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Reaction of Dioxygen with Cytochrome ¢ Oxidase Reduced to Different Degrees:
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ABSTRACT: The reactions of the fully reduced, three-electron-reduced, and mixed-valence cytochrome oxidase
with molecular oxygen have been followed in flow-flash experiments, starting from the CO complexes, at
445 and 830 nm at pH 7.4 and 25 °C. With the fully reduced and the three-electron-reduced enzyme, four
kinetic phases with rate constants in the range from 1 X 10° to 10° s™! can be observed. The initial fast
phase is associated with an absorbance increase at 830 nm. This is followed by an absorbance decrease
(2.8 X 10* s71), the amplitude of which increases with the degree of reduction of the oxidase. The third
phase (6 X 10° s™!) displays the largest absorbance change at both wavelengths in the fully reduced enzyme
and is not seen in the mixed-valence oxidase at 830 nm; a change with opposite sign but with a similar rate
constant is found at 445 nm in this enzyme form. The slowest phase (103 s7) is also largest in the fully
reduced oxidase and not seen in the mixed-valence enzyme. It is suggested that O, initially binds to reduced
Cug and is then transferred to cytochrome a; before electron transfer from cytochrome a/Cu, takes place.
The fast oxidation of cytochrome a seen with the fully reduced enzyme is suggested not to occur during
natural turnover. A reaction cycle for the complete turnover of the enzyme is presented. In this cycle, the
oxidase oscillates between electron input and output states of the proton pump, characterized by cytochrome

a having a high and a low reduction potential, respectively.

Cytochrome oxidase is a key enzyme in mitochondrial en-
ergy transduction. It catalyzes the oxidation of ferro-
cytochrome ¢ by molecular oxygen and couples this reaction
to the translocation of protons across the inner mitochondrial
membrane. The reaction of the fully reduced and mixed-va-
lence oxidase with dioxygen has repeatedly been studied
spectrophotometrically by the flow-flash technique [for reviews,
see Hill et al. (1986) and Oliveberg et al. (1989)]. An oxygen
adduct of reduced cytochrome g, is first formed, followed by
oxidation of the binuclear site with the formation of peroxide
and, in the case of the fully reduced enzyme, subsequent
electron transfer from reduced cytochrome a and Cu,.

In this paper, we describe an extension of previous spec-
trophotometric flow-flash investigations. It includes not only
the fully reduced and mixed-valence oxidase but also the
three-electron-reduced enzyme. The use of an improved de-
tection system in the near-infrared region (Hoganson et al.,
1991; Oliveberg & Malmstrom, 1991) led to the discovery that
the initial bimolecular reaction with molecular oxygen is as-
sociated with a small absorbance increase at 830 nm. It is
suggested that this stems from a transient binding of O, to
reduced Cug, in analogy with the initial event in CO recom-
bination with the reduced binuclear site (Woodruff et al,,
1991). The subsequent reoxidation of Cuy, seen as a large
absorbance increase at 830 nm, is preceded by a rapid ab-
sorbance decrease, the amplitude of which increases with the
degree of reduction of the enzyme. This reaction phase is
proposed to reflect a transfer of O, from Cug to cytochrome
a;. At 445 nm, a slow fourth reaction phase was observed in
the fully reduced enzyme, in agreement with previous results
(Oliveberg et al., 1989).

Since this paper constitutes the final contribution of a series
of studies from this laboratory dealing with internal electron
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transfer and dioxygen chemistry in cytochrome oxidase [see
Oliveberg and Malmstrém (1991) for references], we conclude
it with the presentation of an extensive reaction scheme. This
represents an attempt to rationalize not only our own obser-
vations but also a wealth of experimental information in the
literature on the kinetics of electron transfer, oxygen reduction,
and proton translocation.

MATERIALS AND METHODS

Cytochrome oxidase was prepared essentially by the method
of Brandt et al. (1989), which yields homogeneous “fast”
enzyme as defined by Baker et al. (1987). Sample prepara-
tions, the excitation laser and observation equipment, the
photolysis method, and the curve-fitting procedure were exactly
as described by Oliveberg and Malmstrom (1991). All ex-
periments were carried out in 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Hepes)! buffer, pH 7.4, con-
taining 0.167 M K,SO, and 0.5% Tween 80, and at 25 °C.

The rate constants estimated by curve fitting to sequential
exponential phases are rather uncertain, particularly when the
constants differ by less than a factor of 10, in which case the
error may be as large as a factor of 2.

RESULTS

Oxygen Reaction Followed at 830 nm. The absorbance
changes at 830 nm following photolysis of the CO compounds
of cytochrome oxidase reduced to different degrees are shown
in Figure 1. The initial phase (F,) has a pseudo-first-order
rate constant of about 1 X 10° s7!. With the oxygen con-
centration used (approximately 1 mM), this corresponds to
a second-order rate constant of 10 M~ s7, in agreement with
the results of Greenwood and Gibson (1967).

! Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid.
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FIGURE 1: Time course of the absorbance changes at 830 nm following
flash photolysis in the presence of O, (1 mM) of carboxycytochrome
oxidase (4 uM) reduced to different degrees: (A) mixed-valence; (B)
three-electron-reduced; (C) fully reduced.
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FIGURE 2: Initial absorbance changes at 830 nm following flash
photolysis of mixed-valence carboxycytochrome oxidase (4 uM) in
the absence (bottom) and presence (top) of O, (0.5 mM).

Table I. Absorbance Changes at 830 nm following Flash Photolysis
of Carboxycytochrome Oxidase (4 uM)

absorbance change X 103

enzyme form 1st phase 2nd phase 3rd phase
mixed-valence 1.6 -0.9

3-e"-reduced 1.9 -2.3 2.7
fully reduced 17 -4.4 8.0

A difficulty with the experiment in Figure 1 is that F, is
so rapid that it is not resolved from the step in absorbance
corresponding to the photodissociation of CO. Therefore, the
experiment was repeated with 0 and 0.5 mM oxygen, as shown
in Figure 2. Here the photodissociation is clearly separated
from the oxygen reaction, which now has an apparent rate
constant of 5 X 10%s7!, demonstrating that F, really represents
a bimolecular reaction with dioxygen. In Table I, the am-
plitudes for F, in Figure 1 have been corrected for the ab-
sorbance change in the photodissociation step.

The rate constant for the second phase (F,), which involves
an absorbance decrease, is 2.8 X 10% 571, Its amplitude in-
creases with an initial degree of reduction of the enzyme (Table
I), but it is noticeable that it is seen even in the mixed-valence
enzyme.

In the third phase (F;), there is an absorbance increase,
which is largest in the fully reduced oxidase and not seen in
the mixed-valence enzyme (Table I). F; has a rate constant
of 6000 s~!. This is the same phase for which a rate constant
of 10000 s™! was estimated earlier with a less sensitive de-
tecting device (Oliveberg et al., 1989).

The 830-nm laser used for the analysis light in these ex-
periments was not stable enough to record accurately events
with rate constants below 2000 s™!. Earlier experiments with
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FIGURE 3: Time course of the absorbance changes at 445 nm following
flash photolysis of three-electron-reduced carboxycytochrome oxidase
(1 uM) in the presence of O, (1 mM).

conventional light sources have, however, shown that F; is
followed by a phase (F,) in which there is a further absorption
increase at 830 nm with a rate constant of 1000 s~! (Hill et
al., 1986).

Oxygen Reaction Followed at 445 nm. Four phases in the
oxygen reaction of the fully reduced enzyme, with the same
rate constants as derived from the 830-nm experiments, can
also be observed at 445 nm (Hill et al., 1986; Oliveberg et al.,
1989). Figure 3 shows the reaction trace at 445 nm starting
with the three-electron-reduced enzyme. Curve fitting to this
trace is rather uncertain, since it consists of at least five ex-
ponential components with the same sign. Therefore, it has
been analyzed by simulations with the use of rate constants
determined with the mixed-valence or fully reduced enzyme.

The amplitude of the absorbance change at 445 nm in F,
is independent of the initial degree of reduction of the enzyme.
The next phase (F,) can be observed as an absorbance decrease
in the fully reduced and three-electron-reduced oxidase but
not in the mixed-valence enzyme. The absorbance increase
in F; is seen in the fully reduced enzyme but cannot be resolved
in the three-electron-reduced enzyme. A phase with a similar
rate constant, but with opposite sign, can be observed with the
mixed-valence oxidase. The final slow absorbance decrease
in F, can be measured in the fully reduced and, to a smaller
extent, in the three-electron-reduced oxidase, but it is not seen
with the mixed-valence enzyme.

DiscussioNn

The initial rapid phase (F,) has earlier been seen at 445 nm
(Oliveberg et al., 1989), but here it is observed for the first
time at 830 nm (Figures 1 and 2). An absorbance increase
at this wavelength is generally ascribed to the oxidation of Cu,,
but a contribution to the total absorption of 10~15% from other
components cannot be excluded (Greenwood et al., 1974;
Beinert et al., 1980). Because F, is observed also in the
mixed-valence oxidase (Table I), it cannot represent partial
oxidation of Cu,. An obvious possibility is that cytochrome
a, has a contribution at 830 nm, as suggested by Greenwood
et al. (1974), particularly since F; can also be seen at 445 nm.
Iron porphyrin bands in this region are, however, generally
weak (Makinen & Churg, 1983). An alternative would be
that the initial binding of O, involves reduced Cug, as illus-
trated in Figure 4. This scheme is formulated in analogy with
the sequence of events suggested for CO binding by Woodruff
et al. (1991). Karlin et al. (1991) have recently demonstrated
that a mononuclear Cu'-0, adduct has an absorption band
in the near-infrared with an extinction coefficient of 1000 M
cm™! and a stronger band at 420 nm. Thus, the suggestion
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FIGURE 4: Model for the initial events in the reaction of O, with the
reduced binuclear site in cytochrome oxidase. The model is based
on the mechanism for CO binding to this site, proposed by Woodruff
et al. (1991).
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for the F, phase in Figure 4 is a real possibility. It may be
noted that Blackmore et al. (1991) have recently provided
evidence that the initial oxygen adduct does not involve cy-
tochrome a;.

Phase F,, with a rate constant of 30000 s, is not related
to the back-flow of electrons earlier observed anaerobically
(Oliveberg & Malmstrom, 1991), since this is not expected
to occur in the presence of oxygen with the binuclear center
in a high-potential state. We have previously assigned this
phase to the formation of the peroxide intermediate (Oliveberg
et al,, 1989). Hill and Greenwood (1983) have suggested that
this occurs with a rate constant of 6000 s™! in the mixed-va-
lence state. It is, however, possible that F, could represent
peroxide formation also in this enzyme form, which would thus
occur with the same rate as in the fully reduced oxidase. The
lower rate, seen only as a change in heme absorption, must
then correspond to a structural change.

The introduction of the Cug adduct suggests another pos-
sibility, illustrated in Figure 4, and further developed in the
following. Here F, represents a shift of bound O, from Cug
to cytochrome a;. Again following Woodruff et al. (1991),
this shift is proposed to involve a ligand exchange between Cug
and cytochrome a;. The absorbance change in F, cannot
involve Cu,. First, it is seen in the mixed-valence state, albeit
with a smaller amplitude than in the more reduced forms
(Table I). Second, it would represent reduction of Cu,, which
can hardly occur in the fully reduced enzyme. Thus, the
reaction in F, is likely to be a structural rearrangement in the
binuclear site, as suggested. The fact that it is not seen at 445
nm may be related to the rate with which Cug is oxidized in
the different enzyme forms, as discussed later in connection
with a detailed reaction scheme.

Han et al. (1990) have concluded from resonance Raman
measurements, starting from the fully reduced enzyme, that
the primary oxygen intermediate decays synchronously with
cytochrome a oxidation with a rate constant of 30000 s™'. The
rate constant for electron transfer from cytochrome a to the
binuclear site has, however, been shown to be 2 X 10° 57!
(Oliveberg & Malmstrom, 1991), so that it is probable that
the rate constant of 30000 s! is determined by the structural
change, the actual electron transfer being faster, as shown in
Figure 4. It is natural that the amplitude of F, is different
in the more reduced states (Table I), since the structural
rearrangement is coupled to oxidation of Cug in the mixed-
valence enzyme but not in the other forms.

The fully reduced enzyme is an artificial species, not ex-
pected to be formed in a normal turnover situation, because
in turnover the peroxide is likely to be formed before cyto-
chrome a is re-reduced (Malmstrom & Andréasson, 1985).

Oliveberg and Malmstrém

Ze'__ S —
Je — e ———
4e N\
\
Fo Wo o Moy \
LY 30 ‘\
.\' L L] [N ] ! 0 >
'5; 4, (il, e T8 Ul

FIGURE 5: Turnover cycle for cytochrome oxidase as a redox-linked
proton pump. The small circles represent the four redox centers:
cytochrome a and Cu, (top) and cytochrome a; and Cug (bottom).
Open and filled circles denote oxidized and reduced centers, re-
spectively. The designations “high” and “low™ refer to the reduction
potentials of cytochrome a. Arrows indicate the equilibrium directions
for electron transfers between individual centers. Not to make the
cycle too large, several steps have been combined, e.g., electron entry
from cytochrome ¢ and subsequent internal electron transfer. The
parts of the cycle which are expected to be observed in the three
enzyme forms studied here are indicated. The dashed line shows
reactions that are short-circuited in the four-electron-reduced enzyme,
whereas in the three-electron-reduced form it indicates that the final
state is different compared to the other forms. For further expla-
nations, see the text.

Thus, the state relevant to turnover should be the mixed-va-
lence state. As first suggested by Hill and Greenwood (1983),
the formation of the peroxide in the mixed-valence state is slow
(6000 s™') compared to that seen with the fully reduced en-
zyme. We propose that this is related to the function of
cytochrome oxidase as a redox-linked proton pump. Such
pumps must exist in at least two different conformations,
representing separate input and output states for electrons and
protons (DeVault, 1971). In Figure 5, we present a reaction
cycle for the electron-transfer and proton translocation steps
in cytochrome oxidase turnover, incorporating this principle,
and consistent with a good deal of experimental information.
In the figure, we indicate which transient experiments give
relevant information for the different steps in the turnover
cycle. Thus, the mixed-valence oxidase gives valid results for
the steps leading to the peroxide, whereas the fully reduced
enzyme reaches this intermediate too rapidly, for reasons
already discussed. On the other hand, the fully reduced en-
zyme reproduces most steps in the remaining cycle. The
three-electron-reduced enzyme includes all the steps of the
cycle except those triggered by the last electron. A combi-
nation of results from all three enzyme forms, together with
stopped-flow measurements of the input of the first two
electrons, consequently makes it possible to construct the whole
cycle.

In the scheme in Figure 5, it is proposed that the redox
interactions between the sites in cytochrome oxidase (Blair
et al.,, 1986) are directly related to the input and output states
for electrons. Thus, cytochrome a has a low reduction potential
in the output state and a high one in the input state. The
oxidation state of Cug is assumed to determine these states,
as first suggested by Wikstrom (1988). When Cuy is oxidized,
cytochrome a has a high potential, whereas the potential is
low when Cuy is reduced. Electrons from cytochrome c enter
the oxidase via Cu, (Pan et al., 1991), which is in rapid redox
equilibrium with cytochrome a (Morgan et al., 1989; Oliveberg
& Malmstrom, 1991). Cu, also serves as an electron buffer
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and can be reduced in all states.

Starting from the mixed-valence state in the upper left-hand
corner of Figure 3, the first two reactions are the same as
described in Figure 4. Here there is no electron on cytochrome
a, however, to keep Cup reduced (Figure 4), so the peroxide
formation is coupled to the output-input transition triggered
by the oxidation of Cug with a rate constant of 6000 s™!. This
corresponds to phase F3, which was first discovered by Brunori
and Gibson (1983), who, however, did not have any data at
830 nm. Our results (Figure 1) show that F; involves partial
oxidation of Cu,, caused by cytochrome a going from the low-
to the high-potential state. This cannot occur in the mixed-
valence state, in which both cytochrome a and Cu, are oxi-
dized.

In the next step, cytochrome ¢ donates one electron to
Cu,/cytochrome a. As this is transferred to Cug, the enzyme
returns to the electron output state at a rate which must be
>1000 s, since otherwise a plateau in the 445-nm trace would
be seen also with the three-electron-reduced enzyme., The
assignment is also consistent with the fact that this phase is
not seen in the mixed-valence oxidase. In this step, two protons
are picked up. They are then released as the oxidase returns
to the input state on formation of the three-electron-reduced
intermediate, here depicted as the peroxide intermediate with
cytochrome a, reduced (Blair et al., 1985). Now this sequence
is repeated on donation of the fourth electron from cytochrome
¢. The O-O bond is suggested to be broken in the 1000-s
reaction, since this step is the slowest one and the one with
the largest temperature dependence (Oliveberg et al., 1989).

In experiments with the fully reduced enzyme in phospho-
lipid vesicles, proton release to the outside has been observed
in the step from the three-electron-reduced to the oxidized
enzyme but not in the transition from peroxide to the three-
electron-reduced intermediate (Nilsson et al., 1990). The
reason may be that in this case there is still an electron on
cytochrome a/Cu,, when three electrons have been donated
to the binuclear site, and that this reduces Cug before the
enzyme has gone from the low- to the high-potential state of
cytochrome a. No protons are released in the final high—
low-potential transition at the bottom of Figure 5 (Wikstrom,
1989). This could be related to the two-electron requirement
for the initial reduction of the binuclear site (Antonini et al.,
1970) and to the electron-buffer function of Cu,. Thus, Cug
is only very transiently oxidized during the transfer of the first
two electrons, so that the oxidase does not have time to undergo
the input—-output transitions.
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