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Evolution of the respiratory enzyme cytochrome c oxidase

The three catalytic subunits of the

enzyme from Paracoccus denitrifi-

cans (top) and from beef heart (bot-

tom), shown in yellow, are very simi-

lar. The dramatic change during

evolution follows from the dimeriza-

tion and addition of ten regulatory

subunits, shown in different colors,

to the mammalian enzyme. The bac-

terial enzyme contains one regula-

tory subunit (gray).
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Cytochrome c Oxidase and the Regulation
of Oxidative Phosphorylation
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Life of higher organisms is essentially dependent on the efficient
synthesis of ATP by oxidative phosphorylation in mitochondria. An
important and as yet unsolved question of energy metabolism is
how are the variable rates of ATP synthesis at maximal work load
during exercise or mental work and at rest or during sleep
regulated. This article reviews our present knowledge on the
structure of bacterial and eukaryotic cytochrome c oxidases and
correlates it with recent results on the regulatory functions of
nuclear-coded subunits of the eukaryotic enzyme, which are absent
from the bacterial enzyme. A new molecular hypothesis on the
physiological regulation of oxidative phosphorylation is proposed,
assuming a hormonally controlled dynamic equilibrium in vivo
between two states of energy metabolism, a relaxed state with low

ROS (reactive oxygen species) formation, and an excited state with
elevated formation of ROS, which are known to accelerate aging
and to cause degenerative diseases and cancer. The hypothesis is
based on the allosteric ATP inhibition of cytochrome c oxidase at
high intramitochondrial ATP/ADP ratios (ªsecond mechanism of
respiratory controlº), which is switched on by cAMP-dependent
phosphorylation and switched off by calcium-induced dephos-
phorylation of the enzyme.
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1. Introduction

All eukaryotic cells, under heterotrophic growth conditions,
synthesize ATP in two ways: by degrading glucose to lactic acid
or alcohol via glycolysis, or by oxidative phosphorylation in
mitochondria. The latter pathway yields about 15 times more
ATP from glucose and is essential for all multicellular organisms.
The mitochondrial respiratory chain transfers reducing equiv-
alents from nutrients successively to molecular oxygen, accom-
panied by storage of the released energy in a proton gradient
across the inner mitochondrial membrane via three proton
pumping enzyme complexes (NADH:ubiquinone oxidoreduc-
tase (I), cytochrome c reductase (III), and cytochrome c oxidase
(IV)). This proton or electrochemical gradient is used by the
enzyme ATP synthase for the endergonic synthesis of ATP from
ADP and inorganic phosphate.[1a±c] The terminal enzyme of the
respiratory chain, cytochrome c oxidase, reduces molecular
oxygen to water without the formation of reactive oxygen
species (ROS).

Cytochrome c oxidase from mammals is composed of 13 sub-
units. In addition to the three mitochondrially encoded subunits
I ± III, which contain the four catalytic redox centers (CuA, heme a,
heme a3 , and CuB),[2] ten smaller subunits are nuclear-coded and
partly expressed in tissue-specific isoforms.[3a±c] The yeast
enzyme contains eleven,[4] that of Dictyostelium discoideum
seven,[5] and the enzyme from the bacterium Paracoccus
denitrificans consists of four subunits, three of which correspond
to the mitochondria-encoded subunits of the eukaryotic en-
zyme.[6]

In previous review articles it was postulated that the increas-
ing number of subunits during evolution reflects an increasing
regulatory complexity of the enzyme.[3a, b, 7] But only within the
last three to four years could regulatory functions be identified
for some nuclear-coded subunits of the mammalian enzyme.
These results gained strong support from the recently deter-
mined crystal structures of cytochrome c oxidase from P. deni-
trificans[6, 8] and bovine heart.[9±11] In the crystal structure of the
bovine heart enzyme, isolated by using cholate as detergent,
one of two cholate molecules was identified at a site on subunit
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VIaH (heart isoform),[10] which was previously postulated to bind
ADP.[12] Although cholate and ADP have a very similar spatial
structure, bound cholate, in contrast to ADP, was found to
exchange with ATP very slowly[13] and prevents regulation of
enzyme activity by the ATP/ADP ratio.[14]

In this Review article the current knowledge on the structure
and molecular mechanism of cytochrome c oxidase is presented
and related to new regulatory functions of subunits IV, Va, Vb,
VIaH, and VIaL of the mammalian enzyme. From these results a
new hypothesis on regulation of oxidative phosphorylation in
vivo is proposed, based on the allosteric ATP inhibition of the
enzyme through nucleotide binding to subunit IV. The allosteric
inhibition by ATP at high intramitochondrial ATP/ADP ratios is
hormonally regulated and suggested to prevent the increase of
mitochondrial membrane potential and thus the formation of
ROS. Some aspects of this hypothesis have been presented
before.[15, 16]

2. Crystal structures of cytochrome c oxidases

The crystal structure of the dimeric cytochrome c oxidase from
bovine heart[10] is presented in Figure 1. Subunits I, II, and III,
drawn in yellow, contain twelve, two, and seven transmembrane
helices, respectively. The binding site for its substrate cytochro-
me c, and the CuA center are located in subunit II, heme a, and
the binuclear center heme a3/CuB in subunit I. Each of the ten
nuclear-coded subunits are presented in different colors. Seven
of them contain a single transmembrane helix each, and three
are located outside the membrane: subunit VIb at the cytosolic,
subunits Va and Vb at the matrix side. In the monomer on the
left, the catalyzed reaction is indicated schematically [Eq. (1)] .

4 cytochrome c2��O2� (n�4) H�matrix ÿ!
4 cytochrome c3�� 2 H2O�n H�cytosol

(1)

For the monomer on the right, one binding site for 3,5-
diiodothyronine, three sites for ATP or ADP binding, and a
phosphorylation site at subunit I (Ser 441) are marked.

A comparison of the coordinates of the enzymes from bovine
heart and P. denitrificans[6a, b] reveals highly conserved structures
for oxygen reduction and proton translocation during evolution
(see also Figure 2). In contrast, the regulatory complexity of the
eukaryotic enzyme increased dramatically, as follows from the
ten additional subunits present (see Sections 6 and 7).

3. The catalytic cycle

Most of the general aspects of the structure and function of
cytochrome c oxidase discussed below refer to both the
mitochondrial and the bacterial enzyme; whenever specific
amino acids (or their respective mutations in the bacterial
oxidase) are mentioned, the numbering system of the P. de-
nitrificans enzyme is used. For a cross-reference of amino acid
sequence positions in different oxidases see ref. [17] .

Electrons donated from cytochrome c enter the oxidase
complex via a conserved tryptophan in subunit II (W 121; see
Figure 2 and refs. [18a, b, 19a ± c]), and are transferred to dioxy-
gen through its four internal redox centers to form water. The
CuA center, composed of two electronically coupled, mixed-
valence (CuI/CuII) copper ions, is located at the hydrophilic
domain on the cytosolic side (respectively the periplasmic side of
the bacterial membrane) of subunit II. An analysis of site-directed
mutants[20] has confirmed the classical view that this center is
indeed the first, and only, acceptor site in the complex. The
electron is subsequently transferred from the CuA center to
heme a in subunit I. This low-spin heme is closer to the CuA

center than heme a3 (Figure 2), and therefore heme a is the
kinetically preferred electron acceptor. Nevertheless, it was
shown that in a mutant oxidase, direct electron transfer from
CuA to heme a3 is feasible, although with a drastically reduced
efficiency.[21]

Both heme planes are oriented perpendicular to the mem-
brane, at an angle of 1088 to each other. Their iron centers are
13 � apart, but their closest edge-to-edge distance amounts to
only 5 �; two of their histidine ligands (H 411 and H 413) are
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spaced by only one amino acid on the same transmembrane
helix X.[6] The high-spin heme a3 and an electronically coupled
CuB ion form the binuclear center of the enzyme (Figure 2), a
motif found in most terminal oxidases.[22, 23] This center, buried
about one third into the depth of the membrane, is the site of
oxygen binding and water formation, requiring free access for its
substrates (oxygen and protons) and probably is the key player
in energy transduction (see Section 4).

The free energy of the oxidase reaction is stored in a proton
gradient; it is generally agreed on that the canonical ratio of
protons pumped per O2 molecule reduction is four (but see
Section 5). Unlike complex III of the respiratory chain,[23] in which
a Q-cycle scheme of proton translocation is well accepted, the
mechanism of proton pumping, its precise timing, and the
nature of its coupling to electron transport, are still discussed in a
highly controversial manner. Previous models suggested that H�

translocation in the oxidase is strictly coupled to the oxidative
part of the reaction cycle (states ªPMº to ªOº in Figure 3). This view
required that the first two electrons entering the binuclear
center would not contribute to proton pumping at all, while the
last two electrons would exhibit a microscopic pump ratio of two
protons for each electron in two ªpower strokesº.[24] In more
recent sudies, this assumption has been modified,[25, 26] or
dismissed altogether.[8] Closing in on the binuclear center,

Figure 3 depicts current hypotheses of oxygen reduction and
protonic coupling steps during one turnover. In the oxidized
state (ªOº), the binuclear center metal ions carry a �3 (heme
iron) and �2 charge (Cu). A relevant tyrosine residue (Y 280) is
present in its neutral state and forms an unusual CÿN side chain
cross-link to histidine 276, one of the three histidine ligands of
CuB, in the same transmembrane helix of subunit I. This covalent
bridge is observed in both crystal structures[6, 10] and confirmed
by peptide sequencing.[27] Again, from the X-ray crystallographic
structures it is evident that two oxygen species, possibly a water
molecule and a hydroxide ion, bridge the gap between the two
metal centers in the oxidized state, giving rise to the electronic
coupling between both metal centers. With the first two
electrons entering the binculear site, both metal centers are
reduced (�2/�1). Current views favor the translocation of one
proton already during one of these reductive steps (ªEº to ªRº in
Figure 3; for details, see ref. [8]). It is assumed that the driving
force for the pumping step emanates from a charge compensa-
tion within a hydrophobic environment.[24, 28] With two redox
equivalents available at the binuclear site (ªRº), oxygen is able to
bind, leading to the formation of species ªAº in Figure 3. On a fast
time scale, this compound reacts directly to state ªPMº, in which
the dioxygen bond is already cleaved[29] and both oxygen atoms
are present in the formal oxidation state of water.

Figure 1. Structure of the dimeric cytochrome c oxidase complex from bovine heart.[10] Coordinates (PDB entry 1occ) were processed with the Swiss PDB Viewer/Pov Ray
program (E. Schwan, Ray Tracing for the Macintosh CD, Waite Group Press, Corte Madera (CA, USA), 1994). The three mitochondrially coded subunits in each monomer
are represented as peptide backbone traces (yellow) with their redox centers highlighted (see Figure 2 for greater detail), while the helices of nuclear-coded subunits are
numbered and labeled as color-coded ribbons in the right-hand monomer. The monomer on the left schematically depicts the pathway of electrons entering from the
donor, cytochrome c (top left drawn in blue ; shown in a somewhat arbitrary position), oxygen binding to the binuclear center, and pathways and stoichiometry for
matrix proton uptake and release on the cytoplasmically oriented side of the mitochondrial inner membrane (with the positioning of the phospholipid bilayer solely for
illustration). In the monomer on the right, the location of the potential binding sites for ATP (or ADP) and 3,5-diiodothyronine, as well as the cAMP-dependent
phosphorylation siteP on Ser 441 in subunit I are indicated (see text for details).
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Figure 2. Redox-active metal centers in cytochrome c oxidase sub-
units I and II. The low-spin heme a and the binuclear heme a3/CuB center
are located within the hydrophobic interior (see Figure 1) of subunit I,
and are depicted with their histidine ligands. They accept electrons from
CuA , a center consisting of two closely spaced copper ions located
within the hydrophilic periplasmic/intermembrane domain of subunit II.
W 121 denotes a tryptophan acting as the presumed entry site for
electrons from cytochrome c. Electron pathway distances are given as
center-to-center distances and were calculated according to the
bacterial oxidase structure.[6b] Blue spheres represent copper ions, the
central Fe ions of the heme moieties are represented by orange spheres.

How is this four-electron reduction step accounted for
when only two electrons have previously reached the
binuclear site? Two further electrons are provided
transiently from within the site: i) the heme iron center
is formally oxidized to the ferryl state (�4), and ii) the
nearby cross-linked tyrosine is able to donate the fourth
electron, yielding a tyrosine radical (Figure 3, PM state
highlighted). Experimental evidence in support of this
reaction step has been presented recently in an EPR
study.[30] The unique structural setup at the binuclear
site, including the atypical side chain cross-link, seems to
allow the enzyme, once oxygen is bound, to immediately
split the OÿO bond even if the supply of further
electrons is stalled, thus avoiding the formation of
reactive oxygen species such as superoxide anion or
hydrogen peroxide.

The reaction scheme in the second half of the cycle
(Figure 3) requires resolution of the two unusual elec-
tronic states at the binuclear center, i) reduction of the

tyrosine radical by transfer of the third electron, and ii) the fourth
electron to resume the oxidized state also for the iron center of
heme a3 (�3). During this last series of redox events (for details,
see ref. [8]), another three proton translocation steps occur in
going from the PM to the O state. Again, each of these steps is
envisaged to be ªpoweredº by electrostatic repulsion, thus
revealing the coupling between electron transport and proton
translocation. Protons, previously loaded into a launch position
in or above the heme propionates,[8, 21, 31] are released to the
outside, an event that is triggered by the uptake of protons to
the binuclear center from the inside.

4. Proton pathways in cytochrome c oxidase

While detailed mechanistic models exist for the coupling of
proton translocation with ATP synthesis in the ATP syn-
thase,[1a±c, 32] the mechanism of coupling electron transport with
proton translocation in cytochrome c oxidase is still a matter of
debate (see ref. [8, 26]). Wikström and co-workers were the first
to demonstrate proton pumping activity of cytochrome c
oxidase,[33a, b] but for a long time the ratio between translocated
protons and transported electrons (H�/eÿ stoichiometry) re-
mained controversial. In fact, H�/eÿ ratios between zero,[34a, b]

1.0,[35a±d] and 2.0[36a±f] were determined. After numerous discus-
sions it was generally accepted that the H�/eÿ ratio in

Figure 3. Simplified schematic representation of the O2 reduction cycle catalyzed by
cytochrome c oxidase. Key intermediates (white boxes labeled ªOº, ªEº, ªRº etc.) are listed
clockwise along with the input steps for the four electrons (gray circles), the binding of
dioxygen (blue), and the presumed transmembrane proton translocation steps (red arrows ;
according to ref. [8]). The four gray shaded boxes within the reaction circle detail the
electronic states of redox components in the binuclear center of subunit I for selected redox
states of cytochrome c oxidase, ªOº, ªRº, ªPMº, ªPRº; for further explanations and references,
see text. Proton uptake steps, water release, and the assignment of formal charges to the
oxygen atoms have been omitted for clarity.
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cytochrome c oxidases of bacteria[37] and mitochondria[38] invari-
ably is 1.0.[39a, b] The different H�/eÿ ratios found in previous
studies were explained by inconsistencies in the experimental
set-up.

During a complete oxygen cycle four protons are taken up
from the matrix side for the formation of water (ªchemical
protonsº), and four additional protons are assumed to be
translocated from the matrix across the inner mitochondrial
membrane to the cytosolic side (ªpumped protonsº). Theoretical
considerations,[24] as well as site-directed mutagenesis studies,
mainly with a structurally related quinol oxidase (see ref. [40]),
suggested the existence of two different proton pathways within
the hydrophobic interior of subunit I, which was supported and
extended by the crystal structures of the bacterial[6] and bovine
heart enzyme.[10] In the crystal structure of the bovine heart
enzyme, a third proton pathway was postulated (channel ªEº or
ªHº).[10, 11] However, site-directed mutagenesis studies, performed
with the bacterial enzyme, did not yield any evidence for a third
pathway in the bacterial enzyme.[41a, b]

It is generally agreed (see [17]) that the K pathway, named
after a crucial lysine residue (K 354 in P. denitrificans), provides
direct access for protons to the binuclear center. The D pathway,
with its key residue D 124 at the cytoplasmic entrance of the
bacterial enzyme, extends far into subunit I and reaches another
important acidic residue (E 278) close to the binuclear center.
The glutamate side chain may act as a gate for proton
distribution.[42a, b] The further course of the D pathway, in
particular its contact with the redox elements of the bi-
nuclear center and heme a, and its likely physical extension to
the exterior side of the membrane, remain unclear at present.
Early experiments seemed to indicate that the K channel
is used to allow access of the four protons to the binuclear site
for water formation, while the D channel was assumed to
translocate protons across the membrane. From later kinetic
approaches, and a separation of the reaction cycle into reductive
(ªeu-oxidaseº) and peroxidase half-reactions,[43a, b] it was con-
cluded that the first (or the first two?) protons would pass
through the K pathway, while the remaining majority would use
the D pathway in a dual-purpose function, requiring some kind
of distributing device. In a recent study measuring the electro-
genicity of single-electron events in specific channel mutants,[44]

it is concluded that the first electron reduction of the oxidized
enzyme is accompanied by a compensating proton uptake
through the K pathway, while the second reduction step may
elicit use of the D channel. Further convincing assignments for all
subsequent steps are still lacking.

With respect to the variable H�/eÿ ratio (see Section 5) it is
interesting to note that several mutations in presumed residues
lining the D channel lead to a partial decoupling of electron
transport from proton translocation. In one case, a single
mutation in an asparagine residue (N 131!D), located above
the canonical D-channel entrance residue D 124, yielded an
ideally uncoupled phenotype.[45] After reconstitution in lip-
osomes, proton pumping of the mutated enzyme was com-
pletely abolished, while electron transport under turnover
conditions proceeded at rates identical to that of the wild-type
enzyme.

5. Variable H�/eÿ stoichiometries in
cytochrome c oxidase

Several recent observations indicate that the H�/eÿ stoichiom-
etry in cytochrome c oxidase may indeed be variable, and this
variation is not dependent on the measuring conditions. For a
bacterial cytochrome c oxidase, cytochrome ba3 oxidase from
Thermus thermophilus, a H�/eÿ ratio of 0.5 instead of 1.0 was
measured under standard conditions.[46] Decreased H�/eÿ ratios
in mammalian cytochrome c oxidase are obtained after removal
of subunit III (for reviews see ref. [47, 48]), and after chemical
modification with reagents specific for carboxy groups in
hydrophobic environments like DCCD (dicyclohexylcarbodi-
imide)[47, 48] and EEDQ (N-ethoxycarbonyl-2-ethoxy-1,2-dihydro-
quinoline).[49]

For rat liver mitochondria, Murphy and Brand[50a, b] investigated
the charge stoichiometry (q�/2 eÿ) over a wide range of
membrane potentials DYm (120 ± 180 mV), both for cytochro-
me c oxidase and cytochrome c reductase (cytochrome bc1

complex). They found no change in stoichiometry for cytochro-
me c reductase, but a decrease in q�/2 eÿ ratio from 4 at low
DYm to 2 at high DYm for cytochrome c oxidase, corresponding
to a decrease in H�/eÿ pump ratio from 1 to 0. Similar results
were obtained by Papa and co-workers, who measured the H�/
eÿ ratio in the presence of the K� ionophore valinomycin, which
converts DYm into DpHm. With isolated mitochondria[51] as well
as with the reconstituted enzyme[51b±c] a decrease in H�/eÿ ratio
with increasing flow rate, that is, increasing pH gradient, was
found for cytochrome c oxidase, but not for cytochrome c
reductase.

6. High ATP/ADP ratios decrease the H�/eÿ
stoichiometry only in the heart

A decrease of the H�/eÿ ratio from 1.0 to 0.5 with increasing
intraliposomal ATP/ADP ratio was measured with reconstituted
cytochrome c oxidase from bovine heart.[52a, b] The decrease was
half-maximal at an ATP/ADP ratio of 100 (for the free nucleo-
tides), and correlated to the exchange of bound ADP by ATP at
the matrix domain of subunit VIaH, since preincubation of the
enzyme with a monoclonal antibody against subunit VIaH
prevented the decrease.[12, 52a] It should be mentioned that only
approximately 5 % of total cellular ADP represents ªfree ADPº,
due to its binding to a large number of intracellular sites.[53] In rat
heart, based on 31P NMR data, cytosolic ATP/ADP ratios of 100 ±
1000 have been estimated,[54a] contrasting the much lower
values for ATP/ADP ratios when the total nucleotide content is
taken into account.[54b] Considering the electrogenic nature of
the ADP/ATP carrier, the intramitochondrial ATP/ADP ratios for
the free nucleotides would be about 20 ± 200.

The nucleotide-binding site at subunit VIaH was verified in the
crystal structure of the enzyme by identification of a cholate
molecule at this site, since cholate is structurally very similar to
ADP.[10] Numerous attempts to crystallize the bovine heart
enzyme in the presence of ATP or ADP have been unsuccess-
ful.[55] This could be due to the large number of nucleotide-
binding sitesÐseven for ATP or ADP and three additional ones
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only for ADP in the bovine heart enzyme, as identified by
equilibrium dialysis.[14, 56] In the crystallized enzyme ten tightly
bound cholate molecules have been identified,[14] which could
stabilize the enzyme in a rigid conformation. In the presence of
nucleotides the enzyme could exist in various conformational
states, thus preventing crystallization.

A decrease in H�/eÿ ratio from 0.9 (presence of ADP) to 0.3 by
ATP was also described for cytochrome c oxidase from a
cyanobacterium (Synechocystis sp. PCC6803) containing a fourth
subunit homologous to the eukaryotic subunit IV.[57] With
reconstituted cytochrome c oxidase from bovine liver (and
kidney) a H�/eÿ ratio of 0.5 was measured under the same
conditions as the ones applied to the bovine heart enzyme. The
enzymes from heart or skeletal muscle (VIaH) and from liver or
kidney (VIaL) contain different isoforms of subunit VIa (and
subunits VIIa and VIII). The lower H�/eÿ ratio of the liver enzyme
was neither influenced by the intraliposomal ATP/ADP ratio nor
by a monoclonal antibody against subunit VIaH (and subunit
VIc).[52b] To our knowledge, the H�/eÿ stoichiometry of the liver-
type enzyme was so far only measured in isolated mitochondria,
which showed H�/eÿ ratios between 1 and 2 (see Section 5). It
remains to be investigated whether in mitochondria the enzyme
exists in a different state (e.g. phosphorylated), resulting in
higher H�/eÿ ratios.

Interestingly, in liver, heart, and skeletal muscle of a bird
(turkey) only the liver-type isoform (VIaL) was found, and
the reconstituted enzymes from turkey liver and heart showed
H�/eÿ ratios of 0.5, which were independent of the intra-
liposomal ATP/ADP ratio.[58] It was postulated that the decreased
H�/eÿ ratio for the enzyme from skeletal muscle tissue (sub-
unit VIaH) at high ATP/ADP ratios (e.g. during sleep), and for the
enzyme from nonskeletal muscle tissues, participate in thermo-
genesis.[52b, 59]

In fish (trout, carp, and tuna) a third type of subunit VIa was
identified, which differs equally from the mammalian isoforms
VIaH and VIaL.[58, 60] This can be clearly seen in the most
parsimonious phylogram of Figure 4, describing the evolution-
ary relationships between cytochrome c oxidase subunits VIa
from different species. It is possible that cytochrome c oxidase
from fish permanently exhibits a high H�/eÿ ratio in order to
keep thermogenesis low.

7. Two different mechanisms of ªrespiratory
controlº

ªRespiratory controlº was originally defined as stimulation of
oxygen uptake of isolated mitochondria after addition of ADP
(active, state 3 respiration) and subsequent inhibition due to
transformation of ADP into ATP (controlled, state 4 respira-
tion).[62a, b] This phenomenon could be explained by the chemi-
osmotic hypothesis :[63] The three proton pumps of the respira-
tory chain (NADH:ubiquinone oxidoreductase, cytochrome c
reductase, and cytochrome c oxidase) generate the proton
motive force Dp [Eqs. (2) and (3); Z�2.303 RT/F] , which is used
by ATP synthase for the synthesis of ATP from ADP and inorganic
phosphate.

Dp�DYmÿZDpHm (2)

Dp F�DmH� (3)

Stimulation of ATP synthase by ADP, taken up into mitochon-
dria by the ATP/ADP carrier, decreases Dp and stimulates
mitochondrial respiration. After conversion of ADP into ATP,
Dp increases again and respiration becomes inhibited, because
proton pumps are inhibited at high Dp values (ªfirst mechanism
of respiratory controlº).

Recently a ªsecond mechanism of respiratory controlº was
found, which is independent of Dp and based on the inhibition
of cytochrome c oxidase activity at high intramitochondrial ATP/
ADP ratios, changing the kinetics from hyperbolic to sigmoidal
behavior (activity/[cytochrome c] or v/[S] relationship).[64a, b] The
nucleotides bind to the matrix domain of the transmembra-
neous subunit IV. This was concluded from preincubation of the
enzyme with a monoclonal antibody against subunit IV, which
prevented the allosteric ATP inhibition, and from the require-
ment of high ATP/ADP ratios inside the vesicles for the inhibition
of the ascorbate respiration of mitochondrial particles.[64a] Based
on the crystal structure of the bovine heart enzyme,[10] the
binding site for ATP (or ADP) on the matrix domain of subunit IV
was predicted from molecular modeling studies. It could be
located in a pocket close to the membrane formed by amino
acids from subunits IV, II, and I.[64c] Half-maximal inhibition of

activity is obtained at an intramitochondrial ATP/ADP
ratio of 28,[64d] which is lower than the normal ratio of
100, decreasing the H�/eÿ stoichiometry of the bovine
heart enzyme to half-maximal extent.[52a] The ATP/ADP
ratio of 28 lies within the expected intramitochondrial
ratio of free nucleotides in vivo (see Section 6). The
maximal Hill coefficient of 2[64a] indicates cooperativity
of two cytochrome c binding sites, each of which is
assumed to be located at one monomer of the dimeric
enzyme complex. An allosteric ATP inhibition was also
found in the yeast enzyme, but not in the three-subunit
enzyme from Rhodobacter sphaeroides,[65] which, like
most bacteria, lacks the homologous subunit IV. An
exception in this respect is cytochrome c oxidase from
cyanobacteria (Synechocystis sp. PCC6803) which con-
tains a fourth subunit that is homologous to the

Figure 4. Most parsimonious phylogram describing the evolutionary relationship between
cytochrome c oxidase subunits VIa. The comparisons were done with mature amino acid
sequences using the Meg Align 1993 ± 97 program with the Jotun ± Hein algorithm.[61] The
evolution of three different types of subunit VIa in animals is evident from the figure.
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eukaryotic subunit IV. The cyanobacterial enzyme is also regu-
lated by ATP.[57]

A modification of the allosteric ATP inhibition is possible by
further binding of ATP to the cytosolic side of subunit IV
(Figure 1), which increases the KM value for cytochrome c.[13]

Furthermore, a cAMP-independent phosphorylation of subunit
IV (see Section 8) was described by Steenaart and Shore,[66] but
its effect on the enzymatic activity is unknown. Recently a
second isoform of subunit IV (IV-2) was identified in tuna fish,
showing only 50 % identity to subunit IV-1.[67] The two isoforms
of subunit IV in animals correspond to the homologous two
isoforms of subunit V in yeast (Va and Vb),[68a] which are
exclusively expressed under normoxic (subunit Va), or suboxic
conditions (subunit Vb).[68b] Based on immunological data, an
isoform of subunit IV has been previously postulated to be
expressed in mammalian fetal tissue[69a] or skeletal muscle.[69b]

Meanwhile, the isoform of subunit IV (IV-2) has been character-
ized for the rat, mouse, and human enzymes.[64c]

The allosteric inhibition of cytochrome c oxidase by ATP is
sensitive to several experimental and physiological parameters
that ªuncoupleº the second mechanism of respiratory control, so
that high ATP/ADP ratios do no longer induce allosteric
inhibition of enzyme activity. These parameters include the use
of dodecylmaltoside as detergent, which monomerizes the
enzyme,[64a] TMPD (N,N,N',N'-tetramethyl-p-phenylenediamine),
which is frequently used as an electron carrier between
ascorbate and cytochrome c, micromolar concentrations of 3,5-
diiodothyronine, which binds specifically to the matrix-oriented
subunit Va,[70a] as well as submicromolar concentrations of
palmitate.[70b] In addition, the allosteric inhibition by ATP is
critically dependent on sufficient amounts of cardiolipin in the
soluble as well as in the reconstituted enzyme.[64a]

8. Hormones control the ªsecond mechanism
of respiratory controlº

As mentioned in Section 7, 3,5-diiodothyronine (T2) acts directly
on cytochrome c oxidase and abolishes the allosteric ATP
inhibition by binding to subunit Va, as verified by binding of
radioactively labeled T2 and suppression of its effect by
preincubation of the enzyme with a monoclonal antibody
against subunit Va.[70a] Subunit Va is located adjacent to the ATP-
binding site of subunit IV (Figure 1). The effect of T2 could explain
the long known ªshort-term effectº of thyroid hormones on the
resting metabolic rate.[71]

Hormones, acting through cAMP as second messenger, switch
on the allosteric ATP inhibition by cAMP-dependent phosphor-
ylation of cytochrome c oxidase, and hormones increasing the
intracellular Ca2� concentration switch it off by calcium-induced
dephosphorylation. This was concluded from experiments with
the isolated enzyme from bovine heart and with mitochondria
from bovine liver.[15, 72] In isolated mitochondria the allosteric
inhibition of cytochrome c oxidase by ATP is generally not
observed, probably due to dephosphorylation or to bound
palmitate. In contrast, incubation of bovine liver mitochondria
with cAMP in the presence of ATP induces the allosteric
inhibition by ATP (via mitochondrial protein kinases), which is

strongly amplified by the presence of KF,[15] an unspecific
inhibitor of protein phosphatases. The site of cAMP-dependent
phosphorylation was determined for bovine heart cytochrome c
oxidase by incubation with protein kinase A, cAMP, and
[g-32P]ATP. The autoradiography showed labeling of subunits I,
II (or III), and Vb.[72] In the bovine heart enzyme, consensus
sequences for cAMP-dependent phosphorylation[73] only occur
in subunits I (RRYS441, cytosolic side), III (RES65, matrix side), and
Vb (RCPS84, matrix side). Interestingly, the consensus sequence in
subunit I is found in man, cow, frog, fly and sea urchin, that is, in
animals controlled by hormones, but not in primrose, yeast and
bacteria.[74a] In order to identify the membrane side where
phosphorylation induces inhibition of activity in the presence of
ATP, the reconstituted bovine heart enzyme was either phos-
phorylated only from the inside (matrix side) in a cAMP-
dependent manner, resulting in decreased activity with hyper-
bolic kinetics, or from the outside (cytosolic side), resulting in
decreased activity with sigmoidal kinetics[74b] . These results
suggest that the allosteric inhibition of cytochrome c oxidase by
ATP at high intramitochondrial ATP/ADP ratios (through ex-
change of bound ADP by ATP at the matrix domain of subunit IV)
is switched on by cAMP-dependent phosphorylation of Ser 441
in subunit I by a mitochondrial protein kinase located in the
intermembrane space.

Recently, the specific binding of the regulatory subunit of
protein kinase A (RIa) to subunit Vb of cytochrome c oxidase was
shown in HeLa cells.[75] Since subunit Vb is located exclusively in
the matrix (Figure 1), a protein kinase A must also occur within
mitochondria. This conclusion is supported by results of Scacco
et al. ,[76] who found stimulation of NADH dehydrogenase activity
in fibroblast cultures after cAMP-dependent phosphorylation of
the matrix-oriented 18-kDa subunit.

9. A new molecular-physiological hypothesis

We propose a new molecular hypothesis on the physiological
regulation of oxidative phosphorylation in vivo. We postulate
that in cells a hormonally controlled dynamic equilibrium exists
between two states of energy metabolism: a relaxed state with
efficient oxidative phosphorylation according to ATP utilization,
and associated with low DYm and low ROS formation, and an
excited state with increased DYm, but less efficient oxidative
phosphorylation, associated with increased ROS formation. The
relaxed state is switched on by cAMP-dependent phosphoryla-
tion of cytochrome c oxidase at Ser 441 in subunit I (and possibly
of subunits III and Vb), and switched off by calcium ion induced
dephosphorylation (Figure 5).

In isolated mitochondria high membrane potentials of 150 ±
200 mV are usually measured.[63, 77] In contrast, low DYm values of
100 ± 150 mV were determined in perfused hearts.[78] We suggest
that in vivo cytochrome c oxidase is mostly (in a cAMP-depend-
ent manner) phosphorylated, and respiration is mainly con-
trolled (except for control by substrates) by the intramitochon-
drial ATP/ADP ratio (second mechanism of respiratory control).
This mechanism converts cytochrome c oxidation into the rate-
limiting step of the respiratory chain, which was verified in vivo
by metabolic control analysis in intact cells.[79a±c] In mitochondria,
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Figure 5. Schematic representation of the postulated regulation of oxidative
phosphorylation (OxPhos) in vivo. We postulate that in eukaryotic cells a
hormonally controlled dynamic equilibrium exists between two states of energy
metabolism: 1) A relaxed state with efficient OxPhos according to the utilization
of ATP at low proton motive force Dp (mainly DYm� 100 ± 150 mV) and low ROS
formation. This state is switched on by cAMP-dependent phosphorylation of the
enzyme (COX-P). 2) An excited state with increased but less efficient OxPhos at
high Dp (150 ± 200 mV) and enhanced ROS formation. The increased Dp causes a
decrease in H�/eÿ ratio (ªslipº) in cytochrome c oxidase and increases
the rate of respiration and ATP synthesis due to decreased efficiency
(ÿDGo' is more negative). The excited state is switched on i) by
dephosphorylation of cytochrome c oxidase (COX-OH) induced by
ªstressº hormones through Ca2�-activated mitochondrial protein
phosphatase(s), ii) without dephosphorylation (*COX-P) by binding
3,5-diiodothyronine or free palmitate; or by increased substrate
pressure in the mitochondrial respiratory chain (high cyt.c2�/cyt.c3�

ratio) as a consequence of excess substrate supply. The excited state
stimulates the formation of ROS, which are considered the main
cause of aging (via mutations of mitochondrial DNA, mtDNA),
degenerative diseases, and cancer.

the allosteric inhibition of cytochrome c oxidase by ATP
stabilizes low values of the proton motive force Dp
(mainly DYm), due to feedback inhibition by high ATP/
ADP ratios, as shown schematically in Figure 6. The
simultaneous control of the activity of the Dp con-
sumer (ATP synthase) and the Dp generator (proton
pumps) by the intramitochondrial ATP/ADP ratio keeps
DYm low, since high ATP/ADP ratios are already
obtained at DYm values of 100 ± 120 mV. This follows
from results of Kaim and Dimroth,[80] who determined
the DYm dependence of the rate of ATP synthesis by
ATP synthase and obtained saturation and maximal
rates at 100 ± 120 mV.

In the absence of the allosteric inhibition of cytochrome c
oxidase by ATP, cell respiration is limited by Dp (mainly DYm , in
addition to substrate control), which inhibits the proton pumps
at high values (150 ± 200 mV). In isolated mitochondria[63, 77] and
with the reconstituted enzyme,[49, 81] high values of DYm are
usually measured, probably due to dephosphorylation of
cytochrome c oxidase. We propose that in vivo ªstress hor-
monesº lead to an increase in DYm (150 ± 200 mV) through
calcium-induced dephosphorylation of cytochrome c oxidase,
and thus turn on the excited state of energy metabolism. The
dephosphorylated enzyme no longer represents the rate-limit-
ing step of the respiratory chain, as measured by metabolic
control analysis with isolated mitochondria, showing a five- to
tenfold excess capacity of cytochrome c oxidase.[82a, b]

The allosteric inhibition of cytochrome c oxidase by ATP (with
subsequent increase in DYm) is also released without dephos-
phorylation by 3,5-diiodothyronine,[68] free palmitate (<1 mM),[70b]

and high substrate concentrations (high cytochrome c2�/cy-
tochrome c3� ratios, as a consequence of excess nutritional
substrates) due to the sigmoidal v/[S] kinetics.[64a] At high DYm

values the H�/eÿ ratio of cytochrome c oxidase decreases (see
Section 5.). It was proposed that the physiological role of
hormone-induced dephosphorylation of cytochrome c oxidase
is to increase the driving force (Dp) and thus the rate of ATP
synthesis under stress at the expense of the efficiency of
oxidative phosphorylation[15, 16] (see Figure 5).

High values of DYm, however, have deleterious consequences
for the whole organism. Investigations of Liu[83a, b] and Korshunov
et al.[83c] have shown that with increasing DYm values (above
150 mV) the formation of ROS in mitochondria increases. The
production of ROS is assumed to occur in the respiratory chain
by direct one-electron transfer from ubisemiquinone to dioxy-

Figure 6. Control of mitochondrial proton motive force Dp (mainly DYm) by the rates of
respiration (COX activity) and ATP synthase. The scheme compares the control of cell
respiration (according to the classical chemiosmotic hypothesis) by the proton motive force
Dp (first mechanism of respiratory control, left panel) and by the intramitochondrial ATP/ADP
ratio (second mechanism of respiratory control, right panel), which, at high ATP/ADP ratios,
leads to allosteric inhibition of cytochrome c oxidase (COX) activity by ATP, and thus of
mitochondrial respiration. This feedback inhibition of respiration at high intramitochondrial
ATP/ADP ratios stabilizes Dp at low values (100 ± 150 mV) that are sufficient for the synthesis
of ATP by ATP synthase. After hormonal switching off the second mechanism of respiratory
control, Dp rises because now mitochondrial respiration (except for control by substrate
supply) is only controlled by high values of Dp (150 ± 200 mV).[63]
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gen.[84] ROS cause mutations of mitochondrial DNA,[85a, b] which
are assumed to represent the main contributor to aging[86a±d] and
degenerative diseases.[87] In addition, ROS have been suggested
to cause cancer.[88]

10. Observations supporting the postulated
control of DYm and ROS formation

Robb-Gaspers et al. ,[89a, b] using fluorescent dyes, simultaneously
measured cytosolic and/or mitochondrial calcium ion concen-
tration ([Ca2�]c and [Ca2�]m, respectively) and mitochondrial DYm

or DpHm after addition of vasopressin or thapsigargin to
cultivated hepatocytes. The immediate increase in [Ca2�]c

(saturation after about 50 s) was followed by a slow but
sustained increase in both DYm and DpHm . This result contrasts
the decrease in DYm after addition of Ca2� to isolated
mitochondria, but is explained by Ca2�-activated dephosphor-
ylation of cytochrome c oxidase, abolition of allosteric inhibition
by ATP, and consequent stimulation of Dp.

In exercise physiology, the ªO2 driftº phenomenon has been
known for more than 25 years but remained unexplained. As
exercise work loads are increased, oxygen consumption in-
creases linearly until a sufficiently high work load is reached at
which O2 consumption increases disproportionately, and ªdriftsº
upward rather then reaching a steady state.[90a±c] This phenom-
enon can be explained by a switch at high work load from the
relaxed to the excited state of energy metabolism through Ca2�-
activated dephosphorylation of cytochrome c oxidase.

The neurotoxic effect of glutamate or N-methyl-D-aspartate
(NMDA) was related to increased formation of ROS in mitochon-
dria. By using a specific fluorescent dye (DCF-H2) the increase in
ROS formation was measured in neurons after addition of
glutamate. The effect was essentially dependent on activation of
the NMDA receptor and the presence of Ca2� in the medium.[91a]

Corresponding experiments by Dugan et al.[91b] with cultivated
cortical neurons of mice, using dihydrorhodamin 123 as ROS
indicator, demonstrated also increased ROS formation after
addition of NMDA, which was dependent on the presence of
extracellular Ca2�.

Electron paramagnetic resonance (EPR) measurements of
oxygen radicals in skeletal muscle samples from human, rat,
and mouse after excessive contractile activity indicated in-
creased ROS formation.[92] The authors postulated that muscle
damage after excessive muscle activity is based on the increased
formation of free radicals.

The comparison of ROS formation in different mammals and
birds showed that animals with maximal life expectancy are
characterized by low mitochondrial ROS formation, and this is
independent of the specific resting metabolic rate of individual
animals.[93]

11. Summary and outlook

We have presented the current view on the catalytic mechanism
of cytochrome c oxidase, based on the crystal structures of the
bacterial and bovine heart enzymes, and on site-directed
mutagenesis studies with bacterial enzymes. The surprisingly

similar crystal structures of the catalytic center of the two
enzymes contrasts the large difference in the number of their
subunits, 3 ± 4 in bacteria and 13 in mammals. For some nuclear-
coded subunits of the eukaryotic enzyme, which are absent in
bacteria, regulatory functions could be elucidated.

A ªsecond mechanism of respiratory controlº was found,
which connects respiration in mammalian cells to the consump-
tion of ATP by inhibiting cytochrome c oxidase activity at high
intramitochondrial ATP/ADP ratios through the exchange of
bound ADP by ATP at the matrix domain of subunit IV. This
allosteric inhibition of the eukaryotic enzyme by ATP is
hormonally switched on by cAMP-dependent phosphorylation
and switched off by Ca2�-activated dephosphorylation, and also
by low concentrations of 3,5-diiodothyronine or palmitate. A
decrease in the proton pumping stoichiometry of the bovine
heart enzyme at high ATP/ADP ratios was found through binding
of ATP to subunit VIaH. This decrease in energy transduction
efficiency, not found in the bovine liver enzyme (containing
subunit VIaL), is assumed to participate in mammalian thermo-
genesis.

Based on these results a new molecular hypothesis on the
physiological regulation of oxidative phosphorylation is postu-
lated, suggesting in vivo a hormonally controlled dynamic
equilibrium between two states of energy metabolism: a relaxed
state with efficient oxidative phosphorylation at low mitochon-
drial membrane potential and low ROS formation, and a ªstress-
inducedº excited state with increased but less efficient oxidative
phosphorylation at high membrane potential and elevated ROS
formation. The excited state is suggested to accelerate aging
and to cause degenerative diseases and cancer.

In this review some regulatory functions of cytochrome c
oxidase subunits IV, Va, Vb, VIaH, and VIaL have been described.
The functions of subunits VIb, VIc, VIIa (two isoforms) VIIb, VIIc,
and VIII (two isoforms) are still unknown. Also, from the seven
identified high-affinity binding sites for ATP or ADP the function
of only two could be elucidated (at subunits IV and VIaH). We are
only at the beginning of understanding the extensive regulatory
complexity of eukaryotic cytochrome c oxidase.
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Prof. E. P. Brass for directing our attention to the ªO2 driftº
phenomenon.

[1] a) J. P. Abrahams, A. G. W. Leslie, R. Lutter, J. E. Walker, Nature 1994, 370,
621 ± 628; b) W. Junge, H. Lill, S. Engelbrecht, Trends Biochem. Sci. 1997,
22, 420 ± 423; c) D. Stock, A. G. W. Leslie, J. E. Walker, Science 1999, 286,
1700 ± 1705.

[2] R. A. Capaldi, Annu. Rev. Biochem. 1990, 59, 569 ± 596.
[3] a) B. Kadenbach, Angew. Chem. 1983, 95, 273 ± 281; Angew. Chem. Int. Ed.

Engl. 1983, 22, 275 ± 282; b) B. Kadenbach, A. Stroh, M. Ungibauer, L.
Kuhn-Nentwig, U. Büge, J. Jarausch, Methods Enzymol. 1986, 126, 32 ± 45;
c) B. Kadenbach, L. Kuhn-Nentwig, U. Büge, Curr. Top. Bioenerg. 1987, 15,
113 ± 161.

[4] B. M. Geier, H. Schägger, C. Ortwein, T. A. Link, W. R. Hagen, U. Brandt, G.
von Jagow, Eur. J. Biochem. 1994, 227, 296 ± 302.



B. Kadenbach et al.

402 CHEMBIOCHEM 2001, 2, 392 ± 403

[5] R. Bisson, G. Schiavo, J. Biol. Chem. 1986, 261, 4347 ± 4376.
[6] a) S. Iwata, C. Ostermeier, B. Ludwig, H. Michel, Nature 1995, 376, 660 ±

669; b) C. Ostermeier, A. Harrenga, U. Ermler, H. Michel, Proc. Natl. Acad.
Sci. USA 1997, 94, 10 547 ± 10 553.

[7] B. Kadenbach, J. Bioenerg. Biomembr. 1986, 18, 39 ± 54.
[8] H. Michel, Biochemistry 1999, 38, 15 129 ± 15 140.
[9] T. Tsukihara, H. Aoyama, E. Yamashita, T. Tomizaki, H. Yamaguchi, K.

Shinzawa-Itoh, R. Nakashima, R. Yaono, S. Yoshikawa, Science 1995, 269,
1069 ± 1074.

[10] T. Tsukihara, H. Aoyama, E. Yamashita, T. Tomizaki, H. Yamaguchi, K.
Shinzawa-Itoh, R. Nakashima, R. Yaono, S. Yoshikawa, Science 1996, 272,
1136 ± 1144.

[11] S. Yoshikawa, K. Shinzawa-Itoh, R. Nakashima, R. Yaono, E. Yamashita, N.
Inoue, M. Yao, M. J. Fei, C. P. Libeu, T. Mizushima, H. Yamaguchi, T.
Tomizaki, T. Tsukihara, Science 1998, 280, 1723 ± 1729.

[12] G. Anthony, A. Reimann, B. Kadenbach, Proc. Natl. Acad. Sci. USA 1993, 90,
1652 ± 1656.

[13] J. Napiwotzki, B. Kadenbach, Biol. Chem. 1998, 379, 335 ± 339.
[14] J. Napiwotzki, K. Shinzawa-Itoh, S. Yoshikawa, B. Kadenbach, Biol. Chem.

1997, 378, 1013 ± 1021.
[15] B. Kadenbach, E. Bender, A. Reith, A. Becker, S. Hammerschmidt, I. Lee, S.

Arnold, M. Hüttemann, J. Anti-Aging Med. 1999, 2, 255 ± 264.
[16] B. Kadenbach, M. Hüttemann, S. Arnold, I. Lee, E. Bender, Free Radicals

Biol. Med. 2000, 29, 211 ± 221.
[17] J. Bioenerg. Biomembr. 1998, 30 (1), 1 ± 146 (special issue: ªCytochrome

Oxidase: Structure and Mechanismº).
[18] a) H. Witt, F. Malatesta, F. Nicoletti, M. Brunori, B. Ludwig, J. Biol. Chem.

1998, 273, 5132 ± 5136; b) H. Witt, F. Malatesta, F. Nicoletti, M. Brunori, B.
Ludwig, Eur. J. Biochem. 1998, 251, 367 ± 373.

[19] a) Y. Zhen, C. W. Hoganson, G. T. Babcock, S. Ferguson-Miller, J. Biol. Chem.
1999, 274, 38 032 ± 38 041; b) K. Wang, Y. Zhen, R. Sadoski, S. Grinnell, L.
Gerern, S. Ferguson-Miller, B. Durham, F. Millett, J. Biol. Chem. 1999, 274,
38 042 ± 38 050; c) V. Roberts, M. E. Pique, J. Biol. Chem. 1999, 274, 38 051 ±
38 060.

[20] F. Malatesta, F. Nicoletti, V. Zickermann, B. Ludwig, M. Brunori, FEBS Lett.
1998, 434, 322 ± 324.

[21] A. Kannt, U. Pfitzner, M. Ruitenberg, P. Hellwig, B. Ludwig, W. Mäntele, K.
Fendler, H. Michel, J. Biol. Chem. 1999, 274, 37 974 ± 37 981.

[22] J. A. Garcia-Horsman, B. Barquera, J. Rumbley, J. Ma, R. B. Gennis, J.
Bacteriol. 1994, 176, 5587 ± 5600.

[23] B. L. Trumpower, R. B. Gennis, Annu. Rev. Biochem. 1964, 63, 675 ± 716.
[24] J. E. Morgan, M. I. Verkhovsky, M. Wikström, J. Bioenerg. Biomembr. 1994,

26, 599 ± 608.
[25] M. I. Verkhovsky, A. Jasaitis, M. L. Verkhovskaya, J. E. Morgan, M. Wikström,

Nature 1999, 400, 480 ± 483.
[26] M. Wikström, Biochim. Biophys. Acta 2000, 1458, 188 ± 198.
[27] G. Buse, T. Soulimane, M. Dewor, H. Meyer, M. Blüggel, Protein Sci. 1999, 8,

985 ± 990.
[28] P. R. Rich, Aust. J. Plant Physiol. 1995, 22, 479 ± 486.
[29] D. A. Proshlyakov, M. A. Pressler, G. T. Babcock, Proc. Natl. Acad. Sci. USA

1998, 95, 8020 ± 8025.
[30] F. MacMillan, A. Kannt, J. Behr, T. Prisner, H. Michel, Biochemistry 1999, 38,

9179 ± 9184.
[31] J. Behr, H. Michel, W. Mäntele, P. Hellwig, Biochemistry 2000, 39, 1356 ±

1363.
[32] P. Dimroth, Biochim. Biophys. Acta 2000, 1458, 374 ± 386.
[33] a) M. Wikström, H. T. Saari, Biochim. Biophys. Acta 1977, 462, 347 ± 361;

b) K. Krab, M. Wikström, Biochim. Biophys. Acta 1978, 504, 200 ± 214.
[34] a) J. Moyle, P. Mitchell, FEBS Lett. 1978, 88, 268 ± 272; b) S. Papa, F.

Guerrieri, M. Lorusso, G. Izzo, D. Boffoli, F. Capuano, N. Capitanio, N.
Altamura, Biochem. J. 1980, 192, 203 ± 218.

[35] a) R. P. Casey, J. B. Chappell, A. Azzi, Biochem. J. 1979, 182, 149 ± 156; b) E.
Sigel, E. Carafoli, Eur. J. Biochem. 1980, 111, 299 ± 306; c) L. J. Prochaska, R.
Bisson, R. A. Capaldi, G. C. M. Steffens, G. Buse, Biochim. Biophys. Acta
1981, 637, 360 ± 373; d) G. Proteau, J. M. Wrigglesworth, P. Nicholls,
Biochem. J. 1983, 210, 199 ± 208.

[36] a) G. F. Azzone, T. Pozzan, F. Di Virgilio, J. Biol. Chem. 1979, 254, 10 206 ±
10 212; b) B. Reynafarje, A. Alexandre, P. Davies, A. L. Lehninger, Proc. Natl.
Acad. Sci. USA 1982, 79, 7218 ± 7222; c) J. J. Lemasters, R. Grunwald, R. K.
Emaus, J. Biol. Chem. 1984, 259, 3058 ± 3063; d) A. D. Beavis, A. L.
Lehninger, Eur. J. Biochem. 1986, 158, 307 ± 314; e) A. D. Beavis, J. Biol.

Chem. 1987, 262, 6174 ± 6181; f) J. D. de Virville, F. Moreau, Biochim.
Biophys. Acta 1990, 1015, 464 ± 470.

[37] T. Haltia, M. Saraste, M. Wikström, EMBO J. 1991, 10, 2015 ± 2021.
[38] G. T. Babcock, M. Wikström, Nature 1992, 356, 301 ± 309.
[39] a) R. W. Hendler, K. Pardhasaradhi, B. Reynafarje, B. Ludwig, Biophys. J.

1991, 60, 415 ± 423; b) K. Pardhasaradhi, B. Ludwig, R. W. Hendler, Biophys.
J. 1991, 60, 408 ± 414.

[40] J. P. Hosler, S. Ferguson-Miller, M. W. Calhoun, J. W. Thomas, J. Hill, L.
Lemieux, J. Ma, C. Georgiou, J. Fetter, J. Shapleigh, M. M. J. Tecklenburg,
G. T. Babcock, R. B. Gennis, J. Bioenerg. Biomembr. 1993, 25, 121 ±
136.

[41] a) U. Pfitzner, A. Odenwald, T. Ostermann, L. Weingard, B. Ludwig, O.-M. H.
Richter, J. Bioenerg. Biomembr. 1998, 30, 89 ± 97; b) H.-M. Lee, T. K. Das,
D. L. Rousseau, D. Mills, S. Ferguson-Miller, R. B. Gennis, Biochemistry
2000, 39, 2989 ± 2996.

[42] a) H. Michel, J. Behr, A. Harrenga, A. Kannt, Annu. Rev. Biophys. Biomol.
Struct. 1998, 27, 329 ± 356; b) P. Hellwig, J. Behr, C. Ostermeier, O.-M. H.
Richter, U. Pfitzner, A. Odenwald, B. Ludwig, H. Michel, W. Mäntele,
Biochemistry 1998, 37, 7390 ± 7399.

[43] a) T. V. Vygodina, N. Capitanio, S. Papa, A. A. Konstantinov, FEBS Lett. 1997,
412, 405 ± 409; b) A. A. Konstantinov, S. Siletsky, D. Mitchell, A. Kaulen, R. B.
Gennis, Proc. Natl. Acad. Sci. USA 1997, 94, 9085 ± 9090.

[44] M. Ruitenberg, A. Kannt, E. Bamberg, H. Michel, B. Ludwig, K. Fendler,
Proc. Natl. Acad. Sci. USA 2000, 97, 4632 ± 4636.

[45] U. Pfitzner, K. Hoffmeier, A. Harrenga, A. Kannt, H. Michel, E. Bamberg,
O.-M. H. Richter, B. Ludwig, Biochemistry 2000, 39, 6756 ± 6762.

[46] A. Kannt, T. Soulimane, G. Buse, A. Becker, E. Bamberg, H. Michel, FEBS Lett.
1998, 434, 17 ± 22.

[47] L. J. Prochaska, P. S. Fink, J. Bioenerg. Biomembr. 1987, 19, 143 ± 166.
[48] M. P. Murphy, Biochim. Biophys. Acta 1989, 977, 123 ± 141.
[49] D. Steverding, B. Kadenbach, J. Biol. Chem. 1991, 266, 8097 ± 8101.
[50] a) M. P. Murphey, M. D. Brand, Nature 1987, 329, 170 ± 172; b) M. P.

Murphey, M. D. Brand, Eur. J. Biochem. 1988, 173, 645 ± 651.
[51] a) S. Papa, N. Capitanio, G. Capitanio, E. De Nitto, M. Minuto, FEBS Lett.

1991, 288, 183 ± 186; b) N. Capitanio, G. Capitanio, E. De Nitto, G. Billani, S.
Papa, FEBS Lett. 1991, 288, 179 ± 182; c) N. Capitanio, G. Capitanio, D. A.
Demarinis, E. De Nitto, S. Massari, S. Papa, Biochemistry 1996, 35, 10 800 ±
10 806.

[52] a) V. Frank, B. Kadenbach, FEBS Lett. 1996, 382, 121 ± 124; b) M.
Hüttemann, V. Frank, B. Kadenbach, Cell. Mol. Life Sci. 1999, 55, 1482 ±
1490.

[53] R. L. Veech, J. W. R. Lawson, N. W. Cornell, H. A. Krebs, J. Biol. Chem. 1979,
254, 6538 ± 6547.

[54] a) A. H. L. From, S. D. Zimmer, S. P. Michurski, P. Mohanakrishnan, V. K.
Ulstad, W. J. Thoma, K. Ugurbil, Biochemistry 1990, 29, 3731 ± 3743;
b) W.-D. Schwenke, S. Soboll, H. J. Seitz, H. Sies, Biochem. J. 1981, 200,
405 ± 408

[55] S. Yoshikawa, personal communication.
[56] T. Rieger, J. Napiwotzki, B. Kadenbach, Biochem. Biophys. Res. Commun.

1996, 217, 34 ± 40.
[57] D. Alge, M. Wastyn, C. Mayer, C. Jungwirth, U. Zimmermann, R. Zoder, S.

Fromwald, G. A. Peschek, IUBMB Life 1999, 48, 187 ± 197.
[58] M. Hüttemann, I. Lee, S. Arnold, N. Mühlenbein, D. Linder, F. Lottspeich, B.

Kadenbach, Eur. J. Biochem. 2000, 267, 2098 ± 2104.
[59] B. Kadenbach, J. Napiwotzki, V. Frank, S. Arnold, S. Exner, M. Hüttemann, J.

Bioenerg. Biomembr. 1998, 30, 25 ± 33.
[60] M. Hüttemann, S. Exner, S. Arnold, F. Lottspeich, B. Kadenbach, Biochim.

Biophys. Acta 1997, 1319, 14 ± 18.
[61] J. J. Hein, Methods Enzymol. 1990, 183, 626 ± 646.
[62] a) H. A. Lardy, H. Wellman, J. Biol. Chem. 1952, 195, 215 ± 224; b) B. Chance,

C. M. Williams, J. Biol. Chem. 1955, 217, 405 ± 427.
[63] D. G. Nicholls, S. J. Ferguson, Bioenergetics, Vol. 2, Academic Press,

London, 1992, pp. 82 ± 87.
[64] a) S. Arnold, B. Kadenbach, Eur. J. Biochem. 1997, 249, 350 ± 354; b) B.

Kadenbach, S. Arnold, FEBS Lett. 1999, 447, 131 ± 134; c) M. Hüttemann, B.
Kadenbach, L. I. Grossman, Gene 2001, 267, 111 ± 123; d) S. Arnold, B.
Kadenbach, FEBS Lett. 1999, 443, 105 ± 108.

[65] K. Follmann, S. Arnold, S. Ferguson-Miller, B. Kadenbach, Biochem. Mol.
Biol. Int. 1998, 45, 1047 ± 1055.

[66] N. A. C. Steenaart, G. C. Shore, FEBS Lett. 1997, 415, 294 ± 298.
[67] M. Hüttemann, Biochim. Biophys. Acta 2000, 1492, 242 ± 246.



Cytochrome c Oxidase

CHEMBIOCHEM 2001, 2, 392 ± 403 403

[68] a) P. V. Burke, D. C. Raitt, L. A. Allen, E. A. Kellogg, R. O. Poyton, J. Biol.
Chem. 1997, 272, 14 705 ± 14 712; b) P. A. Burke, R. O. Poyton, J. Exp. Biol.
1998, 201, 1163 ± 1175.

[69] a) L. Kuhn-Nentwig, B. Kadenbach, Eur. J. Biochem. 1985, 149, 147 ± 158;
b) N. Romero, C. Marsac, M. Fardeau, M. Droste, B. Schneyder, B.
Kadenbach, Histochemistry 1990, 94, 211 ± 215.

[70] a) S. Arnold, F. Goglia, B. Kadenbach, Eur. J. Biochem. 1998, 252, 325 ± 330;
b) S. Hammerschmidt, Diploma thesis, Philipps-Universität Marburg,
1998.

[71] S. Soboll, Biochim. Biophys. Acta 1993, 1144, 1 ± 16.
[72] E. Bender, B. Kadenbach, FEBS Lett. 2000, 466, 130 ± 134.
[73] R. B. Pearson, B. E. Kemp, Methods Enzymol. 1991, 200, 62 ± 81.
[74] a) M. Saraste, Q. Rev. Biophys. 1990, 23, 331 ± 366; b) B. Kadenbach, E.

Bender, I. Lee, unpublished results.
[75] W.-L. Yang, L. Iacono, W.-M. Tang, K.-V. Chin, Biochemistry 1998, 37,

14 175 ± 14 180.
[76] S. Scacco, R. Vergari, R. C. Scarpulla, Z. Technikova-Dobrova, A. Sardanella,

R. Lambo, V. Lorusso, S. Papa, J. Biol. Chem. 2000, 275, 17 578 ± 17 582.
[77] R. P. Hafner, C. D. Nobes, A. D. McGown, M. D. Brand, Eur. J. Biochem. 1988,

178, 511 ± 518.
[78] B. Wan, C. Doumen, J. Duszynski, G. Salama, T. C. Vary, K. F. LaNoue, 1993,

265, H453-H460.
[79] a) G. Villani, G. Attardi, Proc. Natl. Acad. Sci. USA 1997, 94, 1166 ± 1171; b) G.

Villani, M. Greco, S. Papa, G. Attardi, J. Biol. Chem. 1998, 273, 31 829 ±
31 836; c) G. Villani, G. Attardi, Free Radicals Biol. Med. 2000, 29, 202 ± 210.

[80] G. Kaim, P. Dimroth, EMBO J. 1999, 18, 4118 ± 4127.
[81] D. Steverding, D. Köhnke, B. Ludwig, B. Kadenbach, Eur. J. Biochem. 1993,

212, 827 ± 831.
[82] a) A. K. Groen, R. J. A. Wanders, H. V. Westerhoff, R. van der Meer, J. M.

Tager, J. Biol. Chem. 1982, 257, 2754 ± 2757; b) T. Letellier, M. Malgat, J. P.
Mazat, Biochim. Biophys. Acta 1993, 1141, 58 ± 64.

[83] a) S. S. Liu, Biosci. Rep. 1997, 17, 259 ± 272; b) S. S. Liu, J. Bioenerg.
Biomembr. 1999, 31, 367 ± 376; c) S. S. Korshunov, V. P. Skulachev, A. A.
Starkov, FEBS Lett. 1997, 416, 15 ± 18.

[84] H. J. Forman, A. Azzi in Understanding the Process of Aging. The Roles of
Mitochondria, Free Radicals, and Antioxidants (Eds. : E. Cadenas, L. Packer),
Marcel Dekker, New York, 1999, pp. 73 ± 94.

[85] a) C. Richter, Mutat. Res. 1992, 275, 249 ± 255; b) B. N. Ames, M. K.
Shigenaga, T. M. Hagen, Proc. Natl. Acad. Sci. USA 1993, 90, 7915 ±
7022.

[86] a) A. W. Linnane, T. Marzuki, T. Ozawa, M. Tanaka, Lancet 1989, 1, 642 ± 645;
b) B. Kadenbach, J. Müller-Höcker, Naturwissenschaften 1990, 77, 221 ±
225; c) D. C. Wallace, Annu. Rev. Biochem. 1992, 61, 1175 ± 1212; d) B.
Kadenbach, C. Münscher, V. Frank, J. Müller-Höcker, J. Napiwotzki, Mutat.
Res. 1995, 338, 161 ± 172.

[87] D. C. Wallace, Science 1992, 256, 628 ± 632.
[88] Y.-A. Suh, R. S. Arnold, B. Lassegue, J. Shi, X. Xu, D. Sorescu, A. B. Chung,

K. K. Griendling, J. D. Lambeth, Nature 1999, 401, 79 ± 82.
[89] a) L. D. Robb-Gaspers, G. A. Rutter, P. Burnett, G. Hajnoczky, R. M. Denton,

A. P. Thomas, Biochim. Biophys. Acta 1998, 1366, 17 ± 32; b) L. D. Robb-
Gaspers, P. Burnett, G. A. Rutter, R. M. Denton, R. Rizzuto, A. P. Thomas,
EMBO J. 1998, 17, 4987 ± 5000.

[90] a) D. Linnarsson, Acta Physiol. Scand. Suppl. 1974, 415, 3 ± 69; b) B. J.
Whipp, M. Mahler in Pulmonary Gas Exchange, Vol. II (Ed. : J. B. West),
Academic Press, New York, 1980, pp. 33 ± 96; c) T. J. Barstow, P. A. MoleÂ , J.
Appl. Physiol. 1991, 71, 2099 ± 2106.

[91] a) I. J. Reynolds, T. G. Hastings, J. Neurosci. 1995, 15, 3318 ± 3327; b) L. L.
Dugan, S. L. Sensi, L. M. Canzoniero, S. M. Handran, T. S. Lin, M. P.
Goldberg, J. Neurosci. 1995, 15, 6377 ± 6388.

[92] M. J. Jackson, R. H. Edwards, M. C. Symons, Biochim. Biophys. Acta 1985,
847, 185 ± 190.

[93] G. Barja, J. Bioenerg. Biomembr. 1999, 31, 347 ± 366.

Received: September 21, 2000
Revised version: December 11, 2000 [A 134]


