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Effect of Membrane Potential and pH Gradient on Electron Transfer in 
Cytochrome Oxidase? 
Patricia McGovern Moroney,t Timothy A. Scholes, and Peter C. Hinkle* 

ABSTRACT: Steady-state spectra of cytochrome oxidase in 
phospholipid vesicles were obtained by using hexaammine- 
ruthenium(I1) and ascorbate as reductants. Cytochrome a was 
up to 80% reduced in the steady state in coupled vesicles. 
Upon addition of nigericin or acetate, which decrease ApH, 
resulting in an increase in A$, cytochrome a became more 
oxidized in the steady state with no change in the rate of 
respiration. On the other hand, uncouplers or valinomycin plus 
nigericin, which lower both A$ and ApH, stimulated respi- 
ration 2-8-fold and also lowered the steady-state level of re- 
duction of cytochrome a. These experiments indicate that 

A l t h o u g h  there is still controversy regarding the existence 
of proton transport in addition to transmembrane electron 
transfer in cytochrome oxidase (Mitchell & Moyle, 1983), the 
evidence for proton transport is substantial (Wikstrom & Krab, 
1979), particularly in reconstituted cytochrome oxidase vesicles 
(Wikstrom & Saari, 1977; Sigel & Carafoli, 1978; Coin & 
W e ,  1979; Casey & Azzi, 1983). It appears that one proton 
is transported per electron transferred from cytochrome c, 
although it has been reported that two protons are transported 
per electron (Reynafarje et al., 1982). 

Studies on the mechanism of proton transport by cyto- 
chrome oxidase have focused on cytochrome a and subunit I11 
of the enzyme. The midpoint potential of cytochrome a is 
influenced by the pH inside mitochondria (Artzatbanov et al., 
1978), and in its reduced form, cytochrome a shows a small 
energy-dependent spectral shift (Wikstrbm, 1972). Subunit 
I11 of cytochrome oxidase has been implicated in proton 
transport more directly. When subunit I11 is covalently labeled 
with N,N'-dicyclohexylcarbodiimide (DCCD)' (Casey et al., 
1980) or is removed from the enzyme (Saraste et al., 1981), 
the reconstituted oxidase no longer translocates protons. In 
cytochrome oxidase without subunit 111, the midpoint potential 
of cytochrome a is no longer sensitive to pH (Penttilti, 1983). 

We have investigated the mechanism of energy coupling in 
cytochrome oxidase by measuring the effect of the eIectro- 
chemical proton gradient on the steady-state spectra of tightly 
coupled cytochrome oxidase vesicles (with respiratory control 
ratios greater than 8). Hexaammineruthenium(I1) was used 
as the reductant in these experiments. Scott & Gray (1980) 
used hexaammineruthenium(I1) as a substitute for cytochrome 
c in the reduction of cytochrome oxidase. As with cytochrome 
c, the steady-state kinetics of the reaction of cytochrome ox- 
idase with hexaammineruthenium(I1) gave nonlinear Eadie- 
Hofstee plots, and cytochrome c was competitive with hexa- 
ammineruthenium(I1) for this reaction (Hochman et al., 
198 1). Since hexaammineruthenium(I1) has little visible 
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electron transfer between cytochromes a and a3 is sensitive 
primarily to the pH gradient. Studies with the reconstituted 
and the soluble enzyme at various pH values indicated that 
the pH on the matrix side of the membrane, rather than ApH, 
controlled the steady-state level of reduced cytochrome a. 
Hexaammineruthenium(I1) substituted for cytochrome c in 
measurements of proton pumping by cytochrome oxidase. 
Dicyclohexylcarbodiimide, which eliminated proton pumping 
by cytochrome oxidase, decreased the effect of ionophores on 
the steady-state level of reduced cytochrome a. 

absorbance, it is more suitable as a reductant than cytochrome 
c for spectral measurements of cytochrome oxidase. The 
steady-state spectra reported here indicate that electron 
transfer between cytochrome a and cytochrome a3 was in- 
hibited by the electrochemical proton gradient. This inhibition 
was caused primarily by the pH on the matrix side of the 
enzyme. 

Experimental Procedures 
DCCD was a product of Schwarz/Mann. 

Hexaa"ineruthenium(II1) chloride was purchased from Alfa 
and recrystallized (Pladziewicz et al., 1973). Cytochrome c 
type VI was obtained from Sigma; the reduced form was 
prepared at a concentration of about 10 mM by treatment with 
a 4-fold excess of potassium ascorbate followed by passage over 
a Sephadex G- 10 column. Soybean phospholipids from Sigma 
were acetone washed as described by Kagawa & Racker 
(1971) but without antioxidant. Cholic acid from Sigma was 
recrystallized (Schneider et al., 197 1). 

Preparations. Cytochrome oxidase was prepared by the 
method of Yonetani (1966) except that additional ammonium 
sulfate fractionations were carried out in 0.1 M sodium 
phosphatel% Tween 80, pH 7.4. Cytochrome oxidase vesicles 
were made by cholate dialysis (Hinkle et al., 1972): ace- 
tone-washed soybean phospholipids at 30 mg/mL were so- 
nicated to clarity in a solution of 1.5% cholate-50 mM po- 
tassium phosphate, pH 7.4. Cytochrome oxidase was added 
to give 10 pM heme a, and the solution was dialyzed against 
50 mM potassium phosphate, pH 7.4, with a change after 4 
h to either 50 mM potassium phosphate, pH 7.4, or 50 mM 
HEPES, 25 mM KC1, and 1 mM EDTA, pH 7.4, or 50 mM 
K2S04 and 0.2 mM MOPS, pH 7.4. DCCD-treated cyto- 
chrome oxidase vesicles were prepared as follows: 37.5 pL 
of 100 mM DCCD (in methanol) was added to 1.5 mL of 
cytochrome oxidase vesicles dialyzed against 50 mM HEPES, 

Materials. 

Abbreviations: DCCD, N,N'-dicyclohexylcarbodiimide; HEPES, 
N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid; MOPS, 3-(N- 
morpho1ino)propanesulfonic acid; 1799, bis(hexafluoroacetony1)acetone; 
SF6847, (3,5-di-terr-butyl-4-hydroxybenzylidene)malononitrile; TMPD, 
N,N,N',N'-tetramethyl-p-phenylenediamine; MES, 2-(N-morpholino)- 
ethanesulfonic acid; CHES, 2-(cyclohexylamino)ethanesulfonic acid; 
TAPS, 3-[[tris(hydroxymethyl)methyl]amino]propanesulfonic acid; 
EDTA, ethylenediaminetetraacetic acid. 
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25 mM KCl, and 1 mM EDTA, pH 7.4. The solution was 
incubated for 3 h at 20 "C and then passed over a Sephadex 
G-50 fine column or "centri-column" (Penefsky, 1979) to 
remove unbound DCCD. Control vesicles received the same 
treatment except that 37.5 pL of methanol was added instead 
of the DCCD solution. 

Optical Measurements. Spectra were recorded in a Cary 
219 spectrophotometer. The level of heme a reduction was 
measured at  605-630 nm in an Aminco DW-2 or Aminco 
Britton Chance dual-wavelength spectrophotometer. Flow- 
flash experiments were modeled after Greenwood & Gibson 
(1967). A 1.2-cm path-length Plexiglass observation cell was 
fitted to the Aminco-Morrow stopped-flow apparatus. A 
Coming glass filter (3-66) was placed between the 250-5 xenon 
flash lamp and the observation cell, and two blue filters (Oriel 
5 182 and 5 183) were placed between the observation cell and 
the photomultiplier tube (Hammamatsu R928) to screen out 
light from the flash. In this configuration, the carbon mon- 
oxide-cytochrome oxidase complex was photolyzed with red 
light, and the reaction was observed at 445 nm. To study the 
reaction of reduced cytochrome oxidase with oxygen, a solution 
of the CO complex of reduced cytochrome oxidase in detergent 
solution was mixed with oxygen-containing buffer in the 
modified stopped-flow apparatus. The xenon flash was fired 
8 ms after mixing to displace CO from the enzyme, and ox- 
idation of the hemes was followed by 445 nm. The fast and 
slow phases contribute approximately 60% and 40%, respec- 
tively, to the total absorbance change at  445 nm. 

Proton Transport. Proton transport by cytochrome oxidase 
vesicles was measured with a combination pH electrode either 
by reduced cytochrome c pulses or by oxygen pulses in a 2-mL 
thermostated glass cell stirred magnetically. An Analog 
Devices 3 1 1 J electrometer and chart recorder were arranged 
to give 0.1 pH unit full-scale. For oxygen pulses (5 or 10 p L  
of air-equilibrated medium), the medium was made anaerobic 
by bubbling with N2 prior to the experiment, and N2 was 
continuously blown over the surface of the medium during the 
experiment. 

Oxygen Measurements. Respiration rates and respiratory 
control ratios for cytochrome oxidase vesicles were determined 
polarographically at 25 OC with a Yellow Springs Instrument 
Co. Model LN5320 oxygen electrode in a 1.5-mL glass 
chamber. The assay mixture contained 15 mM potassium 
ascorbate, 63 pM cytochrome c, and 70 nM heme a (cyto- 
chrome oxidase vesicles) in 50 mM potassium phosphate, pH 
7.4. Valinomycin and SF6847 were added at concentrations 
of 0.28 and 1.3 pM, respectively, to uncouple respiration. 

The rate of turnover for cytochrome oxidase in vesicles with 
hexaammineruthenium(I1) as reductant in the presence of 
unwuplers was 50 mol of electrons s-' (mol of oxidase)-' under 
the following conditions: 50 mM HEPES, 25 mM KC1, pH 
7.4, 3 mM potassium ascorbate, 310 pM hexaammine- 
ruthenium(II1) chloride, 0.25 pM heme a (cytochrome oxidase 
vesicles), 0.28 pM valinomycin, and 1.3 pM SF6847. The rate 
of turnover for cytochrome oxidase in detergent solution was 
8 mol of electrons s-l (mol of oxidase)-' under the following 
conditions: 50 mM HEPES, 1% Tween 80, pH 7.4, 63 pM 
hexaammineruthenium(II1) chloride, and 0.1 pM heme a. The 
rates were corrected for oxygen uptake in the presence of 1 
mM KCN due to hexaammineruthenium(I1) autoxidation. 

Other Analytical Methods. Heme a concentration was 
determined by using Ac,,,(reduced - oxidized) = 12 mM-I 
cm-' (Kuboyama et al., 1972). Cytochrome c concentration 
was determined by using AcSso(reduced - oxidized) = 2 1 mM-l 
cm-I (Massey, 1959). 
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FIGURE 1 : Steady-state difference spectra of cytochrome oxidase 
vesicles in the absence and presence of uncouplers. Solid curue, (A) 
1.5 pM heme a (cytochrome oxidase vesicles), 250 pM hexa- 
ammineruthenium(II1) chloride, 50 mM HEPES, and 25 mM KC1, 
pH 7.4; (B) 2.3 pM heme a (cytochrome oxidase vesicles), 250 pM 
hexaammineruthenium(II1) chloride, and 50 mM potassium phos- 
phate, pH 7.4. Potassium ascorbate (2.5 mM) was added, and the 
steady-state difference spectrum vs. oxidized cytochrome oxidase 
vesicles was recorded. Dotted curue, same as above but (A) 1799 
was added at concentration of 7 pM or (B) valinomycin and nigericin 
were added at concentrations of 0.18 and 0.28 pM, respectively, before 
addition of potassium ascorbate for the uncoupled steady-state spectra. 
Dashed curve, solid sodium dithionite was added to generate the 
reduced minus oxidized difference spectrum. Spectra were measured 
in a Cary 219 spectrophotometer. The spectra in (B) were corrected 
for small base-line changes. 

Results 

Steady-state spectra have previously been used to identify 
coupling sites in cytochrome oxidase. Chance & Williams 
(1956) demonstrated upon the transition from state 3 (ADP 
present) to state 4 (ADP consumed) in mitochondria respiring 
in the steady state, cytochromes c + c, became more reduced 
while cytochromes a + a3 became more oxidized. This 
crossover point was interpreted to be a site of coupling between 
respiration and ADP phosphorylation. Wrigglesworth & 
Nicholls (1 978) measured the steady-state spectra of respiring 
cytochrome oxidase vesicles using ascorbate, TMPD, and 
cytochrome c as reductants. They found that addition of 
uncouplers to the vesicles resulted in oxidation of cytochrome 
c and reduction of cytochrome a. 

Examples of steady-state minus oxidized difference spectra 
of cytochrome oxidase in vesicles obtained by using ascorbate 
and hexaammineruthenium(I1) as reductants are shown in 
Figure 1 .  For comparison, a reduced minus oxidized spectrum 
(dashed curve) generated by using sodium dithionite is also 
shown (Figure 1). For the steady-state spectrum (solid curve), 
the peak at 446 nm, trough at  427 nm, and isosbestic point 
at  436.5 nm correspond to those of the kinetic difference 
spectrum for the fast phase of reduction of detergent-solu- 
bilized cytochrome oxidase. Scott & Gray (1980) measured 
values of 445, 425, and 435 nm and Reichardt & Gibson 
(1982) found 448, 428, and 437.5 nm for the peak, trough, 
and isosbestic points, respectively, of the fast phase of re- 
duction. This phase has been attributed to cytochrome a 
reduction (Scott & Gray, 1980). In addition, the ratio of 
A445/A605 we obtained in steady-state spectra of cytochrome 
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FIGURE 2: Dependence of the steady-state level of reduced cytochrome 
a on the hexaammineruthenium(II1) chloride concentration. Con- 
ditions: 0.49 pM heme a (cytochrome oxidase vesicles), 10 mM 
potassium ascorbate, and hexaammineruthenium(II1) chloride at the 
indicated concentrations in 1.2 mL of 50 mM HEPES, 25 mM KCl, 
and 1 mM EDTA, pH 7.4. Percent heme a reduction was the per- 
centage of the maximum reduced minus oxidized Aa5+,30 measured 
in an Aminco DW-2 spectrophotometer. (0) No addition; (0) in 
the presence of 6.5 pM 1799. 

oxidase vesicles was 2.8, close to the value of 3.8 found for 
cytochrome a by Gibson et al. (1965) in reductive experiments 
with the solubilized enzyme. For comparison, they found that 
the A445/A605 ratio was 16 for cytochrome a3. Thus, these 
spectra indicate that cytochrome a is partially reduced and 
cytochrome a3 is oxidized in the steady state. Figure 1 shows 
that when an uncoupler is added to collapse the electrochemical 
proton gradient, the steady-state absorbance at  446 nm de- 
creases, indicating oxidation of cytochrome a (Figure l ,  dotted 
curve). These results imply that the electrochemical proton 
gradient inhibits electron transfer between cytochromes a and 
a3 * 

This result is different from the observations of Wriggles- 
worth & Nicholls (1978), who recorded the steady-state 
spectra of cytochrome oxidase in vesicles prepared by soni- 
cation using ascorbate, TMPD, and cytochrome c as reduc- 
tants. In their studies, cytochrome a became more reduced 
and cytochrome c more oxidized upon addition of uncouplers, 
indicating a crossover point between cytochromes c and a. We 
repeated these experiments under their conditions except using 
cytochrome oxidase vesicles prepared by cholate dialysis. 
Unlike Wrigglesworth and Nicholls, we found that both cy- 
tochrome c and cytochrome a became more oxidized upon 
addition of uncoupler. Differences between their experiment 
and ours were the method of vesicle preparation and the 
method of oxidase preparation. Sonication vesicles have a 
random orientation of cytochrome oxidase across the mem- 
brane (Wrigglesworth, 1978) and showed a respiratory control 
ratio of 2.8 (Wrigglesworth & Nicholls, 1978); in cholate 
dialysis vesicles, cytochrome oxidase is predominantly in the 
mitochondrial corQuration (Carroll & Racker, 1977; Nicholls 
et al., 1980), and the respiratory control ratio we obtained was 
8.3. 

Measurements of the steady-state level of reduction of cy- 
tochrome a a t  different concentrations of hexaammine- 
ruthenium in the absence and presence of uncoupler are shown 
in Figure 2. Approximately 50 times higher concentrations 
of hexaammineruthenium are required to reach the same level 
of reduction in the presence of 1799 compared to the coupled 
steady state. 

The effects of ionophores and potassium acetate on the 
steady-state spectra were examined in order to determine the 
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FIGURE 3: Effect of potassium acetate and 1799 on the steady-state 
level of reduced heme a (at 445 nm) and on the respiration rate. 
Conditions: 1.5 pM heme a (cytochrome oxidase vesicles), 2.4 mM 
potassium ascorbate, and 250 pM hexaa”ineruthenium(II1) chloride 
in 1.0 mL of 50 mM HEPES, 25 mM KCl, and 1 mM EDTA, pH 
7.4. Percent heme a reduction was the percentage of the maximum 
reduced minus oxidized AU5 measured in a Cary 219 spectropho- 
tometer. Respiration rates were measured polarographically in a 
1.5-mL cell under the same conditions as the absorbance measurements 
except that the rates were corrected for oxygen uptake in the presence 
of 1 mM KCN due to hexaammineruthenium(I1) autoxidation. The 
correction was 3 mol of electrons s-l (mol of oxidase)-’. (m) No 
additions; (X) 2, 5, 10,30, and 60 mM potassium acetate; (0) 8 pM 
1799. 

relative effects of A$ and ApH on the steady-state level of 
reduced cytochrome a. Since acetic acid is a membrane- 
permeant acid, addition of potassium acetate to respiring 
cytochrome oxidase vesicles should decrease the pH gradient. 
Potassium acetate was added to cytochrome oxidase vesicles 
respiring with ascorbate and hexaammineruthenium(II), and 
the steady-state level of reduction at  445 nm was recorded. 
Cytochrome oxidase activity was measured polarographically 
under the same conditions. Figure 3 shows an analysis of 
measurements of the level of heme a reduction and respiration 
in the presence of potassium acetate at  concentrations up to 
60 mM. As the concentration of potassium acetate was in- 
creased, the level of heme a reduction decreased with little or 
no change in the rate of respiration. In the medium of 50 mM 
HEPES, 25 mM KCl, and 1 mM EDTA, pH 7.4, even 2,5 ,  
and 10 mM potassium acetate significantly reduced the 
steady-state level of heme a reduction, indicating that the 
potassium acetate effect is not due to increasing ionic strength. 
For comparison, the values obtained in the presence of the 
uncoupler 1799 are plotted. 1799 decreased the steady-state 
absorbance at 445 nm, but an increase in the rate of respiration 
was also observed. The stimulation in oxidase activity was only 
about 2-fold due to the fact that these conditions were not 
optimal for determining respiratory control ratios. 

Further experiments were conducted by using the absor- 
bance at 605 nm minus that at  630 nm to monitor the 
steady-state redox level of cytochrome a. Figure 4 shows the 
steady-state level of cytochrome a reduction and respiration 
rates in the presence of the ionophores valinomycin, nigericin, 
and 1799. The membrane potential created by cytochrome 
oxidase in the reconstituted vesicles is transient and decreased 
in a few seconds as ApH increased, as measured with a cyanine 
dye (Tarba, 1978, 1983). Addition of nigericin or acetate 
decreased ApH and restored the membrane potential, whereas 
valinomycin caused a small decrease in A$ and an increase 
in ApH. Valinomycin at concentrations of 15 nM-0.8 WM had 
no effect on the rate of respiration or the steady-state level 
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FIGURE 4: Effect of ionophores on the steady-state level of reduced 
heme a (at 605 - 630 nm) and on the respiration rate. Conditions: 
0.44 pM heme a (cytochrome oxidase vesicles), 2 mM potassium 
ascorbate, and 210 pM hexaammineruthenium(II1) chloride in 1.2 
mL of 50 mM HEPES, 25 mM KCl, and 1 mM EDTA, pH 7.4. 
Percent heme a reduction was the percentage of the maximum reduced 
minus oxidized As05d30 measured in an American Instrument Co. 
Britton Chance dual-wavelength spectrophotometer. Respiration rates 
were measured polarographically under the same conditions as the 
absorbance measurements except that the rates were corrected for 
oxygen uptake in the presence of 1 mM KCN due to hexaammine- 
ruthenium(I1) autoxidation. The correction was equivalent to 17 mol 
of electrons s-l (mol of oxidase)-’. (0) 0, 65 nM, 0.7 pM, 2.9 pM, 
and 9.4 pM 1799; (0) 0, 15 nM, 0.17 pM, and 0.9 pM valinomycin; 
(0) 0,2 nM, 12 nM, 46 nM, and 0.6 pM nigericin. The percent heme 
a reduction decreased with increasing concentrations of 1799 or 
nigericin. 

of cytochrome a reduction. Nigericin decreased the level of 
reduced cytochrome a in the steady state, as did the proton 
ionophore 1799. However, nigericin did not stimulate res- 
piration except at high concentrations where it is probably also 
acting by an electrogenic mechanism (Pressman, 1976) and 
thus decreasing both A+ and ApH. 

Figures 3 and 4 indicate that nigericin and potassium acetate 
decreased the steady-state level of reduced cytochrome a but 
had little or no effect on the respiration rate. This suggests 
that the rate-limiting step in respiration changed when the pH 
gradient decreased. Moreover, the observation that the rate 
of respiration remained the same implies that the electro- 
chemical proton gradient (A+ + ApH) remained approxi- 
mately constant and that the membrane potential increased 
as the pH gradient decreased. The level of reduced cytochrome 
a decreased under these conditions. From this, it appears that 
electron transfer from cytochrome a to cytochrome a3 is 
sensitive primarily to the pH gradient rather than the mem- 
brane potential. 

DCCD binds to subunit I11 of cytochrome oxidase and 
inhibits proton pumping (Casey et al., 1980; Prochaska et al., 
1981). In our hands, DCCD treatment (2.5 mM DCCD, 3 
h at  20 OC followed by passage through Sephadex G-50 to 
remove unreacted DCCD) inhibited the proton ejection by 84% 
following a pulse of reduced cytochrome c to cytochrome 
oxidase vesicles whereas the rate of respiration in the presence 
of uncouplers was inhibited 50%, and the respiratory control 
ratio declined only slightly from 8.4 to 6.9. 

The proton pumping activity of cytochrome oxidase incor- 
porated in liposomes was also tested with hexaammine- 
ruthenium(I1) as substrate. Since hexaammineruthenium(I1) 
reacts with 02, an O2 pulse procedure was used. This kept 
the O2 concentration low and minimized the nonenzymatic 
reaction. Typical oxygen pulses with normal and DCCD- 
treated cytochrome oxidase vesicles are shown in Figure 5 .  

M O R O N E Y ,  S C H O L E S ,  A N D  H I N K L E  
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FIGURE 5: Proton transport with hexaammineruthenium as substrate 
by (A) control and (B) DCCD-treated cytochrome oxidase vesicles. 
Measurements were made as described under Experimental Procedure 
in a medium of 50 mM K2S04, 0.2 mM MOPS, 1 pM heme (I 
(cytochrome oxidase vesicles), 0.25 pg/mL valinomycin, 3 mM po- 
tassium ascorbate, and 50 pM hexaammineruthenium(II1). The 
dashed lines are in the presence of 1 pM SF6847. 

The reaction in the presence of the uncoupler SF6847 is caused 
by the scalar uptake of protons to form H20 (H+/e- = -1 is 
expected) followed by the slow reduction of hexaammine- 
ruthenium(II1) by ascorbate (H+/e- = + O S  is expected). The 
scalar proton uptake was 85% of the expected value for reasons 
that are not clear but might include a small amount of acid 
formation from binding of hexaammineruthenium to the 
negatively charged phospholipids present. In other experi- 
ments, we formed vesicles with cytochrome oxidase plus the 
zwitterionic phospholipids phosphatidylcholine and phospha- 
tidylethanolamine (1:4) as described (Carroll & Racker, 1977) 
and found an initial acid formation of 0.5 H+/e- in the 
presence of 3 mM dithiothreitol and 50 pM hexaammine- 
ruthenium(I1). The acid formation following an oxygen pulse 
in Figure 5 is clear evidence for proton efflux catalyzed by 
cytochrome oxidase with hexaammineruthenium(I1) as sub- 
strate. DCCD treatment reduced the acid phase by 73%, 
similar to results with cytochrome c as substrate. 

The experiments of Figures 3 and 4 show that reagents 
which decrease ApH also decrease the level of reduced cyto- 
chrome a in the steady state, indicating an increase in the rate 
of electron transfer from cytochrome a to cytochrome a3 when 
ApH is small. To determine whether this effect requires a pH 
gradient (ApH) or is simply an effect of the internal pH alone, 
we measured the steady-state level of cytochrome a reduction 
at various pH values in the presence of the uncoupler SF6847 
so that there would be no ApH (Figure 6 ) .  The steady state 
was constant from pH 6 to 7.5, but above pH 7.5, there was 
a significant increase in the reduction of cytochrome a. DCCD 
caused cytochrome a to be largely reduced in the steady state 
at all pH values. Studies with the soluble enzyme in Tween 
80 (not shown) also showed an increase in the steady-state level 
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Table I: Effect of DCCD Treatment on Cytochrome Oxidase Vesicles 

- 

respiratory respiration rate 
control [mol of electrons % heme u reduction 

alone +1799 +nigericin ratio s-I (mol of oxidase)-l] 

- 

control 75 30 38 
DCCD treated 84 64 67 

0 
a 

8 -  

8 

- 

- 

8.4 
6.9 

164 
86 

a Control and DCCD-treated vesicles were prepared as described under Experimental Procedures. Percent heme u reduction was the steady-state 
percentage of the maximum reduced minus oxidized AsOSd30 measured in an Aminco DW-2 spectrophotometer. The total for reduced 
minus oxidized was 0.006 for both control and DCCD-treated vesicles. Conditions: 0.49 pM heme u (cytochrome oxidase vesicles), 2 mM potassium 
ascorbate, 208 pM hexaammineruthenium chloride, 50 mM HEPES, 25 mM KCl, and 1 mM EDTA, pH 7.4. The uncoupler 1799 was added to give 
6.5 pM and nigericin was added to give 12 nM. Respiratory control and respiration rates were measured with cytochrome c as substrate as described 
under Experimental Procedures. 
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FIGURE 6: Steady-state reduction level of cytochrome u as a function 
of pH. Cytochrome oxidase vesicles treated with DCCD (0) and 
untreated (@) and control (B) vesicles were suspended at 1.0 pM heme 
u in 1.0 mL of 100 mM KCl, 50 mM buffer, 1 pg/mL valinomycin, 
and 1 pM SF6847. The buffers used were MES at pH 6.0 and 6.5, 
MOPS at pH 7.0, HEPES at pH 7.5, TAPS at pH 8.0 and 8.5, and 
CHES at pH 9.0. Sodium ascorbate (10 mM) was added to give the 
oxidized base line and hexaammineruthenium (0.1 mM) to give the 
steady-state level shown. After 1-5 min, the system became anaerobic, 
and that level of reduction was taken to be 100%. 

of cytochrome a on treatment with DCCD at pH 7.5. Table 
I shows the effect of DCCD on the steady-state level of re- 
duced cytochrome a in cytochrome oxidase vesicles in the 
absence and presence of uncouplers. DCCD treatment caused 
a small increase in the level of reduction of cytochrome a. 
More striking, however, is the decrease in response to 1799 
and nigericin in the DCCD-inhibited cytochrome oxidase 
vesicles. It appears that DCCD inhibited electron transfer 
between cytochrome a and cytochrome u3. 

The sensitivity to pH of electron transfer from cytochrome 
a to cytochrome a3 was also studied by conducting flow-flash 
experiments with the soluble enzyme a t  pH values from 5.5 
to 9 at 130 pM 02. Figure 7 shows the rates of the fast and 
slow phases of heme a oxidation vs. pH. There was a 3-fold 
decrease in the rate of the slow phase when the pH was in- 
creased from 7 to 9. Although there is ambiguity in the 
assignment of the two phases in flow-flash experiments to a 
particular reaction (Reichardt & Gibson, 1982), Hill & 
Greenwood (1984) have recently presented evidence that 40% 
of the cytochrome a is oxidized along with cytochrome a3 in 
the fast phase of the reaction with O2 and the remainder in 

5 6 7 e 9  
PH 

FIGURE 7: pH dependence of the fast and slow phases of the reaction 
of oxygen with reduced cytochrome oxidase. The reaction rates were 
determined by the flow-flash technique (Experimental Procedures). 
Concentrations after mixing were 1.2 pM heme u, 10 mM potassium 
ascorbate, 0.13 pM cytochrome c, 0.25% Tween 80, 130 pM 02, 16 
pM CO, and 50 mM buffer at the indicated pH. The buffers were 
the following: at pH 5.5, citrate; at pH 6.0 and 6.5, MES; at pH 
7.0 and 7.5, MOPS; at pH 8.0 and 8.5, TAPS; at pH 9.0, CHES. 
The temperature was 25 "C. The xenon flash was fired 8 ms after 
the end of flow. 

the slow phase. The slow phase of heme oxidation may cor- 
respond to the step which is inhibited by high internal pH in 
the steady-state experiments with cytochrome oxidase vesicles. 

Discussion 
Steady-state spectra of tightly coupled cytochrome oxidase 

vesicles obtained by using ascorbate and hexaammine- 
ruthenium(I1) as reductants showed that electron transfer 
between cytochromes a and a3 was influenced by the mag- 
nitude and nature of the electrochemical proton gradient. 
Nigericin or potassium acetate decreased the level of reduced 
cytochrome a in the steady state without increasing the rate 
of respiration (Figures 3 and 4), indicating that the major 
effect of the electrochemical proton gradient on electron 
transfer from cytochrome a is due to the pH gradient rather 
than the membrane potential. The pH inside appears to be 
the controlling factor since steady-state measurements with 
uncoupled vesicles (Figure 6) and soluble oxidase showed that 
the level of reduction of cytochrome a is pH dependent. 
DCCD, which inhibited proton translocation (Figure 9, also 
inhibited electron transfer between cytochrome a and cyto- 
chrome a3 (Figure 6, Table I). The steady-state cytochrome 
a level measurements do not reflect properties of the resting 
enzyme or the transition of resting to pulsed enzyme (Antonini 
et al., 1977) because the same level was reached when oxygen 
was added to the reduced enzyme as when substrates were 
added to the oxidized enzyme. As reported by Antonini et 
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the oxidation of the hemes by the flow-flash technique of 
Greenwood & Gibson (1967) showed no difference in the rates 
of oxidation in the absence or presence of a valinomycin-in- 
d u d  membrane potential (data not shown). Since electron 
transfer from cytochrome a is primarily sensitive to the pH 
inside, this implies that the protonation in step 2 does not 
involve movement of the proton across the membrane or into 
a proton well, since these events should be sensitive to both 
A# and ApH. It is possible, however, that the movement of 
charge was too small to influence significantly the rates of 
electron transfer in these experiments. The observation that 
DCCD, which inhibited proton pumping, decreased the effect 
of uncouplers on the steady-state level of reduction of cyto- 
chrome a (Table I) indicates that the proton binding is a step 
in proton pumping rather than in water formation. 

These experiments also suggest a mechanism for the in- 
hibition of proton translocation caused by DCCD. Since 
DCCD inhibition of the enzyme mimics the effects of high 
pH inside on the steady-state level of reduced cytochrome a 
(Figure 6, Table I), DCCD may inhibit the binding of a proton 
to the matrix side of the enzyme (step 2, Figure 8). Although 
Penttila & Wikstrom (1981) showed that DCCD has no effect 
on the pH dependence of the midpoint potential of cytochrome 
a, it is possible that DCCD affects the rate of proton binding 
in step 2 but not the pK, of the group responsible. If DCCD 
changed the rate of protonation in step 2, this would be re- 
flected in the steady-state level of reduction of cytochrome a, 
while the pK, of the acid or base group, which would be 
reflected in the equilibrium redox titration, could remain the 
same. Alternatively, DCCD may inhibit proton ejection into 
the cytoplasmic phase (step 3) which could also slow electron 
transfer from cytochrome a. 

The transmembrane electron transfer of step 1 (Figure 8) 
follows from the experiments of Hinkle & Mitchell (1970), 
who showed that the midpoint potential of cytochrome a 
changed by about half the membrane potential in carbon 
monoxide inhibited mitochondria in which cytochrome a3 is 
reduced. They ruled out that the charge movement is due to 
proton movement at this step since the midpoint potential of 
cytochrome a was membrane potential dependent in carbon 
monoxide inhibited cytochrome oxidase even when the elec- 
trochemical potential of the proton across the membrane was 
zero due to the presence of an uncoupler (Hinkle & Mitchell, 
1970). We have found that the midpoint potential of cyto- 
chrome a is also membrane potential dependent in cyanide- 
inhibited cytochrome oxidase vesicles, in which cytochrome 
a3 is oxidized (data not shown). The actual location of heme 
a in the membrane is not shown by these experiments, however. 
The factor of half A# indicates an "electrical distance" which 
depends on the local dielectric and ionic structure. 

From the evidence cited above, it appears that the sequence 
of catalysis in cytochrome oxidase contains steps which are 
primarily A# dependent (step 1) or ApH dependent (step 2). 
On the other hand, it would be expected that movement of 
a proton in a proton well (Mitchell, 1968) would be sensitive 
to both AI) and ApH. A membrane potential, positive outside, 
would make the local pH more acid at the bottom of a well 
which leads to the outer aqueous phase and more basic at the 
bottom of a well which leads to the inner aqueous phase. The 
kinetics of proton movement in such proton wells may be 
complex, however, and have been studied directly only in TFo 
(Sone et al., 1981) where the system appeared to have a K,,, 
for protons. The processes in step 3 may be too fast to become 
rate limiting even in the presence of an electrochemical proton 
gradient since we were unable to detect them in steady-state 

C2' 1 

9 c3' 

FIGURE 8: Propased mechanism of proton translocation in cytochrome 
oxidase. Step 1, an electron is transferred from cytochrome c to 
cytochrome u. Step 2, a proton binds to subunit 111. Step 3, an electron 
is transferred from cytochrome a to cytochrome u3, a proton is ejected 
into the cytoplasmic phase, and the oxygen intermediate is protonated 
from the matrix phase. 

al. (1977), at high reductant levels the transition to the pulsed 
form is rapid. 

Our results can be interpreted in terms of a modified version 
of the scheme first proposed by Artzatbanov et al. (1978) 
shown in Figure 8. Step 1 of Figure 8 is electrogenic electron 
transfer from reduced cytochrome c on the outside of the 
membrane to cytochrome a buried in the membrane. Step 2 
involves protonation of the enzyme (cytochrome a reduced) 
from the inside of the membrane. Step 3 shows subsequent 
electron transfer and proton translocation required so that the 
three steps will account for the stoichiometry per electron of 
two protons taken up from the matrix side of the membrane 
and one proton appearing on the cytoplasmic site; two charges 
per electron cross the membrane in this process [WikstrBm 
& Krab, 1979; but see also Reynafarje et al., (1982)l. Step 
3 indicates that proton movement is responsible for tran- 
smembrane charge transfer, but this could also be due in part 
to electron transfer, depending on the location of cytochrome 
a and cytochrome a3. 

The binding of a proton to cytochrome oxidase when cy- 
tochrome u is reduced (step 2, Figure 8) was first indicated 
by the pH dependence of the midpoint potential of cytochrome 
a in equilibrium redox titrations conducted anaerobically 
(Wilson et al., 1972) or with the azide- or cyanide-inhibited 
enzyme (Wilson et al., 1976; Artzatbanov et al., 1978). 
Artzatbanov et al. (1978) showed that the midpoint potential 
of cytochrome u was sensitive to the pH inside the mito- 
chondria. Thus, the observation that the level of reduced 
cytochrome u in the steady state is sensitive primarily to the 
pH inside (Figures 3, 4, and 6) can be explained in terms of 
step 2 of Figure 8, in which a proton must bind to cytochrome 
oxidase before cytochrome a can transfer its electron, although 
the steady-state effect occurs only at high pH whereas the 
effect on E,,, occurs at least down to pH 6.5 (PenttilB, 1983). 
We found no evidence for transmembrane charge transfer at 
this step. Nigericin or potassium acetate increased A# at the 
expense of ApH, yet the inhibition of electron transfer from 
cytochrome a was relieved, indicating that ApH was primarily 
responsible for the inhibition. In addition, measurements of 
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experiments or flow-flash experiments using a potassium 
gradient and valinomycin-generated membrane potential. 
Chance et al. (1975) reported similar results in low-temper- 
ature experiments of the “triple trap” type in mitochondria. 
ATP had little influence on the rate of formation of the first 
intermediate but did appear to slow electron transfer from 
cytochrome a and cytochrome c. Wikstrbm (1 98 1) found that 
it is possible to reverse electron transfer at cytochrome a3 by 
the addition of ATP to mitochondria at high oxidation po- 
tentials. A study of this phenomenon may provide information 
on the sequence of events in step 3. 

The steady-state measurements reported here have shown 
that the membrane potential and pH gradient exert disparate 
effects on electron transfer in cytochrome oxidase. These 
results are compatible with the transmembrane charge transfer 
and protonation/deprotonation which are the elements of a 
proton pump. 

Registry No. H+, 12408-02-5; cytochrome oxidase, 9001-16-5. 
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