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ABSTRACT

Cytochromec oxidase, the terminal enzyme of the respiratory chains of mito-
chondria and aerobic bacteria, catalyzes electron transfer from cytochromec to
molecular oxygen, reducing the latter to water. Electron transfer is coupled to pro-
ton translocation across the membrane, resulting in a proton and charge gradient
that is then employed by the F0F1-ATPase to synthesize ATP.

Over the last years, substantial progress has been made in our understanding of
the structure and function of this enzyme. Spectroscopic techniques such as EPR,
absorbance and resonance Raman spectroscopy, in combination with site-directed
mutagenesis work, have been successfully applied to elucidate the nature of the
cofactors and their ligands, to identify key residues involved in proton transfer,
and to gain insight into the catalytic cycle and the structures of its intermediates.
Recently, the crystal structures of a bacterial and a mitochondrial cytochromec
oxidase have been determined. In this review, we provide an overview of the
crystal structures, summarize recent spectroscopic work, and combine structural
and spectroscopic data in discussing mechanistic aspects of the enzyme. For
the latter, we focus on the structure of the oxygen intermediates, proton-transfer
pathways, and the much-debated issue of how electron transfer in the enzyme
might be coupled to proton translocation.
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INTRODUCTION

Cytochromec oxidases (E.C. 1.9.3.1) are the terminal enzymes in the respira-
tory chains from mitochondria and many bacteria. They use the electrons of cy-
tochromec to reduce molecular oxygen (dioxygen). The product of the reaction
is water. It is essential that the complexes of the respiratory chains are integrated
into the (inner) membranes of mitochondria or bacteria, because they create an
electrochemical gradient of protons, consisting of a pH-gradient and an electric
field, across the membrane. The electrochemical proton gradient drives protons
back through the membrane via the ATP-synthases, which use this backflow of
protons to synthesize adenosine-5′-triphosphate from adenosine-5′-diphosphate
and inorganic phosphate. Adenosine-5′-triphosphate is the immediate energy
source for numerous processes, including biosynthesis of many compounds,
uptake of nutrients, and motility.

The protons needed for the formation of water originate from the inner side of
bacteria or mitochondria, whereas cytochromec resides on the opposite side of
the membrane. This separation of the substrates leads already to the generation
of an electrochemical proton gradient during the reaction cycle. In addition,
cytochromec oxidases have developed a mechanism to translocate (“pump”)
up to four protons across the membrane per reaction cycle, thereby doubling
the yield of energy conversion.

Cytochromec oxidases are members of the superfamily of heme/copper-
containing terminal oxidases (6, 16, 23, 57, 84), which also comprises many
ubiquinol oxidases, e.g. the well-studied cytochromebo3 fromEscherichia coli,
but not the cytochromebdcomplex from the same bacterium (26). Membership
of the heme/copper-containing terminal oxidase superfamily is indicated by the
presence of histidine ligands to two heme groups and to a copper atom (CuB)
in subunit I, which is the best-conserved subunit. In bacteria, the heme groups
can be hemes A, B, or O (16), whereas only heme A is found in mitochon-
drial cytochromec oxidases. A low-spin heme, hemea in the cytochromec
oxidases from mitochondria or the proteobacteriaParacoccus denitrificansand
Rhodobacter sphaeroides, accepts electrons from ubiquinol or from a copper A
(CuA) center bound to subunit II, and transfers them to a binuclear center. The
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latter consists of a high-spin heme (hemea3 in the cytochromec oxidases from
mitochondria and the proteobacteria), and a copper atom (CuB). Within the
binuclear center, dioxygen is bound to the high-spin heme iron, reduced, and
water is formed.

Subunit II is also well conserved. It is absent (or replaced) in some archaeal
heme/copper-containing terminal oxidases, and, surprisingly, in an alternative
oxidase complex of the nitrogen-fixing endosymbiontBradyrhizobium japon-
icum (74). Subunit II contains the binuclear CuA center that receives the elec-
trons from cytochromec in cytochromec oxidases. Consequently, the CuA

center is absent in ubiquinol oxidases. Subunit III is also present in all mi-
tochondrial and most bacterial heme-copper–containing terminal oxidases. In
some bacterial and archaeal enzymes it (or a part of it) is fused to subunit I
(17). As a result of their occurrence in most terminal heme-copper–containing
terminal oxidases, subunits I-III are often called the core subunits. However,
a complex consisting of subunits I and II of the cytochromec oxidase from
P. denitrificansis already fully active with respect to both dioxygen reduction
to water and proton pumping (36).

As a consequence of their central position in metabolism, the cytochrome
c oxidases have been intensively studied using biochemical, genetic, spectro-
scopic, and crystallographic tools. Nearly all conserved residues of subunit I
have been mutated and the mutant enzymes have been characterized (43). The
resulting structural predictions were found to be generally in good agreement
with the structures obtained by X-ray crystallography. Time-resolved optical
and resonance Raman spectroscopy (23, 49) has led to considerable insights into
the catalytic cycle of this important enzyme. Successful crystallization was first
reported in 1961 (117), but only recently crystals of a quality that allowed to de-
termine the structure at high resolution have been obtained for the cytochromec
oxidases fromP. denitrificans(45, 71, 72) and beef heart mitochondria (89, 90).

In this review, we summarize the results of the structure determinations as
well as those of the various spectroscopic investigations. Special emphasis will
lie on the coupling of oxygen reduction and proton movement in the light of the
possible proton-transfer-pathways identified by mutagenesis work and X-ray
crystallography.

HIGH-RESOLUTION STRUCTURES
OF CYTOCHROMEC OXIDASES

Overall Structure, Protein Subunits,
and Prosthetic Groups
A landmark in the field of cytochromecoxidase research was the determination
of the three-dimensional structures of the bacterial cytochromec oxidase from
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the soil bacteriumP. denitrificans(45, 72) and its mammalian counterpart from
bovine heart mitochondria (89, 90). These structures now provide the scaffold
for the interpretation of the results of spectroscopic studies and mutagenesis
experiments, and for the functional discussion.

The key step in the structure determination of membrane proteins is to obtain
suitable crystals for X-ray crystallography. This feat was achieved in the case
of the bovine heart enzyme by extensive detergent screening and in the case of
the bacterial enzyme by an approach of enlarging the polar surface with an Fv
fragment of a monoclonal antibody combined with detergent screening (71, 72).

The cytochromec oxidase fromP. denitrificansconsists of the three core
subunits I, II, and III and a small non-conserved subunit IV of unknown function
(109). The first crystals of the bacterial enzyme were obtained using the four-
subunit cytochromec oxidase (71). Later, an improved crystal form of the
functionally active two-subunit cytochromecoxidase complexed with the same
antibody fragment as the four-subunit cytochromec oxidase was observed, and
the structure was determined at 2.7Å resolution (72). The cytochromecoxidase
from beef heart mitochondria possesses ten small subunits in addition to the
core subunits. It was crystallized in a dimeric form.

The structures of the bacterial and the mitochondrial enzymes are surprisingly
similar. The core parts (subunits I, II, and III) of the two crystal structures
look nearly identical at the atomic level. Figure 1 (top) presents the overall
structure of the bacterial cytochromec oxidase in a view perpendicular to
the membrane normal. In this view, the cytochromec oxidase looks like a
trapezoid, with an extension at the smaller side. The trapezoid is integrated into
the membrane. The extension represents the water soluble globular domain of
subunit II. Figure 1 (bottom) shows a truncated form of the bacterial cytochrome
c oxidase in a view from the periplasmic side along the membrane normal. In
this projection, cytochromec oxidase has an oval shape.

SUBUNIT III Although this subunit is present in nearly all cytochromec oxi-
dases, its function remains enigmatic. It does not contribute to the binding of

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 1 Top: Ribbon representation of the cytochromec oxidase from the soil bacteriumPara-
coccus denitrificansin a view parallel to the membrane.Light gray, subunit I;medium gray,
subunit II;dark gray, subunit III; black, subunit IV. The two copper atoms of the CuA-center can
be seen at the top astwo black spheres, hemea as atomic model inblack, hemea3 in dark gray.
The CuB-atom is represented by ablack spherenear hemea3.

Bottom: View of the membrane part of the cytochromec oxidase fromP. denitrificansfrom the
periplasmic side. Only the transmembrane helices, the heme groups (dark gray) and CuB (black
spherenear hemea) are shown. The transmembrane helices are numbered and the location of
pores A, B, and C is indicated. Prepared using MOLSCRIPT (51) and RASTER 3D (58).
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the cofactors nor is it necessary for proton pumping (36). Subunit III may be in-
volved in the assembly of the cytochromecoxidase (30) or form the entrance to a
proposed oxygen channel leading to the active site (82; see below). It possesses
seven transmembrane helices that are divided by a large V-shaped cleft into two
bundles, one formed by the first two helices, and the other by helices III to VII. In
this cleft, lipid molecules are firmly bound to conserved residues. A (putative)
phosphatidylcholine has been incorporated into the atomic model of subunit III
in the bacterial, and two phosphatidylethanolamine molecules and one phos-
phatidylglycerol molecule into that of the mitochondrial cytochromec oxidase.

Subunit II Subunit II consists of two transmembrane helices interacting with
subunit I and a large C-terminal extramembranous domain containing the CuA-
center, which is located above subunit I in the periplasmic or intermembrane
space (Figure 1). The structure of the extramembranous domain was also deter-
mined using a soluble quinol oxidase fragment containing an engineered copper
center (107).

The fold of the globular domain containing a ten-strandedβ-barrel is very
similar to that of class I copper proteins like plastocyanin and azurin (2). The
main difference is the presence of a mixed-valence [Cu(1.5)-Cu(1.5)] binuclear
copper complex, which agrees with previous suggestions based on EPR data
(10, 48), and the presence of only eight strands in theβ-barrel of type I copper
proteins.

The binding site for the two copper atoms, which can be seen in Figure 2,
is formed by residues from strand 6 and the loop connecting strands 9 and 10.
The ligands for each Cu atom form a distorted tetrahedron. Both copper atoms
are ligated by two Cys residues and one His residue (CuA1: Su II-Cys 216,1

Su II-Cys 220, Su II-His 181; CuA2: Su II-Cys 216, Su II-Cys 220, Su II-His
224).

Each Cu atom has an additional ligand: in one case a methionine (CuA1: Su
II-Met 227) and in the other the carbonyl oxygen of a glutamate residue (CuA2:
Su II-Glu 218). The two Cu atoms are bridged by the two cysteine thiolates,
and the copper atoms and Cys sulfurs lie in one plane.

SUBUNIT I Subunit I is the largest and best conserved subunit of cytochrome
c oxidase. It contains 12 transmembrane helices in an approximate threefold
rotational symmetric arrangement. When viewed from the periplasmic side,
the 12 transmembrane helices that are arranged in an anticlockwise sequential
manner appear to form three symmetry-related semicircular arcs consisting of

1The sequence numbers refer to those of the subunits from theParacoccus denitrificanscy-
tochromec oxidase. Table 1 contains the numbers of the homologous residues in the beef heart
enzyme.
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Table 1 Sequence number conversion table for important amino acid residues in
subunits I and II of the cytochrome c oxidase from P. denitrificans and beef heart
mitochondria

Residue number

P. denitrificans Bovine heart

Su II Cys 220 200
CuA1 Su II Cys 216 196

Su II His 181 161
Su II Met 227 207CuA ligands
Su II Cys 220 200

CuA2 Su II Cys 216 196
Su II His 224 204
Su II Glu 218 198

a Su I His 94 61
Heme ligands Su I His 413 378

a3 Su I His 411 376

Su I His 276 240
CuB ligands Su I His 325 290

Su I His 326 291

Su II Glu 218 198
Mg ligands Su I His 403 368

Su I Asp 404 369

Su I Lys 354 319
K-pathway Su I Thr 351 316

Su I Tyr 280 244Proton pathways
Su I Asp 124 91
Su I Asn 199 163
Su I Asn 113 80
Su I Asn 131 98

D-pathway Su I Tyr 35 19
Su I Ser 134 101
Su I Ser 193 157
Su I Glu 278 242

CuA → heme a Su II His 224 204
Su I Arg 473 438
Su I Arg 474 439

Electron transfer
heme → heme a3 Su I Phe 412 377
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Figure 2 Atomic model for the prosthetic groups and neighboring amino acid residues in the
cytochromec oxidase fromP. denitrificans. Dark gray, residues belonging to subunit II;medium
gray, residues belonging to subunit I.Spheres, metals;black, hemea; gray, hemea3. Prepared
using MOLSCRIPT (51) and RASTER 3D (58).

four helices each (see Figure 1B, bottom). This arrangement generates three
pores (A, B, C). Pore A is blocked by mostly conserved aromatic residues.

Subunit I contains the two heme groups, hemea being localized in pore C
and hemea3 in pore B. Hemea3, together with a copper atom (CuB), forms the
binuclear center that is the catalytic site for O2 reduction. Both hemes are buried
in the enzyme about 15̊A from the periplasmic surface. The heme planes are
perpendicular to the membrane surface and the two propionate groups of each
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point toward the periplasmic side. The heme groups approach each other to a
distance of 4.5̊A and form an interplanar angle of 104◦ in theP. denitrificans
structure.

Hemea is a low-spin heme with two conserved histidine imidazoles of helices
II and X as axial Fe-ligands (Su I-His 94, Su I-His 413). In contrast to hemea3,
its hydroxyethylfarnesyl side chain points downward and remains in pore C.
Together with the surrounding hydrophobic residues, it blocks access to heme
a from the cytoplasm.

Hemea3 is a high-spin heme. In the electron density, the iron appears to be
fivefold coordinated. A conserved histidine imidazole of helix X is the axial
Fe-ligand (Su I-His 411), which is two residues downstream from the heme
a histidine ligand. The hydroxyethylfarnesyl group of hemea3 leaves pore B
and penetrates into the lipid bilayer, so that access of protons to the binulear
center is principally possible from the cytoplasmic side of the membrane. The
CuB ion is 4.5Å away from the hemea3 iron. It has three histidine imida-
zole ligands (Su I-His 276, Su I-His 325, and Su I-His 326). On the basis of
strong antiferromagnetic coupling between CuB and hemea3, a bridging lig-
and was proposed (73), but such a ligand is not clearly visible in the [2Fo-Fc]
electron density maps of the X-ray structures, and bridging by an amino acid
side chain can be excluded. However, an [Fo-Fc] difference map shows positive
electron density between both metals. A combination of EXAFS and ENDOR
spectroscopy suggests a fourth CuB ligand, most likely a water or a hydroxide
ion, in the oxidized enzyme (22). A possible bridging structure is a hydrox-
ide ion bound to CuB and hydrogen-bonded to a water ligand of the hemea3

iron.
The cytochromecoxidases—at least from mitochondria,Rhodobacter sphae-

roides, andP. denitrificans—contain a non-redox–active Mn/Mg-binding site.
In mitochondrial enzymes this site is occupied by Mg. Bacteria incorporate a
substantial amount of manganese into this site when grown under Mg-limited
conditions. This Mn/Mg-binding site is located at the interface between sub-
units I and II (see Figure 2). The Mg-ion is ligated by Su I-His 403, Su I-Asp
404, Su II-Glu 218, and at least one water (72, 90). An interesting feature is the
arrangement of the carbonyl oxygen from Su II-Glu 218 also being a CuA ligand
and of Su I-His 403 being hydrogen bonded to one of the hemea3 propionates.
Therefore, the Mg site lies directly between CuA and hemea3. The function of
the bound metal is not known.

ADDITIONAL SUBUNITS The bacterial cytochromec oxidases have none or
only one additional subunit (SU IV). The X-ray structure analysis of thePara-
coccusenzyme revealed that the fourth subunit consists mainly of one trans-
membrane helix interacting with subunits I and III (45). Its function is unknown.
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Even deletion of its gene has no obvious effect on the enzymatic properties,
expression, and bacterial growth (109).

The mammalian cytochromec oxidase from bovine heart has ten additional
subunits. Again their function is unknown. The subunits Va and Vb are small
globular proteins bound to the matrix side of the core, and the globular subunit
VIb faces the intermembrane space. Subunit VIb binds a zinc ion of unknown
function in a tetrahedral coordination. The subunits IV, VIa, VIc, VIIa, VIIb,
VIIc, and VIII each possess one transmembrane helix. Subunit VIa seems to
be responsible for the dimerization of the mitochondrial cytochromec oxidase
(90). It has been suggested that the small subunits act as regulators and bind
effectors of enzyme activity like nucleotides (46) or are required for assembly.
Tsukihara et al (90) propose two cholate binding sites as potential nucleotide
binding sites. The presence of tissue-specific isoforms of several additional
subunits supports the proposal of a regulatory function (52, 116).

Electron-Transfer Pathways
The crystal structures provide the distances between the metal centers and their
relative orientations, the ligands, and the residues between them. Therefore, it
is possible to obtain a deeper insight into the electron-transfer pathways.

CuA is generally accepted as being the primary electron acceptor from cy-
tochromec (37). The electron transfer rate between cytochromec and CuA
is very fast, about 70,000 s−1 (38). It has been proposed that the formation
of the complex between cytochromec and the cytochromec oxidase is the
rate-limiting step in the reaction between reduced cytochromec and the oxi-
dase (4). The nature of the binding is still unclear. The strong dependence on
ionic strength is indicative for electrostatic interactions stabilizing the complex
(4, 81). The corner formed by the globular domain of subunit II and the flat
periplasmic surface of subunit I is most likely the cytochromec binding site
(45). This area contains ten exposed acidic residues that could interact with ly-
sine residues at the heme edge of cytochromec. Indeed, mutagenesis data have
indicated a crucial role of these residues (110), although earlier work (53) using
a soluble CuA domain of subunit II misidentified two residues as important that
are actually deeply buried in the interface between subunits I and II.

From CuA the electron is transferred to hemea at a high speed (about 20,000
s−1), considering the long metal-to-metal distance (19.5Å) and small driving
force (50 mV; 108). Iwata et al pointed out (45) that there is a conserved
possible electron transfer pathway between CuA and hemea consisting of 14
covalent bonds and 2 hydrogen bonds. The CuA ligand Su II-His 224 forms
a hydrogen bond to the carbonyl oxygen of Su I-Arg 473 located in the loop
between the transmembrane helices IX and X. There are many contacts between
residues in this loop and the hemea propionates. It seems that the combination
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of a small reorganization energy for the CuA-hemea electron transfer caused
by the binuclear structure of CuA (54) and the presence of an efficient electron
transfer pathway is responsible for the rapid electron flow between the metal
centers (79). Perturbation of the symmetrical nature of the binuclear CuA site
indeed results in a strong inhibition of the enzyme (118). Direct electron
transfer from CuA to hemea3 is neglectably slow (1–100 s−1), although it was
suggested (37), and a regulatory function affecting the H+/e− stoichiometry was
postulated (14). The crystal structure shows that the distances from CuA to the
iron atoms of hemeaanda3 are 19.5Å and 22.1Å, respectively. This difference
in distance, in combination with a much higher reorganization energy for CuA–
hemea3 electron transfer, could account for the large difference in transfer rates
(13).

From hemea the electron is transferred to hemea3. As mentioned, these
hemes are nearly perpendicular to each other. While the iron-to-iron distance
is 13.5Å, the edges of the hemes approach each other up to 4.5Å. An edge-
to-edge electron transfer is therefore possible as well as a pathway using the
iron ligands Su I-His 413 and Su I-His 411 and the polypeptide backbone.
Another possibility mentioned (45, 90) is a pathway involving the side chain of
the conserved Su I-Phe 412 that is placed approximately equidistant between
the hemes (see also Figure 2).

Proton-Transfer Pathways
Based on the crystal structure of theParacoccusenzyme and in agreement
with the results of site-directed mutagenesis studies (24, 43, 88), two possible
proton transfer pathways have been suggested (45), represented in Figure 3.
The shorter one, also referred to as the K-pathway, leads to the binuclear center
via the highly conserved residues Su I-Lys 354, Su I-Thr 351, and Su I-Tyr 280
located in the transmembrane helices VI and VIII, and the hydroxyl group of the
hemea3 hydroxyethylfarnesyl chain. The second, longer pathway (D-pathway)
involves Su I-Asp 124 and a number of conserved polar residues (Su I-Asn 199,
Su I-Asn 113, Su I-Asn 131, Su I-Tyr 35, Su I-Ser 134, and Su I-Ser 193) located
around pore C (see Figure 1,bottom). Along the pathway, the proton would
leave pore C toward Su I-Glu 278, most likely via a solvent-filled cavity. From
there, the pathway is less clear but may involve Su I-Pro 277, from where it could
reach the binuclear site. Alternatively, pumped protons could be transferred
from Su I-Glu 278 to the hemea3 propionates if these residues possess different
conformations during the catalytic cycle.

Inspection of the bovine structure (90) revealed the same K-pathway, but the
proposed D-pathway in the bovine structure does not lead to the binuclear site.
It uses the same entrance, but after Su I-Ser 193 (P. denitrificansnumbering; see
Table 1 for conversion) it directly reaches the intermembrane space via polar
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Figure 3 The transfer pathways for protons in the cytochromecoxidase fromP. denitrificans. The
K-pathway including Su I-Lys-354 leads straight to the binuclear site. The D-pathway starting Su
I-Asp-124 leads straight up to Su I-Ser-193 and then through a solvent-filled cavity to Su I-Glu-278.
The further proton transfer pathway is unclear. It may lead to the binuclear hemea3/CuB site, or
to the propionate side chains of hemea3. Top, Mg-binding site and CuA-center. Prepared using
MOLSCRIPT (51) and RASTER 3D (58).

residues not conserved in theP. denitrificansenzyme. The latter residues are
either alanines or glycines in the bacterial enzyme, thus leaving enough space
for bound water allowing proton transfer (90). A third pathway passing hemea,
which is located mainly between helices XI and XII of subunit I, was described
(90). This pathway is also present in theP. denitrificansstructure, with the
exception of one residue. Mutagenesis data supporting these latter pathways
do not exist.
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Oxygen and Water Channels
For the beef heart cytochromec oxidase, three hydrophobic channels were
described and suggested as potential pathways for oxygen to reach the binuclear
site (90). Some dynamic sidechain movements would still be needed to allow
oxygen diffusion. The channels start at the protein-membrane interface near
the center of the lipid bilayer, where oxygen solubility is much higher than
in the aqueous phase. One of these channels has also been identified in the
bacterial oxidase (82). It starts in the V-shaped cleft of subunit III directly
above a tightly bound lipid molecule and leads through subunit I into the binu-
clear site. Whether oxygen channels are needed is not clear, because oxygen
concentrations are high under physiological conditions.

A hydrophilic cleft between subunit I and II proceeds from the binuclear
center to the outside of the membrane. This channel involves a number of
charged residues and the Mg binding site. Tsukihara et al (90) suggested that
this structure serves as an exit pathway for the water produced. Iwata et al
(45), who favor a direct coupling of proton pumping, described this cleft as the
exit pathway of the pumped protons from the binuclear center to the outside.
Further experiments are needed to identify the correct interpretation.

OXYGEN REDUCTION AND ITS COUPLING
TO PROTON MOVEMENT

Extensive biochemical and spectroscopic work has been performed to investi-
gate the different oxygen species emerging during the reaction of cytochrome
c oxidase with dioxygen and to determine the rates of the associated reaction
steps.

The reaction of reduced or partially reduced cytochromec oxidase with
dioxygen is too fast to utilize conventional stopped-flow techniques. Therefore,
a widely used method to initiate the reaction of the reduced enzyme with dioxy-
gen is the flow-flash technique initially developed by Gibson & Greenwood
(25, 27), where CO-bound reduced cytochromec oxidase is photodissociated
by a short laser flash after mixing with dioxygen-saturated buffer. A similar ap-
proach can be used to trap the incomplete forward reaction at intermediate points
using the two-electron (18) or the three-electron reduced enzyme (111, 112).
An important underlying assumption for the relevance of this technique is that
the photodissociated CO does not interfere with the dioxygen reduction mech-
anism. The great advantage of this method is the high quantum yield in com-
parison to flash experiments with other ligands such as, for example, cyanide
(41), so that a short laser flash results in a complete conversion of the CO com-
plex to the oxy complex (6). However, the observation of the different oxygen
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intermediates is very difficult, because the reaction with the fully reduced en-
zyme is extremely fast and the large optical absorbance changes caused by the
redox events on the metal centers during the dioxygen reduction complicate the
observation of the much smaller changes associated with the oxygen chemistry.
Nevertheless, time-resolved optical absorption spectroscopy was used to inves-
tigate the kinetics of electron transfer (38, 40, 68, 70, 94) and to determine the
spectral characteristics of intermediates (61). EPR studies (12, 35, 47, 111, 112)
as well as low-temperature optical absorption measurements (18, 19) have also
provided information about some transient intermediates during the reaction
with dioxygen. A wealth of information about the structural features of some
intermediates has been derived by Raman spectroscopy (32–34, 64–67, 75–77,
91–93).

Adopting a different approach, Wikstr¨om (103) originally showed the exis-
tence of the different oxygen intermediates in an experiment on intact mitochon-
dria, where he managed to partially reverse the oxygen reaction by energizing
mitochondria with ATP, resulting in a backward electron flow.

Two oxygen species have also been generated artificially by addition of
different amounts of hydrogen peroxide to the oxidized enzyme (115). Detailed
information about these reactions can be obtained from an article by Fabian &
Palmer (21).

The Ferrous-Oxy Species
Figure 4 summarizes the catalytic cycle of cytochromec oxidase with respect
to the oxygen chemistry. Starting at the fully oxidized enzyme (O), the first
intermediate formed is the one-electron reduced or E-state, where the electron
equilibrates between hemeaand the binuclear center (62). It has been suggested
(95) that the rate of electron transfer from hemea to the binuclear center is
proton-controlled in that protonation of a site close to the binuclear center is
required to raise the redox potential of hemea3, thus stabilizing its reduced
form. Uptake of the second electron yields the two-electron reduced or R-state,
where dioxygen can bind to the reduced hemea3. The rate of this initial binding
reaction, however, is not proportional to [O2] but saturates at high concentrations
of oxygen (27, 56), thus suggesting transient ligation to another site prior to
binding to the heme.

Additional evidence has been provided that the initial O2 adduct does not
involve hemea3 (11). Thus, initiated and supported by the observation of tran-
sient but quantitative binding of CO to CuB after photolysis from hemea3

(3, 20), the copper has been proposed as the first binding site for the incom-
ing oxygen (114). Oliveberg & Malmstr¨om (69) have attributed absorbance
changes at 830 nm to the formation of this CuB-O2 adduct, and the second-
order forward rate constant for the CuB-O2 association has been determined
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Figure 4 The catalytic cycle of cytochromec oxidase as derived from optical and resonance
Raman spectroscopy (23, 49). Starting from the oxidized form (O), the one-electron reduced form
(E ) and then the doubly reduced form (R) are generated. Upon oxygen binding compound A is
observed. Next the peroxy-intermediates PM, PR are formed (see also text). Alternative structures
are presented on theright, based on the proposal that the O-O bond is already split in these states.
However, one electron is missing, which could be provided by a porphyin-ring system (por), an
amino acid residue (res), CuB (leading to a Cu3+-state), or the hemea3-Fe. There is general
agreement about the structure of the oxoferryl-state (F ) and a hydroxy-state (H ) formed after
protonation of the iron-bound oxygen atom. After water formation and release, the O-state is
regenerated.
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as 3.5× 108 M−1 s−1 (11). Because the binding is transient, the interaction
between O2 and CuB is only weak (KD= 8 mM; 8, 94).

The ferrous-oxy species was first observed at low temperatures by Chance
and co-workers (18) and termed compound A. At room temperature, it is
characterized by an increase in absorbance (relative to the unliganded reduced
enzyme) at 595 nm and 430 nm (39, 96) and theν(Fe-O2) stretching mode at
572 cm−1 (32, 64, 91) in the resonance Raman spectrum that shifts to 546 cm−1

when18O2 is used (91). This frequency is well reproduced by an imidazole-
heme A-O2 model compound (63) showing that, similar to oxyhemoglobin, O2
forms a relaxed, low-energy complex with the ferrous heme and that there are
only small distal pocket effects and little interaction of the oxygen with CuB (5).
Oliveberg & Malmström (69) have determined the pseudo-first–order rate of O2
binding to be 1× 105 s−1, in good agreement with values found by Verkhovsky
et al (94) and Bailey et al (8). Again, the O2 association is weak, with a KD of
∼0.3 mM (18, 40, 94).

Electron Transfer and Oxygen Intermediates
in the Mixed-Valence Enzyme
The further decay of the oxygen species depends upon the redox state of the
enzyme. In the case of the mixed-valence enzyme where no further electrons are
available, compound A, through electronic reorganization within the binuclear
center, is converted to the so-called compound C (18) at a rate of 5× 103

s−1 (40, 68, 93). At room temperature, this species is characterized by a strong
absorbance band at 607 nm (ε{607–630 nm} = 11 mM−1cm−1; 106), and a red-
shift of the Soret band to 428 nm. A similar species is observed in the reaction of
the oxidized enzyme with low concentrations of hydrogen peroxide at alkaline
pH (9, 21, 50, 102) and in reversed-electron flow experiments as the result of a
two-electron reversal (103). However, the structure of this species, which is at
a redox level two electrons above the oxidized enzyme, has remained a matter
of debate. Previous proposals include a ferric-cupric peroxy species PM (M
stands for mixed valence) (Figure 4) (6, 61), a ferryl-cupric (Fe(IV)=O Cu(II))
species with an additional protein radical (101, 102), and a Fe(IV)=O Cu(III)
form (21). The latter two are supported by Raman studies of the oxidized
enzyme/peroxide reaction, where 607-nm excitation yielded a 803 cm−1 mode
that was shifted to 769 cm−1 when the reaction was initiated with H2

18O2 (75)
and thus assigned to a ferryl species. However, this Raman mode has not been
observed in cytochromebo3 (42), though the oxygen intermediates are the same
in thebo3- andaa3-type terminal oxidases (60). Additionally, the absorbance
spectrum of the 607-nm species observed in the reaction of the fully-reduced
enzyme (PR) is nearly identical to that of PM, although PR is at a redox level one
electron above PM, thus favoring a peroxy-type structure for PM (61; see below).
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Oxygen Reduction in the Fully-Reduced Enzyme
The reaction of the fully-reduced enzyme with dioxygen differs from that of
the mixed-valence form in that two more electrons are available that can be
transferred to the binuclear center after oxygen binding. Again, compound A
is formed first (Figure 3). However, compared to the mixed-valence/oxygen
reaction, the subsequent electronic step is much faster, namely 3× 104 s−1

(32, 37, 68, 93, 94) and has been attributed to electron transfer from the reduced
hemea to the binuclear center (34, 37). Thus, the redox state of the binuclear
center in the newly formed species is formally three reducing equivalents above
that of the oxidized enzyme, and, assuming a peroxy-like structure, the species
was termed P1 (94) or PR (reduced; 61). It has been shown very elegantly by
Verkhovsky et al (97) that it is the heme-heme electron transfer and thus the
formation of PR that traps the oxygen within the binuclear center. As already
mentioned above, the spectral properties of PR are nearly indistinguishable from
those of PM, suggesting that the redox state of hemea3 and the configuration of
the heme-oxygen moiety are the same in the two species (61, 86). As for PM,
the structure of PR is yet unknown and has been debated extensively over the
last years. Two Raman modes at 804 and 356 cm−1 have been associated with
the two intermediates but interpreted differently by different research groups.
Varotsis et al (93) assigned the latter mode to aν(Fe3+-O−) stretching vibration,
thus suggesting a ferric-cuprous peroxy species for PR (Figure 4), while a
ferrous-cupric peroxy form has been proposed by Blair et al (12), because they
observed an EPR-active intermediate at low temperature, and by Babcock et al
(7). However, Kitagawa and co-workers (49, 67, 75, 76) assign the 356 cm−1

mode to a FeV=O bending motion, thus assuming that the O-O bond is already
broken at this stage of the catalytic cycle (Figure 4) (23, 49). It has been
pointed out by Morgan et al (61) that, in the light of identical absorbance
spectra for PM and PR, the ferryl-type structures (21, 101, 102) proposed for PM
seem unlikely. If PM had the FeIV=O CuIII structure proposed by Fabian &
Palmer (21) then PR, which is one electron more reduced, would most likely be
FeIV=O CuII. The latter structure, however, has been unequivocally assigned
to intermediate F (see below). Because PR and F have been shown to be distinct
intermediates in the catalytic cycle (61), the PM structure suggested by Fabian
& Palmer seems unlikely. The same is true for the oxoferryl structure with the
protein radical, because such a radical species cannot account for the spectral
differences between PM and F as outlined by Morgan et al (61; see also below).

The Ferryl and Hydroxy Species
Proceeding from the PR state, a ferryl-cupric species F is produced on a time
scale of t= 200µs without further electron input into the binuclear center.
This intermediate exhibits a characteristic absorption maximum in the optical
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difference spectrum (ferryl minus resting) at∼580 nm and it is well established
that the 785 cm−1 mode observed in resonance Raman spectra and assigned as
a ν(FeIV=O) stretching mode in16O2/

18O2 mixed-isotope experiments is due
to this ferryl species (34, 64, 92). Unexpectedly, this 785 cm−1 species was
determined to shift to 795–800 cm−1 in D2O experiments (33, 65, 93), which
can hardly be explained if a simple FeIV=O mode is assumed. Han et al (33)
have concluded that the ferryl-oxo complex is hydrogen-bonded in H2O but
nonhydrogen-bonded in D2O, which implicates large structural changes upon
deuteration. Ogura et al (67) and Proshlyakov et al (76) assigned the 800 cm−1

mode in D2O to an earlier intermediate in the cycle, which appears at a different
time scale because of a significant slowing down of the reaction by the H2O/D2O
exchange.

The ferryl intermediate can also be generated by a one-electron oxidation
of the binuclear center in reversed O2-reduction experiments (103, 106) or by
carefully adding three electrons to the enzyme and further mixing with dioxygen
(111, 112). The same state could be obtained by the flow-flash technique using
quinol oxidases that contain three electrons in their fully reduced state because
of the lack of the CuA center (55).

The conversion of the PR to the F state is accompanied by electron transfer
from CuA to hemea, resulting in an 50/50 equilibration between the two redox
centers, so that the electron hole at hemeaproduced in the previous phase of the
reaction is partially filled up (61, 86). This event was suggested to be initiated
by the oxidation of CuB because of the anticooperative interaction between CuB

and hemea (69). This implies that the oxidation of CuB is linked to a conversion
of the low-potential hemea to a high-potential hemea, resulting in the electron
transfer from the CuA to hemea. This process occurs on a similar or faster time
scale as the formation of the ferryl intermediate (τ = 100–140µs; 37, 38, 40,
68) and could be detected as a restoration of absorbance at 440 nm in the optical
spectrum (21, 94). The partial oxidation of CuA was also shown directly by an
increase in absorption at 830 nm at room temperature (τ = 170µs; k= 6× 103

s−1; 40). Recently, Morgan et al (61) have provided evidence that the peroxy
species decays into the 580-nm species F at the same time as the low-spin heme
becomes partially re-reduced by CuA at−25◦C.

The rate of the P→ F transition is pH-dependent, decreasing at increasing
pH with a pKa of 7.9, and as mentioned above, the reaction rate is lowered
by H2O/D2O exchange. The value obtained for kH/kD was 1.4 for this phase
(29). These observations led to the suggestion that the rate is limited by pro-
ton uptake, which is also supported by the fact that the rate of proton uptake
monitored using pH indicators is similar to the rate of the redox reaction (29).
Moreover, the pH dependence of the proton uptake parallels that of the redox
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reaction and the observed deuterium isotopic effect of the proton uptake was
also determined to be 1.4 (29). Oliveberg & Malmstr¨om (69) therefore proposed
that the formation of the F species is controlled by protonation at the binuclear
center.

The conversion of the PM state discussed above to the ferryl state can be
obtained by input of a single electron using a photoinducible reductant, which
confirms that PM differs fom F by one electron equivalent (98).

Finally, the F species is reduced by the fourth electron accompanied with
the uptake of a proton (29), which leads to the formation of a new species
detectable by Raman spectroscopy. The resulting ferric-hydroxy species (H)
is characterized by a resonance Raman line at 450 cm−1 (31, 33, 65–67, 93)
appearing with a rate constant of 800–1000 s−1 (29, 38, 68). This fourth phase
has also been shown to be pH-dependent and to have a D2O isotope effect.
Like the third phase, this step is suggested to be rate-limited by proton uptake
from the medium (29). The following uptake of another proton leads to the
ferric/cupric O-state after the release of the second water molecule, so that the
dioxygen reduction cycle is completed.

The Coupling of Electron Transfer and Proton Motion
As described above, oxygen reduction in terminal heme-copper oxidases is
coupled to proton translocation from the cytoplasm or the mitochondrial ma-
trix (“the i-side”) into the periplasm or mitochondrial intermembrane space,
thus generating a proton and charge gradient across the membrane. However,
the mechanism by which the two processes are coupled to each other at the
molecular level remains unclear. In principle, two different schemes are fea-
sible: an indirect mechanism in which the redox chemistry is associated with
major conformational changes in the protein, or a direct mechanism where the
coupling is achieved by subtle changes occurring very close to the redox centers,
e.g. through the involvement of metal ligands. The former has been suggested
by Tsukihara et al (90) on the grounds of their proposed proton pathways sep-
arated from the oxygen chemistry in the crystal structure of the bovine-heart
enzyme. However, many other groups have focussed on a direct coupling since
the energy required for proton translocation must be supplied by the oxygen
chemistry, and the binuclear centers of the heme-copper–containing terminal
oxidase superfamily share a common structure (80).

“Scalar” protons required for water formation are generally distinguished
from “vectoral” or “pumped” protons that are translocated across the mem-
brane, although the former term is a misnomer in view of the fact that these
protons are proposed to originate from the bacterial cytoplasm or the mito-
chondrial matrix. Through analysis of the effect of membrane potential on
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the P/F and F/O equilibria (104) and time-resolved charge-translocation mea-
surements on reconstituted enzyme (99), it has been proposed that only the
P→ F and F→O transitions are associated with proton translocation, each to
an extent of 2H+/e−. In agreement with this proposal and with the results of
proton uptake measurements where two protons were determined to be bound
by the enzyme upon two-electron reduction of the binuclear center (15, 59),
Rich (80) suggested a model in which electron accumulation at the binuclear
center drives the uptake of protons (to maintain local electroneutrality) from
the i-side. These protons are stored in a proton trap close to the binuclear
site but physically separated from the oxygen chemistry—in agreement with
the earlier proposed histidine-cycle model by Wikstr¨om and co-workers (105;
see below). Upon formation of the reactive oxygen species (i.e. the P- and
F-species), protons required for water formation are taken up from the i-side
and, through electrostatic repulsion, the trapped protons are expelled into the
periplasm. Critical to such a scheme is the nature of the gating process that
inhibits the access of the trapped protons to the i-side (i.e. prevents the trapped
protons from being expelled back into the cytoplasm) and, at the same time,
allows the substrate protons to enter from the i-side. Previous proposals of
such a gating mechanism involve protonation and ligand exchanges on hemea3

(83), between hemea3 and CuB (113), and on CuB (the “histidine cycle”; 105).
The latter, involving a histidine residue cycling through different conformations
and protonation states, was also adapted by Iwata et al (45) on the grounds of
possible multiple orientations for the CuB ligand His-325, because there was no
electron density for the sidechain of this residue in the oxidized, azide-treated
enzyme. Consistent with the Rich model, the model by Iwata et al includes two
different proton access routes and accounts for strict electroneutrality.

However, recent X-ray crystallographic experiments have shown that His-325
is a CuB ligand in both the azide-free oxidized and the fully reduced enzymes
(Harrenga et al, unpublished). The latter fact is difficult to interprete within the
framework of the histidine shuttle mechanism by Iwata et al (45).

Proton-Binding Groups and Possible Proton
Pumping Pathways
Upon reduction of cytochromec oxidase, 2.4 H+ have been determined to
be taken up at pH 7.5 (15, 59), 0.4 of which appear to be associated with
CuA/hemea, and the remaining two with the binuclear center (59). Capitanio
et al (15) identified four protolytic groups undergoing reversible pK changes
upon reduction of the enzyme, two of which were assigned to reduction of heme
a3 (pKox≈ 7, pKred> 12, respectively), while the other two were associated with
CuB (pKox≈ 6, pKred≈ 7) and hemea (pKox≈ 6, pKred≈ 9), respectively. In the
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study by Mitchell & Rich (59) individual pKs were not accessible, indicating
values<7.2 and>8.5 for the oxidized and the reduced enzyme, respectively.
Somewhat differently,̈Adelroth et al (1) and Hallen et al (28), studying the
hemea3–hemea backward electron transfer (after flashing off CO from the
mixed-valence enzyme) by following conductance and/or absorbance changes,
identified a protonatable group close to the binuclear site to which they assigned
pKs of 9.7 and 8.5 for reduced and oxidized hemea3, respectively. Hallen et al
(28) have speculated that a hydroxide ion bound to the binuclear center could
be the proton-binding group. Such a hydroxide ion has been suggested as a
ligand to CuB on the grounds of EXAFS and ENDOR measurements on an
oxidized aa3 type quinol oxidase enzyme at high pH (22). Additionally, it
could provide the group close to the binuclear center suggested by Verkhovsky
et al (95), the protonation of which is required to stabilize the reduced form of
hemea3.

Two possible proton pathways were identified in theParacoccus denitrifi-
cansenzyme (45), here referred to as the D- and K-pathways, respectively (see
above). The former involves, besides a number of polar residues, the highly
conserved Asp-124 and Glu-278, while the latter leads toward the binuclear
center via Lys-354. Mutation of Asp-124 to asparagine produces an enzyme
that, though still able to reduce oxygen (albeit with a lower activity), is inca-
pable of proton pumping (88), an effect that can be reversed by second-site
mutations in the close vicinity of the aspartate (24). Thus, Iwata et al (45)
assigned the D-pathway to the translocated protons and the K-pathway to the
substrate protons. Such an assignment is also compatible with the observation
that terminal oxidases that are expected not to pump protons, e.g. those from
archaea, do not possess acidic residues homologous to Asp-124 and Glu-278,
while Lys-354 is conserved in these enzymes.

From additional site-directed mutagenesis experiments (43, 44, 50a, 85, 87,
100), it has now become clear that Asp-124, Glu-278, and Lys-354 are indeed
key residues for proton transfer to the binuclear site. However, the fact that
hemea3 reduction is inhibited by mutation of Lys-354 to Met (44) and the results
of charge-translocation studies (50a, 85) suggest that the lysine is required for
the O→ R transition but it does not seem to be crucial for the P→ O part of
the catalytic cycle. Additionally, mutation of Glu-278 was found to completely
inhibit proton translocation associated with the P→ O reactions (50a, 85),
therefore suggesting the two channels to be important for different parts of
the catalytic cycle rather than for consumed and pumped protons. One could
speculate that oxygen binding to the binuclear center blocks proton access via
the K-pathway, e.g. through interaction of the oxygen with Tyr-280 or through
structural changes coupled to the reduction of the binuclear site that could block
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the K-path and/or open the D-path. Such changes could be triggered by CuB

and hemea3 moving apart upon reduction as the proposed hydroxide group
bound between the two redox sites becomes protonated.

CONCLUSIONS

Substantial progress toward understanding the mechanism of cytochromec
oxidase action has been made in recent years. First, mainly by time-resolved
optical and resonance Raman spectroscopy, the catalytic cycle has been inves-
tigated and the intermediates have been identified and characterized, although
there is some debate about the structure of one major intermediate. Second,
site-directed mutagenesis work has provided a good structural picture of the
enzyme, e.g. it has led to the identification, in combination with spectroscopy,
of the ligands to the metals. Site-directed mutagenesis work has also identi-
fied some residues that are involved in proton transfer. Third, two independent
structure determinations, one of a bacterial and the other of a mitochondrial
cytochromec oxidase, have yielded a detailed view into the molecular archi-
tecture of cytochromec oxidase. The arrangement of the prosthetic groups and
the structures of the protein subunits are now precisely known. Putative proton
transfer pathways have been identified, supported by the results of site-directed
mutagenesis experiments. The characterization of such mutants has led to a
better understanding of the roles of the proton transfer pathways.

However, neither the structural nor the spectroscopic work has led to a con-
vincing proposal how the redox chemistry of oxygen reduction and water for-
mation is coupled to proton pumping. Two basic mechanisms are discussed:
direct coupling versus indirect coupling. Indirect coupling would be caused by
a structural change distant from the active site that leads to proton release to
the outside, whereas in a direct coupling mechanism a change of a ligand to
a metal of the binuclear site would be critically involved in proton pumping.
Very attractive is the hypothesis (80, 105) that the protons, which are taken up
upon reduction of the enzyme, are those being pumped. They would, through
electrostatic interactions, be “expelled” by protons, which are taken up later
and are “consumed” in the catalytic cycle.

It can be hoped that it will be possible to trap intermediates of the catalytic
cycle in the crystals and to determine their structures. These structures should
form the cornerstone for a further elucidation of the mechanism, but further
spectroscopic experiments will be needed. It will be of critical importance to
identify those residues or groups that are protonated upon reduction. Fourier
transform infrared spectroscopy using wild-type and mutant enzymes both un-
der steady state conditions (35a, 55a) and kinetic experiments should be very
helpful. Thus, there are good reasons to believe that we will understand the
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mechanism of the coupling of redox chemistry and proton pumping in cy-
tochromec oxidase within a few years.

Visit the Annual Reviews home pageat
http://www.AnnualReviews.org.
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