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The reaction of H,0, with reduced cytochrome ¢ oxidase was investigated with rapid-scan /stopped-flow
techniques. The results show that the oxidation rate of cytochrome a, was dependent upon the peroxide
concentration (k=2:10* M~'-s~!). Cytochrome a and Cu, were oxidised with a maximal rate of
approx. 20 s, indicating that the rate of internal electron transfer was much slower with H,0, as the
electron acceptor than with O, (k > 700 s~!). Although other explanations are possible, this result strongly
suggests that in the catalytic cycle with oxygen as a substrate the internal electron-transfer rate is enhanced
by the formation of a peroxo-intermediate at the cytochrome a,-Cuy site. It is shown that H,0, took up two
electrons per molecule. The reaction of H,0, with oxidised cytochrome ¢ oxidase was also studied. It is
shown that pulsed oxidase readily reacted with H,O, (k = 700 M ~! -5~ 1), Peroxide binding is followed by
an H,0,-independent conformational change (k = 0.9 s~1). Resting oxidase partially bound H,0, with a
rate similar to that of pulsed oxidase; after H,0, binding the resting enzyme was converted into the pulsed
conformation in a peroxide-independent step (k=0.2 s~'). Within 5 min, 55% of the resting enzyme
reacted in a slower process. We conclude from the results that oxygenated cytochrome ¢ oxidase probably is
an enzyme-peroxide complex.

Introduction ¢, whereas the other two, the haem a group of

cytochrome a, and Cuyg, form a binuclear reac-

Cytochrome ¢ oxidase (ferrocytochrome c:
oxygen oxidoreductase EC 1.9.3.1) is the terminal
enzyme of the mitochondrial respiratory chain.
The enzyme contains four metal centres as pros-
thetic groups: two haem a groups (of cytochrome
a and of cytochrome a,), and two copper atoms
(Cu, and Cup) [1]. Two of these centres, the
haem a group of cytochrome a4 and Cu,, are
involved in accepting electrons from cytochrome
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tion site where oxygen binding and reduction takes
place [2;3].

As a peroxy compound is proposed to be an
intermediate in the reaction of oxygen with re-
duced cytochrome ¢ oxidase [4-8], the reaction of

. oxidised cytochrome ¢ oxidase with H,0O,, which

is known to form a stable complex with the en-
zyme, has been studied to some extent [9-12].
H,0, also reacts with reduced cytochrome c
oxidase [13], and in the presence of cytochrome ¢
oxidase it is able to oxidise cytochrome ¢ [9,10).
Those studies suggested that H,O, can accept
electrons from reduced cytochrome c¢ oxidase,
which was also indirectly shown by Brunori et al.
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[14] who studied the reduction of oxidised cy-
tochrome ¢ oxidase by sodium dithionite in the
presence of hydrogen peroxide. In a previous study
we investigated the oxidation of partially and fully
reduced cytochrome ¢ oxidase by H,0, in some
detail [15]. We showed that the reaction rate is
linearly dependent on the peroxide concentration
and that the reaction takes place at the oxygen-
binding site. We also showed that the rate does
not depend on the redox state of cytochrome a
and Cu,, and that the rate of electron transfer
from cytochrome a to a, is rather low. However,
the presence of carbon monoxide in those experi-
ments was a complicating factor.

In this paper we extend our measurements to
much higher peroxide concentrations and thus
much higher reaction rates by using a rapid-scan/
stopped-flow spectrophotometer, and we carried
out these experiments in the absence of CO. Fur-
thermore, we were able to compare directly the
reactions of H,0, and of O, with cytochrome ¢
oxidase.

The oxidised enzyme is known to exist in dif-
ferent forms [16-20]. This diversity has caused
considerable confusion and debate, leading to the
definition of a number of enzyme forms, based on
quite different criteria. The enzyme as isolated is
usually referred to as the ‘resting’ form; this form
itself is probably inhomogeneous, judging from its
polyphasic reaction with many ligands and redox
reagents [16,21]. Moreover, the resting enzyme is
different for different preparations, depending on
the isolation method [16,22,23]. This can also be
concluded from the variable position of the Soret
absorbance maximum: in some preparations the
maximum is positioned at 417 nm, whereas in our
preparation (which is a modified Fowler type) it
lies at 424 nm {17].

When the enzyme is reduced with excess di-
thionite and reoxidised with O,, the Soret band
has its absorbance maximum at 426-428 nm. This
enzyme form, which is defined primarily by its
absorbance spectrum, is called the ‘oxygenated’
form [13,17,19,24,25].

Antonini et al. [26] found that shortly after
reoxidation the enzyme has a higher catalytic ac-
tivity than the ‘resting’ enzyme. They defined this
more active form as the ‘pulsed’ enzyme [7,26].
Other enzyme forms, for instance the ‘open’ and

‘closed’ conformations according to Refs. 27-29,
have also been postulated.

For a long time it was assumed that the ‘pulsed’
and the ‘oxygenated’ compounds are identical.
Recently, Kumar et al. showed in two publications
that this is not the case [11,30]: the enzyme can
have its absorbance maximum at 420 nm and yet
show the enhanced activity of the ‘pulsed’ form.
They suggested that the ‘oxygenated’ form is in
fact the peroxide complex. Shortly before the ap-
pearance of these results, Bickar et al. [9] studied
the reaction of H,0, with the ‘resting’ and ‘pulsed’
enzyme forms. We reinvestigated the reactions of
H,0, with different forms of oxidised cytochrome
¢ oxidase, taking into account the results of Kumar
et al. [11,30), of which the terminology will be
used in this paper.

Materials and Methods

Bovine cytochrome ¢ oxidase was isolated
according to Refs. 29 and 31; cytochrome ¢ was
isolated according to Ref. 32.

Cytochrome ¢ oxidase was dissolved in 100
mM potassium phosphate (pH 7.4) and 1%
Tween-80 to a final concentration that varied from
5 puM for measurements in the Soret region to
about 20 uM for measurements at 830 nm. In the
rapid-scan/ stopped-flow measurements with
reduced cytochrome ¢ oxidase the buffer also con-
tained 50 mM glucose. The oxidase concentration
was determined spectrophotometrically using an
absorbance coefficient (red-ox) of 24.0 mM™!'-
cm ™! at 605 nm [33]. All experiments were per-
formed at 20°C.

H,0, (Suprapur) and glucose were from Merck,
ascorbic acid (Analar) and sodium dithionite were
from British Drug Houses, helium was from
Hoekloos, glucose oxidase (from Aspergillus niger,
Grade I) was from Boehringer Mannheim GbmH.

The titration experiments were performed in a
modified Cary-14 spectrophotometer [15] using
Thunberg cuvettes. In these experiments anaero-
biosis was accomplished by repeated cycles of
evacuation and flushing with helium. After
anaerobiosis, the enzyme was reduced by addition
of excess sodium ascorbate (5 mM) and a small
amount of cytochrome ¢ (60 nM).

The rapid-scan/ stopped-flow measurements



were carried out with a Union-Giken RA-401
spectrophotometer. Whenever possible, reaction
rate constants were calculated by using the first-
order fitting program this apparatus is equipped
with., For the experiments with reduced cyto-
chrome ¢ oxidase reduction was achieved by
addition of excess sodium dithionite. Upon trans-
fer of the cytochrome ¢ oxidase-solution to one of
the stopped-flow reservoirs, the added dithionite
will consume the oxygen present in the buffer. The
concentration of the dithionite added was not
exactly determined for each measurement but was
approx. 800 uM. After consumption of the oxygen
in the buffer and mixing about 150 uM was left.
At this dithionite concentration rereduction will
be very slow compared to the reactions studied in
this paper. This was checked by monitoring the
reaction for some minutes after mixing to make
sure no re-reduction took place in that period. The
other reservoir of the stopped-flow spectropho-
tometer contained buffer with 50 mM glucose
when oxygen was the electron acceptor. As the
experiments were performed at room temperature,
the oxygen concentration of the air-equilibrated
buffer was taken to be 250 uM [34]. When H,0,
was the electron acceptor, the oxygen was con-
verted into H,0, by addition of a small amount
of glucose oxidase to the glucose-containing buffer.
This methods was previously applied by Bickar et
al. [9]. When, in this paper, reference is made to
resting cytochrome ¢ oxidase, this is the enzyme
as isolated. Oxygenated oxidase was prepared by
reduction with excess sodium dithionite and
reoxidation by vigorously mixing with air im-
mediately before the experiment.

The pulsed enzyme was formed by decay of the
oxygenated form. In our stopped-flow experi-
ments we used a different method to prepare the
pulsed enzyme which is explained in the Results
section. The criterium to discern whether we are
dealing with the oxygenated or the pulsed enzyme
is the position of the Soret band, which is for our
preparation 427 and 424 nm, respectively.

Results
Oxidation of reduced cytochrome c oxidase by hy-

drogen peroxide
The oxidation of cytochrome ¢ oxidase was
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followed by measuring rapid-scan spectra in the
wavelength region from 350 to 900 nm. With O,
(about 125 uM) as the electron acceptor, the
oxidation of cytochrome a, was complete and the
oxidation of cytochrome a almost complete within
the mixing time (about 1.5 ms) of the stopped-flow
system. This is in accordance with the oxidation
rate values reported by other investigators: k about
10° s™! for oxidation of the cytochrome a,-Cuyg
site and k about 10° s~ ! for cytochrome a and
Cu, oxidation [2]. The absorbance spectrum of
the reoxidised enzyme had a Soret maximum at
424 nm (Fig. 1, dotted line).

When the oxygen was converted into hydrogen
peroxide before mixing it with cytochrome ¢
oxidase (see Materials and Methods section for
details), the reaction was much slower. Fig. 1
shows the absorbance and absorbance difference
spectra in the Soret region induced by addition of
approximately 125 uM H,O, to reduced cyto-
chrome ¢ oxidase. The reaction consisted of only
one spectral phase, as can be judged from the fact
that the isosbestic point remained nearly constant
at about 433 nm throughout the reaction.
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Fig. 1. Kinetic absorbance spectra in the Soret region of the
oxidation of reduced cytochrome ¢ oxidase by 125 uM H,0,.
The inset shows the absorbance difference spectra, in which
the spectrum obtained after 957 ms was subtracted from all
other spectra. Conditions: 5.0 uM cytochrome ¢ oxidase, 100
mM potassium phosphate (pH 7.4), 1% Tween-80, 50 mM
glucose, sodium dithionite, glucose oxidase. See Materials and
Methods for experimental details. (a) 117 ms; (b) 237 ms; (c)
357 ms; (d) 477 ms; (e) 597 ms; (f) 717 ms; (g) 837 ms; (h) 957
ms. The dotted line represents the absorbance spectrum that
was obtained 17 ms after the addition of 125 M O, to
reduced cytochrome ¢ oxidase.
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When the peroxide concentration was increased
to approx. 5 mM, this was no longer the case: an
appreciable part of the absorbance peak at 445
nm had disappeared before the first spectrum was
measured (at about 8 ms), while on the other hand
a large part of the peak was still present at about
50 ms, when the last spectrum was measured (Fig.
2). Also, the isosbestic point clearly shifted from
429 to 435 nm. These observations indicate that at
this peroxide concentration the oxidation of cyto-
chrome a, preceded the oxidation of cytochrome
a.

This finding is confirmed by rapid-scan spectra
in other wavelength regions. Fig. 3 shows the
absorbance and absorbance difference spectra in
the visible region. The a peak, which is mainly
due to cytochrome a [35], decreased with the same
slow rate which was observed for the second phase
at 445 nm. Fig. 4 shows the absorbance changes
upon addition of hydrogen peroxide at 445 nm,
436 nm, 428 nm, 605 nm, 830 nm and 655 nm for
several peroxide concentrations. According to
Vanneste [35] the absorbance changes at 436 nm
are caused by cytochrome a, and the absorbance
changes at 428 nm are caused by cytochrome a.
The absorbance changes at 605 nm are primarily
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Fig. 2. Kinetic absorbance spectra in the Soret region of the
oxidation of reduced cytochrome ¢ oxidase by 5 mM H,0,.
The inset shows the absorbance difference spectra, in which
the spectrum obtained after 50 ms was subtracted from all
other spectra. Conditions as in Fig. 1, except that 5 mM H,0,
was added and that the cytochrome ¢ oxidase concentration
was 4.9 pM. See Materials and Methods for experimental
details. (a) 8 ms; (b) 11 ms; (¢) 14 ms; (d) 20 ms; (e) 26 ms; (f)
38 ms; (g) 50 ms.
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Fig. 3. Kinetic absorbance spectra in the visible region of the
oxidation of reduced cytochrome ¢ oxidase by 5 mM H,O0,.
The inset shows the absorbance difference spectra in which the
spectrum obtained after 98 ms was subtracted from all other
spectra. Conditions as in Fig. 2, except 12.5 uM cytochrome ¢
oxidase. See Materials and Methods for experimental details.
(a) 14 ms; (b) 20 ms; (c) 25 ms; (d) 32 ms; (e) 38 ms; (f) 44 ms;
(g) 50 ms; (h) 56 ms; (i) 62 ms; (j) 68 ms; (k) 74 ms; (1) 80 ms;
(m) 86 ms; (n) 92 ms; (o) 98 ms.

due to cytochrome a; the absorbance changes at
445 nm are caused by both cytochromes (67%
cytochrome a,, 33% cytochrome a). The ab-
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Fig. 4. Absorbance changes at 445 nm, 436 nm, 428 nm, 605
nm, 655 nm and 830 nm induced by the addition of 0.1 mM
(a), 0.6 mM (b), 2 mM (c) and 10 mM H,0, (d) to reduced
cytochrome ¢ oxidase. Conditions as in Fig. 1. See Materials
and Methods for experimental details.



AA

00 05 10
TIME (s)

0 100 200
TIME (ms)

Fig. 5. Absorbance changes at 436 nm (a) and 428 nm (b)
induced by addition of H,0, to reduced cytochrome ¢ oxidase.
Conditions as in Fig. 1. See Materials and Methods for experi-
mental details. (A) 0.1 mM H,0,; (B) 2.5 mM H,0,.

sorbance changes at 830 nm are due to Cu,
[36,37]. The absorbance shoulder at 655 nm in the
spectrum of oxidised cytochrome ¢ oxidase is be-
lieved to be a specific feature of the oxidised
cytochrome a;-Cuy site when there is interaction
between both metal centers [38]. The results show
that, while at low peroxide concentrations the
oxidation was equally fast at all wavelengths, dif-
ferent rates were measured at higher peroxide
concentrations. The oxidation rates at 830 nm,
605 nm, 428 nm and 655 nm were substantially
slower than the oxidation rate at 436 nm and the
fast phase at 445 nm. This shows that under those
conditions cytochrome a, is oxidised faster than
cytochrome 4 and Cu,,.

The comparatively slow oxidation of cyto-
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Fig. 6. Dependence of the rate of oxidation of reduced cy-
tochrome ¢ oxidase upon the hydrogen peroxide concentra-
tions as observed at 436 nm (), 605 nm (O) and 830 nm (0J).
The slow absorbance changes, caused by the formation of the
peroxide-complex, were subtracted before the oxidation rates
were estimated. Conditions as in Fig. 1. See Materials and
Methods for experimental details.

chrome a is illustrated more clearly in Fig. 5,
which shows the absorbance changes at 428 nm
and 436 nm induced by the addition of 0.13 mM
H,0, (Fig. 5A) and 2.5 mM H,0, (Fig. 5B). For
0.13 mM H,0, the oxidation rates of cytochrome
a and a, are similar, while for 2.5 mM H,0,
cytochrome a; is oxidised faster than cytochrome
a.

Fig. 6 shows the dependence of rates of oxida-
tion of cytochrome a;, cytochrome a and Cu, on
the peroxide concentration. The oxidation of cyto-
chrome a, accelerated with increasing peroxide
concentration. The oxidation rate of cytochrome a
and Cu,, however, increased until a maximal
value of about 20 s~! was reached.

After oxidation of cytochrome c¢ oxidase, the
enzyme will form a stable complex with H,O,
[9-12]). This is a much slower reaction than the
oxidation by H,0, [15]. When the time range was
extended this slower process could be seen very
clearly in the rapid-scan experiments (not shown,
but see Fig. 11 and Fig. 12). It also showed up in
the stopped-flow traces (Fig. 4). At some wave-
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Fig. 7. Titration of reduced cytochrome ¢ oxidase with hydro-
gen peroxide. Plotted is the peak-to-peak amplitude of the
absorbance difference spectrum in the Soret region induced by
addition of H,0, as a function of the peroxide concentration.
Absorbance spectra were measured before and 30 s after
addition of H,0,. Conditions: 5.7 uM cytochrome ¢ oxidase,
100 mM potassium phosphate (pH 7.4), 1% Tween-80, 5 mM
sodium ascorbate, 10 nM cytochrome ¢. See Materials and
Methods for experimental details. The arrow corresponds to
the concentration of hydrogen peroxide at which the ab-
sorbance changes reach their maximal value.

lengths this reaction interfered appreciably with
the exact determination of the oxidation rate; this
was especially so at 436 nm, at which wavelength
the oxidation of cytochrome a; causes relatively
small absorbance changes [35], while H,0,-com-
plex formation has its maximum in the ab-
sorbance difference spectrum at that wavelength
[9). The result is that at 436 nm the absorbance
decrease, due to cytochrome a, oxidation, was
followed by a much slower absorbance increase,
due to a,** - H,0,-complex formation.

In order to investigate how many electrons are
taken up by H,O, in the oxidation of cytochrome
¢ oxidase, the peak-to-peak amplitude of the ab-
sorbance difference spectrum in the Soret region
of the fully reduced enzyme was measured as a
function of the added amount of hydrogen per-
oxide. The shape of the absorbance difference

spectrum was independent of the added amount
of hydrogen peroxide for substoichiometric con-
centrations. For higher peroxide concentrations an
increasing contribution of the formation of the
peroxide complex could be observed. The result is
shown in Fig. 7. The arrow indicates the peroxide
concentration at which the absorbance change
reached its maximal value if H,O, acts as a two-
electron acceptor. The experimental data are con-
sistent with such a behaviour.

Formation of the a;** - H,0, complex

The formation of the a,** - H,0, complex was
studied in stopped-flow and rapid-scan experi-
ments after mixing H,O, with fully oxidized
resting cytochrome ¢ oxidase. At peroxide con-
centrations higher than 1 mM, complex formation
clearly was not a single process. The Soret ab-
sorbance peak first rapidly shifted from 423 to 424
nm, and subsequently shifted slowly further to 428
nm (Fig. 8). The spectral contributions of these
two processes were somewhat different (Fig. 8
inset). The first phase consisted of an absorbance
decrease around 410 nm and an absorbance in-
crease around 432 nm with an isosbestic point at
about 420 nm. It must be stressed, however, that
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Fig. 8. Kinetic absorbance spectra in the Soret region mea-
sured after mixing resting oxidised cytochrome ¢ oxidase with
5 mM H,0,, (a) 2 s; (b) 17 s; (c) 300 s. The inset shows the
absorbance difference spectra that were obtained by subtract-
ing the spectrum at 57 ms from the spectrum at 117 ms (d),
and by subtracting the spectrum at 4.4 s from the spectrum at
17.6 s (e). Conditions: 6.0 pM cytochrome ¢ oxidase, 100 mM
potassium phosphate (pH 7.4), 1% Tween-80. See Materials
and Methods for experimental details.



these spectral features were rather variable. The
second phase consisted of an absorbance decrease
around 408 nm and a small absorbance increase at
438 nm with an isosbestic point at 430 nm. These
absorbance changes were sometimes followed by a
slow absorbance decrease of the Soret peak, espe-
cially when high peroxide concentrations were
present, indicating that at longer time scales the
enzyme started to decompose.

The rate of complex formation was measured in
stopped-flow experiments at a measuring wave-
length of 415 nm. We observed at least two phases.
Fig. 9 shows the absorbance changes at different
peroxide concentrations. From this figure it be-
comes clear that the rate of the first phase was
dependent upon the peroxide concentration,
whereas that of the second phase was not. When
the apparent rate constant of the first phase was
plotted against the peroxide concentration, a
straight line was found (Fig. 10). From the slope
of this line a rate constant for formation of the
complex of 700 M~ ! - s~ ! could be calculated. The
slow phase had a rate of 0.21 s~!. These two
phases were followed by slower ones, but the rates
of those could not be measured accurately because
they coincided with the overall absorbance de-
crease in the Soret region that was already men-
tioned. In general, however, complex formation
was complete within 5 min.

AA
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Fig. 9. Absorbance changes at 415 nm induced by addition of
H,0, to resting cytochrome ¢ oxidase. Conditions as in Fig. 8.
See Materials and Methods for experimental details. (a) 0.25
mM H,0,; (b) 1 mM H,0,; (¢) 2.5 mM H,0,; (d) 10 mM
H,0,; (¢) 25 mM H,0,.
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Fig. 10. Dependence of the rate of complex formation of H,0,
with oxidised cytochrome ¢ oxidase on H,0, concentration.
Plotted are the observed rate constants of the first phase
detected after mixing H,0, with resting cytochrome ¢ oxidase
(see text). Conditions as in Fig. 6.

When the enzyme was oxygenated before ad-
dition of H,0,, the Soret absorbance peak was
situated at 427 nm. After addition of H,0,, the
peak shifted to 428 nm (not shown). After this
small red shift no further absorbance changes
were detected, apart from the bleaching that was
also observed with the resting enzyme. The ab-
sorbance difference spectrum was characterised by
a decrease at 412 nm, an increase at 434 nm, and
an isosbestic point at 424 nm. With the oxygenated
enzyme the amplitude of the absorbance changes
was extremely variable, an observation that was
already made by Bickar et al. [9]. When the rate at
415 nm was measured, it turned out that with the
oxygenated enzyme only the first phase was pre-
sent.

If one allows oxygenated cytochrome ¢ oxidase
to stand for 20-30 min, the absorbance peak will
shift slowly back to 424 nm and the pulsed en-
zyme is formed [11,30). When H,0, was added to
this compound, the 428 nm absorbance peak was
formed, but much faster than with the resting
enzyme (not shown). Unfortunately, by forming
the pulsed enzyme in this way, one always has a
mixture of all three enzyme forms, as the pulsed
enzyme (while being formed from the oxygenated
compound) will decay to the resting state. In order
to evade this problem, dithionite was added to the
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reservoir of the stopped-flow apparatus that con-
tained resting cytochrome ¢ oxidase. In that case,
O, will be consumed and the cytochrome ¢ oxidase
reduced. When the contents of both reservoirs are
mixed, O, in the H,O,-containing reservoir will
rapidly re-oxidise the cytochrome ¢ oxidase. From
the results shown above and from previous reports
by other investigators [18] it is known that under
these conditions the pulsed enzyme will be formed
without prior formation of the oxygenated en-
zyme. The Soret absorbance spectra obtained in
this way are shown in Fig. 11. The Soret peak
shifts from 424 to 428 nm; the reaction is char-
acterized by an absorbance decrease at 413 nm, an
absorbance increase at 435 nm, and an isosbestic
point at 424.5 nm. The reaction, as measured at
415 nm, was completely monophasic and followed
first-order kinetics (Fig. 11 inset). Its rate was
H,0,-dependent and equal to the rate of the first
phase that was observed in the reaction of the
resting enzyme (700 M ! - s71), but the amplitude
of the absorbance change was approx. 4 times as
large.

The reaction was also studied in the visible
region. In this region the complex formation of
the pulsed enzyme form was clearly biphasic. Fig.
12 shows the absorbance spectra measured after
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Fig. 11. Kinetic absorbance spectra in the Soret region after
mixing pulsed oxidised cytochrome ¢ oxidase with 1.5 mM
H,0,. The inset shows the absorbance changes at 415 nm
induced by the addition of 3.7 mM H,0, to both resting and
pulsed cytochrome ¢ oxidase. Conditions: 4.0 uM cytochrome
¢ oxidase, 100 mM potassium phosphate (pH 7.4), 1% Tween-
80, sodium dithionite. See text for experimental details. (a) 432
ms; (b) 872 ms; (c) 1752 ms; (d) 3512 ms.
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Fig. 12. Kinetic absorbance spectra in the visible region after
mixing of pulsed oxidised cytochrome ¢ oxidase with 7.5 mM
H,0,. The inset shows the absorbance difference spectra, in
which the spectrum obtained after 1757 ms was subtracted
from all other spectra. Conditions as in Fig. 8 except 15 uM
cytochrome ¢ oxidase See text for experimental details. (a) 217
ms; (b) 437 ms; (¢) 877 ms; (d) 1317 ms; (e) 1757 ms.

addition of 7.5 mM H,0, to pulsed cytochrome ¢
oxidase. The first phase consists of an absorbance
increase at 605 nm and a pronounced shoulder at
580 nm, with an isosbestic point at 624 nm. Subse-
quently, a blue shift was observed resulting in-an
absorbance increase at 582 nm, a decrease at 607
nm and an isosbestic point at 595 nm. Rapid-scan
measurements at 580 nm and at 605 nm con-
firmed this; at 605 nm the two phases induced
absorbance changes of opposite sign, as has al-
ready been reported by Bickar et al. [39]. The first
phase was peroxide-dependent and occurred
simultaneously with the absorbance changes in the
Soret region. The second phase was peroxide-inde-
pendent and had a rate of 0.9 s 1.

With the oxygenated enzyme, similar ab-
sorbance changes could be observed, but with a
much smaller amplitude; on most occasions the
second phase was relatively more pronounced than
the first phase in comparison to the absorbance
changes observed with the pulsed enzyme. With
the resting enzyme, the fast phase was again ob-
served with an amplitude 4 times smaller than
with the pulsed enzyme. The second phase with
this enzyme conformation had a rate of 0.2 s™1,
which is similar to that observed for the second
phase in the Soret region. Slower absorbance



changes occurred, but could not be determined
accurately.

Discussion

In an earlier paper [15] we reported that re-
duced cytochrome ¢ oxidase is oxidised by hydro-
gen peroxide and that this reaction takes place at
the oxygen-binding site. We showed that the rate
of cytochrome a,-oxidation is linearly dependent
on the hydrogen peroxide concentration. These
observations are confirmed here. Scheme I shows
the reaction sequence of the oxidation of cyto-
chrome ¢ oxidase by hydrogen peroxide:

ki

a?*a?t a* gt
H,0,
ks k_»
34 24 K3 3
a2 a3t a3t
H,0,
Scheme 1

In this model k, =k, as was established by us
previously [15], when we showed that the oxida-
tion rates of the fully reduced and of the partially
reduced enzyme are equal.

When low concentrations of peroxide were ad-
ded we found that the absorbance changes oc-
curred with the same rate at all wavelengths (and
could be fitted as a first-order reaction), so cyto-
chrome a and cytochrome a, were oxidised
simultaneously. This implies that k,, k_, >
k,[H,0,], k,[H,0,]. It also implies that k, = k_,,
i.e., that cytochrome a and a,; have about the
same redox potential. If cytochrome a had a
lower redox potential than cytochrome a,, the
result would be that cytochrome a was oxidised
first and cytochrome a, subsequently; if cyto-
chrome a had a higher redox potential, cyto-
chrome a; would have been oxidised first and
cytochrome a oxidation would have exhibited both
a lag pbase and a slower rate. The conclusion that
k, = k_, is in agreement with the results of previ-
ous potentiometric studies [40-42). When k, =
ki, ky=k_, and k,, k_, > k,[H,0,], k3[H,0,]
it can be derived that the reaction will be first
order with an observed pseudo-first-order rate
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constant k= 3k,;[H,0,]. The observed rate
constant we measured at 444, 428 and 436 nm was
approx. 1.0+ 10* M~1. s~ 1, This yields a value for
k, of 2-10* M~1-s~1 which is in agreement with
the values reported previously [15].

For high peroxide concentrations the oxidation
of cytochrome a, is faster than cytochrome a-
and Cu,-oxidation. This means that then
k,[H,0,] becomes greater than k,. From this we
conclude that the intermediate electron transfer is
slow.

In Ref. 15 we already reported that the rate of
electron transfer from cytochrome a to a, was
low (0.5-5 s~!). That value was a rough estima-
tion and its significance was not clear, as it was
measured under conditions where CO was present

‘in the sample. In this paper we confirm that the

internal electron transfer is slow and a more accu-
rate estimation of the rate constant can be given:
between 15 and 25 s~ !. Furthermore, the experi-
mental approach used in this paper enabled us to
compare directly the internal transfer rates with
O, and with H,0, as the electron acceptor. Our
results clearly show that with oxygen the transfer
of electrons from cytochrome a (and Cu,) to the
cytochrome a,-Cup site was much faster (700 s~ 1)
than with H,0, (15-25 s~1). This difference can
be explained in several ways. It could be that
H,0, in some way inhibits internal electron trans-
fer. However, it is more likely that the fast rate
which is found during turnover [43-45] and in
oxidative pre-steady-state measurements [46,47] is
a specific feature of the oxygen reaction. The most
appealing explanation for such a behaviour is that
in the reaction with oxygen the internal electron-
transfer rate is enhanced by the peroxo-inter-
mediate that is formed when oxygen is bound to
the a,-Cuy site and has taken up two electrons, as
has been proposed previously [7,48]. Such an in-
termediate is not formed in the reaction with
peroxide as studied in this paper.

We have not detected any intermediates in the
reaction. At the highest concentrations applied the
oxidation rate still increases with the peroxide
concentrations. The value for k_  that can be
derived for these concentrations (25 mM and
higher) are lower than expected (300 s™! instead
of the calculated 500 s~') but we ascribe this to
the fact that at these rates a considerable part of
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the reaction occurs within the mixing time of the
apparatus; this is likely to induce errors in the
calculations.

The distribution of the fast and slow phases in
the oxidation process over the wavelength range
fits the absorption spectra of cytochrome a and
a, according to Vanneste [35]. The 655 nm ab-
sorbance shoulder, which is generaily believed to
be caused by a charge transfer within the cyto-
chrome a,-Cuy site [38], is not formed simulta-
neously with cytochrome a; oxidation but at a
slower rate. This suggests that the strong interac-
tion between cytochrome a, and Cuy that is char-
acteristic for the oxidised cytochrome a,-Cuy site
is not established simultaneously with cytochrome
a, oxidation. Another explanation would be that
Cuy is oxidised more slowly than cytochrome a;,
but this would imply that a one-electron reduced
H,0,-intermediate accumulates during the reac-
tion. The absorbance spectra between 350 nm and
900 nm show no evidence for such an inter-
mediate.

H,0, reacted readily with fully oxidised cy-
tochrome ¢ oxidase in the pulsed conformation;
the rate of H,0, binding was 700 M~'.s~!, The
experiments performed in the visible region show
that H,0, binding was followed by at least one
conformational change with a rate of 0.9 s~ 1.

The results obtained with the resting enzyme
are more complicated. One might argue that the
pulsed enzyme is the only enzyme form reacting
with H,0,, if one assumes that the fast phase is
caused by a small fraction of pulsed cytochrome ¢
oxidase present in the resting state. The slower
phases would then represent the transition of the
resting to the pulsed conformation. However, this
would imply a resting-to-pulsed transition rate of
0.2 s7! and thus an even higher value for the
pulsed-to-resting transition. This is much faster
than the actual decay time of the pulsed enzyme
form, about 30 min [30}, can account for. If our
observation that complex formation is complete
within 5 min is correct, this would also be true for
the slower phases. Also the differences between
the spectral features of the fast phase of the
resting enzyme reaction and of the pulsed enzyme
reaction, observed in the Soret region, indicate
that they represent different reactions. Finally, the
spectral features of the slow phase observed with

the resting enzyme (decrease at 408 nm, a small
absorbance increase at 438 nm with an isosbestic
point at 430 nm) show a striking resemblance to
the absorbance differences that Kumar et al. [11]
ascribe to the resting-to-pulsed transition. This
strongly indicates that complex formation has oc-
curred before this slow phase. From these ob-
servations we conclude that at least 45% of the
resting enzyme reacted with H,O, with the same
rate as the pulsed enzyme, inducing similar but
not identical absorbance changes. The transition
to the pulsed conformation was accelerated by the
formation of the peroxide complex to a rate of
0.21 s~ ! The first and second phases together
only accounted for approx. 45% of the absorbance
change observed with the pulsed enzyme. The
remainder of the enzyme reacted more slowly. The
results confirm that resting cytochrome ¢ oxidase
is a heterogeneous mixture of several enzyme
forms.

Our results with the oxygenated enzyme show
that no other reactions could be detected than
those found with the pulsed enzyme, but with
much smaller amplitudes. We share the view of
Kumar et al. [11,30] and other investigators that
the enzyme after oxygenation is, in fact, a per-
oxide complex. The observed reactions can be
explained by partial conversion of the oxygenated
enzyme to the pulsed form in the time interval
between oxygenation and addition of H,0, to the
enzyme. This would also account for the large
variability of the absorbance changes with this
enzyme form observed by us and by Bickar et al.
[9]. The fact that in the visible region the slow
phase was more prominent than the fast phase as
compared to the pulsed enzyme suggests that in its
decay to the pulsed conformation the same inter-
mediate was formed that is seen in H,0, complex
formation. Most of our resuits are summarised in
Scheme 11.

A comparison of our results with those re-
ported by Bickar et al. [39] shows many similari-
ties but also some differences. They report that
both with ‘pulsed’ and resting cytochrome ¢
oxidase the reaction occurs in three H,0,-depen-
dent phases, the only differences between both
compounds lying in the amplitude of the ab-
sorbance changes which is three times greater with
the ‘pulsed’ enzyme. We do not observe their first
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Scheme II. Model for the reaction of pulsed and resting
cytochrome ¢ oxidase with H,0,. P, pulsed cytochrome ¢
oxidase; R, resting cytochrome ¢ oxidase; O, oxygenated cy-
tochrome ¢ oxidase.

phase; this phase, which is not much faster than
their second phase (our first phase) and only
accounts for 15% of the sum of both phases, may
be missing in our preparation. Also they report
this phase to be peroxide-dependent, whereas in
our experiments it is not. Moreover, they do not
discriminate between the slow phases obtained
with the resting and pulsed conformation of cy-
tochrome ¢ oxidase, whereas our resuits indicate
that they belong to quite different processes oc-
curring at different rates, as is evident from the
measurements in the Soret region of the optical
spectrum where no slow phase is detected with
pulsed oxidase.
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