V) .  T h i s  f i n d i n g  is 

c o n s i s t e n t  w i t h  p r e v i o u s  o b s e r v a t i o n s  o n  t h e  e f f ec t  

of oligomycin on State-3 respiration [13,14,35,36]. 
It appears from Table V that the higher the re- 
spiratory control, the lower the degree of inhibi- 
tion by oligomycin, the lowest inhibition being 
observed in the presence of succinate as the sub- 
strate. 

The degree of oligomycin inhibition appears to 
correlate with the absolute concentration of ADP 
rather than the A T P / A D P  ratios (Table VI). This 
has been found by using an experimental ap- 
proach similar to that described by Jacobus et al. 
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Fig. 1. Inhibition by oligomycin of State-4 and State-3 respira- 
tion. Mitochondria were incubated for 1 min under State 3 (e), 
obtained by the addition of 1.5 mM ADP, and for 1 min under 
State 4 (O), i.e., following the exhaustion of the added 0.33 
mM ADP. Oligomycin was then added. All other conditions as 
in Table I. 

TABLE IV 

EFFECT OF COMPOSITION OF THE INCUBATION MEDIUM ON THE INHIBITION BY OLIGOMYCIN OF STATE 4 
RESPIRATION 

Mitochondria were incubated for 3 min in State 4, before addition of 1 # g / m g  protein of oligomycin. Where indicated 0.1 M NaCl in 
the incubation medium was substituted for by 0.1 M KCl and 0.2 M sucrose, respectively. When different concentrations of Mg 2+ 
were used, the osmolarity of standard medium was maintained constant by adding appropriate amounts of NaC1. All other conditions 

as in Table I 

Incubation Concn. of Mg 2 + State 4 Inhibition by 
medium (mM) respiration oligomycin 

(%) 

Sodium 10 12.8 48 
Sodium 5 13.0 49 
Sodium 2.5 13.8 51 
K ÷ 10 12.2 45 
Sucrose 10 12.3 44 
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TABLE V 

EFFECT OF VARIOUS SUBSTRATES ON THE MAXIMAL INHIBITION BY OLIGOMYCIN OF STATE-4 RESPIRATION 

Mitochondria were incubated in State 4(b) for 1.5 min as described in Table 1. Oligomycin (1 #g per mg protein) was then added. The 
respiratory control index R.C.I. is the ratio of respiratory rate in State 3 to that in State 4. ADP/0  ratios were determined from the 
polarographic traces. All other conditions as in Table 1 

Substrate State-4 R.C.I. ADP/0  Inhibition of State-4 
2 mM respiration respiration by oligomycin 

(%) 

Pyruvate + 
L-Malate 12.8 4.34 2.70 50 
Citrate 13.2 4.35 2.68 48 
a-Chetoglutarate 14.4 5.50 2.64 40 
L-Glutamate + 
L-Malate 13.9 6.50 2.80 39 
Succinate 20.4 6.90 1.90 38 

[27]. I n  th i s  e x p e r i m e n t a l  des ign ,  t he  r e s p i r a t o r y  

r a t e s  a re  m e a s u r e d  e i t h e r  b y  v a r y i n g  t he  c o n -  

c e n t r a t i o n  o f  A T P  in  t he  p r e s e n c e  o f  u n v a r i e d  

c o n c e n t r a t i o n  o f  A D P  m a i n t a i n e d  b y  a g i v e n  

a m o u n t  of  h e x o k i n a s e  as  t he  A T P - r e g e n e r a t i n g  

sy s t em,  or  a l t e r n a t i v e l y  b y  m a k i n g  v a r i a b l e  t he  

c o n c e n t r a t i o n  o f  A D P  b y  v a r y i n g  t he  a m o u n t  of  

h e x o k i n a s e ,  in  t he  p r e s e n c e  o f  u n v a r i e d  c o n c e n t r a -  

t i o n  of  A T P .  T h e  r e s u l t s  a re  i l l u s t r a t e d  in  T a b l e  

VI.  I t  a p p e a r s  f r o m  the  t a b l e  t h a t  t h e  d e g r e e  of  

o l i g o m y c i n  i n h i b i t i o n  c o r r e l a t e s  w i t h  the  r a t e  of  

r e s p i r a t i o n  a n d  t he  c o n c e n t r a t i o n  o f  A D P ,  b u t  n o t  

w i t h  the  A T P / A D P  ra t ios .  

T h e  e f fec t  of  o l i g o m y c i n  o n  S t a t e - 4  r e s p i r a t i o n  

a d d e s  f u r t h e r  s u p p o r t  to  t he  c o n c l u s i o n ,  r e a c h e d  

b y  a d i f f e r e n t  e x p e r i m e n t a l  a p p r o a c h ,  t h a t  a l a rge  

p o r t i o n  of  the  r e s p i r a t i o n  m e a s u r e d  u n d e r  t he  

c o n d i t i o n s  of  S t a t e  4, is n o r m a l l y  c o u p l e d  to  p h o s -  

p h o r y l a t i o n ,  the  a c c u m u l a t i o n  o f  A T P  b e i n g  p re -  

v e n t e d  b y  t h e  c o n c o m i t a n t  a c t i o n  o f  a 

m i t o c h o n d r i a l  A T P a s e  [11]. C o n s i s t e n t  w i t h  th i s  

c o n c l u s i o n  a re  t he  r e su l t s  i l l u s t r a t e d  in Fig.  2. T h e  

f igu re  s h o w s  the  v a r i a t i o n s  of  t he  t r a n s m e m b r a n e  

p o t e n t i a l  b y  v a r y i n g  t he  m e t a b o l i c  s t a t e s  o f  i so-  

l a t e d  m i t o c h o n d r i a  in  the  a b s e n c e  a n d  in  the  p res -  

e n c e  of  o l i g o m y c i n .  W h e n  i n c u b a t e d  in  S t a t e - 4  

c o n d i t i o n s  w i t h  p y r u v a t e  as the  s u b s t r a t e ,  t he  

m i t o c h o n d r i a  d e v e l o p  a t r a n s m e m b r a n e  p o t e n t i a l  

TABLE VI 

EFFECT OF ATP/ADP RATIOS ON THE INHIBITION BY OLIGOMYCIN OF MITOCHONDRIAL RESPIRATION 

Mitochondria were incubated for 1.5 min in State 4(a) in the presence of ATP. Hexokinase, at the indicated concentrations, plus 10 
mM D( + )-glucose, was then added. After 1.5 additional min, oligomycin (1/tg per mg protein) was added. The control State-3 rate 
was determined upon the addition of 0.5 mM ADP into the medium containing ATP, but lacking glucose and hexokinase. State 4 was 
approx. 22% of the ADP state-3 rate. The'ATP and ADP concentrations were determined in control samples as described in Materials 
and Methods. All other conditions as in Table I. IU, enzyme units. 

Conditions State 3 ATP/ADP ADP Inhibition 
respiration ( ~ M) of respiration 
(%) (%) 

(1) Constant ATP = 1.0 mM 
(a) variable hexokinase = 0.25 IU 28 
(b) variable hexokinase = 2.5 IU 88 

(2) Constant Hexokinase = 1.5 IU 
(a) variable ATP = 1.0 mM 90 
(b) variable ATP = 20 p.M 27 

65 15 56 
10 180 80 

45 98 82 
8 13 55 
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Fig. 2. Effect of o l igomycin  on mi tochondr ia l  A~p under  differ- 

ent  metabo l ic  condi t ions .  Mi tochondr i a  were incuba ted  as de- 

scr ibed in Mater ia l s  and  Methods.  The t r ansmembrane  poten-  

tial  (za ~ )  was measured  as descr ibed in Mater ia l s  and  Methods  
in the presence of 20 /xM t e t r apheny lphosphon ium chloride.  

A E,  e lectrode potent ia l .  Al l  o ther  condi t ions  as in Table  I. 

(negative inside) of about 176 mV. In agreement 
with previous observations [6,24,37], addition of 
ADP, that causes transition to State 3, induces an 
immediate fall of A~k to about 152 mV. When all 
the ADP added is phosphorylated to ATP, the 
transmembrane potential returns to nearly its ini- 
tial value, i.e., 178 mV. The fall in the transmem- 
brane potential clearly correlates with the utiliza- 
tion of the energy during ATP synthesis [24,38]. If 
oligomycin is added during respiratory State 3, the 
transmembrane potential increases to values sig- 
nificantly higher than those observed after the 
transition to State 4, 192 and 178 mV, respectively. 
A similar increase in the value of the transmem- 
brane potential is observed if oligomycin is added 
to mitochondria in respiratory State 4:187 vs. 176 
mV. 

Discussion 

It is well established in the literature that 
oligomycin inhibits respiration only when tightly 
coupled to phosphorylation [13,14]. Therefore, the 
inhibitory effect of oligomycin on the oxygen con- 
sumption by mitochondria respiring in State 4, 
reported in the present results, indicates that a 
large portion of State-4 respiration is linked to 
ATP synthesis. This conclusion is further sup- 
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ported by the effect of oligomycin on the trans- 
membrane potential. In fact, it has been found 
that addition of oligomycin to mitochondria re- 
spiring in State 4 results in a significant increase in 
the membrane potential. This means that the value 
of membrane potential measured under State 4 
conditions is not the maximum that can be 
achieved. Since the maximum value of the mem- 
brane potential may be attained only when net 
ATP synthesis is blocked [39], the difference be- 
tween the membrane potential in State 4 in the 
presence and absence of oligomycin, is evidence 
that part of the energy made available via respira- 
tory chain is utilized for the phosphorylation pro- 
cess. 

ATP, however, does not accumulate in the reac- 
tion medium. One possible explanation is that in 
the conditions where oligomycin is found to have 
the inhibitory effect on State 4 respiration, there 
are activated ATP-utilizing reactions occurring. 
This could depend on either the choice of sub- 
strate or the composition of the reaction medium. 
However, the inhibitory effect of oligomycin on 
State-4 respiration is found with all the substrates 
of Krebs cycle, both those NADH-linked and 
succinate. In particular, it has to be noted that the 
inhibiting effect of oligomycin is seen with sub- 
strates, such as pyruvate or L-glutamate, that do 
not utilize ATP to be transported [40]. Further- 
more, the inhibitory effect does not vary if Na ÷ is 
substituted for by either K ÷ or sucrose in the 
reaction medium, and it is essentially the same 
v,ithin a wide range of variation of Mg 2+ con- 
centrations that are compatible with the mainte- 
nance of normal respiratory controls [41]. It thus 
appears that the inhibitory effect of oligomycin on 
State-4 respiration does not depend on the experi- 
mental conditions used. 

Measurements of microsomal contamination 
present in the mitochondrial preparations used, 
indicate that the amount of ADP produced via 
microsomal ATPase is too low to account for the 
portion of State-4 respiration inhibited by 
oligomycin. In fact, by using the calculation proce- 
dure suggested by Sottocasa et al. [23] the micro- 
somal contamination present in the mitochondrial 
preparations used does not exceed about 3% of the 
total protein. By taking into account the value of 
the specific activity for microsomal ATPase re- 
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ported [42], a concentration no higher than 4/~M 
ADP can be expected to be maintained via micro- 
somal ATPase by the contaminating microsomal 
fragments present in the preparations used. It ap- 
pears from a study correlating the respiratory rates 
with the ADP concentrations [27] that at this ADP 
concentration there is an increase of State-4 respi- 
ration rate of about 10%. This conclusion is in 
agreement with the observation regarding the de- 
gree of inhibition by atractyloside. The micro- 
somal ATPase cannot therefore be the only ATP- 
utilizing reaction /lccounting for the portion of 
State-4 respiration inhibited by oligomycin which 
is of the order of 50%. 

One possible conclusion is that there is also an 
activated intrinsic mitochondrial ATPase occur- 
ring during State 4 [11]. This ATP-utilizing reac- 
tion could provide energy for maintaining the in- 
tramitochondrial level of Mg 2÷, which has been 
shown to be characteristic of this respiratory state 
[41]. It could also provide energy for maintaining 
the structural steady state characterizing the re- 
spiratory State 4, which also requires energy to be 
maintained [43,44]. Preliminary observations seem 
to indicate that, at the ultrastructural level 
oligomycin causes a conformational change from 
the expanded configuration, characteristic of State 
4, to a more condensed configuration. 
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