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1. Introduction

The elucidation of the reaction mechanism of
isolated cytochrome ¢ oxidase has been approached
by methods involving equilibrium studies, steady-
state and transient-state kinetics (see [1] and [2] for
reviews). The reaction of the oxidase with its natural
substrate, ferrocytochrome c, has for obvious reasons
received a good deal of attention. The transient-state
kinetics of this reaction, investigated in the presence
and absence of oxygen, consist of several phases, the
first of which is a second-order reaction, with a rate
constant of 10°—107 M™! s~ [3—7]. Direct mea-
surement of the stoichiometry of the reaction, using
the product, ferricytochrome c, as a probe, indicates
that only one of the possible four electron acceptors
of the oxidase, cytochrome a, is reduced in the burst
phase [5,7]. The establishment of a quasi-equilibrium
permits the calculation of an equilibrium constant
for the redox reaction. This corresponds to an oxida-
tion—reduction potential for cytochrome a of
285 mV, which is significantly different from the
value found in potentiometric titrations. Together
with other apparently conflicting observations con-
cerning the properties of the prosthetic groups in
cytochrome ¢ oxidase (see [2]) this finding
emphasizes the complexity of the enzyme. In an
attempt to investigate further the oxidation—reduc-
tion sites of the enzyme, we report in this paper
studies on the reaction between ferricytochrome ¢
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and reduced cytochrome ¢ oxidase using stopped-
flow and rapid-freeze e.p.r. methods. Our mea-
surements strongly indicate that the quasi-equilibrium
between ferricytochrome ¢ and the reduced oxidase
is different from that established with ferrocytochrome
¢ and the oxidized oxidase with respect to stoichio-
metry and to midpoint potentials of groups involved.
This is taken as evidence for site—site interaction
within the oxidase molecule. Maximally two of the
possible four sites in the enzyme are oxidized by
ferricytochrome c in a transient phase. The oxida-
tion is accompanied by some 50% decrease in the
absorption peaks of the reduced enzyme at 605 and
445 nm and is characterized by the appearance

of oxidized high-spin heme and copper in the e.p.t.
spectra, while the low-spin signal seen in the fully
oxidized oxidase is virtually abscnt.

2. Materials and methods

Cytochrome ¢ oxidase was prepared from sub-
mitochondrial particles according to van Buuren [8].
The concentration of cytochrome oxidase is
expressed in terms of a unit containing two hemes
a and two copper ions. The maximal activity of this
preparation in 0.1 M potassium phosphate 0.5%.
Tween-80, pH 7.4 25°C, given by the turnover at
excess cytochrome ¢ in the polarographic assay is
120571, A% /4728 and A4 /A% were 4.4 and 2.4
respectively indicating an optically clear preparation
with little non-reducible heme a. Cytochrome ¢
(Sigma Type VI) was further purified by ion exchange
chromatography [9]. The solution containing ferri-
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cytochrome ¢ and the one containing cytochrome ¢
oxidase was depleted for oxygen as previously
described [10]. Reduction of cytochrome ¢ oxidase
was then obtained in the presence of a small concen-
tration of cytochrome ¢ by the addition of ascorbate.
The stopped-flow apparatus, the rapid-freeze apparatus
and methods for the evaluation of the stopped-flow
traces have been described elsewhere [10,11]. E.p.r.
spectra were recorded with Varian E-3 or E-9
spectrometers. For measuremenis below 77°K a
helium gas flow system was used [12] . Integration of
the e.p.r. signals were performed according to [13,14]
using a copper standard for comparison. The
experiments were carried out at 25°C in potassium
phosphate buffer, pH 7.4, containing 0.5% Tween-80.

3. Results

In the anaerobic reaction between ferricytochrome
¢ and reduced cytochrome ¢ oxidasc, electrons are
rapidly transferred from the oxidase to cytochrome ¢
as demonstrated in fig.1. The initial reduction of
cytochrome ¢ measured at 550 nm occurs simul-

550nm

S

absorbance

605 nm

0.2 1 1
0 100 200
msec

Fig.1. Time course of the anaerobic reaction between
reduced oxidase and oxidized cytochrome ¢. The reaction
was followed at 550 nm and 605 nm. The cxperiments

were carried out in the stopped-flow apparatus (2 cm
optical path) at 25°C in 0.1 M potassium phosphate, pH 7.4,
containing 0.5% Tween-80. The concentration of cyto-
chrome oxidase and cytochrome ¢ after mixing was 3.1 uM
and 6.5 uM respectively.
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taneously with a rapid oxidation of cytochrome ¢
oxidase observed as a decrease in the absorbance at
605 nm. This phase was followed by a much slower
reduction of cytochrome ¢ and finally of the oxidase
due to the presence of excess ascorbate in the oxidase
solution. The second order constant for the initial
reaction between ferricytochrome ¢ and the oxidase
(aas unit) is 6 X 10° M~! s at 100 mM potassium
phosphate. When the phosphate concentration was
decreased to 60 mM, a two-fold increase in the rate
constant was observed but the amount of cytochrome
¢ reduced was not changed.

The amount of cytochrome ¢ reduced by the
oxidase in the initial burst phase of the reaction was
determined by extrapolation of the slow phase as
shown in fig.1. This amount will vary with the con-
centration of the cytochrome ¢ oxidase, [aa3] and
the initial concentration of ferricytochrome ¢
¥,

The effect on the burst phase of varying [¢*'],
is shown in fig.2. The number of electrons per oxidase
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Fig.2. Equivalents of ferrocytochrome ¢ [¢**] g/ [aa,],

formed during the transient reaction, as a function of the
initial relative concentration of ferricytochrome c,

{c**] 4/ [aa,]. Various concentrations of oxidase [aa,]
between 2 uM and 4 uM were used. The ferricytochrome ¢
concentration was varied between 1 uM and 30 uM. [c**] B
was obtained as indicated in fig.1. Other conditions were

as described in fig.1. The drawn curve is calculated assuming
the equilibria described in the eqns. (1) and (2), K, =3 and
K, =1 (see text).
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Fig.3. The change in absorption at 605 nm and 445 nm
during the rapid reaction compared to the total reduced
minus oxidized absorption difference plotted against the
initial relative concentration of ferricytochrome ¢, [c**] g/
[aa,]. The conditions were as described in fig.2. The
changes in absorbance at 605 nm and 445 nm are not
corrected for changes in cytochrome ¢ absorbance.

molecule transferred to cytochrome c during the
burst phase, [c*']g/[aa3], is plotted against the ratio
of initial ferricytochrome c to oxidase, [¢*"] ,/[aas].
The number of electrons transferred increases with
increasing ferricytochrome ¢ concentration but reaches
a saturation level of 2 electrons at high relative con-
centrations of cytochrome ¢. The same maximum of
2 electrons transferred per oxidase molecule was
obtained when another enzyme preparation (also of
van Buuren type) was used, but the shape of the
saturation curve was slightly different.

The amount of heme ¢ oxidized in the burst phase
monitored by the change in absorbance at 605 nm
and at 445 nm is shown in fig.3. A 50% decrease at
445 nm and a 60—70% decrease at 605 nm is
observed at high cytochrome ¢ concentrations.

The rapid-freeze technique was used to stop the
reaction 40 msec after mixing and the e.p.r. spectrum
of the intermediate pxidation products obtained by
this method was studied. Fig.4 shows the e.p.r.
spectrum obtained with various ferricytochrome ¢
concentrations and a spectrum of the oxidized enzyme
mixed with ferricytochrome ¢ under aerobic con-
ditions. The most pronounced effect of the oxidation
by cytochrome ¢ of the oxidase is the appearance of a
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high-spin heme signal at g = 6 with both axial and
rhombic components of the same 'appearance as seen
in titration experiments [14], and an oxidation of the
species, presumably copper, responsible for the
signal at g = 2. The signal at g = 3 seems almost
exclusively to be due to the low-spin iron of non-
reduced cytochrome ¢, since very little, if any, of the
low-spin heme signal observed in the fully oxidized
enzyme, e.g. the line at g = 1.45 can be detected in
this oxidation product of the oxidase (table 1).

The concentrations of the e.p.r.-detectable com-
ponents oxidized by cytochrome ¢ are shown in
table 1.

T T Y
g<60 9=30 9=20 9=145

01 02 03 04
MAGNETIC FIELD (T)

Fig.4. E.p.r. spectra of samples obtained by mixing reduced
cytochrome ¢ oxidasc with ferricytochrome ¢. Rapid-freeze
technique was used to quench the reaction after about

40 msec. Reduced cytochrome oxidase, 160 uM in 0.1 M
potassium phosphate, pH 7.4, 0.5% Tween-80, was mixed
with (A) 5; (B) 1 and (C) 0.5 electron equivalents of ferri-
cytochrome ¢, respectively. Spectrum (D) was obtained

after mixing 160 uM of oxidized oxidase with 5 electron
equivalents of terricytochrome ¢ in the rapid-ireceze apparatus.
Microwave frequency, 9.14 GHz; microwave power, 2 mW;
modulation amplitude 2-10-* T; temperature, 18°K. Relative
detector gain, 1.0 in (A), (B) and (D); 1.25 in (C).
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Table 1
Concentration of e.p.r.-detectable components present 40 msec after mixing of
cytochrome ¢ oxidase with ferricy tochrome ¢

Z

State of aa, {e¥ o/ laa ] =3 g=3 g=145 g=6 g=2
before mixing ratio (uM) (equivalents (uM) uM) (uM)
per oxidase?)
Oxidized 5 226 5.6 31 - 56
Oxidized 0.5 63 1.5 36 - 58
Reduced 5 138 34 <10 10 19
Reduced 1 29 0.7 <10 7 13
Reduced 0.5 11 0.3 0 5.5 9
Reduced ob - - - - 8

4Based on [aa,] =40 uM.

bMixed with anacrobic boffer,

The conditions are those described in fig.4. The concentrationoftheg=3,g=1.45and g=6
wmponents are calculated from the spectra shown in fig.4, while the concentration of the

The amount of cytochrome ¢, which has been
reduced during the rapid reaction, can be estimated
from the low-spin signal at g = 3 assuming that the
oxidized heme of the oxidase does not appear as
detectable low-spin iron (above). After mixing, 3.4

aanivale
au

equiv
initially present are found, indicating that 1.6 equivalents
per oxidase are reduced in fair agreement with the value
expected from the stopped-flow experiments (see fig.2).
The amount of cytochrome ¢ reduced at lower [¢*'] o/
{aas] ratios is however less than expected.

nar nvidace nfths §
Per OXidast O1 uic 5

nte af cvtochrame ¢
WILLO WL \a] LUVELLVLLIV

4. Discussion

The steady-state kinetics of the cytochrome ¢
oxidase reaction seem to be explained in the most
simple way by Minnaerts mechanism IV [15,16].
This mechanism implies the on-constant for the reac-
tion of the cnzyme with the S'I.il)blrdlc, lcrrut,y to-
chrome ¢ to be equal to the on-constant for the
reaction with the product, ferricytochrome ¢. The
validity of this assumption is supported by the mea-
surements of the transient kinetics of the reaction
with ferricytochrome ¢ reported in this paper.
Evidently, the two reactions are similar with respect
to the magnitude of the rate constant. It is also clear
that the transient reaction with ferricytochrome c is

& PO S IO
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.

strongly dependent on the ionic strength of the |
medium in accordance with, what has been found for
the reaction with ferrocytochrome ¢ [17] .

From direct measurements of the reaction between

the oxidized enzyme and ferrocytochrome ¢ made in

this laboratory [5] it was concluded that maximally

one electron per oxidase is transferred in the initial
fast reaction. A further study of this reaction {7]
strongly indicated that a quasi-equilibrium between
cytochrome ¢ and an electron acceptor of the oxidase
is established during the transient phase. The most
likely candidate for that role was pointed out to be

tial Af whislh o Frtrnd $a
C)’tOChi’O!‘dC a, the pG{EFu.iE‘u O1 WiiiCii was 1ouina 1o

be 285 mV under these circumstances [5,7]. The
corresponding measurements of the reaction of the
reduced oxidase with ferricytochrome c¢ (fig.2) show
that the two — and not one electron — are involved.
The assumption that the simple equilibrium described
by the equations (1) and (2) occur as a result of the
transient reaction is sufficient to account for the
relation between the burst reduction of cytochrome ¢
and the initial cytochrome ¢ concentration shown

in fig.2,

e ared _Ki 2y jox 1)
20X 4+ pred K ared 4 Hox ¥))
—
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In these equations a and b represent one-electron
acceptor groups of the oxidase. A curve calculated
for the equilibrium constants Ky =3 and K, =1 is
included in fig.2 as the full line. These constants
correspond to the existence of two acceptors of equal
potential (225 mV, assuming that the potential of
cytochrome ¢ is 255 mV).

The quasi-equilibrium, determined by the amount of
cytochrome ¢ reduced in the burst, was observed to
be unaffected by the ionic strength of the medium.
This observation is most easily explained if it is,
assumed, in accordance with the mechanism IV of
Minnaert [15], that a change in the redox state of
cytochrome ¢ does not induce any change in the
binding constant, Kpy, for the complex with the
oxidase. A strong dependency on ionic strength of
Kp will in that case not be reflected in the overall
equilibrium given by equations ! and 2.

In order to account for the potentials estimated
from the stoichiometry of the transient kinetics as
well as the potentials obtained from potentiometric
titrations [18—20] we propose the following scheme
for consideration:
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Petersen [22]. It is in fact an aspect of the dimer
model proposed by Tiesjema et al. [20] even though
other aspects make this model less attractive, as
discussed by Malmstrom [2] .-

Both the changes in the optical and the e.p.r.
spectrum associated with the reaction are consistent
with the notion that heme is being oxidized in the
cytochrome oxidase in addition to copper. Low spin
cytochrome g is rapidly reduced by ferrocytochrome
¢ [23,24] in the oxidized enzyme. If cytochrome @
is assumed to be the site of cytochrome ¢ interaction
also in the reduced enzyme, it is reasonable to suggest
that this site is responsible for the rapidly emerging
high-spin signal in the reaction with ferricy tochrome
¢. This suggestion is in accordance with the proposal
put forward by Hartzell and co-workers [24—26].
They suggested that the bulk of both detectable
heme signals (g = 3 and g = 6) of the oxidase is due to
cytochrome a, the heme being in a low spin state
when cytochrome 23 is oxidized and in a high-spin
state when it is reduced. The interpretation that
cytochrome g, not cytochrome a3, is oxidized by
cytochrome c is supported by our preliminary

c a® a;,> (low-spin a®")
N
AN
AN
285 mV N 350mV
N
N
slow reactions N
a* a,* — a®" a;3%" (high-spin a*")
N
~
N .285mV 220 mV
AN
~
v
a® 2% c*

Two aspects of heme—heme interaction, the potentials
of cytochrome @ and a3 and the spin state of cyto-
chrome &, are included in the scheme. The midpoint
potential of cytochrome @ depends on the redox

state of cytochrome a3 being 285 mV when it is
oxidized and 220 mV when it is reduced. Such
behaviour of cytochrome 4 has previously been
proposed by Nicholls [21], see also Nicholls and
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experiments (not shown) where the CO-complex of
the reduced cytochrome ¢ oxidase was oxidized by
cytochrome c. The same stoichiometry and the same
rate constant for the reaction with ferricytochrome
¢ was found whether the free enzyme or the CO-
complex was used.

The role of Cu in the redox reactions of the
oxidase is not specified by the above scheme, but the
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assuimption of a Cu—Cu interaction, or pOSS‘uuy
Cu—heme interaction, might be necessary to explain
why Cu" is oxidized by ferricytochrome ¢ when Cu®*
is apparently not [5], or to a smaller degree {24},

reduced by ferrocytochrome c in the transient reaction.

There is some difficulty in explaining the low
recovery of oxidized sites in the e.p.r. experiments
in relation to the amount of reacting cytochrome c.
The difference in the amount of reduced cytochrome
¢ found between optical and e.p.r. experiments may
however be due to an effect of the temperature on
the equilibria in connection with the freezing of the
samples. A difference in the reaction might also be
considered due to the much higher concentrations
used in the e.p.r. experiments.
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