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Kinetics of interact ion between the H+-translocating component of the mito- 
chondrial ATPase complex and oligomycin or dicyclohexylcarbodiimide were 
studied in beef heart submitochondrial par t ic les,  and the results suggest 
that the two inh ib i tors  have d i f ferent  binding sites with respect to the mem- 
brane and to F I .  Oligomycin seems to be bound to a subunit or a part of a 
subunit in F o, which is localized super f i c ia l l y ,  and which is influenced~by 
F l ,  since the presence of F 1 considerably lowers the rate of inh ib i t ion .  The 
oligomycin binding s i te  fur ther seems to be influenced by the d i f ferent  con- 
formational states of F I occurring during the cata ly t ic  cycle of the enzyme. 
The binding s i te of DCCD on F o, on the other hand, seems to be deeply embedded 
in the membrane and not influenced by F I .  

Synthesis and hydrolysis of ATP by the ATPase complex (FoFI) of mitochondria 

are coupled to H+-translocation through F ° ( I ,  2). Oligomycin (3) and dicyclo- 

hexylcarbodiimide (DCCD) (4), inh ib i tors  of the hydrolyt ic and synthetic ac t i v i t y  

of the complex, are supposed to exert the i r  inh ib i tory  effect by binding to 

the F ° part of the complex (5, 6) and blocking H+-translocation through F o 

(7-9). I t  has been demonstrated that DCCD binds covalently to a specif ic protein 

component of F o (I0, I I ) ,  which exists in an oligomeric form (12, 13), whereas 

oligomycin binds reversible (14) to a not yet ident i f ied subunit of F o. 

In a recent invest igat ion in our laboratory the stoichiometries of inh ib i -  

tion by oligomycin and DCCD on d i f ferent  Fo-related reactions in beef-heart 

submitochondrial part ic les were studied (15, 16). The data indicate that passive 
+ 

H -translocat lon through F ° is blocked when 2 moles of DCCD are bound per mole 

of F o. These results suggest that,  in the absence of F I ,  F o contains two H +- 

channels, both of which are equally active in H+-translocation. Furthermore, 

Abbreviation: DCCD, dicyclohexylcarbodiimide 
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H+-translocation coupled to ATP hydrolysis seems to involve a cooperative 

in teract ion of the two H+-channels, since only one DCCD per F o is needed for  

complete inh ib i t i on  of ATPase ac t i v i t y .  In the case of oligomycin, both the H +- 

t ranslocat ion coupled to ATP hydrolysis and passive H+-translocation are inh ib i ted 

by one mole of oligomycin per mole of F o. These resul ts suggest that the o l igo-  

mycin-binding protein may be present only as a monomer in F o, and thus may be 

a d i f f e ren t  subunit than the DCCD-binding oligomer. A l te rna t i ve ly ,  oligomycin 

may bind to the same protein as DCCD, but in contrast to the l a t t e r ,  i t  may 

induce a cooperative inh ib i t i on  of the two H+-channels even in the absence of 

F 1 • 

In order to bet ter  understand the mechanism of H+-translocation of H +- 

t ranslocat ion through F o, the k inet ics of i nh ib i t i on  by oligomycin and DCCD of 

acti~ve H+-translocation coupled to ATP hydrolysis and of passive H+-translocation 

were invest igated. 

Materials and methods 

Submitochondrial par t ic les  were prepared as described ea r l i e r  (17). The 
par t ic les  were passed through a Sephadex G-50 column in order to remove the 
ATPase i nh ib i t o r  protein (18). 

ATPase (19) and NADH oxidase (9) a c t i v i t i e s  were measured according to 
ea r l i e r  described methods. 

The e f fec t  of DCCD on the ATPase and NADH oxidase a c t i v i t i e s  were studied 
a f te r  incubation of DCCD with submitochondrial par t ic les  suspended in 0.25 M 
sucrose and I0 mM Tr is-Acetate,  pH 7.5. Protein and DCCD concentrations in the 
various experiments are described in the f igure  legends. Samples were withdrawn 
a f te r  d i f f e ren t  times of incubation, for  measurements of ATPase and NADH oxidase 
a c t i v i t i e s .  

Inh ib i t i on  of ATPase and NADH oxidase a c t i v i t i e s  by oligomycin was es t i -  
mated continuously from the spectrophotometric traces at protein and i nh ib i t o r  
concentrations as described in the f igure legends. 

Protein was estimated according to Lowry et al .  (20). 

Results 

Fig. 1 shows the t l / 2 ,  i .e .  the time requried for  50% of maximal i nh ib i t i on  

of ATPase and NADH oxidase a c t i v i t i e s  in beef heart submitochondrial par t i c les ,  

fo r  d i f f e ren t  concentrations of oligomycin and DCCD. NADH oxidase a c t i v i t y  is 

dependent on passive H+-leak through F devoid of F 1 and inh ib i t i on  of NADH 
o 
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The half-time (t l /2) of inhibition of the ATPase (o-o) and NADH 
oxidase (A-A) activit ies by oligomycin (A) and DCCD (B) in sub- 
mitochondrial particles. 

A. The decrease in ATPase and NADH oxidase activit ies was measured 
continuously at a protein concentration of 0.008 mg/ml. 

B. Submitochondrial particles were incubated with DCCD at a protein 
concentration of l mg/ml and samples were withdrawn at different 
times for measurements of ATPase ~and NADH oxidase activit ies. In the 
ATPase assays l ~M FCCP was present. ATPase activity and NADH oxi- 
dase activity were measured as described in Materials and methods. 

oxidation by Oligomycin or DCCD therefore ind i rec t l y  ref lects inh ib i t ion of 

passive H+-translocation. 

As seen in Fig. IA, oligomycin, in a concentration range of 2-8 nmol in- 

hibitor/mg protein, gives t l / 2  for the ATPase ac t i v i t y  ranging between 100-20 

seconds. The experiments were performed at 0.008 mg part ic le protein/ml. DCCD 

affected ATPase ac t i v i t y  with t l / 2  values between 7-I minutes for the same range 

of inh ib i to r  concentration. However, these experiments were performed at 1 mg 

par t ic le  protein/ml. Fig. IB furthermore shows that inh ib i t ion  of NADH oxidase 

by DCCD is slower than inh ib i t ion  of ATPase ac t i v i t y ;  however the difference 

is diminished with increasing concentrations of DCCD. In the case of oligomycin, 

NADH oxidase is inhibited very rapidly;  almost maximal inh ib i t ion  was obtained 

during mixing time (5 sec.). 

Fig. 2 shows the inh ib i t ion  of ATPase and NADH oxidase ac t i v i t i es  by DCCD 

plotted as log a c t i v i t y  versus time. At an inh ib i to r  concentration of 3.3 nmol 

DCCD per mg protein (Fig. 2A) the inh ib i t ion of both ATPase and NADH oxidase 

ac t i v i t i es  seems to fol low pseudo-f irst-order kinetics as revealed by l inear 

plots. At a lower DCCD concentration, 2.4 nmoles/mg protein (Fig. 2B), only 

inh ib i t ion  of the ATPase ac t i v i t y  seems to fol low pseudo-f irst-order k inet ics,  
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Inhibition of ATPase (o-o) and NADH oxidase (A-A) activities by DCCD 
in submitochondrial particles as a function of time. 
Submitochondrial particles were incubated with DCCD at the following 
concentrations: 3.3 nmol (A), 2.4 nmol (B), and 1.6 nmol (C), DCCD 
per mg protein. The protein concentrations were 0.6 mg/ml (A) and 
l mg/ml (B and C). Other conditions as in Fig. I. 

whereas at the lowest concentration used, 1.6 nmoles DCCD/mg protein (Fig. 2C); 

inhibition of both activi t ies did not follow pseudo-first-order kinetics. Under 

the conditions employed no binding of DCCD to the ~ subunit of F l occurred (13), 

neither was the ATPase activi ty of F l inhibited. 

The inhibition of ATPase activi ty by oligomycin does not follow pseudo- 

f irst-order kinetics for any of the oligomycin concentrations used, namely 2.9, 

5.0 and 9.5 nmoles oligomycin/mg protein (Fig. 3). In all three cases, there is 

an in i t ia l  faster rate of inhibition which leads to about 50% inhibition of the 

ATPase activity. 

Discussion 

As reported earlier (15, 16) the stoichiometry of inhibition of passive 

H+-translocation through F o devoid of F l is different for oligomycin and DCCD, 

indicating different modes of action of the two inhibitors on F o. Kinetic experi- 

ments reported in this paper further demonstrate the different behaviours of the 

two inhibitors. This is shown by comparing the effect of oligomycin and DCCD on 

the ATPase and the NADH oxidase activi t ies. Inhibition of the ATPase activi ty 

reflects inhibition of active H+-translocation through complete FoF l complexes, 

whereas inhibition of the NADH oxidase activi ty reflects inhibition of passive 

H+-translocation through F o devoid of F I. 

In the case of oligomycin, inhibition of ATPase activi ty is much slower 

than inhibition of NADH oxidase activi ty. This result indicates that the pre- 
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Fig. 3. 
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Inhibition of ATPase act iv i ty  by oligomycin in submitochondrial 
particles as a function of time. 
ATPase act iv i ty  was measured, in the presence of 1 ~M FCCP, as 
described in Material and methods. Oligomycin and protein concentra- 
tion were; 2.9 nmol oligomycin/mg protein and 0.03 mg particle pro- 
tein/ml (o-o); 5.0 nmol oligomycin/mg protein and 0.0083 mg protein/ 
ml (~-~); 9.5 nmol oligomycin/ml and 0.0035 mg protein/ml (o-o). 

sence of F 1 considerably influences the rate of binding of oligomycin to F o, 

the rate being much higher in the absence of F I .  However, the absence of F 1 

does not seem to enhance the rate of binding of DCCD to F o, while on the con- 

t ra ry ,  DCCD i n h i b i t i s  NADH oxidase a c t i v i t y  more slowly than ATPase a c t i v i t y .  

This may be due to the fact  that two molecules of DCCD need to be bound per F ° 

in order to completely block passive H+-translocation through F o, and that the 

second molecule of DCCD binds with a lower a f f i n i t y  than the f i r s t  one. 

Another d i f ference,  which is very obvious, is that DCCD binds considerably 

slower to FoF 1 or F o than does oligomycin. The reason for  th is di f ference may 

be e i ther  that the formation of a covalent bond between the imido group of DCCD 

and a carboxyl ic group on the DCCD-binding protein is r e l a t i v e l y  slow, or that 

the DCCD-binding s i te  is deeply embedded in the membrane. The rate of i nh ib i t i on  

by DCCD can be enhanced by increasing the concentration of DCCD, which is con- 

s is ten t  with both a l te rna t ives .  Oligomycin on the other hand is very rap id ly  

bound, especia l ly  in the absence of F I ,  which may indicate a super f ic ia l  binding 

s i te  for  oligomycin close to F 1 which is peripheral in re la t ion  to the membrane. 
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The in teract ion of DCCD with both FoF 1 (21, 22) and F ° fol lows pseudo- 

f i r s t - o r d e r  k inet ics (cf .  Fig. 2). However, at an intermediate concentration of 

DCCD used, the inh ib i t i on  of NADH oxidase a c t i v i t y  did not fo l low pseudo-f i rs t -  

order k inet ics ,  whereas the inh ib i t i on  of ATPase a c t i v i t y  did. This d i f ference 

again is probably due to the fact  that two molecules of DCCD need to be bound 

per F o in order to maximally i nh i b i t  NADH oxidase a c t i v i t y ,  and in th is case 

the excess of DCCD is not su f f i c i en t  to f u l f i l l  the condit ions for  pseudo-f i rs t -  

order k inet ics .  

Inh ib i t ion  of the ATPase a c t i v i t y  by oligomycin did not show pesudo- f i rs t -  

order fo r  any of the oligomycin concentrations used, namely 2.9, 5.0 and 9.5 

nmoles oligomycin/mg protein which corresponds toa  7, 12 and 24-fold excess of 

i nh ib i t o r  over FoF 1 s i tes.  The plots of log a c t i v i t y  versus time were non- l inear,  

showing a fast  phase of i nh ib i t i on  of about 50% of the ac t i v i t y .  Since the ATPase 

complex is supposed to ex is t  in d i f f e ren t  conformational states during catalys is 

(23), these resul ts  may indicate that oligomycin binds with d i f f e ren t  a f f i n i t i e s  

to the d i f f e ren t  conformational states. 

In conclusion, the resul ts presented in this paper would suggest that 

oligomycin and DCCD have d i f f e r e n t  binding si tes with respect to the membrane 

and to F I.  Oligomycin seems to be bound to a subunit or a part of a subunit in 

F o, which is local ized supe r f i c i a l l y ,  and which is influenced by F I ,  since the 

presence of F 1 considerably lowers the rate of i nh ib i t i on .  The oligomycin bind- 

ing s i te  fu r ther  seems to be influenced by the d i f f e ren t  conformational states 

of F 1 occurring during the ca ta ly t i c  cycle of the enzyme. The binding s i te  of 

DCCD on F o, on the othe~ hand, seems to be deeply embedded in the membrane and 

not influenced by F 1 . 
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