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Abstract In previous studies the allosteric inhibition of
cytochrome c oxidase at high intramitochondrial ATP/ADP-
ratios via binding of the nucleotides to the matrix domain of
subunit IV was demonstrated. Here we show that the allosteric
ATP-inhibition of the isolated bovine heart enzyme is switched
on by cAMP-dependent phosphorylation with protein kinase A of
subunits II (and/or III) and Vb, and switched off by subsequent
incubation with protein phosphatase 1. It is suggested that after
cAMP-dependent phosphorylation of cytochrome c oxidase
mitochondrial respiration is controlled by the ATP/ADP-ratio
keeping the proton motive force vvp low, and the efficiency of
energy transduction high. After Ca2+-induced dephosphorylation
this control is lost, accompanied by increase of vvp, slip of proton
pumping (decreased H+/e^ stoichiometry), and increase of the
rate of respiration and ATP-synthesis at a decreased efficiency
of energy transduction.
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1. Introduction

According to the chemiosmotic hypothesis [1^3] the mito-
chondrial respiration is mainly controlled by the proton mo-
tive force vp across the inner mitochondrial membrane. `Res-
piratory control', i.e. the stimulation of oxygen consumption
of isolated mitochondria by ADP (active, state 3 respiration),
followed by its decrease (controlled, state 4 respiration) due to
conversion of ADP into ATP, was explained by uptake of
ADP into mitochondria, stimulation of the ATP-synthase ac-
companied by a decrease of vp, which in consequence stim-
ulates the activity of the three proton pumps of the respira-
tory chain (NADH dehydrogenase, cytochrome c reductase,
and cytochrome c oxidase) and thus mitochondrial respiration
[3].

Recently a second mechanism of respiratory control was
found which is independent of vp and based on the intra-
mitochondrial ATP/ADP-ratio [4^6]. The nucleotides bind
to the matrix domain of subunit IV of eukaryotic cytochrome
c oxidase [7,8] and change at high ATP/ADP-ratios the hyper-
bolic into sigmoidal kinetics, with half-maximal inhibition of

activity at ATP/ADP = 28 [5]. Inhibition of cytochrome c ox-
idase activity at high ATP/ADP-ratios is also found in yeast
but not in bacteria [9], lacking the corresponding subunit IV
[10]. In substrate titrations the concentration of cytochrome c
up to which full inhibition of cytochrome c oxidase activity by
ATP was obtained, however, was found to be variable, de-
pending on the preparation of mitochondria or of the isolated
enzyme.

The identi¢cation of cAMP-dependent protein kinases in
mitochondria [12^14], and the recently described phosphory-
lation of subunit IV of cytochrome c oxidase in mitochondria
from rat liver and heart [11], prompted us to investigate
cAMP-dependent phosphorylation of cytochrome c oxidase
and its e¡ect on enzymatic activity. In yeast mitochondria
four di¡erent protein kinases have been identi¢ed, one of
which is cAMP-dependent and localized in the intermembrane
space [12]. The cAMP-dependent modi¢cation of mitochon-
drial proteins appeared to be very shortlived [13]. cAMP-de-
pendent protein kinases have also been identi¢ed in mitochon-
dria of bovine heart [15], of varies rat tissues [16], and of the
crustacean Artemia franciscana [17]. One product of cAMP-
dependent phosphorylation of mitochondrial proteins from
bovine heart was identi¢ed as the 18 kDa subunit of mito-
chondrial NADH dehydrogenase [14].

In a previous paper the increase of ATP-inhibition of solu-
bilized cytochrome c oxidase after preincubation of isolated
mitochondria with ATP and cAMP was shown [18]. In the
present study the allosteric ATP-inhibition of isolated cyto-
chrome c oxidase from bovine heart was switched on by
cAMP-dependent phosphorylation with protein kinase A
and ATP. The ATP-inhibition is reversed by protein phospha-
tase 1, or by incubation of mitochondria, but not of the iso-
lated enzyme, with Ca2�-ions. Incubation of the isolated en-
zyme with [Q-32P]ATP, cAMP and protein kinase A resulted in
speci¢c labeling of subunits II (and/or III) and Vb.

2. Materials and methods

Cytochrome c oxidase of bovine heart was isolated from mitochon-
drial particles by fractionated ammonium sulfate precipitation in the
presence of cholate according to Yoshikawa et al. [19,20]. To remove
bound cholate from the nucleotide binding site [7,8] the enzyme was
treated overnight at 4³C in a bu¡er containing 50 mM potassium
phosphate, pH 7.4, 1% Tween 20, 5 mM ATP, 200 WM cardiolipin
(cardiolipin/cytochrome c oxidase molar ratio = 40/1). Subsequent in-
cubation of the enzyme (5 WM heme aa3) was performed for 20 min at
30³C in the same bu¡er containing in addition 10 mM PEP (phos-
phoenolpyruvate), 10 units/ml of PK (pyruvate kinase, Boehringer,
Mannheim, Germany), 5 mM MgSO4, and further additions of
cAMP (Sigma-Aldrich) and PKA (protein kinase A, from bovine
heart, Sigma-Aldrich) as described in the legends to the ¢gures. Mea-
surement of cytochrome c oxidase activity (¢nal concentration: 50 nM)
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was performed polarographically [4] at 25³C with 18 mM ascorbate
and increasing concentrations of cytochrome c (0.21^21 WM) in 50 mM
potassium phosphate, pH 7.4, 1% Tween 20, 1 mM EDTA, and 5 mM
ATP or 5 mM ADP (+0.05 mM ATP).

The phosphorylated enzyme (2.5 WM heme aa3) was dephosphory-
lated by incubation for 10^40 min at 30³C in 50 mM KPi, pH 7.4, 1%
Tween 20, 2.5 mM ATP, 5 mM PEP, 5 units/ml of PK, 2.5 mM
MgSO4, 25 WM cAMP, 100 units/ml PKA with 500 units/ml PP1
(protein phosphatase 1, rabbit, recombinant subunit CK, expressed
in Escherichia coli, Sigma-Aldrich) and 100 WM MnCl2.

Mitochondria were isolated from frozen bovine liver by standard
methods in sucrose-medium: 0.25 M sucrose, 20 mM Tris^HCl, pH
7.6, 2 mM EDTA. Mitochondria (0.5 WM heme aa3, determined spec-
trophotometrically) were incubated for 20 min in the cold room in
10 ml open Erlenmeyer £asks under shaking in sucrose-medium con-
taining 5 mM MgSO4, 5 mM ATP, 20 mM PEP, 20 units/ml PK in
the presence or absence of 50 WM cAMP as indicated in the legends to
the ¢gures. When indicated, 1 mM CaCl2 was added and a further
incubation for 20 min at 4³C followed. After incubation the mito-
chondria were solubilized in nine volumes of 1% Tween 20, 50 mM
potassium phosphate, pH 7.4, 5 mM MgSO4, 5 mM ATP, 20 mM
PEP, 20 units/ml PK and kept for 15 min at 0³C. Measurement of
cytochrome c oxidase activity was performed polarographically at
25³C with 18 mM ascorbate and increasing concentrations of cyto-
chrome c (0.21^21 WM).

To determine the subunits of cytochrome c oxidase which are
cAMP-dependent phosphorylated by PKA, the enzyme (5 WM) was
incubated for 20 min at 30³C in a volume of 50 Wl in 50 mM potas-
sium phosphate, pH 7.4, 5 mM MgSO4, 1% Tween 20, with [Q-32P]-
ATP (1 WCi, 800 Ci/mmol, ICN), and further additions of cAMP and
PKA as described in the legends to the ¢gures. The incubated enzyme
was separated into subunits by SDS^PAGE as described by Scha«gger
and von Jagow [21]. The gel was stained with Coomassie blue, dried
and autoradiographed.

3. Results

Incubation of isolated cytochrome c oxidase from bovine
heart with ATP, PKA and cAMP results in allosteric inhi-

bition of activity, i.e. in a sigmoidal activity/substrate (v/s)
relationship with full inhibition of activity up to 4 WM cyto-
chrome c, when the ascorbate respiration is measured in the
presence of ATP, as shown in Fig. 1 (open triangles). Mea-
surement of activity in the presence of ATP after incubation
without cAMP and/or PKA, resulted in partially inhibition of
activity and a slightly sigmoidal curve, but lacking full inhi-
bition at low cytochrome c concentrations (open circles).
These results suggest that the allosteric ATP-inhibition of
cytochrome c oxidase is predominantly due to cAMP-depen-
dent phosphorylation of the enzyme. Before incubation the
enzyme was kept overnight in a bu¡er containing 5 mM
ATP and 200 WM cardiolipin, in order to exchange bound
cholate by ATP [7], and to saturate the enzyme with cardio-
lipin, which is essential for the allosteric ATP-inhibition [4].
PEP and PK were added during incubation in order to keep
the ATP/ADP-ratio high. Measurement of activity in the pres-
ence of ADP results in hyperbolic v/s curves (closed symbols).
After preincubation with cAMP and PKA the hyperbolic
curve is slightly higher (closed circles), excluding a direct in-
hibitory e¡ect of cAMP on the enzyme activity.

In Fig. 1 high concentrations of cAMP were used (1 mM)
in order to show possible unspeci¢c e¡ects of cAMP. In other
experiments, where the concentration dependency of cAMP
was investigated, incubation with 5 WM cAMP for 20 min
at 30³C induced already a sigmoidal curve with 50% inhibi-
tion at 20 WM cytochrome c. Incubation with 50 WM cAMP
resulted in the same allosteric ATP-inhibition as that obtained
with 1 mM cAMP in Fig. 1 (data not shown).

In order to prove that the allosteric ATP-inhibition is due
to reversible phosphorylation of cytochrome c oxidase, the
enzyme was incubated with protein phosphatase 1 after pre-
incubation with ATP, PKA and cAMP, as presented in Fig. 2.
With increasing incubation time the allosteric ATP-inhibition
is abolished, and results after 40 min in almost the same v/s
kinetics, as measured with the untreated enzyme. This result

Fig. 1. The allosteric inhibition of cytochrome c oxidase activity by
ATP is switched on by cAMP-dependent phosphorylation. Cyto-
chrome c oxidase, pretreated with ATP and cardiolipin as described
in Section 2, was incubated for 20 min at 30³C in 1% Tween 20,
50 mM potassium phosphate, pH 7.4, 5 mM MgSO4, 5 mM ATP,
10 mM PEP, and 10 units/ml PK (circles), with 1 mM cAMP
(squares), and 200 units/ml PKA (triangles). The activity was mea-
sured as described in Section 2 in the presence of 5 mM ADP
(+0.05 mM ATP) (closed symbols) or 5 mM ATP (open symbols).
The legends at the curves indicate before the semicolon the addi-
tions during incubation, and after the semicolon the presence of
ATP or ADP during measurement of activity.

Fig. 2. Reversal of cAMP-dependent induced allosteric ATP-inhibi-
tion of bovine heart cytochrome c oxidase by incubation with pro-
tein phosphatase 1. The cAMP-dependent phosphorylated enzyme
was dephosphorylated by PP1 as indicated in Section 2 at 30³C for
the indicated times. Closed triangles: isolated cytochrome c oxidase
only pretreated overnight with ATP and cardiolipin, as described in
Section 2. The activity was measured in the presence of 5 mM
ATP.
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indicates that the allosteric ATP-inhibition is induced by re-
versible cAMP-dependent phosphorylation.

In mitochondria the allosteric ATP-inhibition of cyto-
chrome c oxidase is reversed by a Ca2�-activated protein
phosphatase, as demonstrated in Fig. 3. Isolated bovine liver
mitochondria were preincubated with ATP in the presence or
absence of cAMP. An aliquot of the samples was further
incubated for 20 min at 0³C with 1 mM CaCl2. Incubation

of mitochondria with ATP and cAMP induces the allosteric
ATP-inhibition of the ascorbate respiration of Tween 20-solu-
bilized cytochrome c oxidase with full inhibition up to 4 WM
cytochrome c (open diamonds). The following incubation of
mitochondria with CaCl2 abolished the ATP-inhibition but
resulted in a slightly sigmoidal curve (closed diamonds), which
is similar to that obtained after incubation of mitochondria
only with ATP (open circles). Mitochondria preincubated
only with ATP and then with CaCl2 result in a hyperbolic
titration curve (closed circles). Ca2�-ions do not interact di-
rectly with cytochrome c oxidase, as was shown by incubation
of the preincubated enzyme with 1 mM CaCl2. After preincu-
bation of the bovine heart enzyme with ATP, cAMP and
PKA, a sigmoidal v/s relationship with full inhibition of ac-
tivity up to 4 WM cytochrome c was measured, which was not
changed after subsequent incubation for 20 min at 30³C with
1 mM CaCl2 (data not shown).

The induction of the sigmoidal kinetics of cytochrome c
oxidase after preincubation with cAMP and PKA in the pres-
ence of ATP is at least partly due to phosphorylation of sub-
units II (and/or III) and Vb, as shown in Fig. 4. The isolated
enzyme was preincubated with [Q-32P]ATP, cAMP and PKA.
After SDS^PAGE the Coomassie blue stained gel shows in
the high molecular weight range various bands of PKA (Fig.
4, lane 1). In the autoradiography (lanes 4, 6, 8) these bands
are heavily labeled, due to self-phosphorylation of the enzyme
[22], even in the absence of cAMP (lane 6). Labeling of sub-
unit Vb and to a smaller extent subunit II (and/or III) is
clearly dependent on the presence of cAMP and maximal at
a concentration of 50 WM cAMP. In contrast, a cAMP-inde-
pendent labeling of subunit I cannot be excluded.

4. Discussion

The results of this paper demonstrate that cAMP-depen-
dent phosphorylation of cytochrome c oxidase with protein

Fig. 3. Ca2�-ions abolish the allosteric ATP-inhibition of cyto-
chrome c oxidase in mitochondria, but not with the isolated en-
zyme. Mitochondria from bovine liver were treated as described in
Section 2, and the activity of the solubilized mitochondria was
measured in the presence of ATP and an ATP-regenerating system
with ascorbate and increasing concentrations of cytochrome c. Be-
fore solubilization the mitochondria were incubated with ATP and
an ATP-regenerating system (circles), and in addition 1 mM cAMP
(diamonds). Closed symbols indicate a second incubation for 20 min
at 0³C with 1 mM CaCl2.

Fig. 4. cAMP-dependent labeling of cytochrome c oxidase with [Q-32P]ATP and PKA. Isolated cytochrome c oxidase from bovine heart was in-
cubated as described in Section 2 with or without [Q-32P]ATP, cAMP and/or PKA as indicated in the upper panel. The samples were separated
by SDS^PAGE, and the gel was stained with Coomassie blue. After drying, the gel was radioautographed.
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kinase A switches on the allosteric inhibition of activity at
high intramitochondrial ATP/ADP-ratios [4^6]. Similar re-
sults are obtained by incubation of isolated mitochondria
with cAMP using an endogenous protein kinase (see [18]
and Fig. 3). Phosphorylation of the enzyme apparently does
not in£uence the activity in the presence of ADP (Fig. 1). The
ATP-inhibition can be switched o¡ by dephosphorylation of
the isolated enzyme with protein phosphatase 1. The mito-
chondrial protein phosphatase which switches o¡ the alloster-
ic ATP-inhibition, is activated by Ca2�-ions, as concluded
from abolishing the ATP-inhibition by incubation of mito-
chondria with CaCl2. The Ca2�-ions, however, do not directly
interact with cytochrome c oxidase. Furthermore, full inhi-
bition of activity up to 10 WM cytochrome c was obtained
after preincubation of mitochondria with potassium £uoride
[18], an unspeci¢c inhibitor of protein phosphatases [23].

In a previous study the allosteric ATP-inhibition of cyto-
chrome c oxidase could be measured with the enzyme as iso-
lated [4]. In subsequent studies, however, variable degrees or
even no allosteric ATP-inhibition at all was found with di¡er-
ent preparations of the isolated bovine heart enzyme (not
shown), indicating the dependence of the allosteric ATP-in-
hibition on yet unde¢ned speci¢c conditions during isolation
of mitochondria and/or the enzyme, leading to di¡erent de-
grees of dephosphorylation. A rapid dephosphorylation of
cytochrome c oxidase follows also from the observation that
cAMP-dependent modi¢cation of mitochondrial proteins ap-
pears to be very shortlived [13], and by the previously unsuc-
cessful phosphorylation of cytochrome c oxidase subunits
after incubation of inner mitochondrial membranes or the
isolated bovine heart enzyme with protein kinase A and
[Q-32P]ATP [14,24]. A rapid dephosphorylation of cytochrome
c oxidase could also explain why the allosteric ATP-inhibition
has not been found previously in mitochondria or with the
isolated enzyme.

The variable degrees of allosteric and non-allosteric ATP-
inhibition of isolated cytochrome c oxidase suggest several
sites of phosphorylation contributing to di¡erent degrees of
ATP-inhibition. A cAMP-independent phosphorylation of
subunit IV, to which ATP binds and induces the allosteric
ATP-inhibition [4], has been described by Steenaart and Shore
[11]. Here we identi¢ed by labeling with [Q-32P]ATP subunits
II (and/or III) and Vb as cAMP-dependent phosphorylated
subunits. cAMP-dependent protein kinases were identi¢ed in
the intermembrane space of mitochondria [12,13] and in the
mitochondrial matrix [15], based on the observation that
phosphorylation of mitochondrial proteins could be inhibited
by atractylate [25]. The mechanism of translocation of cyto-
solic cAMP into the mitochondrial matrix, however, remains
to be identi¢ed.

The correlation between cAMP-dependent labeling of sub-
units II (and/or III) and Vb and the increase of allosteric
ATP-inhibition suggests the involvement of these subunits in
the mechanism of allosteric ATP-inhibition. The crystal struc-
ture of bovine heart cytochrome c oxidase [26] indicates close
vicinity between subunit Vb and the matrix domain of subunit
IV, rendering conformational interactions feasible. The recent
identi¢cation of a cAMP-sensitive association of the regula-
tory subunit (RIK) of a cAMP-dependent protein kinase A
with the matrix-oriented subunit Vb of cytochrome c oxidase
of human HeLa cells [27] supports the role of phosphorylated
subunit Vb in the allosteric ATP-inhibition. The postulated

allosteric mechanism of ATP-inhibition, based on cooperativ-
ity of the two binding sites for cytochrome c in the two mono-
mers of the enzyme [4], probably via the cytosolic-oriented
subunit VIb [26], could also involve phosphorylation of sub-
unit II at its cytosolic side. In fact, partial induction of allo-
steric ATP-inhibition was found after incubation of the recon-
stituted enzyme with cAMP, ATP and PKA, by which the
enzyme is only phosphorylated from the cytosolic side (un-
published results).

The possible physiological consequences of the reversible
phosphorylation of cytochrome c oxidase has already been
discussed in detail [18,28]. Control of respiration by the intra-
mitochondrial ATP/ADP-ratio via the phosphorylated en-
zyme is assumed to keep the mitochondrial proton motive
force vp low, whereas hormone-induced Ca2�-dependent de-
phosphorylation results in loss of respiratory control by the
ATP/ADP-ratio, accompanied by increased respiration and
vp. Without respiratory control by the ATP/ADP-ratio the
rate of respiration is limited by the proton motive force at
higher values of vp. The increased vp causes slip of proton
pumping in cytochrome c oxidase (i.e. decreased H�/e3 stoi-
chiometry), but not in the bc1-complex [30^33] (for review see
[29]), accompanied by increased 3vGo0 . The physiological
meaning of the abolition of ATP-inhibition by Ca2�-induced
dephosphorylation could thus be to increase vp and slip in
cytochrome c oxidase, and thus to stimulate the rate of respi-
ration and ATP-synthesis via lowered e¤ciency.
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