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SUMMARY 

I. Increasing amounts of substrate cause an increasing degree of reduction of 
nicotinamide nucleotides, cytochrome b and cytochrome c in rat-liver mitochondria 
in the presence of ADP (State 3). In State 4 (after consumption of ADP), however, 
the redox state is only slightly changed by varying the substrate concentration in the 
same range. 

2. Increasing concentrations of azide cause increasing reduction of cytochromes 
a, b and c in State 3, but have no effect on the redox state in State 4, except at high 
concentration. 

3. Oligomycin has no effect on the degree of reduction of NAD in State 4 with 
succinate, and only slightly increases it with NAD-linked substrates. 

4. The effect of uncoupling on the redox state of the respiratory chain is best 
studied under conditions in which uncoupling and competition between uncoupler 
and substrate do not cause the redox state to move in the same direction. This is 
conveniently achieved by adding azide. Under these conditions, uncoupling leads to 
an increased reduction of cytochrome c, whereas competition for penetration of 
substrate leads to an increased oxidation. 

5- It  is concluded that the redox state of an electron carrier in State 3 represents 
a kinetic steady state governed by the relative activities of those portions of the chain 
responsible for reduction and oxidation of the carrier. In State 4, however, the 
respiratory chain approaches thermodynamic equilibrium with ADP, ATP and PI. 

INTRODUCTION 

The requirement for ADP for maximal respiration by isolated mitochondria 
has been known since the pioneer studies of LARDY AND WELLMAN 1 in 1952. CHANCE 
AND WILLIAMS 2 showed that the rate of respiration declines sharply when ADP, 
added to a phosphate-containing suspension medium, is consumed by being phospho- 
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rylated to ATP. This phenomenon is usually described under the name respiratory 
control. Mitochondria respiring in the presence of substrate, oxygen, ADP and PI are 
said to be in State 3, and in State 4 when the added ADP is consumed. 

SLATER a pointed out in 1953 that there were two possible explanations for the 
respiratory control observed by LARI)Y AND WEI.LMAN 1, t , iz .  (I) the ADP is com- 
pletely phosphorylated so that oxidation fails for stoicheometrie reasons since ADP is 
an essential requirement for the oxidation; (2) some of the phosphorylation reactions 
are readily reversible and the back reaction becomes important when [ATPJ/[ADp 
is high. For convenience, we shall refer to these two explanations as the kinetic and 
the thermodynamic, respectively. CHANCE AND WILLIAMS 2,~ subsequently emphasized 
the kinetic explanation, whereas KLIXGENBER(; A.','I) SCHOLLM~;~Yi':R s proposed that 
both respiratory control and reversal of the respirat~wy chain6, 7 are due to a thermo- 
dynamic equilibrium between redox and phosphorylation reactions at the first two 
phosphorylation sites. 

In the present investigation, the redox state of respiratory-chain components 
has been measured, both in State 3 and State 4, under conditions in which the flow 
of electrons along the respiratory chain has been varied by changing the substrate 
concentration and by the addition of inhibitors. 

R E S t ' I . T S  

t~?ct of vara,ing succinate concentration 
Fig. I shows the effect of varying the concentration of succinate on the redox 

state of the nicotinamide nucleotides in States 3 and 4. In the following paper 8, it 
will be shown that, under these conditions, NADP is completely reduced in both 
State 3 and 4, so that an increased absorbance at 35o minus 375 mff reflects an in- 
creased reduction of NAD. It  is clear that an increasing concentration of succinate 
causes an increasing degree of reduction of NAD in State 3. However, the degree of 
reduction in State 4 is largely independent of substrate concentration. Similar results 
were obtained with cytochrome c (see Fig. 3 A) and cytochrome b, and also using 
glutamate or/~-hydroxybutyrate as substrate. The concentration of succinate giving 
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Fig .  I.  E f f e c t  of  s u c c i n a t c  c o n c e n t r a t i o n  o n  t h e  r e d o x  s t a t e  of  n i c o t i n a m i d e  n u c l e o t i d e s  in S t a t e  3 
a n d  S t a t e -  4 r a t - l i v e r  m i t o c h o n d r i a .  S u c e i n a t e  a d d e d  in  S t a t e  2, i n d u c e d  b y  t h e  a d d i t i o n  of 2o mM 
PI  a n d  2oo  ffM A D P ,  y i e l d s  f i r s t  S t a t e  3 a n d  t h e n  S t a t e  4. o-7 m g / m l  m i t o c h o n d r i a .  

F ig .  2. E f f e c t  of a z i d e  c o n c e n t r a t i o n  oi1 t h e  r e d o x  s t a t e  of c y t o c h r o m e  c in S t a t e - 3  a n d  S t a t e  4 
r a t - l i v e r  m i t o c h o n d r i a .  S u c e i n a t e  a d d e d  in  S t a t e  2, o b t a i n e d  b y  a d d i n g  0.3 m M  A D P  a n d  i o  m M  
Pt ,  y i e l d s  f i r s t  S t a t e  3 a n d  t h e n  S t a t e  4. I ° ° %  r e d u c t i o n  w a s  d e t e r m i n e d  b y  t h e  a b s o r b a n c e  
d i f f e r e n c e  b e t w e e n  S t a t e  2 a n d  t h e  a n a e r o b i c  s t a t e  m e a s u r e d  w i t h  N a 2 S 2 0  v o . I  f f g / m l  r o t e n o n e  
w a s  p r e s e n t .  1.8 m g / m l  m i t o c h o n d r i a .  
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half-maximal reduction of NAD in State 3 was 1.5-3 mM, about the same as the Km 
found for succinate oxidation under these conditions. 

Effect of azide 
CHANCE AND WILLIAMS 9 used azide to magnify the changes in the redox states 

of the cytochromes occurring on the transition from State 4 to 3. Azide inhibits 
cytochrome oxidase 1°-13, uncouples 14-17 and inhibits energy transfer 18-22. Fig. 2 
shows the effect of various concentrations of azide on the redox state of cytochrome 
c in States 3 and 4, with a low concentration of succinate (I raM). In the absence of 
azide, cytochrome c becomes more reduced when the system proceeds from State 3 
to State 4. The inhibitory effect of azide on the rate of phosphorylation of the ADP is 
revealed by the longer period required before State 4 is reached. With increasing 
concentrations of azide, cytochrome c becomes increasingly reduced in State 3, but 
the redox state in State 4 is unaffected by azide*. In consequence, cytochrome c 
becomes more oxidized on the transition from State 3 to State 4, with concentrations 
of azide greater than ioo ~M. Similar results were obtained with eytochrome a (with 
succinate as substrate) and with eytochrome b (with fl-hydroxybutyrate as substrate). 
Since the effect of O.l-O.5 mM azide is quite different from that  of oligomycin or 
uncouplers described below, it is presumably due to inhibition of cytochrome oxidase, 
rather than to inhibition of energy-transfer reactions or to uncoupling. This con- 
clusion is supported by the fact that  other inhibitors of cytochrome oxidase, viz. 
cyanide 8 and hydroxylamine 23, gave similar results. 

Fig. 3 shows that  the degree of reduction of cytochrome c in State 3, in the 
presence and absence of azide, is dependent upon the concentration of succinate, 
being lower with the smaller succinate concentrations. The degree of reduction in 
State 4 is again largely independent of succinate concentration, increasing only 
slightly with a Io-fold increase in succinate concentration. 
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Fig. 3. Effect  of succ ina te  concen t ra t ion  on redox s t a t e  of cy toch rome  c in Sta te-  3 and  Sta te-  4 
r a t - l ive r  m i tochondr i a  in the  presence and  absence of azide. Procedure  as in Fig. 2. Concen t ra t ions  
of succ ina te  (mM) are  ind ica t ed  aga ins t  the  trace,  o . i  /~g/mt rotenorre wawpresen t .  1.8 m g / m l  
mi tochondr ia .  

Fig. 4- Effect  of d i coumaro l  on the  redox  s t a t e  of cy tochrome  c in the  presence of o l igomycin  w i t h  
and w i t h o u t  azide. Curve A: in the  absence of azide, i o  mM succ ina te  (succ) and  3 p g  o l igomyc in  
added  to  State-2 ra t - l ive r  m i toc hond r i a  (obta ined wi th  0. 9 mM A D P  and IO mM Pt) induce  a 
reduc t ion  of cy tochrome  c and  then  add i t ion  of 50 pM d icoumaro l  resu l t s  in  an  oxida t ion .  Curve  
]3:  in the  presence of 300 pM azide, IO mM succ ina te  induces  a large reduct ion,  and  then  3 /~g 
o l igomycin  induces  an ox ida t ion  to  the  same level  as Curve A before add ing  dicoumarol ,  whi le  
f inal ly  5 ° /~M d icoumaro l  gives  a reduc t ion  of cy toch rome  c. o . i  /~g/ml ro tenone  was present .  
1.8 m g / m l  r a t - l i ve r  mi tochondr ia .  

* W i t h  h igher  concen t ra t ions  of azide, cy toch rome  c becomes more  reduced in S ta te  4. This  
is p r o b a b l y  due to  uncoupl ing.  
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Effect of oligornycin anti uncouplers 
When oligomycin is added in State 3, the redox state of the carriers rapidly 

changes to a level approaching that  characteristic of State 4 (see Curve B of Fig. 4). 
With  NAD-linked substrates,  however, the degree of reduct ion of n icot inamide  
nucleotides after addi t ion of oligomycin in State 3 is somewhat more than  that  ob- 
ta ined in State 4, and the addi t ion of oligomycin in State 4 causes a small fur ther  
reduction,  Fur ther  reduct ion is obtained on addi t ion of succinate. Oligomycin has n() 
effect on the redox state in State 4 with succinate. 

Uncouplers added to mi tochondr ia  in State 4 or inhibi ted by oligomycin 
change the redox state of the carriers towards a level approaching that  of State 3- 
Using un inh ib i ted  mitochondria,  it is difficult to differentiate between a true un- 
coupling effect and  inhibi t ion  of penet ra t ion  of substrate  into the mitochondria'2< '-':), 
since both  effects lead to oxidat ion of most of the carriers. Fig. 4, Curve A, i l lustrates 
this for cytochrome c and  50 /~M dicoumarol. In  the presence of a i d e ,  however, 
dicounlarol causes increased reduction of cytochrome c in ol igonlycin-inhibited 
mitochondr ia  (Curve B). Clearly, at this concentrat ion,  the uncoupl ing ac t iv i ty  of 
dicoumarol  predominates  over its inhib i tory  effect. 
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l:ig .5- Effect of different concentrations of dicoumarol and succinate on the redox state of cyt,.)- 
chrome c in State- 3 rat-liver mitochondria in the presence of azide. Succinate (succ) added in 
State 2 (obtained with 0.9 mM ADP and io mM Pl) in the presence of o.9 inM azide yields a large 
reduction of cytochronle c, and increasing amounts of dicoumarol induce increasing oxidation 
after which the addition of increasing concentrations of succinate induces reduction, o.[ /t*g/ml 
rotenone was present 1.8 mg/ml mitochondria. 

Fig, 5 il lustrates the antagonist ic  effects of dicounlarol and succinate on the 
redox state of cytochrome c on azide-inhibited mitochondria  in State 3. This antago- 
nism is probably  at the level of the mitocl londrial  inner  membrane2< 2s. 

DISCUSSION 

The effect of concentrat ion of ADP, oxidizable substrate,  uncouplers,  and 
inhibi tors  of energy transfer and  of electron t ranspor t  on the redox state of respiratory 
carriers can best be discussed in terms of a simplified version of the respiratory chain, 
in which only one phosphorylat ion site is incorporated. This may  be represented 

SH~ -~+ A ~ B --~ 02 

where A-~  B is the phosphorylat ing site. This will be extended to nmlt iple  t)hospho - 
ryla t ing sites in the following paper. 
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Since State-3 respiration proceeds at a constant rate despite a continually 
increasing EATPI/[ADPI ratio, it is clear that  the redox state of the carriers in State 3 
is not under the influence of the equilibrium of the phosphorylating reaction 

A H  2 + B + A D P  + P t ~ A  + B H  2 + A T P  + H 2 0  (I) 

I t  is affected only by the activities of the reactions 

SH 2 + A - - + S  + A H  2 (2) 

and 

B H  2 + ½ 0 2 - - + B  + H 2 0  (3) 

Thus, inhibition of Reaction 3 by azide, cyanide or hydroxylamine causes an increased 
redox state of the carriers, whereas slowing of Reaction 2 by  lowering the substrate 
concentration causes the carriers to be less reduced. In other words, as already 
clearly demonstrated by KR6GER AHD KLINGENBERG 2~ for uncoupled respiration, 
the redox state of the carriers in State 3 represents a kinetic steady state governed 
by the relative activities of those portions of the respiratory chain responsible for 
reduction and oxidation of the carrier. 

In State 4, however, the redox state of the carriers is independent of azide 
concentration and is only slightly dependent on the succinate concentration. I t  
follows that  the redox state in State 4 is governed by  the reversible reaction (Eqn. I). 
In other words, we conclude, in agreement with KLINGENBERG AND SCHOLLMEYER 5, 
that  in State 4 the respiratory chain is near thermodynamic equilibrium with ADP, 
ATP and PI, and that  the transition from State 3 to State 4 is a transition from a 
kinetic steady state towards thermodynamic equilibrium (see also refs. 27 and 28). 
Indeed our results indicate that  not only the first two sites are near thermodynamic 
equilibrium in State 4, as proposed by KLINGENBERG AND SCHOLLMEYER 5, but also 
the third site. Complete thermodynamic equilibrium is not reached, as is indicated 
by the slow residual respiration in State 4. This is probably due to slow side reactions 
leading to dissipation of the energy, or for its utilization in reactions other than the 
synthesis of ATP. 

Since oligomycin prevents the reaction of a high-energy intermediate (e.g. 
A ~C (ref. 29) ) or a high-energy state with ADP and P~, the only slight effect of oligo- 
mycin (none with succinate as substrate) on the redox state suggests that  the energy 
content of this intermediate or state must be rather close to the "phosphate potential", 
measured in State 4, viz. 15.6 (ref. 3o)-15.8 (refs. 27 and 28) kcal/mole. 

EXPERIMENTAL 

Rat-liver mitochondria were isolated by the method of HOGEBOOM al as de- 
scribed by MYERS AND SLATER 32. Protein was determined by the biuret method as 
described by CLELAND AND SLATER 33. The degree of reduction of components of the 
respiratory chain was measured in an Aminco-Chance dual-wavelength spectrophoto- 
meter as described in the following paper 8. All reactions were carried out at 25 o in a 
reaction mixture containing 25 mM Tris-chloride buffer, 50 mM sucrose, 5 mM 
MgC12, 2 mM EDTA and 15 mM KC1. Other components are indicated in the legends 
to the figures. The final volume was 3 ml and the pH 7.4. 
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Oligomycin, kindly supplied by Upjohn Chemical Co., and rotenone obtained 
from S. B. Penick and Co. were added in ethanol. Sodium azide was obtained from 
British Drug Houses. 
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