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Ferricytochrome ¢ Induces Monophasic Kinetics of Ferrocytochrome
¢ Oxidation in Cytochrome ¢ Oxidase
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The kinetics of ferrocytochrome ¢ oxidation by reconstituted cytochrome ¢ oxidase (COX)
from bovine heart was followed by a spectrophotometric method, using on-line data collection
and subsequent calculation of reaction rates from a function fitted to the progress curve. When
reaction rates were calculated at increasing reaction times, the multiphasic kinetics of ferro-
cytochrome ¢ oxidation gradually changed into monophasic Michaelis—Menten kinetics. The
same phenomenon was observed when ferrocytochrome ¢ oxidation was followed in the pre-
sence of increasing amounts of ferricytochrome ¢. From these results we conclude that ferri-
cytochrome ¢ shifts the multiphasic kinetics of ferrocytochrome ¢ oxidation by COX into
monophasic kinetics, comparable to high ionic strength conditions. Furthermore, we show
that ferricytochrome c¢ inhibits the “high affinity phase” of ferrocytochrome ¢ oxidation in
an apparently competitive way, while inhibition of the “low affinity phase” is noncompeti-
tive. These findings are consistent with a “regulatory site model” where both the catalytic and
the regulatory site bind ferro- as well as ferricytochrome c.
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regulatory site model.

INTRODUCTION

The kinetics of cytochrome ¢ oxidation by cyto-
chrome ¢ oxidase (COX)? is complex and variable,
depending on the method of assay, i.e., the spectro-
photometric or the polarographic method (Ferguson-
Miller et al., 1976, 1978; Smith et al., 1979), on buffer
composition (Wainio et al., 1960; Wilms er al., 1981;
Brooks and Nicholls, 1982; Biige and Kadenbach,
1986; Reimann et al., 1988; Kossekova et al., 1989),
and on the state of the enzyme complex, either soluble
or membrane-bound (reconstituted) (Carroll and
Racker, 1977). The kinetics of COX do not show a
Michaelis—Menten behavior, but exhibit biphasic or
multiphasic saturation curves (Smith and Conrad,
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1956; Nicholls, 1965; Ferguson-Miller et al., 1976).
In order to explain the multiphasic behavior,
different models have been proposed, assuming one
(Antalis and Palmer, 1982) or two binding sites for
cytochrome ¢ (Errede et al, 1976; Errede and
Kamen, 1978; Ferguson-Miller et al., 1976; Michel
and Bosshard, 1989), negative cooperativity in a
dimeric enzyme complex (Nalecz et al., 1985), or con-
formational transitions (Brzezinski er al., 1986). A
critical discussion of the various models was recently
given by Cooper (1990).

With most assays the substrate cytochrome c is
kept fully reduced, i.e., in the polarographic assay
with -ascorbate/TMPD, or when initial rates are
measured by the stopped-flow method. In the stan-
dard spectrophotometric assay, however, reaction
rates are not obtained until a few seconds after start
of the reaction, i.e., when considerable amounts of
the product ferricytochrome ¢ have already accumu-
lated. In order to overcome graphical analysis and
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to obtain initial reaction rates with the standard
spectrophotometric assay, we investigated the
kinetics of ferro-cytochrome ¢ oxidation by reconsti-
tuted COX from bovine heart by using on-line data
collection and subsequent calculation of the rates
from fitted nonlinear functions. This allowed us to
calculate rates at different times after start of the
reaction and thus to determine actual velocities at
various concentrations of the product ferricyto-
chrome c¢. The multiphasic character of the kinetics
strongly depended on the concentration of ferricyto-
chrome ¢, leading to monophasic kinetics at higher
ferricytochrome ¢ concentrations. A model is sug-
gested to explain the changes of the kinetics by ferri-
cytochrome c.

MATERIALS AND METHODS

Asolectin (L-a-phoshatidylcholine, type II-s from
soybean) and cytochrome ¢ (type VI, from horse
heart) were purchased from Sigma. Valinomycin and
CCCP were obtained from Bochringer. Before use,
asolectin was purified by the method of Kagawa and
Racker (1971). Cytochrome ¢ was reduced with
sodium dithionite and separated by gel filtration on
a Sephadex G-25 column (1 x 10cm). When necess-
ary, the commercial cytochrome ¢ (6% reduced) was
fully oxidized with K;(Fe(CN)4] and purified by a
similar procedure. The concentration was determined
by using the absorption coefficient (reduced minus
oxidized) of 21mM 'em™" at 550nm (Van Gelder
and Slater, 1962). Mitochondria were prepared from
bovine heart according to the method of Smith (1967),
and COX was isolated by the Triton X-114/X-100
method as described by Kadenbach et al. (1986).

The enzyme was reconstituted in liposomes with
asolectin (40mg/ml) sonicated in 1.5% sodium cho-
late, 10 mM K-Hepes (pH 7.4), and 40mM KCl to a
final concentration of 3 uM (Hiither and Kadenbach,
1986). The detergent was removed by adsorption to
purificd Amberlite XAD-2 (Serva) (Shechter and
Bloch, 1971), by incubation at 4°C overnight with
the polymeric adsorbent at a batch concentration of
50 mg/ml. The orientation of the COX in the vesicles
was calculated from the reduced spectrum obtained
by impermeant (ascorbate and cytochrome ¢) and
permeant (TMPD) reducing agents in the presence
of cyanide as described by Casey ef al. (1982). The
average orientation was 65% cytochrome ¢ binding
site outside. The respiratory control ratio was
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measured polarographically in 40mM KCI, 10mM
K-Hepes, pH 7.4, 30uM EDTA, 25mM K-ascor-
bate, 50 uM ferrocytochrome ¢, and 20nM cyto-
chrome aa; in the absence or presence of 1 ug/ml
valinomycin and 3 uM CCCP. The proteoliposomes
had a respiratory control ratio of 5 & 1.

The polarographic measurements of COX
activity were performed with a Clark-type clectrode
according to Ferguson-Miller et al. (1978) in 10 mM
K-Hepes, pH 7.4, 40mM KCI, 30 uM EDTA, 25 mM
ascorbate, 20nM reconstituted COX, and 0.02-
50 uM cytochrome c in the presence of 1 ug/ml vali-
nomycin and 3 uM CCCP at 25°C.

The spectrophotometric assay was performed
according to Yonetani (1967) at 25°C and at a wave-
length of 550 nm using an Uvikon 810 spectrophoto-
meter (Kontron) interfaced to a computer. The assay
was performed in 10mM K-Hepes, pH 7.4, 40 mM
KCl, and 0.3-80 uM ferrocytochrome ¢ in the pre-
sence or absence of 1 ug/ml valinomycin and 3 uM
CCCP. The reaction was started by addition of
the reconstituted enzyme to a final concentration of
2.5-2.8 nM. For each run, 70 absorption values were
sampled at 0.35s intervals and stored in digital form.
The function fitted to these data allowed extrapol-
ation to zero reaction time and calculation of veloci-
ties at different times after start of the reaction, taking
into account the corresponding ferrocytochrome ¢
concentrations.

Reaction rates are presented as turnover number
(TN =mol ferrocytochrome ¢ oxidized xmol heme
aa;' x s71). For the evaluation of Ky and TN,
values a single or a double Michaelis—Menten
equation was fitted to the rate data as described by
Michel and Bosshard (1989).

RESULTS

The oxidation of ferrocytochrome ¢ by reconsti-
tuted COX from bovine heart was measured by the
spectrophotometric method, using a mixed exponen-
tial function to fit the digitalized absorption versus
time data. The calculation of reaction rates from the
slope of fitted nonlinear progress curves has the
advantage that rates can be obtained accurately at
any point of the curve. As shown in Fig. 1, the absorp-
tion vs. time data were closely spaced and slightly
curved. The applied mixed exponential function
yielded excellent fits in comparison with the anal-
ogous recorded curves during the first 30 s of the reac-
tion. For evaluation only data in that time range have
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Fig. 1. Correspondence between recorded and computer-fitted
curves of ferrocytochrome ¢ absorbance during oxidation by recon-
stituted COX. The absorbance decrease of 20 uM ferrocytochrome
¢ at 550 nm during oxidation by 2.5nM reconstituted bovine heart
COX in 10mM K-Hepes, pH 7.4, 40mM KCl in the presence of
1 pg/ml valinomycin and 3 uM CCCP was simultaneously moni-
tored with a recorder and by digitalization. The points were calcu-
lated by fitting a mixed exponential function to the stored data. In
the figure every second point is shown. The curved fit was calculated
for the time range of 2.45-19.6s and extrapolated to zero reaction
tumne.

been used. True initial rates were calculated by
numerical extrapolation of the functions to zero time.

In Fig. 2 reaction rates at various ferrocyto-
chrome ¢ concentrations are presented in an inverse
Eadie—Hofstee plot. The rates were calculated from
the fitted curves at 0, 2.5, and 12.5 s reaction times. At
0s multiphasic kinetics of ferrocytochrome ¢ oxi-
dation is evident (Fig. 2A), but with increasing
reaction time the fitted curve, calculated by use of a
double Michaelis—Menten equation (Michel and Bos-
shard, 1989), approaches a straight line (Fig. 2C). A
high-affinity and two low-affinity phases of ferrocyto-
chrome ¢ oxidation have already been distinguished
by Garber and Margoliash (1990) for the polaro-
graphic assay. Sinjorgo et al. (1984) also mentioned
three different Ky, values for the spectrophotometric
assay. It should be pointed out, however, that the
high-affinity phase of the reaction could not be accu-
rately assayed by the applied spectrophotometric
method.
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Fig. 2. Reversed Eadie—Hofstee plot of the kinetics of ferrocyto-
chrome ¢ oxidation by reconstituted COX calculated for various
reaction times. The activity of 2.8nM reconstituted COX was
measured spectrophotometrically in 10mM K-Hepes, pH 7.4,
40mM KCI at 25°C in the presence of 1ug/ml valinomycin and
3 uM CCCP with 1-60 uM ferrocytochrome ¢. The rate of oxida-
tion was calculated for 0s (A), 2.5s (B), and 12.5s (C) after reaction
start from the derivatives of the fitted functions at the indicated
times and from the actual ferrocytochrome ¢ concentrations at
that time. The curves were calculated by the computer from the
individual points using either a double (solid line) or a single
Michaelis—Menten equation (dashed line).
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Table I. Kinetic Constants of Ferrocytochrome ¢ Oxidation by Reconstituted COX Calculated for Various Reaction Times®
Time after
Michaelis—Menten reaction start Ky TNiax1 Ko TNyax2
equation ® (UM O] UM ¢
Single 0.5 3.5 178
2.5 3.8 181
12.5 3.5 172
Double 0.5 1.5 125 75.8 234
2.5 1.6 104 25.0 217
12.5 — — 3.6 172

“The original data from Fig. 2 were used to calculate the kinetic constants using either a single or a double Michaelis—Menten equation.

In order to evaluate the Ky and Vi, values, the
data of the Eadie—Hostee plots were fitted to curves
by use of a single as well as a double Michaelis—
Menten equation. Clearly, at 0s the best fit is
obtained with the double Michaelis—Menten equation
(Fig. 2A). while with increasing reaction time the
inverse Eadie—Hofstee plot approaches a straight
line (Fig. 2C). This linearization of reaction kinetics

with increasing reaction time is also evident from Ky
values calculated from fits of the double Michaelis—
Menten equation (Table I).

In order to demonstrate that the linearization of
the kinetics with increasing reaction time is due to
increasing concentrations of ferricytochrome ¢, we
have recalculated the data at different percentages of
accumulated ferricytochrome ¢, and calculated Ky

2-10%

1-10%

40

30

20

Apparent Ky (uM)

°% Ferricytochrome ¢

Fig. 3. Change of multiphasic into monophasic kinetics of ferrocytochrome ¢ oxidation by
reconstituted COX with increasing amounts of ferricytochrome c¢. The data of Fig. 2 were
used to calculate rates at various ferrocytochrome ¢ concentrations but at defined ferricy-
tochrome c/ferrocytochrome ¢ ratios (taken at various times after start of the reaction).
For each ratio an Eadie—Hofstee plot was produced and the Ky values were calculated for
the “low 17 (filled circles) and “low 2 phase (open circles) of ferrocytochrome ¢ oxidation
using the double Michaelis—Menten equation. The single Ky value at a ferri-/ferrocyto-
chrome ¢ ratio of 2/1 (67% added ferricytochrome ¢) was calculated from independent
measurements performed in the presence of the corresponding amount of added ferricy-

tochrome c.
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Fig. 4. Inhibition of ferrocytochrome ¢ oxidation by ferricyto-
chrome c¢. The Eadie—Hofstee plot of the inset shows data
measured as described in the legend to Fig. 2, at a constant ferri-/
ferrocytochrome ¢ ratio=2/1 (67% added ferricytochrome ¢), and
calculated at Os reaction time. The data of the inset are also shown
in the lower left corner of the figure (solid line without data points)
and compared with data calculated for 1.5s (open circles) and 7.5 s
(triangles) after start of the reaction. Data points for the high-
affinity phase of the reaction were obtained from a polarographic
assay without TMPD (cloded circles) (see Materials and Methods).
The curves were fitted by a double (main panel) or a single Michaelis—
Menten equation (inset). The dashed line was drawn by hand.

values according to the double Michaelis—Menten
equation. As shown in Fig. 3, the two different Ky
values, corresponding to the “low 1”7 and “low 2
phase” in the paper of Garber and Margoliash
(1990), approach a single value with increasing con-
centrations of ferricytochrome c. This is supported by
the single Ky value obtained from independent
measurements performed in the presence of 67%
added ferricytochrome ¢ and calculated at 0s reac-
tion time (see Figs. 3 and 4).

While the above data were measured with recon-
stituted COX in the presence of uncoupler (CCCP and
valinomycin), we have also measured the kinetics in
the absence of uncoupler and found the same change
of the multiphasic into monophasic kinetics with
increasing reaction time (not shown).
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The assumption that ferricytochrome ¢ accumu-
lation is responsible for the change of multiphasic into
monophasic kinetics is further verified by the separate
experiment shown in the inset of Fig. 4. Here the
kinetics of ferrocytochrome ¢ oxidation was measured
at a constant initial ratio of ferro-/ferricytochrome
c=1/2, with 67% added ferricytochrome ¢ from
the beginning. The curve of the inset in Fig. 4 is also
shown in the lower left corner in Fig. 4 (without data
points) and compared with data measured nearly in
the absence of ferricytochrome ¢. Since our spectro-
photometric method did not allow us to accurately
determine the high-affinity phase of reaction, data
from a polarographic assay, performed without
TMPD in the presence of 25mM ascorbate under
otherwise identical conditions, were included in the
plot (Fig. 4, filled circles). The spectrophotometric
data were calculated for reaction times at 1.5s (open
circles), which correspond to about 5% ferricyto-
chrome, also present in the polarographic assay
(Ferguson-Miller et al., 1978), and for reaction times
at 7.5s (triangles). From Fig. 4 three effects of ferri-
cytochrome ¢ on the oxidation of ferrocytochrome ¢
by reconstituted COX can be seen: (i) Change of the
multiphasic into monophasic kinetics; (ii) Competi-
tive inhibition by ferricytochrome ¢ in the high-
affinity phase of ferrocytochrome ¢ oxidation. The
Vmax Of the reaction in the presence of excess ferri-
cytochrome ¢ equals the V., of the high-affinity
phase of ferrocytochrome ¢ oxidation in the absence
of ferricytochrome ¢, while the apparent Ky is
increased. (iii) Predominantly noncompetitive inhi-
bition of the low-affinity phase of ferrocytochrome ¢
oxidation by ferricytochrome ¢ with significantly
decreasing V-

DISCUSSION

The kinetics of COX is usually measured in the
absence of the reaction product ferricytochrome c.
This holds for both the polarographic assay under
steady-state conditions, where cytochrome ¢ is lar-
gely reduced (95% in our assay) (Van Buuren ez al.,
1971; Ferguson-Miller et al., 1978) and for the spec-
trophotometric assay using the stopped-flow method,
where true initial rates are measured (Veerman ef al.,
1980; Sinjorgo et al., 1984; Brunori et al., 1986;
Brzezinski et al., 1986). Under these conditions multi-
phasic kinetics of ferrocytochrome ¢ oxidation are
observed under low ionic strength conditions.
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The computer-aided collection and processing of
absorption vs. time data allowed us to determine the
rates of ferrocytochrome ¢ oxidation at any time from
reaction start up to about 30s with high accuracy.
When apparent Ky, values at the low 1 and low 2
phase were calculated for different times after start
of the reaction, a continuous change into monopha-
sic kinetics was found with increasing reaction time.
These values correlated well with data obtained at 0s
reaction time in the presence of a defined concentra-
tion of the product ferricytochrome ¢ (Fig. 3). This
result explains previous data, where monophasic
kinetics of ferrocytochrome oxidation by reconsti-
tuted COX were found with the standard spectro-
photometric assay (Hiither and Kadenbach, 1986,
1987, 1988; Hiither et al., 1988). In these studies cal-
culations could only be done a few seconds after start
of the reaction.

Concerning the high-affinity phase of ferrocyto-
chrome ¢ oxidation, the inhibition by ferricytochrome
¢ is predominantly competitive, i.e., the maximal turn-
over numbers TN, are comparable in the near
absence and with increasing concentrations of the
inhibitor (Fig. 4). Competitive inhibition of ferro-
cytochrome ¢ oxidation by ferricytochrome ¢ has
been described by Minnaert (1961) and Yonetani
and Ray (1965). At that time, however, the multi-
phasic kinetics of COX, discovered in 1976 (Errede
et al., 1976, Ferguson-Miller et al., 1976), was unknown.

Our results are in accordance with the hypothesis
of two different binding sites for cytochrome ¢ on the
enzyme complex, a catalytic and a regulatory one (see
Garber and Margoliash, 1990). We suggest that both
can bind ferro- as well as ferricytochrome ¢, however,
with different relative affinities (see the model in Fig.
5). We assume that the catalytic binding site has a high
affinity to both reduced and oxidized cytochrome c.
This is supported by the competitive inhibition of
ferrocytochrome ¢ oxidation (Fig. 4). Binding of a
second molecule of ferrocytochrome ¢ to COX at
the regulatory site may induce, either via a confor-
mational change or by charge repulsion, a decreased
affinity of the catalytic site for reduced cytochrome c,
leading to an increased rate of dissociation of sub-
strate and product. Such an interaction could explain
the increase of both Ky and TN, with increasing
ferrocytochrome ¢ concentrations. At higher con-
centrations, ferricytochrome ¢ may be capable of
efficiently competing with reduced cytochrome ¢ at
the regulatory site. This would counteract the allos-
teric effect of ferrocytochrome ¢ on the catalytic site

Reimann, R6hm, and Kadenbach
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Fig. 5. Model of the interaction of COX with cytochrome ¢. The
model suggests two binding sites for cytochrome ¢ at COX, a
catalytic (c) and a regulatory (r) site. Both sites are assumed to
bind ferro- and ferricytochrome ¢, but the affinity for both forms
is higher at the catalytic site. The effect of bound cytochrome ¢ at the
regulatory site on the kinetics of ferrocytochrome ¢ oxidation at the
catalytic site could occur either via electrostatic repulsion or attrac-
tion, or via conformational change by influencing the subsequent
electron transfer steps (dotted arrow with question mark).

and thus abolish multiphasic behavior. As actually
observed (Fig. 4), such an effect of ferricytochrome ¢
would result in a noncompetitive type of inhibition of
ferricytochrome ¢ under these conditions, besides the
well-established competitive inhibition by ferricyto-
chrome ¢ at the catalytic site.

Our model could also explain the monophasic
kinetics of COX observed at high ionic strength
(Ferguson-Miller et al., 1976; Brooks and Nicholls,
1982; Sinjorgo et al., 1986). High salt concentrations
will compete with the ionic interaction of the relatively
weakly bound ferrocytochrome ¢ at the regulatory
binding site of COX, thus eliminating the effects of
ferricytochrome ¢ on the Ky, for ferrocytochrome ¢
with respect to the catalytic site.
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