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Summary 

Different approaches have been used to evaluate the stoichiometry of  proton 
translocation linked to cytochrome c oxidase in rat liver mitochondria.  

A mathematical model was designed that successfully describes the kinetics 
of  redox-linked proton translocation provided that the rate of  electron transfer 
is not  too  high. 

With ascorbate as reductant,  an essentially pH-independent (in the pH range 
6--8.5) pro ton  ejection stoichiometry (H*/e-} is obtained from either initial 
rates of  H ÷ ejection (0.86 ± 0.12), or the model (0.87 ± 0.14). 

Similar results are obtained with either ferrocyanide, N,N,N',N'-tetramethyl- 
p-phenylenediamine or externally added cytochrome c mediating between 
ascorbate and cy tochrome c in rotenone- and antimycin-inhibited mitochon- 
dria. 

Oxygen pulse experiments with ferrocytochrome c as substrate show fully 
uncoupler-sensitive redox-linked proton ejection with a stoichiometry of 0.78 + 
0.14. 

With murexide to measure Ca 2÷ uptake during oxidation of  ferrocyanide, 
we found a stoichiometry of  two positive charges taken up/electron trans- 
ferred, Confirming earlier findings. 

These results provide strong evidence that  cy tochrome c oxidase functions as 
a redox-linked proton pump with a stoichiometry of  one H ÷ ejected and two 
charges translocated/electron transferred. 

The thermodynamic consequences of  the proton pump are discussed and a 
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Abbreviations: H+/e-, protons ejected from mitochondria/c lectron transferred;~+/e - ,  net  charge t rans loca-  
t i on  (positive charge, inside to outside)/electron transferred; H+/ATP, protons t r ans loea t ed  (ou t s ide  to 
inside)/ATP synthesised; EGTA, ethylene glyco l  b i s (~ -aminoe thy l e the r ) -N ,N ' - t e t r aace t a t e ;  FCCP, tri- 
f l u o r o m e t h o x y p h e n y l h y d r a z o n e ;  Hepes,  N-2 -hydro  x ye thy lp iperaz ine-N ' -2 -e  thanesu l  fona te ;  TMPD, 
N,N,N',N'-tetramethyl-p-phenylenediamine. 



maximal P/O ratio of 1~ for 'site 3' is predicted in agreement with state 4 
redox potentials and phosphate potential. 

Introduction 

In contrast to the view that cytochrome c oxidase exclusively catalyses 
vectorial electron transfer across the mitochondrial inner membrane [1,2], 
much evidence has recently been brought forward indicating that the ~ d o x  
reaction is linked to true proton transport across the membrane with a H*/e - 
stoichiometry of 1 and a ~*/e- stoichiometry of 2. This evidence has been 
obtained from studies with intact mitochondria [3--6], inverted submitochon- 
drial particles [4,7--9] and liposomes reconstituted with purified cytochrome c 
oxidase [4,10]. 

As it is now generally understood that redox energy can be stored as an 
electrochemical proton gradient (AfiH*) across the mitochondrial inner mem- 
brane before it is used (e.g. to drive the phosphorylation of ADP to ATP) [11], 
it is clear that a study of the mechanism of generation of A~H÷ is essential for 
the understanding of the mechanism of oxidative phosphorylation. Therefore it 
is of great importance to test our proposal of a proton-translocating function of 
cytochrome c oxidase under as many conditions as possible. 

Main consequences of the proposed proton-pumping activity of cytochrome 
c oxidase are, that for every electron transferred from cytochrome c to oxygen, 
two protons are taken up from the aqueous matrix space (M-space), one proton 
is released into the outside (cristae) aqueous space (C-space; the other proton 
being consumed in the reduction of oxygen to water) and two positive charges 
are translocated from the M- to the C-side of the membrane [12]. One of these 
charges originates from the translocated proton, and the other results from the 
combination of an electron originating in the C-space (where cytochrome c 
reacts) with a proton originating in the M-space, in the reduction of oxygen. 

It is obvious that the exact stoichiometries of proton uptake and release and 
of charge transfer are important not only for the information they contain 
about the actual mechanism of energy conservation, but also because they have 
direct consequences for the thermodynamic relationship between redox poten- 
tial and protonmotive force (A~w) and, indirectly, for that between redox 
potential and phosphorylation potential. 

In this paper we will demonstrate the proton-translocating function of cyto- 
chrome c oxidase with the oxygen pulse technique [13,14], using externally 
added ferrocytochrome c as substrate. We will also evaluate the stoichiometry 
of proton ejection when mitochondria catalyse oxidation of ascorbate by 
oxygen (with several reagents mediating between ascorbate and endogenous 
cytochrome c). 

Proton ejection stoichiometry is measured from extents of H ÷ ejection, from 
initial rates, or indirectly (and independently) by using a mathematical model 
designed to describe the proton-pumping function of oxidase. All methods 
yield values close to one H ÷ ejected/electron transferred. The effects of extra- 
mitochondrial pH and of rate of electron transfer on this stoichiometry are 
studied, and limitations of the model used are discussed. 



The stoichiometry of  charge translocation is determined with ferrocyanide as 
reductant  and Ca 2÷ as permeant  ion. From the influx of  Ca 2÷ a stoichiometry 
of  two charges/electron is obtained, confirming earlier findings [5,6]. 

These results are in contrast  to recently published experiments of  Moyle and 
Mitchell, who, using the oxygen pulse technique with fer rocytochrome c as 
substrate, did not  observe any H * ejection [2,15].  We will discuss some proba- 
ble reasons for this discrepancy. 

Methods and Materials 

Rat  liver mitochondria were prepared as described previously [16].  Ferro- 
cytochrome c was prepared by reducing horse heart cytochrome c (Boehringer) 
with a few grains of  solid dithionite, an excess of  which was removed by  
chromatography on a Sephadex G-25 column. 

Mitochondrial protein was determined according to Lowry et al. [17] using 
human serum albumin as a standard. 

Ferrocyanide,  N,N,N' ,N ' - te t ramethy l -p-phenylenediamine  (TMPD) and 
ascorbate solutions were prepared freshly each day. 

pH was measured with an Ingold combinat ion electrode connected to an 
Instrulab IM 555 pH meter.  Traces were calibrated using standard solutions of  
oxalic acid and HC1. 

Oxygen consumption was measured with a Clark electrode (Yellow Springs) 
equipped with an extra thin Teflon membrane and connected to an oxygen 
probe amplifier designed and built at the Johnson Research Foundation,  Phila- 
delphia. Calibration was done as described in detail previously [18].  

Optical measurements were done with a DBS-1 dual wavelength spectro- 
photometer  (Johnson Research Foundation) .  

FCCP was a gift of  Dr. P.G. Heytler;  all other  chemicals were commercially 
available products  o f  the highest purity. 

Results 

Ma thema tical mode l  o f  I-I + translocation 
In Fig. 1A a scheme is given which is used to describe the pH changes which 

may occur when aerobic mitochondria are pulsed with a reductant.  It shows 
the mitochondrial  inner membrane together with the two aqueous phases that  
surround it. The membrane-bound respiratory enzyme catalyses electron trans- 
fer from reductant  to oxidant with a rate r, which is assumed to be constant  
during the experiment,  nl and n2 indicate the stoichiometry (H÷/e -) by which 
protons are released on either side of  the membrane,  obligatorily linked to 
electron transfer. These numbers include uptake or release of  protons by the 
reductant  or by  the oxidant,  and may be negative (indicating proton uptake).  
V1 and V2 are factors with the dimension of  volume, which relate the total 
number  of  protons available in the two water phases (NI and N2) to the free 
proton concentrations: 

[H ÷] 1 = NI/VI ( la)  

[H+]2 =N:/V: ( lb)  

VI and V2 thus contain the buffering properties of  the two phases, and are 
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Fig .  1 .  A t h e o r e t i c a l  m o d e l  o f  r e d o x - l i n k e d  p r o t o n  t r a n s l o c a t i o n .  ( A )  S c h e m e  i l l u s t r a t i n g  t h e  m o d e l .  

E x p l a n a t i o n  see  t e x t .  ( B )  S i m u l a t e d  p r o t o n  e j e c t i o n  w i t h  f e r r o c y a n i d e  as r e d u c t a n t .  C u r v e  a :  n 1 = 1,  

n 2 = - - 2 ,  k / V  2 = 0 . 3  s - ! .  C u r v e  b :  n I = O, n 2 = - - 1 ,  k / V  2 = 0 . 3  s - 1 .  C u v e  c:  n t + n 2 = - - 1 ,  k / V  2 i n f i n i t e l y  

l a r g e .  ( C )  S i m u l a t e d  p r o t o n  e j e c t i o n  w i t h  a s c o r b a t e  as  r e d u c t a n t .  C u r v e  a :  n 1 = 1 . 5 ,  n 2 = - - 2 ,  k / V  2 = 

0 . 2  s - I .  C u r v e  b :  n I = 0 . 5 ,  n 2 = - - 1 ,  k / V  2 = 0 . 3 s  - 1 .  C u r v e  c :  n I + n  2 = - - - 0 . 5 ,  k / V  2 i n f i n i t e l y  l a r g e .  In  

a l l  s i m u l a t i o n s  r = 2 0  # M  e - / m i n .  

assumed to be constant during the experiment under consideration. 
The single arrow in Fig. 1A indicates unspecific proton diffusion across the 

membrane with first-order rate constant k. The scheme also indicates that any 
electric potential difference across the membrane is efficiently nullified by 
electrophoretic movement of  a permeant ion, e.g. K ÷ in the presence of  valino- 
mycin (double arrow in Fig. 1A). It may therefore be assumed that proton 



diffusion is linearly proportional to the concentration difference of H + across 
the membrane. Using the definitions of Eqn. 1, the unspecific diffusion rate of 
H ÷ is therefore given by: 

Vdiff = k(Nz/V2 - - N t / V l )  (2) 

where k is the diffusion constant. 
With the three assumptions made (constant r, constant V1 and V2 and linear 

diffusion) the changes in amounts of protons in the two aqueous phases with 
respect to time can be described by: 

dN1 
- n~r + k(N2/V: --N~/V~) (3a) 

dt 

d N  2 
- n2r - -  k(N2/V2 - -  N I / V I  ) 

dt  

Solution of these equations yields: 

A N ' = v ~  + v2 V2 . t - -  (V~ + V2)k exp - -k t  i 

V, V2 [(n1+n:)r 
AN2 = V~ + V2 V~ • t + 

(V2n, - -  V,n:)r  ( { (__~ 
(V1 + V2)k exp - -k t  

(3b) 

(4a) 

(4b) 

Since Vx and V2 reflect to a large extent the actual volumes of the outer and 
inner aqueous phase, respectively, V2 is much smaller than Vx. Eqn. 4a may 
therefore be approximated by: 

AN1 = (nl + n2)rt + (n2rV2/k)[exp{- -k t /V2}  --  1] (5) 

In Fig. 1B and C some theoretical curves derived from this expression are 
shown. In Fig. 1B curves are given for the oxidation of ferrocyanide by oxygen. 
This is shown for a pure electron-translocating oxidase, as proposed by Mitchell 
and Moyle [1,2] (b), for a proton-translocating oxidase as proposed by 
Wikstr5m [3] (a), and for both cases in the presence of uncoupler (k is very 
large, c). In Fig. 1C similar curves are given with ascorbate as reductant, which 
itself produces one proton/two electrons on oxidation at pH 7. 

Oxidation o f  ascorbate 
Fig. 2 depicts an experiment using ascorbate plus ferrocyanide as reducing 

system. As shown in Fig. 2B this results in a reasonably constant rate of 
electron transfer, one of t h e  necessary conditions for using Eqn. 5. The 
medium contains Mg 2÷ to promote the reaction between ferrocyanide and the 
respiratory chain [19], so that a relatively low concentration of ferrocyanide 
can be used to mediate between ascorbate and endogenous cytochrome c. 

It may be derived from Eqn. 5 that the trace shown in Fig. 2A (as the traces 
in Fig. 1) has an asymptote with slope (n~ + n2)r, and that the vertical distance 
d from the curve to this asymptote (see Fig. 2A) depends exponentially on time. 
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F ig .  2.  P r o t o n  e j e c t i o n  a n d  u p t a k e  c o u p l e d  t o  o x i d a t i o n  o f  a s c o r b a t e  c a t a l y s e d  b y  r a t  l iver  m i t o c h o n d r i a  
p lu s  f e r r o c y a n i d e .  T h e  m e d i u m  c o n t a i n e d  1 5 0  m M  s u c r o s e ,  3 0  m M  KCI,  2 m M  MgCI 2,  0 .1  m M  E D T A ,  
1 m M  H e p e s ,  1 .4  m M  a s c o r b a t e ,  5 .6  ~M r o t e n o n e ,  0 . 1 2 / ~ g / m l  a n t i m y c i n ,  1 .87  ~tg/ml o l i g o m y c i n ,  1 8 7 / ~ M  
N - e t h y l m a l e i m i d e ,  0 . 1 9  /~g/ml v a l i n o m y c i n  a n d  1 .51  m g / m l  m i t o c h o n d r i a l  p r o t e i n ,  a t  p H  7.1 a n d  2 1 ° C .  
Th i s  m e d i u m  w a s  d i v i d e d  b e t w e e n  a p H  m e t e r  vessel (2  m l )  a n d  a n  o x y g r a p h  ( 1 . 7 5  ml ) ,  b o t h  c o n n e c t e d  t o  
t h e  s a m e  t h e r m o s t a t e ,  a n d  t h e  r e a c t i o n  w a s  s t a r t e d  b y  a d d i t i o n  o f  1 m M  p o t a s s i u m  f e r r o c y a n i d e  ( F O C )  t o  
b o t h  vessies .  ( A )  P r o t o n  u p t a k e  a n d  re lease .  - - ,  in i t ia l  r a t e  o f  p r o t o n  re lease ,  a n d  a s y m p t o t i c  r a t e  o f  
p r o t o n  u p t a k e ,  d ,  t h e  d i s t a n c e  b e t w e e n  t h e  cu rve  a n d  t h e  a s y m p t o t e  (d 0 a t  t = 0) .  (B)  Para l le l  m e a s u r e -  
m e n t  o f  o x y g e n  u p t a k e .  (C)  S e m i l o g a r i t h m i c  p l o t  o f  d a g a i n s t  t ime .  

Fig. 2C shows that  this prediction from the model is fulfilled experimentally. 
From an experiment  such as that  of  Fig. 2 the stoichiometric numbers n l and 
n2 can be calculated in two ways. 

(1) From the initial rate of  H + ejection. From the slope of  the asymptote  of  
the trace in Fig. 2A ((nl + n :) • r = --2.73 ~zM H+/min) and the slope of the 
trace in Fig. 2B (r = 5.89 ~Vl e- /min)  it can be calculated that  (n+ + n2) = 
--0.46 H+/e - (which corresponds to a proton release by ascorbate of  1.08 H+/ 
2e- at this pH). From Eqn. 5 it can be derived that  the initial slope of  the trace 
in Fig. 2A (after an initial alkalinisation artefact  upon addition of  ferrocyanide 
that  is discussed elsewhere [18])  should be equal to nl • r (=8.42 ~ I  H+/min). 
Hence it can be calculated that  nt = 1.43 and n2 = --1.89 H+/e-. Subtracting the 
H + released on oxidation of  ascorbate (0.54 H+/e-, see above) the  cytochrome 
c oxidase reaction is found to be linked to ejection of  0.89 H+/e- into the 
C-space, and to uptake of  1.89 H÷/e - (n2) from the M-space. This agrees well 
with our  previous findings (see Introduction).  

(2) From ~ exponential  parameter  by use of  the model.  Measurements of  
initial rates are usually difficult and prone to error. Therefore a second method  
to calculate n2 may be used. From Eqn. 5 it can be seen that  the  initial distance 
to the asymptote  (do, see Fig. 2A) equals n2 • rV2/k  (=34.15 ~ I-I*). When this 
is multiplied by the  apparent  diffusion constant  obtained from Fig. 2C ( k /V2  = 
0.325 raM-l), and divided by r (=5.89 ~M e- /min) ,  the result yields directly 
n2 = --1.88 I-r/e-,  which corresponds to  0.88 H+/e- tranalocated across the 
membrane,  and is in excellent agreement  with the result obta/ned indepen- 
dently above. 



In Fig. 3 the results of  a t rea tment  like this are shown for experiments per- 
formed over a range of  different pH values. The number  of  protons pumped 
across the membrane/e lect ron transferred (a) is plotted, as calculated either 
from the initial slope (A) or from the parameters of  the exponential (B). It is 
clear that  the stoichiometry of  H ÷ ejection is essentially independent  of  extra- 
mitochondrial  pH in the range between pH 6 and pH 8.5, and that  the 
stoichiometries obtained with the two methods agree closely. 

V a r i a t i o n  o f  m e d i a t o r  in t h e  a s c o r b a t e  s y s t e m  

Fig. 4 shows the comparison of  several reducing systems for the oxidase. In 
this case the slopes of traces like that  of  Fig. 2A are divided by r and then 
plotted, so that  a curve is obtained described by: 

slope = (nl  + n2) - -  n2 • e x p ( - - k t / V 2 }  (6) 

For  clarity the results which are obtained in the presence of  uncoupler  are also 
included. From these plots an impression can be easily obtained of  n~ (from the 
initial value), (hi ÷ n2), and of  the kinetics of  back diffusion of  protons. 

It is clear that  TMPD can substitute for ferrocyanide (see also [ 6 ] ) w i t h o u t  
changing either n~ (which is about  1.5) or the diffusion kinetics (compare Fig. 
4A and B). However, with externally added ferrocytochrome c as mediator  
between ascorbate and oxidase, n~ appears to be 1 and the backflow of  protons 
is much faster (Fig. 4C). 
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Fig.  3 .  C a l c u l a t e d  s t o i c h i o m e t r y  o f  p r o t o n  t r a n s l o c a t i o n  as a f u n c t i o n  o f  p H .  T h e  m e d i u m  c o n t a i n e d  
1 5 0  r a m  s u c r o s e ,  2 0  m M  KCI,  1 0  m M  MgCI 2, 5 r aM E D T A ,  1 m M  H e p e s ,  9 ,6  ~ M  r o t e n o n e ,  0 . 0 6  ~ g / m l  
a n t i m y c i n ,  1 6 0  /~M N - e t h y l m a l e i m i d e ,  0 . 0 6 / ~ g / r a l  o l i g o m y c i n ,  0 . 0 3  . g / r a l  v a l i n o r a y c i n ,  1 .6  m M  a s e o r b a t e  
a n d  1 . 0 5  m g / r a l  m i t o c h o n d r i a l  p r o t e i n  a t  2 2 ° C .  T h e  r e a c t i o n  w a s  s t a r t e d  b y  a d d i t i o n  o f  0 . 4  r a m  p o t a s -  
s iura  f e r r o c y a n t d e .  O x y g e n  c o n s u m p t i o n  a n d  c h a n g e s  in  p H  were  r e c o r d e d  s i m u l t a n e o u s l y  as d e s c r i b e d  in 
the  l e g e n d  t o  Fig .  2.  (A)  T h e  n u m b e r  o f  P r o t o n s  (a)  t r a n s f e r r e d  a c r o s s  t h e  r a e r a b r a n e  as  c a l c u l a t e d  f r o m  
the  in i t i a l  s lope .  (B)  T h e  n u m b e r  o f  p r o t o n s  as  c a l c u l a t e d  f r o m  the  e x p o n e n t i a l  p a r a m e t e r s  (see t e x t ) .  The  
n u m b e r s  g iven  r e f e r  t o  t h e  m e a n s  o f  t h e  d e t e r m i n a t i o n s  ( w h e n  it  is a s s u m e d  t h a t  there  is n o  e f f e c t  o f  p H )  
t o g e t h e r  w i t h  t h e  s t a n d a r d  d e v i a t i o n .  
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Fig. 4. The  ef fect  o f  different  mediators  b e t w e e n  ascorbate  and ( endogenous )  c y t o c h r o m e  c. The m e d i u m  
conta ined  150  m M  sucrose ,  30  m M  KCI,  10  m M  MgC! 2, 5 m M  E D T A ,  1 m M  Hepes ,  6 m M  ascorbate,  
11 pM r o t e n o n e ,  0 .23  pg/ml  ant imyc in ,  0 .07  pg /ml  mi tochondr ia l  prote in ,  at pH 7.1 and 19 ,5°C.  The 
react ion was  started wi th  0.4  m M  f e r r o c y a n i d e  (A) ,  20 pM T M P D  (B),  o r  3 .5  ~M f e r r o c y t o c h r o m e  c (C). 

Oxygen  uptake  and pH changes were  recorded  as described for Fig. 2, a n d  the ratio of  the s lopes  o f  the 
pH trace to  the 0 2  uptake  trace is p lo t ted  as a funct ion  of  t ime.  o,  in the absence of  uncoupler;  X, plus 
0.9 pM FCCP.  - . . . . .  , theoret ical  initial (+1.5)  and final ( - -0 .5 )  values o f  the ratio of  s lopes.  

The lower value of  n, is caused by the fact that reduced cytochrome c 
{which is oxidised very rapidly) was used to initiate the reaction, and that the 
reduction rate of  oxidised cytochrome c by ascorbate is s low under the pre- 
vailing condit ions (not shown).  So during the initial stages of  the reaction 
cytochrome c (an electron donor at this pH) is oxidised, and all the proton 
production seen is due to the proton pump (with the expected stoichiometry 
of  one H*/e-).  In later stages also the protons produced by ascorbate oxidation 
become significant, so that the final value for (nl + n2) in Fig. 4C is similar to 
those in Fig. 4A and B. 

The fast backflow of  H ÷ seen in Fig. 4C may be explained by the very high 
oxidation rate of  ferrocytochrome c, which leads to a fast exhaustion o f  the 
proton buffer inside the mitochondria.  Especially under these condit ions the 
assumption of  a constant V2 (see above) might be longer hold. The observation 
that slow backflow kinetics are seen, when oxidised cytochrome c is used to 
start the reaction in the presence of  ascorbate (not shown) agrees with this 
explanation. 

It is possible to test the effect o f  an exhausted inner proton buffer also with 
ascorbate plus ferrocyanide as reducing system. From the traces shown in 
Fig. 5A it can be seen that when r is increased by raising the concentration of  
ferrocyanide, the proton backflow rate becomes faster (which can be  seen from 
a decrease of  the time at which the trace 'turns', T). Moreover, the proton 
uptake phase no  longer fol lows the simple kinetics predicted by the model.  
Hence the H ÷ transport can be described adequately by Eqn. 5 only  at rela- 
tively low respiratory rates (r). Fig. 5B shows that there is a linear relationship 
between r and the inverse o f  ~, the latter of  which can be shown to be propor- 
tinal to  k/V: in cases where Eqn. 5 applies. 
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a s c o r b a t e ,  9 . 6  /~M r o t e n o n e ,  0 . 2 1  Dg/ml  a n t i m y c i n ,  3 2 0  p M  N - e t h y l m a l e i m i d e ,  0 . 0 8  p g / m l  v a l i n o m y c i n  
a n d  0 . 8  m g / m l  m i t o c h o n d r i a l  p r o t e i n  a t  p H  7 . 1 2  a n d  2 2 ° C .  T h e  r e a c t i o n  w a s  s t a r t e d  b y  a d d i t i o n  o f  
v a r i o u s  a m o u n ~  o f  f e r r o c y a n i d e  ( F O C ,  c o n c e n t r a t i o n s  in  m M  a re  g iven  in  t h e  f igu re ) .  (A)  P r o t o n  e j e c t i o n  
a n d  u p t a k e .  (B)  P lo t  o f  1 / r  a g a i n s t  r. T is t h e  t i m e  a t  w h i c h  t h e  t r a c e s  s h o w n  in  ( A )  t u r n  f r o m  n e t  e j e c t i o n  
o f  p r o t o n s  t o  n e t  u p t a k e .  

Oxygen pulse with ferrocytochrome c as substrate 
Fig. 6 shows an example of oxygen pulse measurements (for technique, see 

[14]) with rat liver mitochondria oxidising added cytochrome c. Even though 
cytochrome c is a pure electron donor at pH 7, the pulse of oxygen-containing 
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Fig. 6. P r o t o n  t r ans loca t ion  l inked  to  o x i d a t i o n  o f  c y t o c h r o m e  c b y  rat l iver ra i tochondria .  The m e d i u m  
c o n t a i n e d  120  raM KC1, 1 m M  E G T A ,  1 m M  Hepes ,  10 r a m  MgSO4,  15 pM r o t e n o n e ,  0 .53  #g / ra l  valino- 
m y c i n ,  5.3 #g / ra l  o l igorayc in  a nd  263 #M N-e thy l raa le i ra ide ,  saturated  w i t h  N 2 gas. Ra t  liver r a i tochon-  
dr ia  were  a d d e d  to  a final c o n c e n t r a t i o n  of  0 .46  #M cy tocbxorae  a a  3 ( app rox .  3.3 rag/ ra l  m i t o c h o n d r i a l  
pro te in ) .  A f t e r  a further  i n c u b a t i o n  for 5 rain f e r r o c y t o c h r o r a e  c was ad d ed  to a c o n c e n t r a t i o n  o f  
118  ~M, and  a f t e r  a f u r t h e r  5 rain,  0 . 084  n m o l / r a g  p ro t e in  an t i r ayc in  was added .  Final  vo lu rae  3.8 ral, 
pH 7 . 0 4 ,  t e m p e r a t u r e  2 4 ° C .  A f t e r  a 1 5 - - 2 0  ra in  i n c u b a t i o n  o x y g e n  was a d d e d  as al iquots  o f  KC1/MgSO4/ 
E G T A / H e p e s - c o n t a i n i n g  m e d i u m ,  the  o x y g e n  c o n c e n t r a t i o n  o f  w h i c h  wa s  s i m u l t a n e o u s l y  m e a s u r e d  
po la rograph ica l ly  in a separate  c u v e t t e ,  c o n n e c t e d  to  the  s a m e  t h e r m o s t a t e .  The  o x y g e n  add i t i on  in (A) ,  
and  the  first a d d i t i o n  in (B) c o r r e s p o n d  each  to  1.57 #M O, whi le  the  second  add i t ion  in (B) is 3 .13  #M O. 
. . . . . .  , o t h e r w i s e  ident ica l  e x p e r i m e n t s  in the  presence  o f  0 .33  #M FCCP. Th e  s ta r t ing  level  (be fo re  0 2  
add i t i on )  o f  the  FCCP e x p e r i m e n t s  has b e e n  adjusted  (w i th  HCI) to  be  the  s a m e  as the  co r r e spond ing  
trace w i t h o u t  u n c o u p l e r .  

medium unequivocally results in ejection of  H ÷ from the mitochondria. The 
net H ÷ ejection is completely abolished in the presence of  the uncoupler FCCP 
(dotted traces). In contrast to analogous experiments with hydrogen donors as 
substrate, the reduction of  oxygen by ferrocytochrome c is linked to an overall 
uptake of  one H÷/e -. This is seen as an alkalinisation of  the medium after each 
pulse of  oxygen (Fig. 6). It is essential to note that the extent of overall 
alkalinisation is the same (within 5% experimental error) whether FCCP is 
present or not, and equivalent to consumption of  exactly four H÷/O2 added. As 
pointed out previously [18],  this finding excludes the possibility that the H ÷ 
ejection is due to a scalar production of  acid, coupled to oxidation of  cyto- 
chrome c. The properties of  the H ÷ ejection are fully consistent with true 
proton transport across the membrane (see Discussion). 

The stoichiometry of  H ÷ ejection (the H÷/e- quotient) may be evaluated in 
this type of  experiment by extrapolation o f  the decay phase to a point half- 
way between addition of  oxygen and anaerobiosis~(see [14]).  AppEtcation of  
this procedure to data such as those of  Fig. 6 yields H÷/e - stoichiometries close 
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Fig. 7. Calcium uptake induced by oxidation of ferrocyanide by rat liver mitochondria. The medium con- 
tained 200 mM sucrose, 20 mM KCI, 1 mM Hepes, 19 #M rotenone, 0.2 #g/ml antimycin, 62.5 #M CaC12 
and approx. 2 mg/ml mitochondrial protein. (A) 62.5 #M phenol red present, pH changes measured at 
560--580 nm. (B) 62.5 #M murexide present, changes in Ca 2+ concentration measured at 540-  507 rim. 

to unity.  In a typical series of  eight separate oxygen pulses of  different magni- 
tude the quot ient  was 0.78 + 0.14 (mean +S.D.). 

Charge transfer stoichiometry 
In the absence of  valinomycin, Ca 2÷ can take the place of  K ÷ in compen- 

sating for the charge separated caused by  the oxidase [5].  In Fig. 7 proton and 
calcium movements  are shown which can be measured when mitochondria are 
oxidising ferrocyanide. From the initial rates it can be calculated that  1.03 Ca 2÷ 
are taken up /pro ton  extruded.  This confirms our earlier findings, using 
Arsenazo III as indicator o f  Ca 2÷ concentration,  instead of  murexide. Because 
Ca 2÷ is taken up with two electrical charges [20,21] this means that  two 
charges are translocated/electron transferred, which fits with the expectat ion 
based on a proton pump that  transports one H÷/e -. This finding also agrees 
with the results of  Sigel and Carafoli [6],  who used a potassium-sensitive elec- 
t rode to measure K ÷ movements  in the presence of  valinomycin. 

D i s c u s s i o n  

The model  o f  Fig. 1A, together with the  assumptions made, gives an 
adequate description of  pro ton  transport  coupled to activity of  cy tochrome c 
oxidase, and the subsequent  back-diffusion of  protons,  provided that  the rate of  
the redox reaction is not  t oo  high, and that  the proton buffer  in the aqueous 
M-space is not  exhausted. It seems that  the critical approximation made in the 
derivation of  Eqn. 5 is considering the factor  172 a constant,  related t o  the 
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diffusion of  H ÷ as indicated by Eqn. 2 *. A bet ter  description of  the diffusion 
process might be given by assuming the H ÷ diffusion to be proportional to 
A~H+ (in this case, with KC1 and valinomycin present: ApH, see also [22]) ,  but  
this would still require a quantitative t reatment  of  the buffering properties of  
the two water phases. Such an extension would impede the explicit solution of  
the equivalent of  Eqn. 3. 

In cases of  low electron transfer rates, where the model fits the experimental 
data, the stoichiometry obtained from the exponential parameters agrees very 
well with the values obtained from initial rates with ferrocyanide as single 
reductant  (see also [3--5].  This stoichiometry of  H ÷ ejection falls in the range 
0.7--1.0 {Fig. 3). 

The same stoichiometry is found whether  ferrocyanide, TMPD or (taking 
into account  the fast oxidation of ferrocytochrome c and its slow re-reduction 
by ascorbate) externally added cytochrome c is used as a mediator between 
ascorbate and endogenous cytochrome c. It is unlikely that a shunt around the 
antimycin block [2] is responsible for the observed proton ejection. If this 
were the case, TMPD, ferrocyanide and cytochrome c would be expected to 
give rise to different stoichiometries, according to their respective tendencies to 
shortcircuit site 2. Moreover, we have previously shown directly [18] that  
ferri-/ferrocyanide does not  shunt electron across the antimycin block under 
these conditions, and Sigel and Carafoli [6] have shown that  in the case where 
TMPD mediates between ascorbate and endogenous cytochrome c, the TMPD- 
catalysed shunt around the antimycin block is much to slow to account  for the 
rate of  proton ejection observed in this system. ~-÷ 

A proton ejection stoichiometry of  0.78 H /e- is obtained from the extents 
of  proton ejection in a series of  oxygen-pulse experiments with ferrocyto- 
chrome c as substrate in excellent agreement with the previous type  of  experi- 
ment.  This result moreover agrees with reductant-pulse experiments using the 
same substrate [18].  In contrast  with this, however,  Moyle and Mitchell [2,15, 
23] have reported that  no H ÷ extrusion is linked to cytochrome c oxidase 
activity during oxygen-pulse experiments with ferrocytochrome c as substrate. 

Instead these authors found an artefactual acidification linked to the 
reaction, which was insensitive to uncouplers (contrast Fig. 6), and which they 
assumed could explain our previous experimental findings. Moyle and Mitchell 
also reported that  this artefact  was abolished by Mg 2+ [2,23],  and that no H ÷ 
ejection was observed under such conditions. In view of this controversy we 
must re-emphasize that  artefacts of  this kind were excluded in all our published 
cytochrome c pulse experiments both  with cytochrome c oxidase vesicles 
[4,10] and with mitochondria  [18],  by the demonstrat ion that  the overall 
consumpt ion of  H ÷ is independent  of  uncoupler  and, within experimental error, 
equal to one H+/e - (see also p. 10). 

Our oxygen-pulse experiments (Fig. 6) were performed under conditions 
similar to those described by  Moyle and Mitchell [2,23],  except  that  we used a 

* Were t h e  a s s u m p t i o n  n o t  val id t h a t  V 2 i s  m u c h  smal ler  t h a n  V 1 , c o m p a r i s o n  o f  Eqns .  4a  and  5 s h o w s  
t h a t  t h e  la t ter  c a n  sti l l  b e  u s e d  to  f i t  t h e  data  w i t h  a p p a r e n t  va lues  for  n 1 , n 2 a n d  k / V  2 . In s u c h  a c a s e  

n l  ( a p p a r e n t )  c a n  b e  s h o w n  to  b e  e q u a l  t o  n 1 so  t h a t  t h e  c o r r e c t  s t o i c h i o m c t r y  o f  H* e j e c t i o n  w i l l  

n e v e r t h e l e s s  b e  o b t a i n e d .  
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KC1 medium instead of  sucrose. The absence of  the acidification artefact is 
ascertained by 10 mM MgSO4 (see [23])  and is also directly verified from the 
extent  of  overall H + uptake/oxygen added. The unequivocal H + ejection shown 
in Fig. 6 is hence in clear contrast  to the absence of  such an effect  in Moyle and 
Mitchell's experiments.  A detailed s tudy of  their published experiments reveals, 
however,  that  under all conditions where the acidification artefact was sup- 
pressed, the experiment was either done in the absence of  added K ÷ [15,23] or 
N-ethylmaleimide [2 ]. 

In the former case the necessary charge compensat ion for H + translocation, 
viz. by influx of  K + catalysed by valinomycin, is insufficient as we have shown 
previously [24],  lowering considerably extramitochondrial  detect ion of  trans- 
located H +. In the absence of  N-ethylmaleimide there is very fast re-uptake of  
H ÷ with phosphate,  driven by the pH gradient [24,25],  which also largely 
prevents detect ion of  ~I ÷. 

In oxygen-pulse experiments with added ferrocytochrome c as substrate, an 
appreciable antimycin-insensitive re-reduction of  the cytochrome by 
endogenous hydrogenated substrates may occur (see [15]).  This side reaction 
is, however, much slower than oxidation of  the cytochrome and H ÷ ejection 
which follows the oxygen pulse. This artefact, when appreciable, nevertheless 
makes quantitative analysis of  the experiment very difficult due to acidic drifts 
in the pH traces after anaerobiosis. Fortunately this obstacle can be overcome 
(as shown in Fig. 6) by using relatively low concentrations of  mitochondria,  
but  more important,  by including N-ethylmaleimide. It can be shown directly 
(unpublished results) that N-ethylmaleimide effectively blocks antimycin- 
insensitive re-reduction of  cytochrome c. Hence there are two good reasons to 
include N-ethylmaleimide in this type  of  experiment. 

Recently Lehninger and coworkers have claimed that transfer of  electrons 
through cytochrome c oxidase is coupled to release of  two H+/e - [26,27].  
According to these authors this result is only obtainable with high ferrocyanide 
concentrat ion ( or with TMPD + ascorbate), hence at high rates of  electron 
transfer. We have not  been able to reproduce these results either under identical 
(unpublished results) of  slightly different conditions [4,24].  

From a thermodynamic point  of  view the stoichiometries of  proton uptake, 
proton ejection and charge translocation are compatible with the state 4 redox 
potential difference between cytochrome c and oxygen (see e.g. [ 2 8 ] ) a n d  the 
A~H+ in state 4 [29].  When it is taken into account  that  under most  conditions 
the pH change in the matrix is much larger than that extramitochondrially 
upon transport  of  protons from inside to outside, it is clear that  ApH is deter- 
mined mainly by the rise of  pH in the M-space. Therefore, uptake of  two 
protons at the inside, transfer of two positive charges from the inside to the 
outside and release of  one proton at the outside in the cytochrome e oxidase 
reaction is energetically closely equivalent to electrogenic transport  of  two 
protons from the inside to the outside. 

In state 4 a maximal A~H* of  228 mV has been measured [29],  and the 
redox potential  difference between cytochrome c and oxygen amounts to 
about  500 mV. The transfer of  one electron from cytochrome c to oxygen 
hence provides enough energy to transport  two protons across the membrane 
at near-equilibrium conditions. Since it appears most  likely, both from thermo- 
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dynamic considerations [29--32] and from direct measurement of ~I+/ATP 
[33], that three H + are translocated back into the M-space for each ATP 
produced extramitochondrially, we would expect that the maximal P/O 
quotient of phosphorylation linked to the cytochrome c oxidase reaction is 
2 × ( 2 H ~ / e - ) / ( 3 ~ I ÷ / A T P )  = 1~. This does not disagree with reported P/O 
quotients [ 34], but a more thorough study of 'site 3' phosphorylation seems to 
be indicated. Recently Brand et al. [35] have found that the stoichiometry of 
charge translocation of site 3 is about ~ of that of sites 2 + 3, which fits excel- 
lently with our expectation [ 12]. 

The finding that the H+/electron stoichiometry hardly varies between pH 6 
and pH 8.5 (see also [4]) is a property one would expect from an efficient 
energy-conserving translocation of protons. As already pointed out before [12] 
a change of stoichiometry upon changing the pH would imply a loss of energy in 
the coupling process between redox reaction and phosphorylation of ADP in 
that pH range. 

We conclude from this and earlier [3--5,7,12,10,18] studies that with a 
variety of substrates, techniques and preparations it can be unequivocally 
shown that redox activity of cytochrome c oxidase is coupled to the transport 
of one H+/e - across the inner mitochondrial membrane (inside to outside), with 
translocation of two positive charges/e- in the same direction. The proton- 
pumping activity is in accordance with the thermodynamic properties of this 
part of the respiratory chain. 
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