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The resting as well as the 420 nm and 428 nm forms of cytochrome oxidase have been studied in kinetic 
experiments with an excess of enzyme over reduced cytochrome e. No difference was found in the behavior 
of the two activated forms. With all three forms, a fraction of cytochrome a was reoxidized with a rate 
which was much lower than k,,,. This suggests that intramolecular transfer to the dioxygen-reducing site 
occurs only if both cytochrome u and CuA are reduced. An initial rapid phase in the oxidation of cytochrome 
u in the pulsed and oxygenated enzymes is related to the presence of a three-electron-reduced dioxygen inter- 
mediate. The increased catalytic activity of pulsed and oxygenated oxidase can be explained on the basis 

of a shift in the redox equilibrium between cytochrome a and Cu+,. 
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1. INTRODUCTION 

Cytochrome-c oxidase is an electron-transport- 
driven proton pump [ 1,2]. Its functional unit con- 
tains four redox centers, cytochromes a and ~3, 
CUA and CUB [3,4]. In 1970, Antonini et al. [5] for 
the first time suggested that rapid electron transfer 
from cytochrome (I to cytochrome u3 requires the 
presence of two reducing equivalents. The chief 
basis for this proposal was the finding that, 
whereas all four redox centers in the oxidase are 
reoxidized very rapidly by dioxygen in the fully 
reduced form [6], reoxidation of cytochrome a in 
the one-electron reduced enzyme is extremely slow. 
These observations have later been confirmed in 
limited-turnover experiments [7,8], which showed 
that after complete exhaustion of the reducing 
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substrate, ferrocytochrome c, cytochrome a is still 
not fully oxidized. 

Recently it has been shown that two-electron 
reduction is necessary also to trigger a conforma- 
tional transition in the oxidase. Thus, it was pro- 
posed [9] that rapid internal electron transfer can 
occur only subsequently to this structural change. 
In this way, the conformational transition would 
provide a mechanism for eiectron gating, which is 
a fundamental property of any electron-transport- 
driven proton pump [2,10,11]. 

The experiments just quoted [5,7-91, supporting 
the concept that two-electron reduction is required 
for a conformational change as well as for rapid 
internal electron transfer, were all performed with 
the resting form of cytochrome oxidase. It is, 
however, known that there are several other forms 
of oxidized cytochrome oxidase [ 12- 141, which are 
catalytically more active than the resting enzyme. 
We consequently deemed it important to test if the 
two-electron requirement applies also to the 
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catalytically more competent enzyme species. We 
have therefore repeated the type of experiments 
described by Antonini et al. IS] not only with the 
resting oxidase but also with the ‘pulsed’ (14,151 
and ‘oxygenated’ [ 12,151 forms. Our results sug- 
gest that ail three forms demand more than one 
electron for rapid electron transfer from 
cytochrome a to cytochrome ~3. In addition, they 
indicate that internal electron transfer is more 
rapid in pulsed and oxygenated oxidase compared 
to the resting form because the redox equilibrium 
between cytochrome a and CUA has been shifted 
towards CUA reduction. 

2. MATERIALS AND METHODS 

Cytochrome oxidase was prepared from beef 
hearts essentially as described in [16] and 
cytochrome c as described in [ 171. The protein was 
further purified by ion-exchange chromatography. 
Dithionite was used to reduce cytochrome c fully, 
and excess dithionite was removed on a Sephadex 
G25 column. Extinction coefficients used for the 
determination of concentrations were as in [18]. 

Three optically different forms of cytochrome 
oxidase were used: (i) the resting form, which was 
made just by diluting the stock solution of enzyme 
to the desired concentration. (ii) The 428 nm form, 
prepared by anaerobic reduction of the enzyme 
with dithionite and subsequent oxygenation. Ac- 
cording to [ 121 and [15] we have chosen to call this 
form oxygenated oxidase. (iii) The 420 nm form 
described by Kumar et al. [15] was prepared by 
anaerobic reduction of the oxidase with dithionite, 
in the presence of 30 nM concentration of catalase, 
followed by aeration. We call this form pulsed 
cytochrome oxidase. 

Stopped-flow experiments were carried out in a 
Gibson-Durrum apparatus with a dead time of ap- 
prox. 4 ms. The system is described in more detail 
in [8] and [19]. Degrees of reduction of 
cytochrome c and cytochrome a were measured at 
550 and 605 nm, respectively. The 605 nm absor- 
bance curves were corrected for the contribution 
from cytochrome c. Cytochrome a was considered 
responsible for 80% of the total absorbance 
change at 605 nm on full reduction. As the ex- 
periments were run aerobically, there was no 
605 nm contribution from reduced cytochrome a3. 
Determination of steady-state kinetic parameters 

was made by the method described in 1201. All ex- 
periments were carried out in 0.05 M Hepes with 
0.083 M K2S04 and 0.5% Tween 80, pH 8.0 at 
23°C. This pH was chosen to render a greater 
stability to the oxygenated and pulsed forms. The 
optical spectra of these forms showed that both 
were stable for at least 45 min, which was the 
longest time used for one experiment. 

Simulations were made on a personal computer 
by solving the kinetic differential equations using 
an extended Runge-Kutta method, 

3. RESULTS 

When a 2-fold excess of cytochrome oxidase, in 
the resting, oxygenated or pulsed form, was mixed 
with ferrocytochrome c under aerobic conditions 
in the stopped-flow apparatus, we could observe a 
burst phase which comprised about 80% of the 
total oxidation of cytochrome c irrespective of 
what form the enzyme was in. The degree of reduc- 
tion of cytochrome a as a function of time is shown 
on different time scales in figs 1 and 2: fig.2 also 
includes data for cytochrome c. The oxygenated 
and pulsed forms showed almost identical kinetics, 

TIME is) 

Fig.1. Time course of the degree of reduction of 
cytochrome a in resting (a) and pulsed (b) cytochrome 
oxidase. The points represent the simulated curves. 
Concentrations: 4 FM oxidase and 2 FM cytochrome c. 
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Fig.2, Time course of the degree OF reaction of cytochrome (I and cytochrome o in the same experiment as in fig. 1 
but on a more extended time scale; (A) resting and (B) pulsed oxidase. 

and this js why the results for only one of these 
forms are given. 

We also carried out the same kind of ex- 
periments with the same ratio of cytochrome ox- 
idase~c~o~hrom~ c, but with lower absolute 
concentr~t~ons (1 pM cytochrome oxidase and 
0.5 FM cytochrome c). This did not change the 
biphasic nature of the time caurse following the 
burst. The differences were: 1, the oxidation of 
cytochrome c, as well as the initial reduction and 
the subsequent reoxidation of cytochrome a 
became slower than for the corresponding experi- 
ment at higher concentration; 2, the percentage 
reduced cytochrome a became smaller at its max- 
imum. For GIar~t~ the Iow concentration traces are 
not shown in the figures. 

The kinetic par~eters kCcar and k,,/&+ were 
determined in steady-state experiments and found 
to be approx. 10 S-I and 4 x 10’ M-” .s-‘~ respec- 
tively, for all three enzyme forms, indicating that 
the resting enzyme was converted to the pulsed 
state during the assay. 

The kinetic results have been simulated on the 
basis of the model presented in [S], and points 
from the sirnu~at~o~ are included in figs 1 and 2. 
The essential steps of the model used are the 
fo~~owi~: 

Here E represents ~~o~hrome oxidase and the 
digits in parentheses refer to ~~~hrorne a and 
CUA* respectively, 0 designating an oxidized center 
and f a reduced one. The rate ~onsiants used in the 
simulations for the resting enzyme were X-1 = 1.5 x 
107 M-+s-~, k-1, = 3oOs-‘, k_i = 1000 s-IV 
kt = 100 s-l, k-2 = 300 s-’ and k3 = S s-‘. For the 
pulsed enzyme the values of /C-Z and k-2 were 
changed to 500 5-l and 100 s-‘, respectively, 
whereas all other rate constants were the same. In 
addition, it had to be assumed that the initial en- 
zyme solution contained a mixture of 2.5 FM E@O) 
and 1.5 pM EfOl). 

The rate constants used for the s~rn~~at~ons of 
the results with the resting and pulsed oxidase give 
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values for kc,, of 9.4 and 9.8 s-l, respectively, and 
for kcat/Km of 4.5 x 106 and 1 x IO’ M-l -s-r, 
which is in reasonable agreement with the ex- 
perimental results. 

4. DISCUSSION 

The results for the resting enzyme in figs 1 and 
2 confirm the earlier observation [5] that 
cytochrome a in the one-electron reduced enzyme 
is reoxidized very slowly by 02. The simulation 
shows that this can be explained on the basis of a 
mechanism which requires both cytochrome a and 
Cu.4 to be reduced for the internal electron transfer 
to the dioxygen-reducing site to occur, 

The situation for the pulsed (figs I and 2) or ox- 
ygenated enzyme is more complicated. We can ex- 
plain the rapid phase in cytochrome D oxidation, 
following the burst, only by assuming that in some 
molecules the electron accepted by cytochrome a 
can immediately be passed on to cytochrome 03. At 
first this may seem to go against our mechanism+ 
The important point, however, is that the next 
phase has a rate which is much lower than kcat 
(10 s-l). This cannot be due to a cont~ination 
with resting oxidase, as at least 50% of the enzyme 
must then be in the resting form, which is con- 
tradicted by our optical measurements. It can also 
be excluded that it represents the 60.5 nm contribu- 
tion of the 420 or 428 nm form, as this is less than 
10% of that due to cytochrome II reduction [21]. 
Thus, we would like to suggest that the rapid phase 
is due to the presence in the pulsed oxidase of some 
one-electron reduced enzyme, which then forms 
E(11) on acceptance of one electron from 
cytochrome c. In most molecules the cytochrome c 
reaction leads to the formation of E(lO), in which 
internal electron transfer is not possible, ac- 
counting for the slow third phase. 

Our interpretation is supported by the recent 
demonstration [22,23] that the oxygenated enzyme 
contains molecules with a dioxygen intermediate at 
the three-electron reduction level. As our 
mechanism comprises two consecutive two- 
electron cycles, one- and three-electron reductions, 
are equivalent. We find no kinetic differences be- 
tween the 420 nm and 428 nm forms, so possibly 
these represent the two different intermediate 
reduction levels. 

The slow oxidation of cytochrome a has 
previously been observed with pulsed oxidase (241 
in experiments with a 2-fold excess of cytochrome 
c. In addition, it has been shown 125,261, in ex- 
periments with ascorbate and a redox mediator, 
that the steady-state reduction level of cytochrome 
a in the pulsed oxidase is reached via an overshot. 
The mechanism used to simulate this behavior is 
almost identical with our mechanism [8], and it re- 
quires that a rapid internal electron transfer can 
occur in the E(l1) state only. Thus, it seems well 
established that this restriction is a property not 
only of resting but also of pulsed and oxygenated 
cytochrome oxidase. 

It has been proposed [25,26] that pulsed 
cytochrome oxidase is more active than the resting 
enzyme, because the rate constant for the rate- 
limiting internal electron transfer has been in- 
creased. Our simulations show that an alternative 
explanation can be provided on the basis of a shift 
in the redox equilibrium between cytochrome a 
and CUA towards CUA reduction. This increases the 
rate of the internal electron transfer, without any 
change in rate constant (ks), since the concentra- 
tion of E(11) is increased. 

We have suggested [8,9] that two-electron reduc- 
tion of cytochrome oxidase triggers a conforma- 
tional change necessary for rapid internal electron 
transfer. It is probable that the conformational 
transition is slower than the subsequent electron 
transfer to cytochrome a3-CUB and the reaction 
with dioxygen. This is the reason why these reac- 
tions can be combined into a single step in our 
mechanism. Thus, this step will appear as a two- 
electron process even if the two electrons from 
cytochrome a and CuA are transferred one at a 
time. 

Finally we would like to suggest that the rate- 
limiting conformational change, triggered by the 
reduction of cytochrome Q and CUA, provides the 
mechanism for electron gating in the function of 
cytochrome oxidase as a proton pump. 
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