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SUMMARY 

I. Combinations of uncoupling agents with various electron transfer inhibitors 
suggest that  State 4 is only an endogenously inhibited State 3. 

2. Combinations of two uncouplers provide a tool for detecting differences in 
their behavior. I t  is concluded that  dicoumarol may  act only on phosphorylation 
Sites 2 and 3, and dinitrophenol and dibromophenol on all three of them. 

3- Experiments with combinations of: (I) uncoupler plus ADP, (2) uncoupler 
plus substrate, and (3) substrate plus ADP, suggest a strong competition between 
substrate, uncoupler and ADP for a common receptor system. 

4. I t  is concluded that  at least two hypotheses can explain the results. Hypothe-  
sis I, taking into account the mechanisms of oxidative phosphorylation suggested 
by  CHANCE 2 and SLATER 3, places the point of interaction of substrate, uncoupler and 
ADP at the junction between electron and energy transfer chains, and Hypothesis 2, 
based on the observations of VAN DAM and co-workers 1.-17 and the suggestions of 
VAN DAM AND SLATER 20, places it in the active-transport  mechanism of the membrane 
itself. 

INTRODUCTION 

Many details are missing in our knowledge of the structural and functional 
organization of mitochondria. In the previous paper 1 the results of a study were re- 
ported in which respiratory inhibitors were used in an a t tempt  to elucidate this 
organization. In  the present paper attention has been paid to the interactions between 
physiological and non-physiological inhibitory and st imulatory forces in the mito- 
chondria. 

The kinetic method of combining various substances has again been used. These 
substances were mostly ones that  act ivate respiration, like substrate, phosphate plus 
phosphate acceptor, and uncouplers; but inhibitors were also used. 

The results obtained are discussed in the light of the mechanism proposed by 
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CHANCE 2 and SLATER 3 for the interactions of electron and energy transfer in mito- 
chondria, and in the light of recent findings of a competition between substrate anions 
and uncouplers for entry into the mitochondria. 

M A T E R I A L  A N D  M E T H O D S  

The method of preparation of rat-liver mitochondria, the reaction mixture em- 
ployed and the polarographic apparatus used, were the same as described in the 
previous paper 1. The uncouplers used were in aqueous solution. 

I t  should be pointed out that  in this paper respiration caused by  addition of 
uncouplers is not called a State 3 but a certain form of State 4, as distinct from the 
notation in CHANCE'S 4 original paper. State 3 refers only to the active state caused 
by  physiological agents such as ADP + PI, without regard to the presence or absence 
of either inhibiting or uncoupling agents. 

R E S U L T S  

Five different series of experiments were carried out, in each of which the inter- 
action of only two parameters  was considered. The relative concentrations of these 
two parameters were systematically varied and the kinetics of multiple inhibition 
and/or activation were studied. 

Uncoupler plus inhibitor 
In an extensive series of experiments, an a t tempt  was made to compare the 

so-called endogenous inhibition, supposed by  CHANCE and co-workers 5-~ to occur at 
the level of the three phosphorylation sites by  means of the high-energy intermediates 
Ia, Ib and Ie, with the usual exogenous type, i.e., the inhibition exerted by  externally 
added inhibitors. 

In order to vary  the degree of endogenous inhibition we used uncouplers, as- 
suming that  when there is no uncoupler (o %) present and in the absence of ADP, 
the effective endogenous inhibition will be maximal (IOO To) and that  it will be minimal 
(o %) when the concentration of uncoupler is high enough (IOO %). 

In this respect endogenous and exogenous inhibitors were combined in the same 
way as two external inhibitors (see previous paper1). Dicoumarol and dinitrophenol 
were used (to control the degree of endogenous inhibition) in combination with 
malonate, Amytal,  rotenone, antimycin, 2-n-heptyl-4-hydroxyquinoline-N-oxide ' 
cyanide, azide and sulfide. Three different substrate systems were used: succinate 
plus glutamate, glutamate plus malate (plus malonate) and succinate alone (plus 
rotenone). 

When the respiratory rates are plotted against the systematically varied ratios 
of inhibitor and uncoupler, essentially the same curves were obtained for all combi- 
nations studied. Fig. I is a typical example, in which dicoumarol was used to vary  
the extent of endogenous inhibition and azide was used as an exogenous inhibitor. 
Thus ioo % azide : IOO % dicoumarol means IOO % exogenous inhibition : o % endo- 
genous inhibition; when neither azide nor dicoumarol are present ,  there is o To 
exogenous and IOO % endogenous inhibition. For State 4, which is relevant because 
of the absence of ADP, we find again an antagonism similar to that  found with two 
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Fig. I. Effect  of decreas ing  concen t r a t ions  of d icoumaro l  plus azide on resp i ra t ion  in t he  absence  
and  presence of p h o s p h a t e  and  p h o s p h a t e  acceptor .  E x p e r i m e n t a l  condi t ions  as descr ibed in 
METHODS. The  s u b s t r a t e  was  4 m M  g l u t a m a t e  + 4 m M  m a l a t e  in the  presence  of 8 m M  malona te .  
S t a t e  3 resp i ra t ion  was  m e a s u r e d  in t he  presence of 2oo/zM ADP.  The  reac t ion  m i x t u r e s  con ta ined  
5 m g  mi tochondr i a l  protein.  The  ra t ios  azide:  d icoumaro l  r ep resen t  % of m a x i m u m  concen t r a t ion  
of azide used  (64o ffM) : % of m a x i m u m  concen t r a t ion  of d icoumaro l  used  (3.2 #M).  

~ 2.0 

1.£ ~ ~ 1, 

~) 0.5 
"a. .~ 

loo/o 50/50 o/loo 
Dinitrophenol/dibromopheno] 

,0.3. 0 , i l l . 

. ~  0 . 7 5  

o 

Stote- 4 2. 
-.-- . _ _ _ . . - . . ~  ~ 0.25 

'6 
L i i I 

~ ~oo/o ~o/5o o/~oo 
Dicournarol / dinitrophenol 

Fig. 2. Effect  of combina t ions  of d in i t rophenol  plus d ib romopheno l  and  d icoumaro l  plus dini t ro-  
pheno l  on resp i ra t ion  in t he  absence  and  presence  of p h o s p h a t e  plus p h o s p h a t e  acceptor .  Exper i -  
m e n t a l  condi t ions  as descr ibed in METHODS. T he  s u b s t r a t e  was  IO mlV[ succ ina te  ( +  2 ffM rotenone)  
in Figs.  2A and  C, a nd  6 m M  g l u t a m a t e  + 6 m M  ma l a t e  ( +  8 m M  malona te )  in Figs. 2B and  D. 
S ta t e  3 resp i ra t ion  was  m e a s u r e d  in t he  presence  of 2o0/~M ADP.  The  reac t ion  m i x t u r e s  con ta ined  
t he  following a m o u n t s  of mi tochondr ia l  p ro te in :  5.75 m g  in A, 5 m g  in B, 4.25 m g  in C and  
4.36 m g  in D. The  ra t ios  d in i t rophenol  : d ib romopheno l  and  d icoumaro l  : d in i t rophenol  r ep resen t  % 
of m a x i m u m  concen t ra t ion  of d in i t rophenol  used  : % of m a x i m u m  concen t ra t ion  of d ib romopheno l  
used,  and  % of m a x i m u m  concen t r a t ion  of d icoumaro l  used :  % of m a x i m u m  concen t ra t ion  of 
d in i t ropheuo l  used,  respect ively.  T he  m a x i m u m  concen t ra t ions  (/zM) of t he  uncoup le r s  were:  
A. Din i t ropheno l  9.6; d ib romopheno l  32. 13. Din i t ropheno l  12.8; d ib romopheno l  32. C. Dicoumaro]  
2.4 ; d in i t rophenol  6. 4. D. Dicoumaro l  2.13 ; d in i t rophenol  9.6. 
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external inhibitors acting on different enzymes in the respiratory chain (cf. ref. I). 
The situation is more complicated when ADP is present (State 3) ; at  higher concen- 
trations of uncoupler plus inhibitor, the rate of respiration is smaller in the presence 
of ADP than in its absence. 

Uncoupler plus uncoupler 
Only the interactions of dinitrophenol plus dibromophenol and dinitrophenol 

plus dicoumarol were examined. 
When the combined action of dinitrophenol plus dibromophenol is plotted in 

the same way as was done for a combination of two inhibitors 1 no marked difference 
between the oxidation of succinate and of glutamate plus malate was found (Figs. 
2A and B). For both oxidation pathways there is a slight antagonism, i.e. the com- 
bined effect is less than would be expected on the basis of the individual performances. 

Considering, however, the combination dinitrophenol plus dicoumarol, one sees 
a marked difference between the two pathways (Figs. 2C and D); with succinate, 
there is a perfect additivity, whereas with glutamate plus malate (plus malonate) 
there is a double antagonism, i.e. two maxima are found. 

Uncoupler plus ADP 
Fig. 3 shows a typical plot of respiratory rate versus concentration of dinitro- 

phenol for three different levels of ADP (State 3 rates) and with glutamate plus malate 
(plus malonate) as substrate. Essentially the same phenomena have been observed 
for systems with dicoumarol and succinate (plus rotenone) and with dicoumarol and 
glutamate plus malate (plus malonate). 

The inhibitory effect of ADP at higher concentrations of uncoupler (see Fig. i) 
is again visible : at a certain concentration of dinitrophenol, which is greater for smaller 
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Fig. 3. Effect  of d in i t ropheno l  concen t r a t i on  on t he  ra te  of resp i ra t ion  and  t he  A D P : O  rat io  a t  
dif ferent  levels of p h o s p h a t e  plus p h o s p h a t e  acceptor .  E x p e r i m e n t a l  condi t ions  as descr ibed in 
METHODS. The  s u b s t r a t e  was  6 m M  g l u t a m a t e  + 6 m M  ma la t e  ( +  8 m M  malona te ) .  S ta te  4 
resp i ra t ions  were m e a s u r e d  before t he  add i t ions  of A D P  (State 3). For  each level of d in i t ropheno l  
considered,  t h ree  e x p e r i m e n t s  were carr ied out ,  i.e. with  th ree  different  levels of A D P  (yM): 
20o (Ak, A,  ~ ) ,  600 ( I ,  [3, |1 )  a n d  12oo ( 0 ,  O,  qD), respect ively .  I n  each e x p e r i m e n t  th ree  
p a r a m e t e r s  were m e a s u r e d :  (I) S t a t e  4 respi ra t ion ,  before add i t ion  of A D P  (note tha t ,  for each 
level of d in i t rophenol ,  t he  th ree  S ta te  4 ra tes  coincide) (A ,  [2, O) ;  (2) S ta te  3 respira t ion,  af ter  
add i t ion  of A D P  (A,  m,  0 ) ;  (3) the  A D P : O  ra t ios  (see CI~A~CE s) (AX, ~ ,  qD). 
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levels of ADP, the State 3 rates become smaller than the corresponding common 
State 4 rates. We call attention to the fact that  this decrease of State 3 rates starts 
before that  of State 4, which corresponds to the known inhibition provoked by high 
concentrations of uncoupler s-19. 

The State 3 rates which initially increase with increasing amounts of ADP when 
there is little or no uncoupling, gradually decrease with increasing levels of ADP at 
higher uncoupling. The phosphorylating efficiency, as measured by the ADP: 0 ratios, 
decreases, of course with increasing concentrations of dinitrophenol, but this decrease 
is smaller for higher levels of ADP. 

Uncoupler plus substrate 
Studying the respiratory rate as a function of concentration of the uncoupler 

at various levels of exogenous substrate gives essentially the same curves for glutamate 
plus malate (plus malonate) as for succinate (plus rotenone), with either dicoumarol 
or dinitrophenol, respectively. Fig. 4 is a typical example. 

We can vary the effect of substrate on both States 3 and 4 by  either varying 
the concentrations of substrate, as shown in Fig. 4A for glutamate plus malate (plus 
malonate), or by adding an inhibitor, i.e. rotenone, to an excess of the same substrate, 
as shown in Fig. 4 B. 

State 3 rates initially increase with higher concentrations of uncoupler and the 
maximum is reached much faster for lower concentrations of substrate or higher 
concentrations of inhibitor. Further  addition of ADP results in the already observed 
inhibition of State 3 rates, which now become smaller than the corresponding State 4 
rates. 
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Fig. 4- Effect of dinitrophenol concentration on the rate of respiration (and the ADP:O ratio) 
a t  different levels of substrate. Experimental  conditions as described in METZtODS. A. For each 
level of dinitrophenol four experiments were done, i.e. with four different levels (mM) of glutamate 
plus malate ( +  8 mM malonate) : io  (O, O), 4. 8 (El, B),  3 .2 (A, A),  and 1.6 (V, Y), respec- 
tively. In  each experiment two parameters were measured: (i) State 4 respiration, before addition 
of ADP (O, [3, A, V);  (2) State 3 respiration, after addition of ADP, 2oo/,M ( 0 ,  i ,  A,  Y)- 
The reaction mixtures contained 7.25 mg mitochondrial  protein. B. Four  experiments were done 
for each concentration of dinitrophenol, i.e. with four different concentrations (nM) of rotenone: 
o ( O, O, 4D ) ; 2o (r-I, [~, IE), 4o ( A, ~k, ~ ), and 60 ( ~7, Y, ®), respectively. In each experiment 
there was 6 mM glutamate + 6 mM malate ( +  8 mM malonate) and the following parameters 
were measured: (i) State 4 respiration, before addition of ADP (O, [J, A, V);  (2) State 3 
respiration, after addition of 2oo/,M ADP ( 0 ,  m ~k, Y) ;  (3) the ADP:O ratios ( ~ ,  ID, ~ ,  ®). 
The reaction mixtures contained 7 mg mitochondrial  protein. 
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These State 4 rates also increase with higher concentrations of uncoupler but 
the increase is slower for smaller concentrations of 'effective' substrate. The classical 
inhibitory action of the uncoupler, which, however, does not take place under our 
reaction conditions in State 4, may therefore be anticipated to occur also more quickly 
at lower 'effective' concentrations of substrate, analogously to what happens in 
State 3. 

At low concentrations of uncoupler we find the greatest phosphorylating effi- 
ciency, i.e. the highest A D P : O  ratios, for the highest levels of effective substrate. 
However, at higher concentrations of uncoupler we find the relatively highest efficiency 
for the lowest effective substrate concentrations. 

A D P  plus substrate 
In separate measurements on the oxygraph we had observed a small but definite 

decrease in State 3 rates, when we went from normal to very high additions of ADP. 
This was the case with an excess of substrate, both with succinate and NAD-linked 
substrates. 

On the other hand in experiments with IO-IOO times less exogenous substrate, 
we noticed an increase in State 3 rates when we went from small to larger additions 
of ADP (P. NIjs, unpublished results). 

Therefore we tried to assemble these results, which all seemed to point in the 
same direction, in one set of experiments, where we omitted any uncoupler and studied 
the effect on State 3 of different ratios of exogenous substrate : ADP. Fig. 5 is a typical 
example with glutamate plus malate (plus malonate) as substrate. To obtain different 
effective concentrations of substrate, we either varied the concentrations (Fig. 5 A) 
or added rotenone to an excess of substrate (Fig. 5B). 
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Fig. 5- Effect  of c o m b i n a t i o n s  of s u b s t r a t e  plus A D P  and  of inhib i tor  plus A D P  on resp i ra t ion  
and  p h o s p h o r y l a t i o n  efficiency. E x p e r i m e n t a l  condi t ions  as described in METHODS. An excess of 
m a l o n a t e  (8 raM) was  p re sen t  in each exper iment .  The  d e n o m i n a t o r  A D P  of t he  abcissas  does 
no t  app ly  for t he  S ta t e  4 ra tes ,  m e a s u r e d  in t he  ind ica ted  condi t ions  b u t  before addi t ion  of ADP.  
A. The  ra t ios  g l u t a m a t e  plus m a l a t e : A D P  represen t  % of m a x i m u m  concen t ra t ion  of g l u t a m a t e  
plus mala t e  (both 6. 4 mM) used :  % of m a x i m u m  concen t ra t ion  of A D P  used  (64o/*M), t a k i n g  
into accoun t  t h a t  o % of s u b s t r a t e  cor responds  in th i s  case to a m i n i m u m  concen t ra t ion  of sub-  
s t r a t e  (o.08 mM).  The  reac t ion  m i x t u r e s  con ta ined  6 m g  mi tochondr i a l  protein.  ]3. The  subs t r a t e  
was 6. 4 m M  g l u t a m a t e  + 6. 4 m M  mala te .  The  ra t ios  r o t e n o n e : A D P  represen t  % of m a x i m u m  
concen t r a t ion  of ro t enone  used  (5 ° n M )  : % of m a x i m u m  concen t ra t ion  of A D P  used  (64o #M).  
The  reac t ion  m i x t u r e s  con ta ined  5-5 m g  mi tochondr ia l  protein.  
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The course of the State 3 rates observed in both Figs. 5A and B seems at first 
sight quite normal because both substrate and phosphate accepter are necessary for 
State 3 respiration. The phosphorylation efficiency, however, remains remarkably 
constant in spite of the fact that  the rate of oxygen uptake first increases and then, 
after reaching a maximum, decreases again. The State 4 rates, preceding the observed 
State 3 rates in both Figs. 5 A and B, also remain almost constant during the operation. 

DISCUSSION 

The experimental results, with the exception of those discussed in the first two 
sections, can be explained according to at least two hypotheses, shown in Figs. 6A 
and B. 

The first hypothesis is based on the mechanisms of oxidative phosphorylation 
suggested by CHANCE 2 and SLATER 3. The second is that  suggested by VAN DAM AND 
SEATER 20 and is based on the observations of VAN DAM and co-workers 15-]7, WILSOX 
and co-workerstS, TM and ~V'ENNER 14. 

A B 

! [ H20 

Uric ~ ~ H2 

p ~  " Unc- 

ADP<--//--> X' 1/2 02 
Pi UncH-" I ....... UncH 

I 
Fig, 6. Scheme of interactions of substrate,  uncouplers, phosphate and phosphate  accepter. A. 
Hypothesis L Interact ions of substrate  (SH2), uncoupler (Unc), and intermediate X" (acting for 
ADP + Pd at  the junct ion of electron transfer (symbol: carrier E) and energy transfer chains 
(symbol: intermediate I). B. Hypothesis 2. Interact ions of the  anionic forms of substrate  (SH~-), 
product  (S-), phosphate plus phosphate accepter (PI- + ADP-),  uncoupler (Uric-), and ATP-  
a t  the level of the act ive-transport  mechanism in the membrane. The uncoupler in its weak acid 
form is represented by  UncH and energy by  ~ .  

In fact the fundamental difference between the two hypotheses lies in the 
problem of the exact location of the observed phenomena and most of the arguments 
for the existence of real interactions between substrates, uncouplers and phosphate 
accepters demonstrated in support of Hypothesis I, can equally well be used for 
Hypothesis 2. 

Before dealing with the two hypotheses we want to discuss the first two sections. 
With CHANCE 5-7 we assume that  the endogenous intermediates Ia, Ib, and Ie, repre- 
senting the first members of the energy transfer pathways, are blocking most of the 
mitochondrial respiration during the resting state (State 4) by formation of high- 
energy complexes with neighbouring enzymes of the electron transport chain. In this 
respect it was logical to compare this endogenous inhibition to an external one. What 
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we found was always a pronounced antagonism such as for a combination of two 
external inhibitors acting on different enzymes in the same chain (see ref. I and Fig. I). 

Therefore we believe that :  (I) the three I intermediates act presumably as real 
inhibitors in a way essentially comparable to external inhibitors; (2) there is no 
common site of action for the resulting effect of endogenous inhibitors and any of 
the external inhibitions so far studied:~the endogenous inhibition therefore should be 
a 'multisite '  one. Indeed, we especially concentrated on combinations of dinitrophenol 
with a mixture of Amytal,  antimycin and azide, because these inhibitors behave to 
some extent as uncouplers 21-24, suggesting that  their sites of action may  lie very close 
to the phosphorylation sites, but we never succeeded in finding linear plots, i.e. 
addit ivity.  

As a general conclusion we assume that  the resting state is only an endogenously 
inhibited active state (see also ref. 25). 

Considering Section Uncoupler plus uncoupler and Figs. 2, we see no marked 
difference between the effect on respiration of the combination of dinitrophenol plus 
dibromophenol fo~ succinate and for NAD-linked oxidations (Figs. 2A and B). The 
couple dinitrophenol plus dicoumarol, however, shows an important  difference in it 
(Figs. 2C and D). The reason for this is unknown. One possible explanation of the 
results is to assume that  dicoumarol acts on only the last two phosphorylation sites 
whereas dinitrophenol (or dibromophenol) acts on all three sites, as suggested by  
PRESSMAN 26. This could be tested by studying the oxidation of NADH by fumarate 
(cf. ref. 27), that  is, using a system in which only the first phosphorylation site is 
involved. 

Hypothesis z 
Let us assume tha t  the observed interactions of substrates, uncouplers and 

phosphate acceptor take place at the junction of electron and energy transfer path- 
ways. This is shown in Fig. 6A. 

Electron flow goes from any oxidizable substrate, SH e, through the respiratory 
chain to oxygen. E is a respiratory carrier, situated near one of the phosphorylation 
sites. Energy flow goes from E through the intermediates I and X '  to ADP + PI. 
I is one of the intermediates Io, Ib or Ie, discussed before. The intermediate X' ,  which 
we assume to be mobile and lipophilic, such as an uncoupler, may  either coincide 
with X (cf. CHANCE 2 and SEATER 3) o r  be of a different nature. 

Complexing of I with E, both supposed to lie in a lipid environment (probably 
the cristae and the inner mitochondrial membrane),  results in the resting state 
(State 4) and this can be counteracted by reaction with one of two kinds of lipophilic 
substances: (i) X', a c t i n g  only after addition of ADP + PI, and leading to the 
physiologically active state (State 3); (2) uncouplers, giving rise to another, un- 
physiologically active state. 

I t  is well known that  uncoupled and ADP-stimulated systems usually do not 
have the same respiratory maximal-31:  uncoupled systems normally have a higher 
respiration. Assuming now that  both uncoupler and ADP act on the same receptor 
(directly or indirectly), which in this hypothesis is the intermediate I and in the 
second one the active anion transport  system, one can kinetically explain the State 3 
curves of Fig. 3 by a competitive dualism in their action, as pointed out by ARIENS 32. 
He finds theoretical dose-response curves for combinations of a compound of higher 
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intrinsic act ivi ty (uncouplers) with one of lower intrinsic activity (ADP + Pt), which 
are completely analogous to our State 3 curves in Fig. 3. 

As one can see in Figs. 4A and B, there is a competition between electron flow 
and inhibitory action of the uncoupler: we are able to partially release the weakened 
respiration in both State 4 and 3, if we increase in some way the electron flow: 
a progressive lifting up of the increasingly declining curves of both State 4 (uncoupler 
alone present) and State 3 (ADP and uncoupler present) is caused by either increasing- 
the concentration of substrate (Fig. 4 A) or by decreasing the external inhibitor 
(Fig. 4B). 

On the other hand, the competition between electron flow and auto-inhibitory 
action of ADP + PI is not unequivocally proven by  the course of the State 3 curves 
in Figs. 5A andB. I t  is, however, quite remarkable that  the phosphorylation efficiency 
(see the ADP:O curves on the same figure) remains strictly constant in spite of the 
fact tha t  the respiration decreases at high levels of ADP and at concentrations of 
substrate, which are still able to give the full State 4 electron flow. Moreover, looking 
back at Figs. 4 A and B, we notice that  additions of high levels of ADP to partially 
or fully uncoupled State 4 systems, hinder in some way the st imulatory action of 
the uncoupler and give rise to an inhibition of respiration: State 3 rates become 
smaller than State 4 rates. Fig. I also shows that  additions of ADP to a system with 
relatively high concentrations of uncoupler plus inhibitor give rise to State 3 rates 
which are smaller than the corresponding State 4 rates. 

For all these reasons we believe that,  in analogy with uncouplels, also ADP + Pt, 
used in excess, has an auto-inhibitory action on respiration, which can be partially 
overcome by  greater electron flow. 

Hypothesis 2 
We can as well assume that  the observed interactions of substrate, phosphate 

plus phosphate acceptor, and uncouplers take place at the level of the membrane,  
separating the external from the internal medium of the mitochondria, as shown 
in Fig. 6B. 

Since inhibition by  uncouplers of substrate oxidation occurs only with anionic 
substrates (see ref. I7), since it is kinetically of the competitive type (see ref. I9), 
and since uncouplers are weak acids, it also appears reasonable to relate the inhibitory 
effect to a competition between anions for entry into the mitochondria. In this light 
we can also explain the results in Figs. 4 A and B. 

Moreover one can extend this view to the action of ADP + P1. Both are anions 
and the site of their inhibitory interactions with uncouplers and substrates, as ob- 
served in Figs. 3 and 5, respectively, can equally well be transferred from the junction 
of respiratory and energy-conserving chains to the place of entry of the other anionic 
species into the mitochondria. The argumentation based on ARIENS' kinetics 32 remains 
valuable. 

To summarize, we would have a competition between the anionic substrates, 
uncouplers, phosphate and phosphate acceptor for the presumably active-transport  
mechanism in the mitochondrial membrane.  As represented in Fig. 6B, the net effect 
of this set of transfer processes would be an exchange of product S -  for substrate SH 2- 
and of ATP-  for A D P -  + Pt-  without consumption of energy if the steady state is 
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reached. Only the net effect of the transport of uncouplers would be a dissipation of 
energy (see ref. 2o). 

The data available at the present time do not allow one to distinguish between 
the two hypotheses. 

Finally we think our results show that  the kinetic method of multiple activation 
a:~d/or inhibition of complicated enzyme systems is a useful tool in studies of biological 
chain reactions. There is, however, one restriction: one has to know the exact site(s) 
of action of at least one of the two members of the combination in order to explain 
the results properly (see also ref. 33)- 

ACKNOWLEDGEMENTS 

The author is very grateful to Dr. B. CHANCE for many helpful suggestions and 
for his hospitality in allowing him to make use of the facilities of the Johnson Research 
Foundation, and to Dr. J. M. "lAGER for his help with the final preparation of the 
manuscript. He also wishes to thank the U.S. Public Health Service for the award 
of an International Post-doctoral Fellowship (I Fos-TW-7oI-oI ). 

R E F E R E N C E S  

i P.  NI js ,  Biochim. Biophys. Acta, 143 (1967) 454. 
2 B. CHANCE, 6th Intern. Congr. Biochem., New York, x964, p. 13. 
3 E. C. SLATER, Ann. Rev. Biochem., 17 (1953) I I .  
4 B. CHANCE AND G. R. WILLIAMS, J. Biol. Chem., 217 (1955) 409. 
5 B. CHANCE AND G. HOLLUNGER, J. Biol. Chem., 236 (1961) 1534. 
6 B. CHANCE, G. R.  WILLIAMS AND G. HOLLUNGER, J. Biol. Chem., 238 (1963) 418. 
7 B. CHANCE AND G. R. WILLIAMS, J. Biol. Chem., 2i  7 (1955) 383 • 
8 W.  C. HULSMANN, Over her Mechanisme van de Ademhalingsketenfofforylering, M.D.  Thesis ,  

Klein  Offset  Drukker i j ,  A m s t e r d a m ,  1958. 
9 H. C. Ht~,MKER. Biochim. Biophys, Acta, 63 (1962) 4 o. 

IO H. C. HEMKER, Biochim. Biophys. Acta, 63 (1962) 46. 
I I  H. C. HEMKER, Biochim. Biophys. Acta, 73 (1963) 311. 
12 H. C. HEMKER, Biochim. Biophys. Acta, 81 (1964) i .  
13 H. C. HEMKER, Biochim. Biophys. Acta, 81 (1964) 9- 
I 4 C. E.  WENNER, Federation Proc., 24 (1965) 544. 
15 K.  VAN DAM, E.  J .  HARRIS AND B. C. PRESSMAN, Nature, 213 (1967) 1126. 
16 K. VAN DAM, E.  J.  HARRIS AND B. C. PRESSMAN, Federation Proc., 26 (1967) 61o. 
17 K. VAN DAM, Bioehim. Biophys. Acta, 131 (1967) 407 . 
18 D. F. WILSON AND B. CHANCE, Biochem. Biophys. Res. Commun., 23 (1966) 751. 
19 D. F. WILSON AND R. D. MERZ, Arch. Biochem. Biophys., 119 (1967) 47 o. 
20 K. VAN DAM AND E. C. SLATER, Proe. Natl. Acad. Sci. U.S., in t he  press.  
21 J. L. HOVCLAND, Biochim. Biophys. Acta, 73 (1963) 665. 
22 L. ERNSTER, G. DALLNER AND G. F. AZZONE, J. Biol. Chem., 228 (1963) 1124. 
23 B. CHANCE AND G. ]~-. WILLIAMS, J. Biol. Chem., 221 (1956) 477. 
24 B. CHANCE, G. HOLLUNG~R AND n .  HAGIHARA, Biochem. Biophys. Res. Commun., 8 (1962) 18o. 
25 P.  E. LINDAHL AND L. O. THUNQVIST, Acta Chem. Scand., 17 (1963) 1133. 
26 B. C. PRESSMAN, in B. CHANCE, Energy-linked Functions of Mitochondria, Academic  Press ,  

New York,  1963. 
27 M. HAAS, Biochim. Biophys. Acta, 92 (1964) 433- 
28 T. KIMURA AND T. P. SINGER, Nature, 184 (1959) 791. 
29 J. B. CHAPPE;LL, Biochem. J., 90 (1964) 237. 
30 R. H. EISENHARDT AND O. ROSENTHAL, Federation Proc., I9 (196o) 4 O. 
31 B. CHANCE, Ann. N . Y .  Acad. Sci., lO8 (1963) 322. 
32 E. J.  ARIENS, Molecular Pharmacology, Vol. I, Academic  Press ,  New York,  1964, p. 17o. 
33 D. WEBB, Enzyme and Metabolic Inhibitors, Academic  Press ,  New York,  1963, p. 3. 

Biochlm, Biophys. Acta, i53 (1968) 7o-79  


