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The effect of  partial inhibiton on the protonmotive stoichiometry of cytochrome-c reductase and cytochrome-c oxidase 
in intact rat liver mitochondria was examined using myxothiazol  and cyanide as inhibitors, respectively. N o  decrease in 
the stoichiometry of  either enzyme was found. It is shown that this result is consistent with the individual electron 
transfer units in each case  being fully coupled to proton translocation but not with pairs of electron transfer units 
working in concert in dimers. 

Introduction 

The mammalian mitochondrial  osmoenzymes cyto- 
chrome-c reductase (cytochrome bc 1 complex; EC 
1.10.2.2) and cytochrome-c oxidase (EC 1.9.3.1) are 
protein complexes. The 'basic enzyme unit '  in each case 
appears to consist of single copies of each of the con- 
stituent polypeptide subunits (11 and 13, respectively 
[1,2]). Both enzymes can be dimeric [3,4], but  it seems 
well established that the basic enzyme unit contains the 
minimal catalytic unit for their electron transfer func- 
tion. This conclusion is derived principally from three 
types of experiment. First, an interconversion between 
monomeric  and dimeric forms can be achieved for both 
enzymes by changing the detergent a n d / o r  the ionic 
strength, the monomeric form in each case retaining 
most of the electron transfer activity of the dimeric 
form [5-9]. Second, titration curves of electron transfer 
activity versus inhibitor concentration are generally 
consistent with maximal inhibition occurring at one 
inhibitor molecule per basic enzyme unit. Such evidence 
is especially strong for cytochrome-c reductase because 
a wide range of inhibitors, many tight-binding ( K  d < 
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suspension medium per 2e- accepted by oxidant; *-- H+/2e - , the 
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10 - t °  M, see Ref. 10 for a review), are available [11-15], 
but the same conclusion has been reached for cyto- 
chrome-c oxidase by titration of its activity with cyanide 
(either directly [16], or indirectly, by monitoring the 
steady-state reduction level of cytochrome c in sub- 
mitochondrial particles [17]). Third, radiation-inactiva- 
tion analysis indicates that the target size for the elec- 
tron transfer activity of cytochrome oxidase is smaller 
than the basic enzyme unit [18-21]- in  fact, except for 
the slightly larger values obtained by Suarez et al. [19], 
the reported target sizes correspond well with the com- 
bined molecular weights of the oxidase subunits I and II 
which are known to contain the four redox centres [22]. 
Recently, Nugent  and Bendall [23] reached a similar 
conclusion for the chloroplast enzyme, the cytochrome 
b f  complex, which is closely related to the mitochondrial  
cytochrome-c reductase. They found a target size con- 
sistent with an electron transfer catalytic unit composed 
of only one copy each of cytochromes b and f together 
with one copy of the Rieske iron-sulphur polypeptide. 

In this paper we are concerned with whether the 
proton-pumping activities of cytochrome-c reductase 
and cytochrome-c oxidase are associated with individual 
electron transfer units (which, in both cases, we assume 
are contained within the basic enzyme units), or whether 
pairs of electron transfer units acting in concert within 
dimers are required for this activity. To distinguish 
between these possibilities, we have examined the effect 
of partial inhibition on the protonmotive stoichiometry 
of the two enzymes in intact rat liver mitochondria,  
using myxothiazol to inhibit the reductase and cyanide 
to inhibit the oxidase. We find no decrease in the 
stoichiometry of either enzyme, a result consistent with 
individual electron transfer units being fully coupled to 
proton translocation. 
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Materials and Methods 

Rat liver mitochondria were isolated and protein 
estimations were carded out as described before [24]. 
All mitochondrial suspensions were kept on ice for use 
on the same day as preparation. 

The apparatus and procedure for the oxidant pulse 
and ra te /pulse  experiments were as described in 
Mitchell et al. [25] and Moody et al. [26], respectively. 
For  the high sensitivity detection of oxygen, current 
flow across a Clark-type oxygen electrode (fitted with a 
13 ttm thick Teflon membrane) was measured as the 
voltage change across a 1 M~2 resistor in series with the 
electrode. This arrangement was only used at oxygen 
tensions below about 10% of ambient so that the 
polarising voltage was always between - 0 . 6  V and 
- 0 . 8  V. Changes in the polarising voltage over this 
range had no significant effect on the sensitivity of the 
electrode. The response of the electrode under the 
conditions of the experiments described in this paper 
was slow; a 90% response time of about 15 s was found. 

Other specific experimental details are given in the 
figure legends. 

Reagents were supplied either by the Sigma Chem- 
ical Co. (Dorset, U.K.) or by BDH (Dorset, U.K.) 
except for choline base, obtained from Fluka AG (Buchs, 
Switzerland), and myxotkiazol, obtained from Boeh- 
ringer Mannheim (East Sussex, U.K.). Before use the 
choline base was purified using activated charcoal, and 
the rotenone was recrystallized twice in ethanol. 

Rationale 

Note  that: (1) it is assumed that the individual 
electron transfer units are contained within the basic 
enzyme units; (2) no assumption is made as to the state 
of dimerisation of rat liver mitochondrial cytochrome-c 
reductase and cytochrome-c oxidase in situ; and (3) 
non-cooperative inhibitor binding is assumed, as is 
known to be the case for myxothiazol and cyanide 
[11,16,17]. 

If x is the fraction of basic enzyme units with an 
inhibitor bound, then the fraction of dimers that have 0, 
1 and 2 sites inhibited are, respectively, (1 - x)  2, 2x-  (1 
- x )  and x 2. 

If we assume that uninhibited dimers pump protons 
with an ~ Ho+/2e - of A, the half-inhibited dimers 
pump protons with an ~ Ho+/2e - of B, and that all 
uninhibited basic enzyme units have the same electron 
transfer activity, we find that 

• - Ho+/2e_= 2 . ( 1 - x )  2.A + 2 x . ( 1 -  x ) . B  

2 - ( 1 - x ) 2 + 2 x . ( 1 - x )  

= ( 1 - x ) . A + x . B  (1) 

1 
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Fig. 1. Titration of rat liver mitochondrial succinate oxidase activity 
with myxothia2.ol. The rate of oxygen uptake by a suspension of rat 
liver mitochondria (1.2 mg of mitochondrial protein/ml) was mea- 
sured in 0.1 M potassium phosphate buffer (pH 7.2), containing 200 
mM sucrose, 3 mM potassium succinate, 240 nM FCCP, 15 ng 
valinomycin/mg of mitochondrial protein and myxothiazol at the 
concentrations shown. The concentration of the myxothiazol stock 
solution was determined spectroscopically using ~ (mM-1. c m - l ) =  
10.5 at 313 nm [10]. The results of five titrations using four 
mitochondrial preparations (A and • are for the same preparation) are 
shown. Control activity was 314+ 47 (S.D.) nmol of oxygen per min 

per mg of mitochondrial protein. 

If the functional unit of pro ton  pumping is associ- 
ated with a pair of electron transfer units within a dimer 
then B = 0  so that *--Ho+/2e - = A . ( 1 - x ) ,  i.e., the 
stoichiometry decreases in direct relationship to the 
fraction of basic enzyme units that are inhibited. If the 
functional unit of proton pumping is associated with an 
individual electron transfer unit within a monomer  then 
B = A  so that * - - H + / 2 e - = A ,  i.e., the protonmotive 
stoichiometry is independent of the fraction of basic 
enzyme units that are inhibited. 

Results 

The protonmotive stoichiometry of cytochrome-c reductase 
on binding of substoichiometric levels of myxothiazol 

Myxothiazo|  is a specific tight-binding inhibitor of 
mammalian cytochrome-c reductase ( K  d < 10 - l °  M, 
[10]). Fig. 1 shows sample titrations of the succinate 
oxidase activity of suspensions of rat liver mitochondria 
with myxothiazol. The concentrations of myxothiazol 
binding sites in the mitochondrial  suspensions used in 
this work were estimated from such curves by extrapola- 
tion as shown (see Ref. 13) and found to be in the range 
30 _+ 2 (S.E., n = 6) p m o l / m g  of mitochondrial  protein. 
This range is lower than that found by Estabrook [[27] 
(70-80 pmol /mg)  for the antimycin binding sites in rat 
liver mitochondria but  is consistent with measurements 
from difference spectra ([succinate reduced + anti- 
mycin] - oxidised) of the cytochrome b content  of simi- 
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Fig. 2. The effect of myxothJazol on proton pumping by mitochondriai 
cytochrome-c reductase. Mitochondria (6 mg of n'fitochondrial pro- 
tein/ml) were incubated anaerobically at 25°C in 150 mM KCI 
containing 1 mM EGTA, 1 mM glycylglycine, 2 mM choline chloride 
and 20 /xg/ml carbonic anhydrase (medium pH, 7.0-7.15). 
Valinomycin (0.1 /xg/mg of mitochondrial protein), rotenone (0.6 
btM) and myxothiazol (added as indicated at 0.45 mol/mol of binding 
sites) were added as aerobic solutions in ethanol at 1, 1.5 and 2 min, 
respectively, after the start of the incubation. A pre-pulse of potas- 
sium ferricyanide (40 nmol) (see Ref. 26), and N-ethylmaleimide (33 
nmol/mg of mitochondrial protein) were added anaerobically at 10 
min and 14 re.in, respectively. Electron transfer through cytochrome-c 
reductase was initiated after about 20 rain pre-incubation with a pulse 
of anaerobic 10 mM potassium ferricyanide added using a remote- 
controlled syringe. In both cases, a total of about 40 nmol ferricyanide 
was added at about 65 nmol/s; the average time-courses of AH~/2e -  
relative to the peak value reached in the absence of myxothiazol for 
seven pulses are shown; and the average age of the mitochondrial 
suspensions used was the same. The average concentration of 
myxothiazol binding sites was 32 pmol/mg of mitochondrial protein. 

lar  m i t o c h o n d r i a l  suspens ions ,  a s suming  one  b i n d i n g  
si te pe r  two o x i d a n t - i n d u c i b l e  h a e m s  b as the p resen t  
text is ambiguous .  

T h e  effect  of  myxo th i azo l  on  the  p r o t o n m o t i v e  
s t o i ch iome t ry  of  c y t o c h r o m e - c  r educ ta se  was e x a m i n e d  
by  the o x i d a n t - p u l s e  m e t h o d  [25]. I t  was found  tha t  the  
t ime t aken  for  the  pu lse  of  ox idan t  ( fe r r i cyan ide)  to be  
c o n s u m e d  was insens i t ive  to m y x o t h i a z o l  at  m y x o t h i a -  

z o l : b i n d i n g  si te  r a t ios  up  to a t  leas t  0.65, the ra te  of  
e lec t ron  t rans fe r  f rom c y t o c h r o m e  c to f e r r i cyan ide  
be ing  ra te - l imi t ing .  A t  a m y x o t h i a z o l  : b i n d i n g  si te r a t io  

of  1 the  t ime taken  for  the pu lse  to be  c o n s u m e d  was  
a lmos t  doub led ,  c o r r e s p o n d i n g  to an average  e lec t ron  
t ransfe r  ra te  of  15 n m o l .  min  - 1 .  (mg o f  m i t o c h o n d r i a l  
p ro te in )  - t .  This  ra te  is cons i s t en t  wi th  the  u n c o u p l e d  
ra te  of  oxygen  u p t a k e  obse rved  at  the  same  concen t r a -  
t ion of  m y x o t h i a z o l  wi th  succ ina te  as subs t r a t e  (see, 
e.g., Fig.  1). The  resul ts  in Fig.  2 show tha t  at  a 
myxo th i azo l  : b i n d i n g  si te ra t io  of  0.45 there  is no  
s igni f icant  effect  on  the p r o t o n m o t i v e  s to i ch iome t ry  of  
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c y toc h rome -c  reduc tase .  N o t e  tha t  at  this  c o n c e n t r a t i o n  
myxo th i azo l  has  no  effect  on  the  k ine t ics  o f  A H ~  so 
that  the t ime-courses  wi th  and  wi thou t  m y x o t h i a z o l  can  
be d i rec t ly  c o m p a r e d  wi thou t  need  for  a co r rec t ion  for  

H + back  flow. If  the func t iona l  uni t  for  p r o t o n  p u m p -  
ing were a s soc ia t ed  wi th  pa i r s  of  e l ec t ron  t rans fe r  uni ts  
o p e r a t i n g  in conce r t  wi th in  d imers  we w o u l d  have  ex- 
pec ted  a 45% decrease  in a p p a r e n t  p r o t o n m o t i v e  

s to ich iomet ry .  Since this  was no t  obse rved  we c o n c l u d e  
tha t  the func t iona l  uni t  for  p r o t o n  p u m p i n g  by  cy to-  

ch rome-c  r educ ta se  is a s soc ia t ed  wi th  i nd iv idua l  elec- 
t ron  t ransfer  units .  

The protonmotive stoichiometry of cytochrome-c oxidase 
on binding of substoichiometric levels of cyanide 

C y a n i d e  has  low af f in i ty  for  fu l ly - r educed  cy to-  
ch rome-c  oxidase ,  bu t  u n d e r  t u rnove r  c ond i t i ons  it be-  
haves as a m o d e r a t e l y  t i gh t -b ind ing  i nh ib i t o r  ( K  d ---- 

1 0 - 3 - 1 0  -4  M and  1 0 - 7 - 1 0  -8  M, respec t ive ly  [28]). 

Hence ,  du r ing  the a n a e r o b i c  p r e - i n c u b a t i o n  r equ i r ed  for 
oxygen-pu l se  expe r imen t s  the ox idase  can  be essen t ia l ly  
un inh ib i t ed ,  bu t  once  tu rnove r  is s t a r t ed  by  the a d d i t i o n  
of  oxygen  the level o f  i nh ib i t i on  increases  as  the  c y a n i d e  
b inds .  W h e n  the oxygen  is c o n s u m e d  the  e n z y m e  re- 
turns  to the fu l ly - r educed  s ta te  a n d  the c yan ide  s lowly  

d issoc ia tes  (tl/2 for  bov ine  hea r t  enzyme  r e p o r t e d  to be  
a b o u t  10 s [29] or  a b o u t  80 s [28]). These  effects  are  

i l lus t ra ted  by  the expe r imen t s  shown in Fig.  3 where  
a n a e r o b i c  m i t o c h o n d r i a  in the  p resence  of  a s c o r b a t e /  
T M P D  were pu l sed  with  oxygen.  In  the  absence  of  

c ya n ide  the oxygen  pulses  were  c o n s u m e d  too  fast  to be  
de t ec t ed  with  the C l a r k - t y p e  e l ec t rode  used  (Fig .  3B). In  

the p resence  of  c ya n ide  the first  oxygen  pu lse  of  each  
series was a lmos t  i nde t e c t a b l e  (Fig.  3A, pulses  1 a n d  5), 
bu t  du r ing  subsequen t  pulses  the a m o u n t  of  oxygen  
de t ec t ed  increased  c o n s i d e r a b l y  ref lec t ing  a p rogress ive  
decrease  in the  ra te  of  oxygen  c o n s u m p t i o n .  W h e n  the 
t ime be tween  each pu lse  was inc reased  (Fig.  3A, c o m -  

pa re  pulses  6 - 8  wi th  pulses  2 - 4 )  the  increase  in oxygen  

l 
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Fig. 3. The effect of cyanide on the oxygen detected on pulsing 
anaerobic mitochondria with oxygen. Mitochondria (6 mg of 
mitochondrial protein/ml) were incubated anaerobically at 25°C in 
150 mM KCI containing 1 mM EGTA, 1 mM glycylglycine, 5 mM 
ascorbate, 200/~M TMPD and 20/~g/ml carbonic anhydrase (medium 
pH, 7.0-7.15). Valinomycin (0.1 pg/mg of mitochondrial protein) 
was added 1 rain after the start of the incubation. Cyanide was 
present as indicated at 120 FM. After 20 n'fin pre-incubation a series 
of four pulses of air-saturated 150 mM KCI (about 20 nmol oxygen 
each) were made at 30-s intervals (A, 1-4 and B, 1 - 4 ) .  After 25 rnin 
pre-incubation a further series of four pulses were made at 1-min 

intervals (A, 5-8 and B, 5-8). All pulses were the same size. 
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detected was smaller reflecting the increased dissocia- 
tion of the cyanide between pulses. 

The  effect of cyanide on the protonmot ive  stoichiom- 
etry of cytochrome-c oxidase was examined by the 
oxygen-ra te /pulse  method in the presence of antimycin 
and  myxoth iazol ,  using h e x a m m i n e r u t h e n i u m ( I I )  
([Ru(NH3)6] 2+) as reductant  [26]. The r a t e /pu l se  
method is a modification of the conventional oxygen- 
pulse method [24,25] where electron flow through the 
oxidase is initiated and maintained by addition of 
oxygen at a constant  rate to suspensions of  initially 
anaerobic mitochondria.  The rate of oxygen consump-  
tion during the rate-pulse is determined by the rate of 
oxygen addition, the oxidase being far f rom rate-limit- 
ing. This method has the advantage over the conven- 
tional pulse method in this context in that cytochrome-c 
oxidase can be substantially inhibited (the results of a 
simulation study in Ref. 26 would suggest at least 90%) 
before A H ~  generation during the pulse is significantly 
slowed. Therefore, the time-courses of AH~ with and 
without cyanide can again be directly compared  without 
need for a correction for H + back flow. A decrease in 
the pro tonmot ive  stoichiometry concomitant  with 
cyanide binding would be easily seen provided the 
oxidase became sufficiently inhibited. The results in 

I \ - FCCP ÷FCCP 
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Fig. 4. The effect of cyanide on the oxygen detected during oxygen- 
rate/pulses. Experimental details were as described in the legend to 
Fig. 2 with the following differences/additions. Choline chloride was 
omitted from the medium. Since hexammineruthenium(II) is auto- 
xidisable it was more convenient to add hexammineruthenium(IIl) to 
the medium (120 pM). Most of this was reduced by endogenous 
reductants during the anaerobic preincubation before the addition of 
antimycin (0.1 p g / m g  of mitoehondrial protein) and myxothiazoi 
(0.15 p g / m g  of mitochondrial protein) as anaerobic solutions in 
ethanol at 14.5 rain and 15 rain, respectively. Cyanide was present at 
the concentrations indicated. FCCP, where indicated, was present at 1 
pM. Electron transfer through cytochrome-c oxidase was initiated 
after about 20 rain pre-incubation by adding air-saturated 150 mM 
KCI (preineubated at 25°(2) at a constant rate using a remote- 
controlled syringe. In all cases the rate-pulses were the same size 
consisting of a total of about 50 nmol oxygen added at about 3.2 

nmol/s. 
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Fig. 5. The effect of cyanide on proton pumping by mitochondrial 
cytochrome-c oxidase. Experimental details were as described in the 
legends to Figs. 4 and 2. Cyanide was present at the concentrations 
indicated. FCCP, where indicated, was present at 1 pM. Electron 
transfer through cytochrome-c-oxidase was initiated after about 20 
min pre-incubation by adding air-saturated 150 mM KCl (prein- 
cubated at 25 o C) at a constant rate using a remote-controlled syringe. 
The figure shows the average time-courses of A H~/2e-:  time-courses 
without FCCP are the averages from 12 rate-pulses; those with FCCP 
are the averages from eight rate-pulses. The rate-pulses were all of the 
same size, i.e. a total of about 50 nmol oxygen added at about 3.2 
nmol/s. The vertical lines mark the end of the oxygen addition. The 
average age of the mitoehondrial suspensions used was the same in 

each case. 

Fig. 4 show that this condit ion was more  than satisfied 
at the concentrat ion of cyanide used here (30/zM) since 
the level of oxygen observed shortly after rate-pulses 
with cyanide was always at least 10-times greater than 
that observed without cyanide (compare  Fig. 4, a and 
b). We conclude f rom this that the level of inhibition by  
the end of the rate-pulses was greater than 90%. 

The average time-courses for a number  of rate-pulses 
with and without cyanide are shown in Fig. 5A and it 
can be seen that cyanide binding causes no decrease (in 
fact, there is a slight increase) in the apparent  pro ton-  
motive stoicl~ometry of cytochrome-c oxidase. F rom 
this we conclude that, like cytochrome-c reductase, the 
functional unit for proton pumping  by  cytochrome-c 
oxidase is associated with individual electron transfer  
units. 

The final A H ~ / 2 e -  value reached in the presence of 
the uncoupler  FCCP,  i.e., the apparent  s toichiometry 
for the net scalar reaction of cytochrome-c oxidase, was 
somewhat  less than the theoretical value of - 2  when 
cyanide was present (Fig. 5B). Possible explanations for 
this and the slight increase in the pro tonmot ive  
stoichiometry will be discussed later. No te  that cyanide 
was found to be less effective in the presence of F C C P  
(Fig. 4, compare  d with b) and that  the concentrat ions 



used in the presence and absence of FCCP were 45/~M 
and 30/~M, respectively, so that the time-courses with 
cyanide in Fig. 5, A and B should not be compared 
directly. 

Discussion 

We have shown in this paper that partial inhibition 
of the osmoenzymes cytochrome-c reductase and cyto- 
chrome-c oxidase in rat liver mitochondria, using 
myxothiazol and cyanide, respectively, does not de- 
crease the protonmotive stoichiometry of either enzyme. 
This result allows us, using the reasoning laid out in the 
Rationale, to eliminate the possibility that the proton 
pumping activities of these enzymes are associated with 
pairs of electron transfer units operating in concert in 
dimers, and is consistent with the individual electron 
transfer units in each case being fully coupled to proton 
translocation. It should be noted that this reasoning is 
based on the assumption that the electron transfer unit 
of both enzymes is contained within the basic enzyme 
unit (defined as consisting of one copy of each con- 
stituent polypeptide [1,2]). While there seems to be no 
question that this is true for cytochrome-c oxidase, it is 
not universally accepted for cytochrome-c reductase, 
and models where the dimer is necessary for the elec- 
tron transfer function of this enzyme are still current 
(e.g., the 'double Q-cycle' model introduced by De Vries 
et al. [30]). Weiss and co-workers favour a 'dimeric'  
electron transfer model for the enzyme isolated from 
Neurospora crassa [31] and have found a titre of one 
inhibitor molecule per dimer for this enzyme using 
antimycin [32] (as did Graan and Ort [33] for the 
cytochrome bf complex with DBMIB). Also, De Vries 
[34] has failed to observe a monomeric form of re- 
ductase under ostensibly the same conditions as those 
used successfully in Ref. 5. However, we feel that the 
weight of evidence (see the Introduction), especially that 
from inhibitor titrations [11-15], favours a 'monomeric '  
rather than a 'dimeric'  electron transfer unit for cyto- 
chrome-c reductase. 

Finel and Wikstr/Sm have reported results that sug- 
gest that for cytochrome oxidase proton pumping is 
only observed when the dimeric form is reconstituted 
into phospholipid vesicles [35]. It should be pointed out 
that the present results are compatible with this since 
we have only demonstrated that there is no mechanistic 
requirement for the dimer with respect to proton pump- 
ing. A structural requirement where the conformation 
of the basic enzyme unit that is appropriate for proton 
pumping can only occur in dimers is still possible. Our 
results show that this conformation would also have to 
be present in a basic enzyme unit whose counterpart  in 
a dimer had been inhibited. 

A slight increase in protonmotive stoichiometry in 
the presence of cyanide was consistently observed. One 
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possible explanation for this increase is that cyanide 
binds preferentially to any uncoupled mitochondria pre- 
sent in the mitochondrial suspension (see Ref. 26 for a 
discussion of the effect of mitochondrial  damage on 
protonmotive stoichiometry). However, the observation 
that cyanide was less effective when the uncoupler 
FCCP was present (Fig. 4, compare d with b) seems to 
eliminate this possibility. Another  possibility is that a 
proton is released to the medium on cyanide binding. 
This would cause an apparent  increase in A H ~ / 2 e -  of 
between 0.02 and 0.04, taking the concentrat ion of 
oxidase in our mitochondrial suspensions to be between 
50 and 100 p m o l / m g  (i.e., twice the concentrat ion of 
reductase) and is supported by the observation of a 
difference of this size between the final A H ~ / 2 e -  
values observed with and without cyanide in the pres- 
ence of the uncoupler FCCP (Fig. 5B). However, a 
difficulty with this explanation is that Konstant inov et 
al. [36] have shown that the cyanide binding site in 
oxidase is in protonic contact with the mitochondrial 
matrix and not with the medium. 
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