
Biochimica et Biophysica Acta, 368 (1974) 29-38 
Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

BBA 46805 

COOPERATIVITY IN THE INHIBITION OF OXIDATIVE 

PHOSPHORYLATION BY CHLOROPHENOXYISOBUTYRATE 

S. R. PANINI and C. K. RAMAKRISHNA K U R U P  

Department of Biochemistry, Indian Institute of Science, Bangalore 560012 (India) 

(Received June 12th, 1974) 

SUMMARY 

The kinetics of inhibition of oxidative phosphorylation by the antihypercholes- 
terolaemic compound p-chlorophenoxyisobutyrate reveal cooperativity characteristic 
of allosteric interactions. Hill plots and Dixon plots give clear indication that the 
compound interferes with two distinct steps in the energy-transfer pathway. The 
values of interaction coefficients calculated from the Hill plots were two and four in 
the direction of ATP synthesis and one and two in the reverse direction. This could 
mean either that the pathways of synthesis and breakdown of ATP are different, or 
that if the pathways are the same, only half the inhibitor-binding sites function in the 
reverse direction. 

INTRODUCTION 

The ethyl ester of p-chlorophenoxyisobutyric acid is widely used as an anti- 
hypercholesterolaemic drug under the trade name "Atromid-S" or "Clofibrate". In 
addition to its hypolipidaemic action, the drug is known to cause many changes, 
particularly in the livers of  experimental animals [1 ]. The compound has also been 
shown to affect hepatic mitochondrial content in vivo [2, 3] and function in vitro 
[3-6]. We have recently reported [7] that p-chlorophenoxyisobutyrate (CPIB) acts 
as an inhibitory uncoupler of oxidative phosphorylation in isolated rat liver mito- 
chondria without any direct effect on the respiratory chain. Depending on the concen- 
tration of the compound the three sites of phosphorylation showed differential sus- 
ceptibility to inhibition by CPIB. 

In the course of the above investigations we observed that the pattern of inhibi- 
tion of oxidative phosphorylation by CPIB showed sigmoidicity [7]. In this respect 
this compound resembled antimycin [8], oligomycin [9], and aurovertin [10] which 
also exhibit sigmoid inhibitor-effect curves. Such kinetics are characteristic of coop- 
erative interactions which have come to be recognized as an important control 

Abbreviations: CPIB, p-chlorophenoxyisobutyrate; TMPD, N, N, N' ,  N'-tetramethylop- 
phenylenediamine, FCCP, carbonylcyanide p-trifluoromethoxyphenylhydrazone; CBCNS, 5-chloro- 
3-t-butyl-2'-chloro-4'-nitrosalicylanilide. 
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mechanism operative in cellular processes. The role of conformational alterations in 
energy transduction is being increasingly appreciated in recent years [11, 12]. In 
accordance with this, the sigmoid inhibitor-effect curves obtained with antimycin and 
aurovertin have been interpreted to indicate allosteric interactions in oxidative 
phosphorylation [8, 10]. It was, therefore, thought worthwhile to analyze the kinetics 
of CPIB effects on oxidative phosphorylation and associated reactions according to 
the Hill equation [13-15 ]. The results indicate that CPIB interacts cooperatively with 
two functionally critical steps in the energy-transfer pathway. An abstract of the 
findings is being incorporated into a general discussion on allosteric interactions in 
oxidative phosphorylation [16]. 

EXPERI  M E N T A L  

Details of the methods employed for the isolation of rat liver mitochondria as 
well as for the assay of oxidative phosphorylation and associated reactions have been 
described earlier [2, 7]. Oxidative phosphorylation was assayed manometrically. 
Phosphorylation coupled specifically to the first and second sites was measured using 
ferricyanide as the electron acceptor [17]. Energy-linked, succinate-mediated reduc- 
tion of NAD + by reversed electron transport was determined essentially as described 
by Ernster and Lee [18]. The activity of ATPase (adenosine triphosphate phospho- 
hydrolase, EC 3.6.1.3) was determined as described by Veldsema-Currie and Slater 
[19]. Sonic submitochondrial particles were prepared by the method of Graven et al. 
[20]. Other details are given in the legends to the figures. 

The CPIB used in these experiments was a generous gift from Dr J. M. Thorp, 
Imperial Chemical Industries Ltd., U.K. The uncoupling agent carbonylcyanide- 
p-trifluoromethoxyphenylhydrazine (FCCP) and 5-chloro-3-t-butyl-2'-chloro-4'-nitro- 
salicylanilide (CBCNS) were gift samples from Dr W. W. Prichard, E. I. Du Pont 
Nemours Company, Inc., U.S.A. and Dr P. C. Harem, Monsanto Company, U.S.A., 
respectively. 

R E S U L T S  

Theory 
The effect of increasing concentrations of CPIB on the rates of electron transport 

and coupled phosphorylation was studied using tightly coupled rat liver mitochon- 
dria. As mentioned earlier, the inhibitor-effect curves (phosphorylation) were sigmoid- 
dal irrespective of the number of coupling sites activated. The Dixon Plots [21 ], (in 
which the reciprocal of the velocity of the reaction is plotted against inhibitor con- 
centration) for the inhibition of phosphorylation were non-linear irrespective of the 
substrate used. (Fig. 1 insets). Such non-linearity is indicative of the interaction of 
more than one inhibitor molecule with the enzyme [22]. 

While with purified enzymes meaningful and penetrating interpretation of 
sigmoid kinetics is possible, the question arises of how such kinetics can be interpreted 
in intricate, multi-stepped processes. That complex biological phenomena such as 
cell division, cellular respiration etc., which show cooperative interactions, are 
amenable to kinetic analysis has been demonstrated by Loftfield and Eigner [15]. It 
was suggested that the Hill equation [13] could also be applied to such phenomena. 
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When applied to an enzyme system under the influence of an inhibitor, the Hill 
equation takes the form [14] 

V o -- V 
log ( ~ ) ~  = n log[I I+log k 

where V o is the reaction velocity in the absence of the inhibitor and V and Vsa t are the 
velocities in the presence of suboptimal ([I]) and saturating concentrations of the 
inhibitor, respectively. When log ((V0--V)/(V--Vsat)) is plotted against log [1] (Hill 
plot), the slope of the line, which has been termed the "interaction coefficient" (2), 
represents a combination of the number of inhibitor-binding sites and the strength of 
interaction between them [14, 15, 23]. A linear Hill-plot would indicate that the 
inhibitor interacts with a "single critical step" in the process. On the other hand, if 
two or more steps with different association constants for the inhibitor are affected, 
it is to be expected that the slope of the Hill-plot would change with increasing con- 
centration of the inhibitor. In other words, the number of breaks in the Hill-plot 
would indicate the number of critical steps being affected by the inhibitor, and the 
slope of each segment would indicate the minimum number of inhibitor molecules 
involved in the inhibition. Our analysis and interpretation of the kinetics of CPIB 
effects on oxidative phosphorylation and associated reactions are based on the above 
premises. 

Rates of electron transport and coupled phosphorylation 
The Hill plots for the inhibition of oxidation and coupled phosphorylation by 

CIPB with various substrates are given in Fig. 1. With all the three substrates, the 
plots for the inhibition of phosphorylation showed a break indicating that CPIB 
inhibits two critical steps in the energy-transfer pathway in a cooperative manner. 
It is interesting to note that irrespective of the number of coupling sites sites activated, 
the interaction coefficients always showed a value of approximately two and four for 
the two steps. That at least two steps in the phosphorylation pathway are sensitive 
to inhibition by the compound has been inferred by us earlier, based on the ability 
of CP1B to act both as an uncoupler (stimulation of State 4 oxidation and latent 
ATPase activity, abolition of respiratory control and decrease of P/O and P/2e- ratios) 
and as an inhibitor of phosphorylation (inhibition of State 3 oxidation, reversal of this 
inhibition at lower concentrations of CPIB by uncouplers and inhibition of uncoupler 
-stimulated ATPase activity and the ATPase activity in submitochondrial sonic 
particles) [7]. 

The inhibition of phosphorylation with ascorbate and N, N, N', N'-tetramethyl- 
p-phenylenediamine (TMPD) as substrate did not cause any significant inhibition of 
0 2 uptake (Fig. 1C inset). In this respect this compound resembled oligomycin 
[25, 26]. When succinate was the electron donor, the oxidation was inhibited with 
two interaction coefficients the values approximating to one and two respectively 
(Fig. 1B). In contrast to this, oxidation of glutamate+malate was inhibited 
yielding a single interaction coefficient approximating to two (Fig. 1A). Irrespective 
of the substrate used, the Dixon plots for the inhibition of phosphorylation were 
non-linear (Fig. 1 insets). The shape of the Dixon plot for the inhibition of oxidation 
appeared to be dependenton the substrate used. Glutamate and malate, which 
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Fig. 1. Hill plots for the inhibition of oxidative phosphorylation by CPIB in rat liver mitochondria. 
The rates of oxidation and phosphorylation were measured manometrically [7]. The main compart- 
ment of the Warburg flask contained 150/~moles of Tris-HC1 buffer, pH 7.4; 30 Mmoles of potassium 
phosphate buffer, pH 7.4; 6/~moles of MgSO4; 3 pmoles of EDTA; 50/tmoles of glucose; 5/~moles 
of ATP; 3 mg of hexokinase (Sigma, Type III) and 4-6 mg of mitochondrial protein. The reaction 
volume was adjusted to 3 ml with 0.25 M sucrose. The centre well contained 0.2 ml of 20 % (w/v) 
KOH. After equilibration for 15 rain at 30 °C the reaction was started by tipping in from a side arm 
50 ttmoles of glutamate ÷ 50 ~moles of malate, 100 Mmoles of succinate or 100 pmoles of ascorbate -r 
750 nmoles of TMPD. After measurement of 02 uptake at 5 rain intervals for 20 min (the rate of 02 
uptake was linear during this period), the reaction was stopped by the addition of 2 ml of 10 % (w/v) 
trichloroacetic acid. Orthophosphate remaining in the supernatant fraction was determined colori- 
metrically [24]. The addition of CPIB was always made from the side arm along with the substrate. 
When either succinate or ascorbate was used as the electron donor, 5/~g of rotenone was also added 
to the reaction system. The Hill plots for the inhibition of 02 uptake (©) and phosphorylation 
( 0 )  with glutamate-I malate (A), succinate (B) and ascorbate+TMPD (C) are given. The inhibitor 
concentration is expressed as /~moles of CPIB/mg protein. With ascorbate÷TMPD as the sub- 
strate phosphorylation was completely abolished above a CPIB concentration of 5 //moles/mg pro- 
tein with the result that Fig. C ( 0 )  has no points beyond this concentration. The corresponding 
Dixon plots are shown as insets. The values for both Hill and Dixon plots represent the mean of five 
independent determinations (mitochondrial preparations). The average uninhibited rates of O2 
uptake (ngatoms of oxygen/min per mg protein) were 77, 136 and 128 with glutamate÷malate, 
succinate and ascorbate4 TMPD respectively. The corresponding average rates of phosphorylation 
(nmoles of PJmin per mg protein) were 208, 245 and 115 respectively. The standard deviation 
was less than 10 % of these values. 

y ie lded  a l inear  Hi l l  p lo t ,  a lso gave  rise to  a l inear  D i x o n  plot ,  whi le  succinate ,  

wh ich  gave  a b iphas ic  Hi l l  p lo t ,  resu l ted  in a n o n - l i n e a r  D i x o n  plot .  
A s imi la r  pa t t e rn  was  o b s e r v e d  in the  i nh ib i t i on  o f  p h o s p h o r y l a t i o n  c o u p l e d  to  

the  r e d u c t i o n  o f  f e r r i cyan ide  (Fig.  2). W h e n  g l u t a m a t e  and  m a l a t e  ac t ed  as subs t ra te  

the  i nh ib i t i on  o f  e l ec t ron  t r a n s p o r t  ac t iv i ty  ( ra te  o f  r e d u c t i o n  o f  f e r r i cyan ide )  gave  

a l inear  Hi l l  p l o t  w i th  an  i n t e r a c t i o n  coeff ic ient  a p p r o x i m a t i n g  to two  (Fig.  2A) .  T h e  
i nh ib i t i on  o f  p h o s p h o r y l a t i o n ,  on  the  o the r  hand ,  y ie lded  t w o  in t e r ac t i on  coeff ic ients  
a p p r o x i m a t i n g  to  two  and  four .  W i t h  succinate ,  the  Hi l l  p lo ts  fo r  the  i nh ib i t i on  o f  
b o t h  e l ec t ron  t r a n s p o r t  ac t iv i ty  a n d  p h o s p h o r y l a t i o n  s h o w e d  a change  in s lope  (Fig.  
2B).  As  in the  case  o f  succ ina te  o x i d a t i o n  (Fig.  1B), the  i n t e r a c t i o n  coeff icients  fo r  
the  inh ib i t ion  o f  e l ec t ron  t r a n s p o r t  ac t iv i ty  were  h a l f  t hose  for  the  i nh ib i t i on  o f  
p h o s p h o r y l a t i o n .  These  t rends  are  also ref lected in the  D i x o n  p lo ts  (Fig.  2 insets) .  
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Fig. 2. Hill plots for the inhibition of phosphorylation coupled to ferricyanide reduction by CPIB 
in rat liver mitochondria. The reduction of ferricyanide was followed spectrophotometrically [7, 17]. 
The reaction system contained 50/~moles of Tris-HC1 buffer, pH 7.4; 10/~moles of potassium phos- 
phate buffer, pH 7.4; 1.5Mmoles of MgSO4; 3/~moles of KCN; 1/tmole of EDTA; 50#moles of 
glucose; 2/tmoles of ATP; 1.5 mg of hexokinase (Sigma, Type III); 10/tmoles of succinate or 5/tmoles 
of glutamate4.5/~ moles of malate, and 2 mg of mitochondrial protein. When succinate was the 
electron donor, the reaction system also contained 10/~g of rotenone. The total reaction volume was 
1 ml. After preincubation at 30 °C for 5 rain, the reaction was started by the addition of 10pmoles 
of K3Fe(CN)6 and allowed to proceed for 10 rain, when the reaction was stopped by the addition 
of 1 ml of 10 % (w/v) HC104. After centrifugation, the ferricyanide remaining was determined by 
measuring the absorbance at 420 nm in a Beckman DU-2 spectrophotometer. The P~ remaining was 
estimated colorimetrically [24]. Addition of CPIB was made before preincubation. The Hill plots 
for the inhibition of ferricyanide-reduction (©) and phosphorylation ( • )  with glutamate 4- malate (A) 
and succinate (B) are given. The inhibitor concentration is expressed as /~moles of CIPB/mg 
protein. The Dixon plots are shown as insets. The values for both Hill and Dixon plots are the ave- 
rages of four independent determinations (mitochondrial preparations). The average uninhibited 
rates of ferricyanide reduction (nmoles/min per mg proteio) were 99 and 441 with glutamate4. 
malate and succinate respectively. The corresponding rates of phosphorylation (nmoles Pdmin 
per mg protein) were 95 and 124 respectively. The standard deviation was less than 10 % of these 
values. 

Uncoupler stimulated respiration 
The c o m p o u n d  inhibited mi tochondr ia l  respirat ion even in the presence of 

uncouplers  [7]. The Hill plots and  Dixon  plots for this inhibi t ion are presented in 
Fig. 3. The change in the slope of the Hill plots in Figs 1 and 2 occurred at a CPIB 
concent ra t ion  of about  4/~moles/mg mitochondria l  protein. In  the presence of 
uncouplers ,  significant inhibi t ion of succinate oxidat ion could be observed only 
above this concentrat ion.  It  is interesting to note that  the Hill plot for the inhibi t ion 
of uncoupled oxidat ion of succinate (Fig. 3) shows a single interact ion coefficient 
approximat ing to two, which is the same as the value for the inhibi t ion  of the oxidat ion 
of succinate in tightly coupled mitochondria .  The non-l inear i ty  in the Dixon  plots 
with tightly coupled mi tochondr ia  is abolished in the presence of the uncouplers  (Fig. 
3 inset). I t  is per t inent  to point  out  here that  inh ib i t ion  of oxidat ion in the presence 
of uncouplers  should not  be considered to indicate a direct inhibi tory act ion on  the 
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Fig. 3. Hill plot for the inhibition of uncoupler-stimulated oxidation of succinate by CPIB in rat 
liver mitochondria. The 02 uptake was measured manometrically as described in the legend to Fig. 1. 
The reaction system did not contain glucose, ATP and hexokinase, Respiration was measured in the 
presence of 210 nmoles of dinitrophenol (FI), 30 nmoles of dicoumarol (O),  3 nmoles of FCCP ( ~ )  
or 0.3 nmole of CBCNS (Q). The Dixon plot is shown as the inset. Each point in both Hill and Dixon 
plots represents the average of four separate experiments (mitochondrial preparations). The inhibitor 
concentration is expressed as #moles of CPIB/mg protein. The uncoupler concentrations used were 
optimum. The average uninhibited rate of 02 uptake (ngatoms oxygen min/ per mg protein) 
was 140. The standard deviation was less than 10 % of the average values. 

Fig. 4. Hill plots for the stimulation of latent ATPase activity by CPIB in rat liver mitochondria. 
The reaction medium for the assay of ATPase activity contained 50/~moles of Tris-HCl buffer, 
pH 7.4; 75/zmoles of KC1 and 1/zmole of EDTA and 1.0 mg of mitochondrial protein in a final 
volume of 1 ml. The reaction was carried out in the presence (Q)  or the absence (O)  of 5/imoles of 
MgCI2. After preincubation for 5 min, the reaction was started by the addition of 6/tmoles of ATP 
and allowed to proceed for 10 rain, when the reaction was terminated by the addition of 1 ml of 
10 % (w/v) tricbloroacetic acid. After centrifugation, the Pi released was determined colorimetrically 
[24]. The Hill plots are constructed according to the equation 

l o g ( ;  v) = 11 log[M] --log k 

where v is the velocity in the presence of the positive modifier ([M]) and Vis the maximally stimulated 
activity [14]. Thus log(v/V--v) is plotted against logCP1B. The concentration of CPIB is expressed 
in ttmoles/mg protein. The values are the mean of four independent determinations (mitochondrial 
preparations). The average latent ATPase activities (nmoles Pi released/min per nag protein) 
were 25 and 13 in the presence and the absence of added Mg 2+, respectively. The corresponding 
maximally stimulated activities (mean) were 66 and 68 respectively. The standard deviation was less 
than 10 % of the average values. 

r e s p i r a t o r y  c h a i n ,  s ince  C P I B  does  n o t  i n h i b i t  t h e  o x i d a t i o n  o f  e i t h e r  N A D H  or  

s u c c i n a t e  in  s u b m i t o c h o n d r i a l  son i c  par t i c les .  T h i s  i n d i c a t e d  t h a t  t h e  c o m p o u n d  m a y  

h a v e  t w o  i n h i b i t i n g  s i tes  in  t he  e n e r g y - t r a n s f e r  p a t h w a y ;  o n e  o n  t he  A T P  side o f  t he  

d i n i t r o p h e n o l  s i te  ( l ike  o l i g o m y c i n )  a n d  a n o t h e r  o n  t h e  r e s p i r a t o r y - c h a i n  s ide [7]. 

A TPase 
T h e  c o m p o u n d  s t i m u l a t e d  t he  l a t e n t  A T P a s e  ac t iv i ty  o f  t i gh t ly  c o u p l e d  m i t o -  

c h o n d r i a  b o t h  in  t he  p r e s e n c e  a n d  a b s e n c e  o f  a d d e d  M g  2+. T h i s  s t i m u l a t i o n  was  
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totally prevented by oligomycin [7]. The Hill plots for this stimulation, constructed 
according to Atkinson [14], showed two interaction coefficients approximating to one 
and two (Fig. 4). The presence or absence of Mg2 ÷ did not affect the interaction 
coefficients. The occurrence of two interaction coefficients indicates that stimulation 
of  l a t en t  A T P a s e  ac t iv i ty  by C P I B  invo lves  two  steps. 

T h e  c o m p o u n d  inh ib i t ed  u n c o u p l e r - s t i m u l a t e d  A T P a s e  ac t iv i ty  in in t ac t  m i t o -  
c h o n d r i a  as well  as in son ic  s u b m i t o c h o n d r i a l  par t ic les  [7]. T h e  Hi l l  p lo ts  (Figs  5 a n d  

6) s h o w  tha t  the  i nh ib i t i on  in b o t h  cases p roceeds  in two  steps wi th  i n t e r ac t i on  coeffi- 

c ients  a p p r o x i m a t i n g  to  one  and  two  respect ively .  T h e  D i x o n  p lo ts  in b o t h  cases were  
n o n - l i n e a r  (Figs  5 and  6 insets) .  
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Fig. 5. Hill plots for the inhibition of uncoupler-stimulated ATPase activity by CPIB in rat liver 
mitochondria. The enzyme activity was assayed as described in the legend to Fig. 4 in the presence 
of  200 nmoles of  dinitrophenol with (O) and without (O) the addition of 5/~moles of MgC12. The 
mitochondrial protein was 0.5 mg and the incubation period was 5 min. The Dixon plots are shown 
as inset. The values for both Hill and Dixon plots are the average of five separate determinations 
(mitochondrial preparations). The average uninhibited activities (nmoles Pl released/rain per mg 
protein) were 248 and 316 in the presence and the absence of added Mg z+, respectively. The standard 
deviation was less than 15 % of the average values. 

Fig. 6. Hill plot for the inhibition of ATPase activity by CPIB in submitochondrial sonic particles. 
The enzyme activity was assayed as described in the legend to Fig. 4 in the presence of 5/~moles of 
MgC12. The particle protein was 0.2 mg and the incubation period was 5 rain. The Dixon plot is 
shown as inset (abscissa; CPIB concentration). The values for both Hill and Dixon plots are the 
average of four experiments. The average uninhibited activity (nmoles Pi released/rain per mg 
protein), was 1516. The standard deviation was less than 5 % of the average values. 

Reversed electron transport 
T h e  c o m p o u n d  effect ively  inh ib i t ed  A T P - d e p e n d e n t ,  succ ina t e -med ia t ed  r educ-  

t i o n  o f  N A D +  in s u b m i t o c h o n d r i a l  par t ic les .  T h e  Hi l l  p l o t  in this  case  a lso  s h o w e d  
t w o  i n t e r a c t i o n  coeff icients ,  the  va lues  o f  w h i c h  were  one  and  two .  T h e  D i x o n  p lo t  
was n o n - l i n e a r  (Fig.  7). 
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Fig. 7. Hill plot for the inhibit ion o f  ATP-dependen t  reduct ion o f  N A D  + by reversed electron 
t ranspor t  by CPIB in submi tochondr ia l  particles. The  reaction system contained 150/~moles o f  
T r i s -HCl  buffer, pH  7.4; 18 pmoles  o f  MgSO4; 9/~moles o f  K C N ;  3/~moles o f  N A D + ;  3/~moles o f  
E D T A ;  15pmoles  o f  succinate;  540/~moles o f  sucrose;  and  1-3 m g  of  submi tochondr ia l  particle 
protein  in a total  vo lume of  3 ml. The  reaction was started by the addit ion o f  3 #moles  o f  A T P  and 
the rate o f  reduct ion o f  N A D  + was followed by measur ing  the increase in ahsorbance  at 340 n m  
in a Cary 14 recording spect rophotometer .  Tha t  the  increase was due to N A D H  format ion  was 
confirmed by its reversal by the addi t ion o f  py ruva t e÷ l ac t a t e  dehydrogenase  at the end o f  the reac- 
tion. The  Dixon  plot is shown  as inset. The values for both  Hill and  Dixon plots are the average o f  
five experiments .  The  average uninhibi ted rate o f  reduct ion o f  N A D  + (nmoles /min  -1 per rag-1  
prote in)  was 87. The s tandard  deviation was less than  I0 % of  the average values. 

D I S C U S S I O N  

As stated earlier, our analysis of the kinetics of inhibition of oxidative phospho- 
rylation and associated reactions by CPIB, and our interpretation of the results are 
based on the following assumptions: (1) a break in the Hill plot signifies that another 
critical step in the pathway is being affected by the modifier, and (2) the slope of each 
segment gives the minimum number of modifier molecules involved in the modifica- 
tion of that step. This is somewhat at variance with the conclusions of Loftfield and 
Eigner [15] who proposed that as new steps are affected, the effect becomes cumula- 
tive and the apparent molecular order of inhibition therefore increases. This would 
presuppose that the value of the interaction coefficient can only increase with increas- 
ing concentration of the inhibitor. However, we have observed in the case of antimycin 
[16], that the value could actually decrease with increasing concentration of the 
inhibitor. Again, succinate oxidation is inhibited with an interaction coefficient of 
unity below a CPIB concentration of 4/tmoles/mg protein and of two above this 
concentration (Fig. 1B). In the presence of  uncouplers the inhibition is manifest only 
above a CPIB concentration of 4/~moles/mg protein and the interaction coefficient 
retains the value of  two (Fig. 3). Were the interaction cumulative, the value should 
have decreased to unity. This lends support to our assumption that the slope of each 
segment of a Hill plot is a parameter characteristic of that step. 

It is interesting to note that in all instances where the Hill plots showed a break, 
the Dixon plots were non-linear (Figs l, 2, 5-7). When the break in the Hill plot was 
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abolished by a change in the experimental condition, the Dixon plot became linear 
(compare Figs 1B and 3). A linear Dixon plot always yielded a linear Hill plot (Figs 
1A, 2A and 3). These results indicate that non-linearity in the Dixon plot for the 
inhibition of a multi-stepped process would serve as a diagnostic test to show whether 
more than one step in the process is being interfered with by the inhibitor. It may be 
mentioned that rotenone, piericidin A, oligomycin and atractyloside, which yielded 
linerar Hill plots [16], also yielded linear Dixon plots while with antimycin, aurovertin 
and bongkrekic acid both Hill [16] and Dixon plots were non-linear (Figs not given). 

Another point that merits discussion is the difference observed in the Hill plots 
for the oxidation of malate and succinate. Since CPIB does not affect the respiratory 
chain directly [7], it is reasonable to presume that the inhibition of oxidation is a 
reflection of the inhibition of phosphorylation. While phosphorylation with both 
substrates was inhibited with interaction coefficients approximating to two and four 
(Figs 1 and 2) the Hill plot for the inhibition of malate oxidation gave a single inter- 
action coefficient (2 ~ approx. 2, Figs 1A and 2A) and the plot for the inhibition of 
succinate oxidation gives two interaction coefficients approximating to one and two 
(Figs 1B and 2B). The higher value of interaction coefficient for malate oxidation may 
be a reflection of the tighter coupling generally observed with NAD+-linked sub- 
strates. Because of this tight coupling the order of inhibition of oxidation may not 
change with a change in the order of inhibition of phosphorylation, In the case of 
succinate, on the other hand, the coupling being less tight (2 = l) an increase in the 
order of inhibition of phosphorylation results in a change in the order of inhibition 
of oxidation as well. Another reason for this difference may be a possible interference 
of  CPIB with malate dehydrogenase which was not tested. The compound, however, 
does not inhibit succinate dehydrogenase [7]. 

The results presented here indicate that the energy-transfer pathway is inhibited 
by CPIB at two critical steps whether measured in the forward direction (Figs I and 2) 
or in the reverse direction (Figs 4-7). It is intriguing that while the interaction coeffi- 
cients in the direction of ATP synthesis are two and four, the values in the reverse 
direction are half of these. This could mean either that the pathways of synthesis and 
breakdown of ATP are different as suggested by Lardy et al. [27] or that if the path- 
ways are the same, only half the inhibitor-binding sites function in the reverse direc- 
tion. It may be pointed out that of the two binding sites on ATPase for aurovertin 
only one is functional [28]. 

The stimulation of latent ATPase by CPIB appears to proceed in two steps 
(Fig. 4). In this respect the compound resembles the classical uncoupler dinitrophenol 
which has also been found to simulate this activity in two steps with interaction 
coefficients of one and two [16]. 

The significance of allosteric interactions in membrane function has been 
emphasized by Changeux et al. [29, 30]. The possibility of such interactions in oxida- 
tive phosphorylation has been indicated by Slater [11 ]. who based his interpretation 
on the model of Monod et al. [31 ]. We have shown in this paper that the application 
of Hill treatment to the kinetics of inhibition of mitochondrial reactions by CPIB 
also indicates the play of cooperative forces in mitochondrial energy transduction. 
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