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SUMMARY 

I. A series of eight classical respiratory-chain inhibitors was studied. The sIopes 
of State-3 respiratory rate v e r s u s  dose plots are convex for antimycin, 2-n-heptyl- 4- 
hydroxyquinoline-N-oxide (HO QNO), rotenone and sulfide, and concave for malonate, 
Amytal,  cyanide and azide. 

2. Plots of ADP:O ratio v e r s u s  dose indicate uncouplingeffects at higher concen- 
trations of antimycin, HOQNO, cyanide and azide. On the other hand, sulfide and 
rotenone have no effect on the phosphorylating efficiency. Malonate increases the 
ADP : O ratio. 

3. Two inhibitors can be combined in such a way that  the total inhibition should 
be equal to the inhibition caused by the single inhibitors if each inhibitor affects 
respiration independently (additivity of inhibition). In practice, however, antagonism 
and synergism are also found. 

4- Additivity of combined inhibition occurs where both inhibitors act on the 
same enzyme. 

5. Antagonism is observed where the two inhibitors act on different enzymes 
of the same chain. 

6. Synergism is found where the two inhibitors act on enzymes in different 
branches of a forked chain. This turns into normal addit ivity when the electron flow 
through both branches is made equal. 

7. The results are compatible with the hypothesis that  respiratory enzymes are 
arranged in chains. The possibility that  the chains may be cross-linked or branched 
is discussed. 

INTRODUCTION 

The general organization of the enzymatic pathways involved in mitochondrial 
respiration is more or less known but many  details are still missing. Reducing equi- 
valents are transferred 'downhill' from succinate or NAD-linked substrates toward 

* Present address : University of Louvain, Laboratory of Physiology, 6 Dekenstraat, Louvain, 
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oxygen through the flavoproteins and the cytochromes, and the liberated energy 
equivalents are chemically bound into ATP at 3 different phosphorylating sites. 

Diverging theories have been proposed by various authors concerning the de- 
tailed arrangements, the organization and the framework of the electron-transferring 
enzymes (cf. CHANCE and co-workers 1-4, KLINGENBERG AND KROELER 5, GREEN AND 

LESTER 6, MITCHELL 7, LEHNINGER AND WADKINS8,9). 

In the present study we have used a new kinetic tool, i.e. multiple inhibition, 
in an attempt to clarify the functional arrangement of the electron-transferring en- 
zymes in mitochondria. The results will be discussed in terms of the generally accepted 
theory of respiratory enzymes arranged in chains, but also in the light of the more 
recent hypothesis of branched chains. 

MATERIAL AND METHODS 

Intact iat-liver mitochondria were prepared as described by CHANCE AND HAGI- 
HARAI°, 11 for pigeon-heart mitochondria except that no proteinase was used. In this 
way sufficiently high respiratory control ratios could be obtained: greater than 6 
(usually 8-1o) for succinate + glutamate or malate + glutamate as substrates; 
greater than 5 (usually 6-7) for suecinate alone, and greater than 3 (usually 4-5) for 
fl-hydroxybutyrate. 

The reaction mixture (2.5 ml final vol.) contained 20 mM Tris-HC1 buffer, 
21o mM mannitol, 7 ° mM sucrose, 2 mM MgC12, IO mM KC1, 5 mM Na2HPO,-KH2P04 
and about 5.0 mg mitochondrial protein (determined by the biuret method). The 
final pH was 7.4. 

The inhibitors rotenone, antimycin and 2-n-heptyl-4-hydroxyquinoline-N-oxide 
(HOQNO) were added in ethanolic solutions. The final concentration of ethanol did 
not exceed 3 %- The other inhibitors were added as aqaeous solutions. 

The respiratory rates, which are all initial ones, were estimated by the polaro- 
graphic method, using either a stationary platinum electrode 12 or a Clark oxygen 
electrode (Yellow Springs Instrument Co.). The reaction temperature was 22 ° , and 
there was magnetic stirring. 

ADP : 0 ratios were estimated as described by CHANCE AND WILLIAMS a. 

RESULTS 

In a series of preliminary experiments the relationship between respiratory 
rate and concentration of inhibitors used singly was determined. Two types of 
curves were obtained when State-3 respiration was measured. An S-shaped curve 
(Fig. IA) was obtained with the inhibitors antimycin (half-maximal concn., 3I nmoles 
per g protein), HOQNO (36o nmoles/g protein), rotenone (37 nmoles/g protein) and 
sulfide (IO/zM). A concave curve (Fig. IB) was obtained with malonate (4oo t~M), 
Amytal (15o ~M), cyanide (3o ~M) and azide (3oo ~M). The substrate was succinate + 
glutamate (both 6 raM) except with rotenone and Amytal, where glutamate + malate 
(both 6 mM) and 6 mM malonate were used. 

Tile ADP:O ratio as a function of concentration of the inhibitors used singly 
was also checked. As indicated by Fig. 2, an uncoupling effect (decreasing phosphory- 
lating activity at higher concentrations of inhibitor) was found (with succinate as 
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substrate) with antimycin (MYERS A N D  SLATER 13, HEMKER14), HOQNO (How- 
LAND15), c y a n i d e  (SEATER 16) and azide (LooMIs AND LIPMANN17). On the other hand, 
malonate increased the ADP : O ratio with succinate as substrate. There was no effect 
of sulfide (with succinate as substrate) or of rotenone (with fl-hydroxybutyrate as 
substrate). Amytal  is, which was not investigated in this respect, is known to have 
uncoupling properties at higher concentrations. 

We can combine two inhibitors in such a way that the total inhibition of State- 3 
respiration should theoretically be equal to the same level of inhibition as caused by 
the single inhibitors in separate experiments, e.g. 40 %, if each inhibitor affected 
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Fig. I. Effect  of concen t ra t ion  of inhibi tors  (added singly) on respira t ion.  S o m e w h a t  ideal ized 
resp i ra to ry  rate v e r s u s  dose plots of the  two  observed classes of inhibitors.  E x p e r i m e n t a l  condi t ions  
as described in MATERIAL AND METHODS. 
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Fig. 2. Effect  of concen t ra t ion  of inhibi tors  (added singly) on the  A D P : O  ratios.  E x p e r i m e n t a l  
condi t ions  as described in MATERIAL AND METHODS. The substrate  was succinate  (6 mM) except  
in Fig. 2A where  6 m M  ~ - h y d r o x y b u t y r a t e  ( +  6 mM  nlalonate)  was used. 
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T A B L E  I 

I N H I B I T I O N  TO B E  E X P E C T E D  F R O M  A C O M B I N A T I O N  OF T W o  INI- I IBITORS,  A S S U M I N G  T H E  I N H I B I T O R S  

TO ACT I N D E P E N D E N T L Y  

Inhibitor I Inhibition Inhibitor 2 Inhibition Inhibition* 
(~M) (%) (,m) (%) (%) 

a 4 ° o o 4 ° 
0 .75  × a 3 ° 0 .25  × b i o  4 ° 
0 . 5 0  x a 20  0 . 5 0  × b 20  4 ° 

0 .25  × a IO 0 .75  × b 3 ° 4 ° 
o o b 4 ° 4 ° 

* E x p e c t e d  w h e n  b o t h  i n h i b i t o r s  p r e s e n t .  

respiration independently. Let us assume that  we need a t~M Inhibitor I or b u M  
Inhibitor 2 for 40 % inhibition of the respiration. Table I shows the types of combi- 
na t ionthat  can be made. Fractions of a certain amount a of Inhibitor I are substituted 
for by  corresponding fractions of an amount b of Inhibitor 2, producing the same 
inhibition. Because it is difficult to obtain exactly the same degree of inhibition, 
e.g. 40 %, for the two inhibitors used singly, the endpoints usually differ somewhat. 
However this does not affect the principle of the method. By plotting the respiratory 
rates as a function of the proportions of concentrations of the two inhibitors, com- 
bined as in Table I, we should theoretically find straight lines if the two inhibitors 
act independently. This is called additivity. 

When the two inhibitors produce an effect that  is less than expected on the 
basis of their individual performances, antagonism is commonly assumed to occur. 
When the combined effect is greater than expected on the basis of the individual 
performances, synergism occurs. 

These are the three cases TM which are possible in practice and which indeed 
cover all the different combinations we have studied. 

Additivity 
This is found to occur when both inhibitors act on the same enzyme: (I) anti- 

mycin + HOQNO (in the region of cytochrome b); (2) cyanide + azide; and (3) 
cyanide -b sulfide (both on cytochrome oxidase). The results for the combination 
antimycin + HOQNO, using succinate as substrate, are shown in Fig. 3. 

We did not s tudy the couple Amytal  + rotenone, both acting between NAD 
and flavoprotein, but we may  anticipate that  this combination will behave in the 
same manner. 

Antagonism 
This may  be inferred when the respiratory rate plotted as described above 

gives convex curves. This occurs where the two inhibitors are acting on different 
enzymes in the same chain and is found with: (I) antimycin +az ide  (the region of 
cytochrome b and cytochrome oxidase, respectively) ; (2) antimycin + sulfide (the 
region of cytochrome b and cytochrome oxidase, respectively); (3) antimycin + rote- 
none (the region of cytochrome b and the NAD side of flavoprotein, respectively) ; 
(4) antimycin + Amytal  (the region of cytochrome b and the NAD side of flavo- 
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protein, respectively); (5) HOQNO + sulfide (the region of cytochrome b and cyto- 
chrome oxidase, respectively); (6) malonate 4- azide (succinate dehydrogenase "rod 
cytochrome oxidase, respectively) ; (7) rotenone + azide (the NAD side of flavoprotein 
and cytochrome oxidase, respectively); and (8) rotenone + cyanide (the NAD s;,i~ 
of flavoprotein and cytochrome oxidase, respectively). 
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Fig. 3. Additivity oi inhibition of respiration by ant imycin and HOQNO. Exper imentaI  conditions 
as described in ~ATERIAL AND METHODS. The subs t ra te  was succinate (4 mM). State-3 respiration 
was  measured in the presence of 2oo #M ADP. The reaction mixture  contained 3.5 mg mitochon- 
drial protein. The ratios HOQNO/an t imyc in  represent  percent of m a x i m u m  concentrat ion of 
H O Q N O  used (398 nM)/percent of m ax i m um  concentrat ion of ant imycin used (31.6 riM). The 
rate of respiration in the absence of inhibitor was 1.49 and o.24 ffatoms O per sec-g protein, in 
State 3 and State 4, respectively. 

Fig. 4. Antagonism between antimycin and azide in their effects on respiration. Exper imenta l  
condit ions as described in MATERIAL AND MI~THODS. The subs t ra te  was succinate (4 raM). State-3 
respiration was measured in the presence of 2oo ffM ADP. The reaction mixture  contained 3.62 mg 
mitochondrial  protein. The ratios azide/antimyein represent  percent of m a x i m u m  concentrat ion 
of azide used (360 #M)/percent  of maximun~ concentrat ion of ant imycin used (44 riM). The rates 
of respiration in the absence of inhibitors in State 3 and State 4 were 2.54 and o.45 ffatoms O 
per sec- g protein, respectively. 

The results for the combination antimycin +azide are shown in Fig. 4. The 
substrate used was succinate except with the combinations antimycin + rotenone, 
antimycin + Amytal, rotenone + azide and rotenone + cyanide, where it was /~- 
hydroxybutyrate, malonate being also present to eliminate endogenous respiration. 
With malonate + azide, rotenone was added to inhibit oxidation of endogenous 
NAD-linked substrates. 

Synergism 
When the respiratory rate plotted as described above gives a concave curve 

a synergistic action of the two inhibitors is indicated. This is found where the two 
inhibitors act on enzymes in different branches of a forked chain, e.g. (I) malonate + 
rotenone (succinate dehydrogenase and the N A D  side of flavoprotein, respectively); 
(2) malonate + Amytal  (succinate dehydrogenase and the N A D  side of flavoprotein, 
respectively). The results for malonate + rotenone are shown in Fig. 5 A. The sub- 
strafe in both experiments was a combination of succinate and/9-hydroxybutyrate.  

The A D P  : O ratios plotted in the same way  also gave concave curves. 
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However this synergism (concave plots) of both the respiratory rates and the 
ADP: O ratios can be changed into simple additivity (linear plots) by  reducing the 
relatively fast oxidation of succinate to the level of that  of fi-hydroxybutyrate, by 
adding extra malonate (Fig. 5B). 
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Fig. .5.  Synerg i sm be tween m a l o n a t e  and  ro tenone  in thei r  effects on respira t ion.  Reac t ion  con- 
di t ions  as descr ibed ill MATI~RIAL AND METHODS. The  rat ios  ma lona t e / ro t enone  represen t  pe rcen t  
of m a x i m u m  concen t ra t ion  of ma l ona t e  used /pe rcen t  of m a x i m u m  concen t ra t ion  of ro t enone  
used.  A. Tile subs t r a t e  was succ ina te  (4 raM) + / 5 - h y d r o x y b u t y r a t e  (4 raM). Sta te-  3 resp i ra t ion  
was measu red  in t he  presence of 2o0 / iM ADP.  The  reac t ion  m i x t u r e  conta ined  8.25 m g  mito-  
chondr ia l  protein.  The  m a x i m u m  concen t ra t ions  of the  inhibi tors  were: ma lona te ,  0.32 m M ;  
rotenone,  44 nM. The  ra tes  of respi ra t ion  in the  absence  of inh ib i tor  in S ta t e  3 and  S ta te  4 were 
2.3 and  o.37 f fa toms  O per  sec. g protein,  respect ively.  B. The  subs t r a t e  was  succ ina te  (4 raM) 
+ f l - h y d r o x y b u t y r a t e  (4 raM). In  add i t ion  0. 4 nlM m a l o n a t e  was present .  State-  3 respi ra t ion  was  
measu red  in the  presence of 2o0 ffM ADP.  The  reac t ion  m i x t u r e  conta ined  8. 5 m g  mi tochondr ia l  
protein.  The  m a x i m u m  concen t ra t ions  of the  inhibi tors  were:  ex t r a  malona te ,  o. 4 raM; ro tenone ,  
4 ° riM. The  ra tes  of respi ra t ion in the  absence  of inhib i tor  in S ta te  3 and  S ta te  4 were 0.46 a n d  
o.13 f fa toms  O per  s ec .g  protein,  respect ively.  

DISCUSSION 

A dditivity 

In all combinations where the two inhibitors act on the same enzyme, addit ivity 
was observed. In other words the combined effect of two such inhibitors is a simple 
summation of their separate effects. Each inhibitor affects respiration independently. 
This implies that  an enzymic molecule inhibited at a particular site by  the first 
inhibitor cannot be further attacked by the second inhibitor. If two inhibitors act on 
the same enzyme but on different sites one would expect antagonism. This was not 
observed with any of the combinations of inhibitors acting on the same enzyme. 

Antagonism 

This was observed only where the two inhibitors act on different enzymes of 
the same chain. At first sight, antagonism is to be expected, if we assume that  the 
two inhibitors act at random and at tack either different chains or the same chain. 
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The experiment with rotenone + azide may be taken as an example. The rotenone- 
sensitive reaction is faster when the ratio rotenone:azide is 5o:5o than when it is 
IOO: o. Similarly the azide-sensitive reaction is faster when the ratio rotenone:azide 
is 5o: 5o than when IOO % azide is present. Therefore respiration is faster when the 
ratio rotenone : azide is 5o : 5o than when it is IOO : o or o : IOO. 

However when we consider the specific sites of action of the two inhibitors the 
situation becomes more complicated. It is known that azide and cyanide have a greater 
affinity for the reduced form of cytochrome oxidase than for the oxidized form2°, 21. 
ESTABROOK 22 has reported that rotenone acts preferentially with the oxidized form 
of the respiratory carrier with which it combines. When a certain inhibitor acts on 
an enzyme somewhere in the respiratory chain, the enzymes before the point of 
attack, i.e. on the substrate side of the chain, become more reduced; and the ones 
following the point of attack, i.e. on the oxygen side, become more oxidized (see 
KEILIN 23, SLATER 24 and CHANCE AND WILLIAMS25). 

If rotenone reacted with the respiratory chain before azide, it would make 
the cytochrome oxidase in the same chain 'more oxidized'. Therefore azide, preferring 
the reduced form of cytochronle oxidase, will combine with this enzyme in a chain 
uninhibited by rotenone. If, on the other hand, azide were to react with a respiratory 
chain before rotenone, the carriers on the substrate side of the site of inhibition would 
become more reduced. Therefore rotenone, having a greater affinity for the oxidized 
chains, would attack a chain uninhibited by azide. In both examples one would expect 
additivity of the combined inhibition. In spite of this, antagonism is observed with 
rotenone + azide and with rotenone + cyanide. A possible explanation of the lack 
of additivity is that the enzyme chains are branched ~6 28. Branching makes the oxi- 
dized part of the inhibited chains more or less accessible to electrons from uninhibited 
chains and makes the reduced part of the inhibited chains more or less leaky for 
electrons towards uninhibited chains. The need for a second inhibitor, because of 
its affinity for one of the oxido-reduction forms, to react preferentially with enzymes 
belonging to uninhibited chains, leading to complete additivity, is therefore con- 
siderably decreased. 

Sv~ergisrn 
An explanation of the synergistic effect of two inhibitors is (mentioned above), 

that they inhibit on different branches of a forked chain. It is known that, with low 
concentrations of sueeinate, the oxidation of succinate also includes malate oxidation ; 
with low concentrations of NAD-linked substrates the oxidation of ma!ate may in- 
clude endogenous substrate tS. This may be the explanation of synergism in the com- 
bined inhibition by malonate + rotenone and by malonate + Amytal. If this would 
be so, the synergism would not be due to any particular characteristic of the forked 
chains which would of itself be expected to lead to additivity of the combined in- 
hibition. This, indeed, it does when we make the electron flow through both arms of 
the fork about equal by adding extra malonate. 

This study also introduces the possibility of estimating the point of attack of 
new inhibitors of the respiratory chain by simply combining them with already 
known ones. 
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