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BELEVICH AND VERKHOVSKY

ABSTRACT

Cytochrome ¢ oxidase (CcQ) is a terminal protein of the respiratory chain in eukaryotes and some bacteria.
It catalyzes most of the biologic oxygen consumption on earth done by aerobic organisms. During the cat-
alytic reaction, CcO reduces dioxygen to water and uses the energy released in this process to maintain the
electrochemical proton gradient by functioning as a redox-linked proton pump. Even though the structures
of several terminal oxidases are known, they are not sufficient in themselves to explain the molecular mech-
anism of proton pumping. Thus, additional extensive studies of CcO by varieties of biophysical and biochemical
approaches are involved to shed light on the mechanism of proton translocation. In this review, we summa-
rize the current level of knowledge about CcQO, including the latest model developed to explain the CcO pro-

ton-pumping mechanism. Antioxid. Redox Signal. 10, 1-29.

I. INTRODUCTION

A. Energy cycle in living organisms

ALL LIVING organisms require energy for growth and repro-
duction. However, the quantity of primary energy sources
on earth is limited, and the most important function of all or-
ganisms is to find a means of energy supply. The major source
of energy in the biosphere is sunlight. About 3 billion years ago,
some bacteria learned to use the energy of photons from the sun
and convert it into the energy of chemical bonds in a process
called photosynthesis. In this complex process, the energy of a
light quantum drives the electron flux from water to carbon diox-
ide, forming carbohydrates [mainly glucose (Eq. 1), sucrose, and
starch], which eventually form the basis for the building of bio-
mass and growth. As a side product of the photosynthetic reac-
tion, molecular oxygen is released into the atmosphere.

6 C02 "I‘HzO hv,photosynthesis C6H1206 +6 02 (1)

Some time after the formation of the earth, the amount of dioxy-
gen in the atmosphere was greatly increased, and ~2-2.5 bil-
lion years ago, a new line of organisms appeared. This new
form of life was able to obtain the energy it needed by trans-
ferring electrons from foodstuffs, created in photosynthesis, to
oxygen, thereby releasing a great deal of energy (Eq. 2). This
latter process is called respiration.
C6H1206 +6 02 respiration 6 COZ

+ 6 H,O+ energy (ATP), (2)

Thus, taken together, these two processes form a closed carbon
cycle, responsible for the circulation and transformation of en-
ergy among living organisms on earth.

B. Cellular respiration

The catabolic reaction in higher organisms consists of three
main stages. The first stage is glycolysis, and it takes place in the
cytoplasm of the cell. In this process, glucose and other sugars
are transformed into three-carbon molecules of pyruvate, with the
generation of ATP and NADH. However, the amount of ATP and

NADH formed at this stage is rather small, especially when com-
pared with the further steps of pyruvate disintegration.

The next two steps of energy transformation occur in mito-
chondria. The mitochondrion consists of two closed membrane
layers identified as the outer and inner membranes, which di-
vide the mitochondrion into two isolated compartments: the in-
ternal matrix and intermembrane space. The outer membrane,
which encloses the entire organelle, has a large number of pores
formed by the protein porin. Porin contains a relatively large
internal channel that makes the outer membrane permeable for
all kinds of molecules up to 1,500 Da. In contrast, the inner
membrane is impermeable to any water-soluble molecules and
ions, and transport of molecules here is done selectively through
specific transporters. The main physiologic functions of the in-
ner membrane are to home enzymatic complexes of the respi-
ratory chain (also known as the electron-transport chain) and
to maintain an electrochemical transmembrane proton gradient,
which is subsequently used for ATP synthesis (140). Depend-
ing on environmental conditions, the inner mitochondrial mem-
brane can be extremely enlarged into the matrix space, in-
creasing its capacity to contain the proteins of the respiratory
chain. Unlike eukaryotes, prokaryotes lack mitochondria, and
in these organisms the enzymes of the respiratory chain are sit-
uated in the cytoplasmic membrane.

At the second stage of the catabolic reaction, the molecule
of pyruvate is transferred into the matrix compartment of the
mitochondria, where it enters the citric acid cycle (Krebs cy-
cle), which results in its complete oxidation to carbon dioxide.
In this sequential process, the oxidation of one molecule of
pyruvate produces one molecule of ATP, one molecule of
FADH,, and three molecules of NADH. The latter two sub-
stances are used as electron donors in the latest stage of cellu-
lar respiration by the enzymes of the respiratory chain.

The respiratory chain (Fig. 1) consists of four membrane-bound
protein complexes containing redox-active cofactors (198). The
first enzyme in this chain is complex I (NADH:ubiquinone oxi-
doreductase or NADH dehydrogenase). Complex I is the largest
enzyme of the respiratory chain, composed of up to 45 different
subunits (52) with noncovalently bound flavin mononucleotide
(FMN) and at least eight iron—sulfur clusters (Fe-S) as prosthetic
groups (95). Complex I receives electrons from NADH and uses
them to reduce the quinone pool in the membrane. This reaction
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FIG. 1. Schematic representation of the mitochondrial inner membrane, including the enzymes of the respiratory chain
and ATP synthase. The electrons originating from the oxidation of NADH and succinate are transferred through complexes I,
III, and IV to the ultimate electron acceptor: dioxygen. Translocation of electrons triggers proton movement from the N-side to
the P-side of the membrane and formation of the electrochemical proton gradient (Auy ™). The amplitude of Auy™ is maintained

at a value of ~200-220 mV and used by ATP synthase (complex V) for formation of ATP.

is coupled to proton translocation across the membrane in the sto-
ichiometry of two protons per electron (35, 97, 248, 264). It should
be noted, however, that in some organisms [e.g., the yeast
Saccharomyces cerevisiae (baker’s yeast)], the mitochondrial res-
piratory chain does not contain complex I as such, but several al-
ternative NADH dehydrogenases. These alternative dehydroge-
nases can oxidize matrix and cytoplasmic NADH but do not
perform proton pumping (109).

The reduced quinone pool is also maintained by complex II
(succinate dehydrogenase), which is a component of the citric
acid cycle. Complex II contains a covalently bound FAD (fla-
vin-adenine dinucleotide) and several Fe-S clusters as redox co-
factors and couples the reaction of succinate oxidation to the
reduction of ubiquinone (100). Complex II is not involved in
proton translocation across the membrane and serves only as
an electron entry point to the energy-transducing part.

Complex III (ubiquinol:cytochrome ¢ oxidoreductase or bc;
complex) has 11 subunits with several redox centers: two pro-
tohemes (cytochromes b), membrane-anchored cytochrome ¢y,
and Rieske-type center (Fe,S,). Complex III transfers electrons
from ubiquinol to cytochrome ¢ and translocates one charge
across the membrane dielectric for each electron delivered to
cytochrome ¢ by a mechanism known as the protonmotive Q-
cycle (56, 141).

Finally, the terminal oxidase complex IV (cytochrome ¢ ox-
idase, CcO) uses the electrons from cytochrome ¢ to reduce

dioxygen to water and links this process to proton pumping
across the membrane. Mammalian CcO consists of 13 subunits
and has four redox-active centers: a bimetallic copper site
(Cup), two hemes (a and a3, the subscript “3” denoting certain
specific chemical and spectroscopic properties of oxygen-bind-
ing heme), and another copper atom (Cug). Heme a3 and Cug
together form a catalytic site where all the chemistry of oxy-
gen reduction to water occurs.

During the respiration process, electrons from NADH are
sequentially transferred through all enzymes of the respiratory
chain, releasing energy step by step, to the terminal electron
acceptor, dioxygen. The idea of this process is to release en-
ergy from electron transfer, not all at once, but in small por-
tions to drive proton translocation across the membrane and
creation of a transmembrane electrochemical gradient of pro-
tons (Auy*t). The full decrease in energy from NADH to
dioxygen is ~1.15 V, and if it were transformed into electric
potential in a single step, it would create such a large electric
field that the membrane could not sustain it. Thus, the respi-
ratory chain works as a molecular transformer that keeps low
voltage on the membrane (~200 mV) but proportionately in-
creases the current. Because the potential on the mitochondr-
ial membrane is in ~5 times smaller than the overall decrease
of energy, the transfer of each electron through the respiratory
chain results in translocation of five charges (protons) across
the membrane.
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The created Auy™ is mostly used by ATP synthase (com-
plex V) for formation of ATP (140, 213). The sequential oxi-
dation of glucose to carbon dioxide is extremely efficient and
provides sufficient energy for formation of up to 31 molecules
of ATP per molecule of glucose.

II. FUNCTION OF CYTOCHROME
C OXIDASE

CcO catalyzes the final step of the respiration: reduction of
molecular oxygen. Reduction of one dioxygen to water requires
four electrons that are supplied one by one from the water-sol-
uble cytochrome ¢ on the P-side, and four protons, taken up
from the N-side of the membrane:

4 eyt ;P A+ 4 HY + Oy — 4 oyt ¢t + 2 HyO + energy

Altogether, several main aspects are included in the function-
ing of CcO. First, even though the reaction of oxygen reduc-
tion to water is an exergonic process, coupled to release of large
amounts of energy, this reaction does not proceed sponta-
neously under normal conditions. The reason is the high acti-
vation barrier. Hence, the first main role of CcO is to form fa-
vorable conditions for catalysis and to facilitate the process of
oxygen reduction to water.

Second, the energy released in the reaction of oxygen re-
duction is conserved in the form of a transmembrane electro-
chemical gradient of protons across the membrane (Auy ™). For-
mation of Aug™t by CcO is based on two principles: vectorial
chemistry and proton pumping. Because the protons and elec-
trons for oxygen reduction to water are taken from different
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sides of the membrane, this results in net transfer of four charges
across the membrane. At the same time, the enzyme is able not
only to catalyze the oxygen reduction but also to use the re-
leased energy for proton pumping. In 1977, Wikstrom (255)
showed that reduction of molecular oxygen to water by CcO is
linked to pumping of four protons across the membrane di-
electric. Hence, the overall reaction done by cytochrome ¢ ox-
idase can be described by the following equation:

4 cyt it + 8 H + 02— 4 oyt ¢it + 2 H,O + 4 H.

Third, all processes of oxygen redox chemistry might be ex-
tremely dangerous for a cell because of the possible formation
in these reactions of highly toxic reactive oxygen species (ROS:
hydroxyl radical, hydrogen peroxide, and superoxide). These
oxygen compounds can induce chain reactions of oxidative
damage of fatty acids and other lipids, DNA molecules, pro-
teins, and so on. Therefore, the mechanism of oxygen cataly-
sis in cytochrome ¢ oxidase is organized such that it excludes
the formation of ROS (see later) and assures complete reduc-
tion of oxygen to water (19).

III. BRANCHING OF THE RESPIRATORY
CHAIN IN THE AEROBIC ORGANISMS

In contrast to eukaryotes, in which only one type of termi-
nal oxidase (aas-type cytochrome c oxidase) is present, the res-
piratory chains in bacteria can vary extensively (9, 70) and have
multiple types of terminal oxidases (Fig. 2). The main function
of such branching is to provide bacteria with better adaptabil-
ity in a variety of environmental growth conditions. In brief,
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FIG. 2. Several examples of the respiratory chains in bacteria and higher organisms.

In contrast to higher organisms, bac-

teria usually combine several different systems for energy formation and, depending on environmental conditions, may prefer

one way to another.
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bacteria design the composition of the respiratory pathways for
optimal growth based on the following factors:

* Rapid removal of excess reducing equivalents such as NADH/
NADPH. Even though the main function of the respiratory
chain is to generate Auy ™, it also regulates the NAD*/NADH

e Maintain the highest possible coupling efficiency (H" /e ra- ratio by eliminating excess reducing equivalents. This func-

tio) in the present environmental conditions for maximal yield
of ATP. For example, if the oxygen tension in the growth
medium is high, then the terminal oxidases in Escherichia
coli will be mostly represented by high-efficient cytochrome
bos, which use the energy of oxygen reduction to water to
pump protons. Otherwise, in low-oxygen conditions, the most
pronounced will be the expression of cytochrome bd (170,
183). This oxidase has a higher affinity to oxygen (24) but
does not pump protons (139, 174). Hence, the overall amount
of energy formed in low-oxygen conditions will be decreased,
but the respiratory chain will still be able to work, providing
bacteria with energy.

tion is very important for organisms that have access to some
alternative sources of energy, like photosynthesis. For in-
stance, under high-light conditions in cyanobacteria, the re-
ducing equivalents are formed extremely fast, and both CcO
and b¢f complex together cannot prevent overreduction of the
quinone pool in the membrane. In such a situation, cyto-
chrome bd starts to play an important role because of its lower
coupling efficiency (28).

Regulation of intracellular oxygen concentration. Under
some specific conditions, it might be very important for bac-
teria to decrease the intracellular amounts of oxygen to pro-
tect oxygen-sensitive enzymes from inhibition. As in nitro-
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FIG. 3. Structures and biosynthesis of heme B, heme O, heme A, heme D, and heme C. In heme D, one double bond in a
pyrrole ring has been reduced, so it is actually a chlorin, rather than a real heme; the structure of heme C is identical to that of
heme B, except that heme C is covalently bound to polypeptide via thioether bridges.
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genases from the strict aerobe Azotobacter vinelandii (120)
or from some enteric bacteria (94), reduction can be easily
inhibited by high concentration of dioxygen. Thus, the oxy-
gen concentration in these organisms must be maintained
from one side low enough to allow nitrogen fixation and, from
the other side, high enough for adequate synthesis of ATP. It
was shown that in these bacteria, cytochrome bd is a key el-
ement in the respiratory chain, involved in the oxygen-regu-
lating process (94, 120).

Depending on the construction of the catalytic site, terminal
oxidases can be divided into two families: the heme-copper su-
perfamily and the cytochrome bd-type family. Most terminal
oxidases belong to the heme—copper superfamily (70); they are
characterized by a unique binuclear catalytic site, where all the
chemistry of oxygen reduction to water occurs. The binuclear
site is located in subunit I and consists of a high-spin heme and
a copper atom, called Cug. Both high-spin heme and Cug are
retained in the protein by ligation with one and three histidine
residues, respectively. In addition to the binuclear site, subunit
I also contains a low-spin heme, which is ligated by two histi-
dine residues, and serves as a donor of electrons to the binu-
clear center. Together, the binuclear center and the electron-do-
nating heme form a core element, which is common for all
members of the heme—copper oxidase superfamily. In bacteria,
heme groups can be presented by different heme types: B, O,
or A (Fig. 3) (46). In addition to the core element, some oxi-
dases of this class might have extra prosthetic groups, like a
bimetallic copper site Cuy (in aas type of oxidases) and one c-
type heme (in caas), or even several c-type hemes (cbbs).

Heme—copper oxidases can be divided into two main sub-
groups based on the source of electrons they are able to use.
The first subgroup, cytochrome ¢ oxidases, receive electrons
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from the water-soluble cytochrome ¢ and are found in both eu-
karyotic and bacterial organisms. The most extensively studied
examples of these oxidases are mitochondrial CcO from bovine
heart; bacterial aas-type oxidases from Paracoccus denitrifi-
cans and Rhodobacter sphaeroides; cytochromes bas and caas
from Thermus thermophilus; and cytochrome cbbs from various
species. The second subgroup is represented by quinol oxidases,
which are found only in bacteria. Quinol oxidases accept elec-
trons directly from quinols in the cytoplasmic membrane. The
well-known member of this class is cytochrome bos from Esch-
erichia coli.

The second family of terminal respiratory oxidases is bd-type
quinol oxidases. In contrast to heme—copper oxidases, cy-
tochrome bd has a completely different construction of the cat-
alytic site. It lacks a copper atom and is formed most likely by
two high-spin hemes: heme d (Fig. 3) and heme bsgs. In addi-
tion to these hemes, cytochrome bd contains a low-spin heme
bssg, which is directly involved in the oxidation of quinols (78).
Although this oxidase does not pump protons across the mem-
brane (139, 174), it can still create Auy™ by virtue of vectorial
chemistry. However, it results in reduced coupling efficiency,
which nevertheless has an adaptive importance for bacteria.

IV. STRUCTURE OF CYTOCHROME
C OXIDASE

A clear understanding of the mechanism of protein function
is almost impossible without a knowledge of its 3D structure.
The last decade was extremely successful in resolving the struc-
tures of membrane-bound proteins by x-ray crystallography.
Even though the basic composition of terminal oxidases—mo-

TaBLE 1. THE LisT OF RESOLVED CRYSTALLOGRAPHIC STRUCTURES OF TERMINAL OXIDASES
PDB
Type Source Resolution number Reference
aas Bovine 2.80 A 10CC 220
aas Bovine 2.80 A 10CC 221
aas Bovine 2.30 A 20CC 265
aa-reduced Bovine 2.35 A 10CR 265
aaz-CO bound Bovine 2.80 A 10CO 265
aasz-N3 bound Bovine 290 A 10CZ 265
aas Bovine 1.80 A 1V54 222
1.80 A 2DYR 153
aas-reduced Bovine 1.90 A 1V55 222
1.90 A 2EI 153
aaz-Cd®* bound Bovine 2.1A 2EIK, 2EIL 153
aaz-Zn** bound Bovine 27 A 2EIM, 2EIN 153
aas P. denitrificans 2.80 A 1AR1 105
aas P. denitrificans 270 A 1AR1 162
aas P. denitrificans 3.00 A 1QLE 85
aas R. sphaeroides 230 A 1M56 215
aaz-E286Q R. sphaeroides 3.00 A IM57 215
aas R. sphaeroides 2.00 A 2GSM 177
basz Th. thermophilus 240 A 1EHK 211
baz Th. thermophilus 230 A IXME 104
bos, quinol oxidase E. coli 3.50 A 1FFT 2

Three-dimensional structures of terminal oxidases and other biologic macromolecules can be
downloaded from RCSB Protein Data Bank (http://www.rcsb.org/pdb).
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TaABLE 2. SuBUNIT COMPOSITION OF TERMINAL OXIDASES IN MITOCHONDRIA AND BACTERIA

Bovine (heart) aaz

P. denitrificans aas

Subunit M, Composition Encoded by M, Composition
1 56993 12 a-helices Mitochondria 62500 12 a-helices
11 26049 2 a-helices Mitochondria 27999 2 a-helices
111 29918 7 a-helices Mitochondria 30671 7 a-helices
v 17153 1 a-helix Nucleus 5364 1 a-helix
Va 12434 At the N-side Nucleus

Vb 10670 At the N-side Nucleus

Via 9418 1 a-helix Nucleus

VIb 10068 At the P-side Nucleus

Vic 8480 1 a-helix Nucleus

Vlla 6234 1 a-helix Nucleus

VIIb 6350 1 a-helix Nucleus

Vllc 5541 1 a-helix Nucleus

VIII 4962 1 a-helix Nucleus

Mitochondrial subunit nomenclature from (111); molecular masses for bovine aas; from (50); molecular

masses for P. denitrificans aas from (82, 259).

lecular weight and number of subunits, types and quantity of
prosthetic groups, sequence, and conserved residues—was al-
ready known before the crystal structure came out, the real
breakthrough was achieved only when the first crystallographic
structures of CcO were resolved (105, 220). At present, the
structures of terminal oxidases from five organisms have been
resolved, with resolution up to 1.8 A (Table 1). Nevertheless,
even though the structures of CcO in both oxidized and reduced
states are known, they appear to be very similar, and the mo-
lecular mechanism of CcO functioning is still enigmatic. Solv-
ing the structures of all intermediates in the catalytic cycle of
CcO can help to answer this question. Unfortunately, the in-
termediates of the catalytic cycle of CcO are quite unstable,
which makes this task extremely difficult, although in some
cases, such an approach has provided invaluable information
about the mechanism of protein functioning. For instance, the
structure of the light-driven proton-pump bacteriorhodopsin
was solved in all main states of the photocycle, which made it
possible to create a picture of the function of this protein (127).

Mammalian CcO has a molecular mass of ~200 kDa and
contains 13 different polypeptide subunits (Table 2). The three
largest subunits form a core of the enzyme, encoded by the mi-
tochondrial genome, whereas the remaining 10 subunits origi-
nate from nuclear DNA (50). Bacterial CcO (Table 2) are sim-
pler in structure and have only from three to four subunits (Fig.
4A), but the sequence homology of subunits I, II, and III to the
corresponding ones of mitochondrial CcO is extremely high
(179, 212). The sequence identity between CcO from R.
sphaeroides and from bovine heart for subunit [ is 52% (202);
for subunit II, 39% (49); and 50% for subunit III (48). Thus,
the bacterial terminal oxidases can be an excellent model for
functional studies of more-complex eukaryotic oxidases, mainly
because of easier and faster ways of manipulation with the en-
zyme by molecular genetic methods (102).

A. Subunit 1

Subunit I is the largest and the most conserved (197) subunit
of CcO, with a molecular mass of ~60 kDa (Table 2). It con-

sists of 12 transmembrane helices without any large extra-
membrane part (Fig. 4A, shown in light gray). The helices are
not perpendicular to the membrane plane but tilted ~20-35 de-
grees against it. When viewed from the top (P-side), the 12 seg-
ments of subunit I are arranged in a counterclockwise direction
and form three semicircular arcs, arranged in quasi-threefold
axis of symmetry (Fig. 4B). Three pores (pores A, B, and C)
are formed in the center of the arcs. Pore B houses the binu-
clear center (heme a3 and Cug) of the oxidase and includes the
proton-conductive K channel directed from the binuclear cen-
ter toward the N-side of the membrane (see later). Pore C re-
tains heme a; the last pore A is empty and used for the proton-
conductive D channel as well as for a plausible pathway for
oxygen delivery to the binuclear site (189).

Heme a is located in pore C at a depth of about one third of
the membrane thickness from the P-side and oriented perpen-
dicular to the membrane plane, such that its propionates are
pointing toward the P-side of the membrane. In both reduced
(S = 0) and oxidized (S = !/,) states (17, 225), the heme iron
is bound to four nitrogens of the porphyrin ring and to two con-
served histidines of subunit I. The latter two histidine axial li-
gands of heme a, His94; (His61y) and His413; (His378;) (the
numbering of amino acid residues is based on the Paracoccus
denitrificans enzyme; the corresponding amino acid residues in
the bovine, Bos taurus CcO are shown in brackets), are located
in helices II and X, respectively (105, 203, 220); the bonds be-
tween the histidines and the heme iron are necessary for hold-
ing the heme in the protein.

Biosynthesis of heme A is a sequential process (Fig. 3), and
it involves initial farnesylation of protoheme (heme B) at the
2-position (195), forming heme O. In the next stage, the heme
O product is modified by hydroxylation of the methyl group at
8-position of the porphyrin ring to formyl (54).

The low-spin hemes in terminal oxidases are responsible for
most absorption in the visible part of the spectrum. The de-
composed oxidized spectrum of heme a has peaks at 426 nm
(e ~ 120 mM~'em~!, Soret band) and 595 nm (g ~ 19.5
mM~'em ™!, alpha band) (228). Absorption properties of heme
a depend on the reduction state of the heme, making this cen-



FIG. 4. The structure of cytochrome ¢ oxidase from P. den-
itrificans. (A) Organization of the subunits and redox-active
centers. Hemes and coppers are shown in black (heme a3 on
the left and heme a on the right side). Both hemes and Cug are
situated at the depth of about one third of the membrane from
the P-side. (B) The top view of subunit I; only metal centers
and transmembrane helices are shown. Helices form three semi-
circular arcs denoted A (III-VI), B (VII-X), and C (I, II, XI,
XID).

ter an easy target for optical spectroscopy studies. The reduced-
minus-oxidized difference spectrum of heme a, produced by the
ligand-binding method introduced by Horie and Morrison (99),
has a peak at 445 nm (& ~ 57 mM~'cm™!), trough at 425 nm
(8 ~ —41 mM~'em™!) in the Soret region and another peak at
605 nm (¢ ~ 20.5 mM~'cm™"') in the alpha region (228). The
absorption maximum at 605 nm in the reduced-minus-oxidized
spectrum of heme a in CcO is quite unusual for low-spin A-
type heme (132). This maximum is red shifted for ~15 nm
compared with an isolated bis-imidazole heme A model com-
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pound (47) because of formation of a strong hydrogen bond be-
tween the formyl group of heme a and neighbor Arg54; (Arg38))
(113, 131, 191).

The second A-type heme is situated at ~13 A (center-to-
center distance) from heme a and is denoted a3. The plane of
heme a3 is also perpendicular to the membrane, and the pro-
pionates point towards the P-side in a manner similar to heme
a. Both hemes are facing each other at an angle of 104-108
degrees (105, 220). Heme a3 is a high-spin heme in both the
fully reduced ferrous state (S = 2) (18) and the resting ferric
state (S = 3/,) (17). Depending on conditions, heme a3 can be
five- or six-coordinated (17): the permanent bonds of the heme
iron include four bonds with nitrogens of the porphyrin ring
and one extra bond with the conserved His411; (His376;) (105,
203, 220). The latter fixes the heme in the protein. Five-fold
coordination of the heme iron leaves one side of the heme
empty and available for binding of ligands such as dioxygen,
carbon monoxide, azide, hydroxide ion, individual water mol-
ecules, and so on. The binding of ligands can modulate the
spin state of this heme [i.e., binding of cyanide to the ferric
form changes the spin-state of heme a3 from high- to low-spin
(S = 1/) state (17)].

The absolute absorption spectrum of oxidized heme a3 has a
highly pronounced maximum in the Soret region at 414 nm
(6 ~ 81 mM 'cm™!") and low-intense bands in the alpha re-
gion, including a maximum at ~600 nm and a 3-band at ~560
nm (228). The main absorption changes in the reduced—umi-
nus—oxidized spectrum of heme a3 also correspond to the Soret
region, with a peak at 444 nm (& ~112 mM~'cm™') and trough
at 411 nm (¢ ~ —50 mM~'cm™!), whereas the absorbance in
the alpha region is much less pronounced, with a single peak
at ~601 nm (¢ ~4.9 mM~'cm™') and a shoulder at ~579 nm
(e ~3.9mM 'em 1) (133, 228). In addition, oxidized heme a3
has one extra band detected at ~655 nm (charge-transfer band)
attributed to charge-transfer to a ligand of heme a3 (21, 143,
204).

The last redox metal center of subunit I is ~5 A away from
heme a3 iron and is formed by a copper atom denoted Cug.
Together, heme a3 and Cug form the binuclear catalytic cen-
ter of the oxidase (Fig. 5), where all the chemistry of dioxy-
gen splitting and reduction to water take place. The distance
between the heme a3 iron and Cug seems to be the same in
both reduced and oxidized states of the enzyme (85) or
slightly fluctuates in a range of ~0.1-0.3 A (222, 265). The
oxidized Cug is a tetragonal center (65); it has three perma-
nent axial histidine imidazole ligands, identified by both ge-
netic (102) and x-ray spectroscopic approaches (105, 162,
220), as well as one mobile oxygen ligand with exchange-
able proton/protons (65). The imidazole ligands originate
from His276; (His240;) in helix VI, and from His325;
(His290y) and His326; (His291;), both located in a loop frag-
ment between helices VII and VIII.

Because of an extremely low extinction coefficient, the ab-
sorbance spectrum of Cug is still unknown, although it is pos-
sible to obtain information about the redox state of this center
by optical spectroscopy. Existing data indicate that the appear-
ance of the charge-transfer band (655 nm) requires oxidation
of both components of the binuclear center; so reduction of Cug,
when heme a; is oxidized, will induce decay of intensity of the
charge-transfer band (21, 143). The other technique to detect
the Cug center is electron paramagnetic resonance (EPR) spec-
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FIG. 5. Catalytic center of cytochrome ¢ ox-
idase: high-spin heme a3, Cug, histidine-ty-
rosine cross-linked structure, and their li-
gands. Amino acid numbering from P.
denitrificans/bovine enzymes.

H is_325
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troscopy, which allows studying molecules and ions with un-
paired electrons. Because in the oxidized state, the copper atom
contains one unpaired electron on the highest orbital, in theory,
the redox state of Cug can be followed by EPR. Unfortunately,
the presence of the heme a3 iron in proximity to the copper
atom results in a strong antiferromagnetic interaction between
these two centers, making them both EPR silent (227) in most
situations. Only when either of them is reduced or the magnetic
coupling has been broken by other means, the EPR signal from
the oxidized center will appear. On some special occasions, the
EPR signal (four sharp peaks centered at about g = 2.25) as-
signed to Cug can be seen [e.g., in a reaction of the fully-re-
duced CcO with dioxygen done at low-temperature (32, 114,
115, 149, 181)], or by decoupling of the heme a3-Cug pair by
using different techniques: ligand binding, gamma radiation,
saturated ammonium sulfate treatment, incubation in some de-
tergents, and so on (166).

Another important structure identified in CcO is represented
by the covalently bound His276; (His240;) and Tyr280;
(Tyr244y) (Fig. 5). The three histidines and the tyrosine form a
conjugated m-electron system around the Cug center. In addi-
tion to crystallographic studies, the existence of the histidine-
tyrosine crosslink was also confirmed by protein-sequencing
and mass-spectroscopy analysis of CcO from several species
(43, 180). Formation of this bond might considerably reduce
pK, of the tyrosine (137, 265), allowing it to participate in the
oxygen-reduction process by donating both the proton and the
fourth electron required for the reaction, thereby forming a ty-
rosine radical (172, 173).

Besides the redox-active centers, subunit I also contains
tightly bound non-redox active metal centers. The Mg?*/Mn>™"
binding site is located at the interface between subunit I and II,
approximately halfway between the heme a3 and Cu, centers.

The metal atom is ligated to His403; (His368;), Asp404;
(Asp369y), Glul98y; (Glu218yy), and to three water molecules
(101, 162, 215, 220, 265). In mitochondrial CcO, this site is oc-
cupied by magnesium (61, 220), whereas in bacterial oxidases,
it can be partially substituted by manganese atom (200). The
function of this metal site is unknown, but it was shown that
Mn>™ is located in the expulsion pathway for the water mole-
cules that are produced in the binuclear center of the oxidase
(199). However, the site-specific mutagenesis of the metal-lig-
ating residues revealed neither change in pumping efficiency
nor significant decrease in enzymatic activity (67, 101). In ad-
dition, proton-translocating quinol oxidases lack this center (2)
without any effect on the ratio of proton translocation (175,
232). Both subunit I and II have a number of negatively charged
residues at the interface between them, and the Mg?*"/Mn>" site
may be important for their stabilization.

Another nonredox active metal site was found in a loop be-
tween helices I and II close to the P-side of the membrane. The
identity of a metal ion in this center is not completely clear:
based on ligand coordination pattern, it is assigned to be occu-
pied by sodium in mitochondrial oxidases (265) or by calcium
in bacterial ones (162, 215). At the same time, cation-binding
experiments suggest that in the mitochondrial CcO, this site re-
versibly binds calcium or sodium (121), whereas in bacterial
oxidases, this site contains only tightly bound calcium that can-
not be removed by an excess of chelating agents such as EGTA
(130, 167, 188). The role of the tightly bound Ca?* can be in
the structural stabilization of oxidases (130).

B. Subunit I1

Subunit II is another subunit of CcO, which contains redox
active cofactors. It has a molecular mass of ~27 kDa (Table
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2), and it forms two transmembrane helices interacting with
subunit I (Fig. 4A) and a large C-terminal hydrophilic globu-
lar domain at the P-side of the membrane (105, 221). The re-
dox active copper center, conventionally referred to as Cua,
is formed by two copper atoms. A long discussion has been
held in the oxidase field concerning the type and number of
copper atoms in the Cup center, and only at the beginning of
the 1990s was this issue finally resolved (11, 119, 125, 128,
135, 226). The Cup center in the oxidized state of the enzyme
was found to be in mixed-valence configuration that can be
formally represented as [Cu!3*-Cu'3*]. On reduction Cup
holds an electron by sharing it between both copper atoms. This
redox center is situated in the globular domain almost on the
border with subunit I. As was shown by site-directed mutage-
nesis (119) and confirmed later by x-ray crystallography (105,
220), Cup is ligated to two cysteines [Cys216y(Cys196y)
and Cys220p(Cys200yy)], two histidines [His181(His161y) and
His2241;(His204q;)], one methionine [Met227;;(Met207yy)], and
one carbonyl oxygen of Glu218y; (Glul198y).

The redox state of Cux can be followed by optical absorbance
spectroscopy. The spectrum of oxidized Cux has two clear max-
ima: a broad peak at ~820 nm (& ~ 1.6 mM 'cm™ ') and a
rather sharp peak at 480 nm (& ~ 3.0 mM~'cm™!) with a shoul-
der at ~530 nm (107, 128). Even though the extinction coeffi-
cient of the latter peak is higher, the practical characteristic
wavelength of Cuy in the intact CcO is in the region of ~820
nm, where hemes do not absorb light, thus making it possible
to follow redox changes of Cuy only. In addition to optical ab-
sorbance spectroscopy, the EPR technique proved to be a valu-
able tool for studies of Cua. Oxidized Cup possesses a strong
and characteristic EPR signal in the g ~ 2 region (1, 22) mea-
sured at the temperature of liquid nitrogen and lower.

C. Subunit 111

Subunit III is the biggest subunit of CcO that has no redox
cofactors. It has a molecular mass of ~30 kDa (Table 2) and
consists of seven transmembrane helices without any extensive
extramembrane domain. The helices of subunit III are arranged
into two bundles: the first one is formed by helices I and II,
and the other, by helices III to VII (105, 221). The bundles of
helices are tilted against each other forming a big V-shaped
cleft between them with a bottom at the N-side of the mem-
brane. Subunit III is in side-to-side contact with the helices of
pore A of subunit L.

The function of this subunit is unknown: it contains no pros-
thetic groups, and it is not involved in proton pumping, as was
shown on two-subunit enzyme from P. denitrificans reconsti-
tuted into liposomes (87, 210) and by mutagenesis study (81).
However, it might be involved in the stabilization of a mature
oxidase and in ensuring correct assembly of the enzyme (espe-
cially at the final folding step of subunit I), including structural
adjustment of heme centers (80). At the same time, the V-
shaped cleft is located at the mouth of the oxygen-conducting
channel and may secure the constant flux of oxygen into the
catalytic center (189) (see later). It is also possible that the mem-
brane-anchored cytochrome cssp, which is a physiologic elec-
tron donor for CcO from P. denitrificans (27), might use this
cleft for binding and placing itself in an appropriate position
for electron transfer to Cuy (105).
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D. Other subunits

In addition to three core subunits, the heme—copper terminal
oxidases can have extra subunits. CcO from P. denitrificans has
one additional subunit (82, 105) with a molecular mass of ~5
kDa (259). It has one transmembrane helix, which is in contact
with all other subunits. The function of this subunit is unknown:
the deletion of its gene has no effect on either protein integrity
or enzymatic and spectral properties of the oxidase (259).

In mammalian CcO, the three mitochondrially encoded core
subunits (homologous to the three main subunits of the bac-
terial enzyme) are supplemented by ten additional subunits,
which are encoded by nuclear DNA (Table 2). Seven of ten
nuclear-encoded subunits consist of one transmembrane helix
each, whereas subunits Va, Vb, and VIb are represented by
small globular proteins. Subunits Va and Vb are bound to the
oxidase at the matrix side of the protein, whereas subunit VIb
is bound at the intermembrane side. Because none of the nu-
clear-encoded subunits is associated with the active site, it is
quite unlikely that they are important in the functional mech-
anism of CcO. However, based on findings of binding sites
for ATP/ADP (110, 221), protein kinase A (263), and 3,5-di-
iodothyronine (14) within some of them, it is assumed that the
nuclear-encoded subunits have a regulatory function. The role
of these subunits in the regulation of the enzymatic activity is
also supported by the presence of their tissue-specific isoforms
in mammals (110). Studies on subunit VIb from yeast, which
is highly identical to bovine CcO, show that this subunit can
be important during assembly of the oxidase, although it can
be removed from the mature enzyme without any effect on
activity (126). The crystal structure of bovine CcO indicates
that subunits VIa and VIb might be involved in stabilization
of a dimer state of the protein (221). In addition, mitochon-
drial oxidase contains Zn>", which is tightly bound to subunit
Vb (220, 221).

V. TRANSIENT KINETICS APPROACH
FOR INVESTIGATION OF THE ENZYME
CATALYTIC CYCLE

A. Methodologic approaches

The typical rate of oxygen reduction by CcO under steady-
state conditions is ~100— 200 enzyme revolutions per second.
This implies that the single turnover of the protein is extremely
fast and occurs in the milliseconds time domain. At the same
time, each turnover has a number of distinct intermediates,
which are formed in microseconds to several milliseconds from
the beginning of reaction. Thus, because of a large number of
catalytic intermediates, complicated by a large hierarchy of
transition-rate constants between them, it is impossible to study
the mechanism of CcO functioning by means of conventional
steady-state techniques. The main problem in the steady-state
approach is that, under such conditions, only the longest-lived
intermediate is populated, leaving all other intermediates com-
pletely invisible. The transient kinetics approach makes it pos-
sible to overcome these difficulties but requires a certain num-
ber of conditions that must be fulfilled.
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First, the measuring system must allow time resolution faster
than the fastest reaction step under investigation. This is ac-
tually the least difficult matter now because of developments
in the field of modern electronics (e.g., development of the
CCD, fast analog-to-digital converters, and powerful com-
puters for real-time processing).

Second, the sample solution consists of a very large quantity
of individual protein molecules that function independently,
and it is very important to set all of them into the same state
before initiation of the reaction.

Third, addition of substrates to the enzyme must be carried
out faster than the fastest transition under investigation. This
is a real challenge because the fastest mixing time of a con-
ventional stopped-flow apparatus is in the range of millisec-
onds, which is much slower than most of the intermediate
transitions in the catalytic cycle. A possible solution to this
problem is to start the reaction by immediate enzyme activa-
tion (for example, by a laser flash).

Even though the catalytic reaction of CcO consists of elec-
tron and proton transfers together with oxygen-reduction chem-
istry, it is controlled by electron entry into the enzyme. In gen-
eral, electron transfer can occur in two opposite directions: fo
and from the binuclear center. In the first case, the movement
of electrons coincides with the normal physiologic direction of
electron transfer, whereas the other case is an artificial experi-
mental model for detailed studies of electron-transfer reactions
(backflow reaction).

Two main approaches were introduced for measurements of
the catalytic reactions in CcO in real time. One of them, the
flow-flash method (73), is a combination of the conventional
stopped-flow technique with laser-induced initiation of the re-
action. In this method, instead of straight mixing of the fully
reduced CcO with dioxygen, the protein is first allowed to re-
act with carbon monoxide, which binds at the oxygen-binding
site to the reduced heme as; after that, the CO-bound oxidase
is mixed in a stopped-flow apparatus with an oxygen-contain-
ing buffer. Under these conditions, the reaction of dioxygen
with the CO-bound oxidase is limited by the CO-dissociation
rate [ca. 0.02/sec (73, 74)], but at the same time, the Fe—CO
bond is photolabile and can be instantly photolyzed by a laser
flash. The laser flash photolyzes CO from heme a; allowing
dioxygen to bind and begin the reaction. The following transi-
tions can be monitored by a number of different time-resolved
detection techniques such as optical absorption spectroscopy
(30, 73, 90, 91, 93, 157, 161, 214, 238, 241), potentiometric
electrometry (108, 235, 239), resonance Raman (84, 156,
229-231) and so on. The flow-flash method is very useful; how-
ever, its scope is severely restricted by a limited number of start-
ing conditions, and it is normally used for studying the oxida-
tive part of the catalytic cycle only. In addition, the beginning
of the reaction is complicated by the phase of CO release, which
takes the same route via Cug (8) as subsequent dioxygen bind-
ing (241). Fortunately, CO dissociation from the binuclear cen-
ter seems to be much faster (261) than the following step of
oxygen binding and should not affect it.

The second approach is the initiation of the reaction by the
injection of a single electron into the enzyme. The most suc-
cessful implementation has been the use of photo-activated
ruthenium derivatives (23, 33, 72, 155, 194, 207, 244, 266,

267), such as tris(2,2'-bipyridyl) ruthenium (RubiPy) for the
reaction initiation in CcO. Under low-ionic-strength condi-
tions, RubiPy binds electrostatically to the oxidase at the cy-
tochrome c-binding pocket. A laser flash turns the molecule
of RubiPy into an excited state with an E}, of about —1.5 V,
which donates an electron to Cup in less than 0.5 usec. The
injected electron is further redistributed among all redox co-
factors according to their midpoint potentials. The reverse re-
action of enzyme reoxidation by the oxidized RubiPy is pre-
vented by addition of a sacrificial electron donor, like, for
example, aniline or EDTA. Electron injection is a very pow-
erful and useful technique, albeit with certain limitations: the
main one is a relatively small quantum yield, which is typi-
cally less than 10%.

An alternative way to study electron transfer in CcO is in-
vestigation of the electron backflow reaction and processes cou-
pled to it by the perturbed equilibrium method. In this method,
binding of CO to the partially reduced oxidase increases the ap-
parent midpoint potentials of heme a3 and Cug, trapping elec-
trons at the binuclear center. The bound molecule of CO can
be dissociated away by a flash of light, causing electron redis-
tribution among all redox centers according to the new redox
equilibrium (section VII).

FIG. 6. Scheme of the electrometric setup. CcO is recon-
stituted into phospholipid vesicles that are fused to the phos-
pholipid-measuring membrane. The electrode potential mea-
sured by Ag/AgCl is proportional to the potential generated by
the enzyme. Cy,, Cp, and C. are the capacitances of the mea-
suring membrane, the liposomal membrane, and their contact,
respectively. Ry, R, and R, are the corresponding resistances.
R; is internal resistance, and E, is the electromotive force of
the molecular generator.
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B. Time-resolved potential electrometry

The functioning of CcO is directly linked to the translocation
of both electrons and protons across the membrane. Whereas the
transfer of electrons can be relatively easily monitored by dif-
ferent spectroscopy methods, the time-resolved transfer of pro-
tons can conveniently be detected by potential electrometry. Po-
tential electrometry is a method of direct measurement of
electric-charge translocation by membrane proteins. It was orig-
inally developed for bacterial reaction centers and bacterio-
rhodopsin (58, 59), but later also applied for CcO (266). In re-
cent years, the method has advanced extensively, allowing
detection of AW generated not only in the light-induced reac-
tions, but also after addition of other substrates such as O, or
NO (88, 239). The idea of the method is that, first, the mole-
cules of CcO are incorporated into phospholipid vesicles by grad-
ual removal of detergent from the protein/lipid mixture (96, 186).
Then the vesicles with CcO are fused to the planar phospholipid-
measuring membrane because of neutralization of negative
charges on the membrane surface by Ca>* or Mg?* ions (Fig.
6). The measuring membrane should be very thin to possess large
electric capacitance for the recording of fast charge transloca-
tion. During the enzymatic reaction, CcO creates AW on the vesi-
cle membrane, which is then proportionately divided with the
measuring membrane and thus can be detected by Ag/AgCl elec-
trodes situated on its different sides. Typically, the measuring
membrane has high resistance of ~1-5 GOhm, and the mea-
sured AW decays with a time constant of several seconds.

This method is extremely sensitive, allowing detection of
charge translocation of <1 A across the membrane dielectric
in the direction perpendicular to the membrane plane. But at
the same time, it has certain limitations natural for any vesicle-
related technique; for instance, the orientation of protein mol-
ecules may be stochastic, decreasing the amplitude of the sig-
nal, or the substrate binding sites might be unreachable if they
are located on the inner side of the vesicle membrane.

VI. PATHWAYS AND REDOX
COFACTORS OF CYTOCHROME
C OXIDASE

The chemical reaction of oxygen reduction to water, which
triggers proton translocation across the membrane, occurs at the
binuclear center in the middle of the protein and requires both
delivery of substrates (i.e., electrons, protons, and oxygen) and
release of products (water). All these aforementioned reagents
that are necessary for oxidase functioning are transported to-
ward the catalytic site through especially designed pathways.
These pathways have been identified, and they can be divided
into electron-, proton-, and oxygen-transfer structures.

A. Electron-transfer pathways

The transfer of electrons inside proteins is a quite compli-
cated process defined by a number of factors. According to elec-
tron-transfer theory (136), the rate of electron transfer depends
on the distance between donor and acceptor, the difference in
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their redox potentials, and the reorganization energy (i.e., the
energy required to alter the equilibrium geometry of the initial
state into the equilibrium geometry of the product). Two main
theories describe how the electron is transferred within a pro-
tein. In the first conceptualization (77), the electron tunneling
is considered to occur specifically through bonds and can be
modulated by conformational changes of the secondary struc-
ture of the protein. In contrast, the other theory (152, 163) pos-
tulates that the efficient tunneling of electrons is not limited to
any specially designed pathway within the protein, but rather
occurs via multiple pathways through the protein medium; in
the simplest view, it can be defined by edge-to-edge distance
between donor and acceptor, modified by the atomic density of
the intervening medium.

The reduction of dioxygen to water requires four electrons.
These electrons are donated one by one from a water-soluble
cytochrome ¢, which serves as one-electron transfer mediator
between bcj-complex and CcO. Cytochrome ¢ binds to a cleft
between subunit II and III at the P-side of the membrane (69,
105). This area is enriched with acidic residues (105, 221) that
could interact with positively charged lysines and arginines on
the surface of cytochrome c (44, 185). Thus, it is likely that the
formation of a cytochrome ¢—CcO complex is defined mostly
by electrostatic interactions between the proteins; this fact is
supported by a strong dependence of the reaction of reduced
cytochrome ¢ with the oxidase on the ionic strength of the
medium (10, 86, 260, 269). However, it cannot be excluded that
the complex formation is additionally modulated by hydropho-
bic forces (165). As soon as cytochrome ¢ binds to the oxidase,
the electron is rapidly transferred to the primary electron ac-
ceptor—the bimetallic copper center, Cup (90, 122) (Fig. 7).
This electron transfer is modulated by the highly conserved
Trp121y; (Trp104y) (260, 269), and the rate of this process is
found to be of the order 0.6 to 1 X 10° per second (72, 90, 91).

- SRRt

FIG. 7. Relative arrangement of the redox cofactors within
the protein. Bold plain arrows perpendicular to the mem-
brane show the direction of charge movements that can be fol-
lowed with an electrometric setup. AW, An amplitude of po-
tential generation due to electron movement from Cup to heme
a; AW, and AW3, due to translocation of a substrate and pumped
protons, respectively.
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Cu, is situated near the membrane surface on the P-side of
the membrane, whereas all other redox centers are buried at
equal depth approximately one third (13 A) of the membrane
thickness below the membrane surface on the P-side (105, 220).
The center-to-center distance between Cup and the iron atom
of heme a is 19.5 A, and this is only 2.6 A closer than the dis-
tance between Cup, and the iron atom of heme a3 (22.1 A).
However, despite such similarity in distances, the preference in
electron transfer from Cuy, is completely shifted to heme a. The
reason for this effect may be purely thermodynamic. The elec-
tron transfer from Cuy to heme a is not coupled to proton up-
take to compensate the negative charge at the heme a; at the
same time, the midpoint redox potential of heme a3 without
protonation is far too low to permit electron transfer (144, 234);
thus, slow protonation may limit the rate of heme a3 reduction
(41, 242), thereby leading to the observed results.

From electron-injection experiments, the rate of electron
equilibration between Cup and heme a is estimated to be
~1.8 X 10%sec in mitochondrial (72, 122, 155, 266) and
~1.1 X 10%/sec in bacterial oxidases (23, 123, 244, 267). The
same equilibration, measured by perturbed equilibrium meth-
ods, has similar rates for the mitochondrial enzyme (108, 148,
159, 240), whereas in bacteria, it seems to be three- to fourfold
slower at ~2.8 X 10%sec (3, 25).

Heme a serves as a donor of electrons to the heme a3-Cug
center. The planes of both hemes are perpendicular to the mem-
brane, forming an interplanar angle of 104 to 108 degrees, with
a minimal edge-to-edge distance between the hemes of ~4.7 A
(105, 220). The measured rate of electron equilibration between
heme a and heme a3 significantly varies, depending on the par-
ticular circumstances under which the measurements are done.
When the electron is injected into the oxidized enzyme from
reduced cytochrome c, the equilibrium can be achieved with a
time constant on the order of 0.3-1.0 sec (10); alternatively,
when fully reduced oxidase reacts with dioxygen, electron equi-
libration is much faster and has a time constant of ~30 usec
(90, 241). The fastest rate of electron equilibration between the
hemes can be measured after CO photodissociation from the
mixed-valence (two-electron reduced) enzyme. In this case, ul-
trafast electron equilibration between the hemes with 7 ~1.2
nsec occurs immediately after CO dissociation from heme a3
(159, 169, 236, 240), and is followed by a slower equilibration
phase with 7 of ~3 usec (3, 63, 159, 240), possibly determined
by the kinetics of CO dissociation from the Cug center (see de-
tails later). Such a large magnitude of difference from nanosec-
onds to seconds in the observed rates of electron equilibration
between the hemes is attributed to possible structural rearrange-
ment of the protein or to coupling of electron transfer to pro-
tonation or ligand state change of neighboring groups (40, 169,
236, 242).

B. Proton-transfer pathways

Because redox centers of the oxidase are buried within the
protein, they have no contact with the aqueous phase. However,
maintenance of great rates of respiration requires both fast pro-
ton delivery to the catalytic center and corresponding fast pro-
ton translocation across the membrane. It should be noted that
the proton-transfer pathways in CcO have been much less in-
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FIG. 8. Proton translocation through a chain of water mol-
ecules by the Grotthuss mechanism. Proton denoted + trav-
els to a proton acceptor denoted—by sequential hopping from
a hydroxonium ion to an adjacent water molecule.

vestigated than the electron-transfer pathways. The protein
medium itself cannot facilitate proton delivery toward the bin-
uclear center, or across the membrane, and to overcome this
limitation, the oxidase has specially designed proton-conduc-
tive structures. It is proposed that these structures are based on
chains of hydrogen bonds between hydrogen-bonding protein
side groups (polar or protonatable or both) and water molecules,
in which the proton is transferred by a Grotthuss-type mecha-
nism (7, 57, 154) (see Fig. 8).

At least two proton-conductive channels have been identi-
fied by site-directed mutagenesis (67, 102, 218, 219) and later
confirmed by x-ray spectroscopy (2, 105, 215, 221). Both chan-
nels are situated in subunit I of the oxidase and lead from the
N-side of the membrane toward the catalytic center of the ox-
idase (Fig. 9).

One of them is the K pathway after highly conserved ly-
sine 3541(319) (102, 218), which is situated approximately
halfway through the channel. This pathway starts with either
Ser291,(255) (105, 221) or Glu78;(62) (39, 112, 134) and
continues through conserved residues Lys3544(319) and
Thr3511(316) toward the hydroxyethyl farnesyl side chain of
heme a3 and Tyr280;(244) in the proximity of the binuclear
center. Tyr280;, at the end of the K-pathway, is covalently
linked to His276;(240) by a posttranslational modification and
is assumed to be involved in oxygen-reduction catalysis. The
importance of Tyr280; is supported by site-directed mutagene-
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FIG. 9. Proton-conducting pathways to-
gether with the redox centers of cytochrome
¢ oxidase. The spheres are structurally iden-
tified water molecules (based on the bovine
1V54 x-ray structure). The D channel begins
from Asp;124 and leads to Glu;278; from here,
depending on the orientation of the water mol-
ecules, it can be directed toward the “pump
site” or to the catalytic center. Two possible
entrances to the K channel are shown. One
starts from Ser;291, whereas the other is as-
sumed to begin from Aspy;78. Regardless of its
starting point, the K channel leads to conserv-
ative lysine 354 and on farther to the binuclear
center. P. denitrificans amino acid numbering.

sis studies, in which all mutational substitutions for this tyro-
sine result in complete elimination of oxidase activity (102, 168,
217). Two or three tightly bound water molecules belonging to
the K pathway can be found in the x-ray structures. One water
molecule is situated between Thr351y and the hydroxyl group
of hydroxyethyl farnesyl side chain of heme a3, the other be-
tween Ser291; and Lys354;, and the last one is possible between
Glu78y; and Lys354; (in 1V54, 1V55; Table 1). The amino acid
residues of the K pathway are connected by hydrogen bonds;
however, this connection seems to be interrupted by a large hy-
drophobic gap between Lys354; and Thr351;, where no water
molecules have been found so far. It is proposed that this gap
might be bridged by a movement of lysine residue (98).

The other channel, named D after the highly conserved
Asp1241(91) (67, 168, 219), is situated near the surface of
the enzyme on the N-side. Asp124; together with Thr203,(167)
and Asnl199((163) form a mouth that leads via polar resi-
dues Asnl13;(80), Asnl1311(98), Tyr35;(19), Serl134,(101),
Ser192;(156), Ser193(157), and crystallographically identified
bound water molecules to Glu278;(242), which is an important
residue for proton pumping (5, 123, 216, 233). The method of
proton translocation after Glu278; is not clear because no pro-
ton connectivity beyond this residue was detected in the crys-
tallographic structures. However, it is proposed that this place
is occupied by three or four mobile water molecules (187, 270)
that form a proton-conductive pathway directing protons either
to the A-propionate of heme a5 for pumping or to the binuclear
center for water formation (98, 254). Release of the pumped
proton out of the enzyme occurs through the highly hydrophilic
domain above the heme groups. This area contains an extended

hydrogen-bonded network of charged and polar amino acid
residues, the propionates of the hemes, bound metal centers,
and water molecules, and presumably is involved in the trans-
fer of pumped protons toward the P-side of the membrane (105,
162, 221). Based on results of site-directed mutagenesis stud-
ies, it is assumed that the exit channel for pumped protons may
start at conserved Arg4731(438) and Arg474,(439) (36, 176),
which are hydrogen-bonded to the A-propionates of the hemes,
and then continues farther through the chains of mobile water
molecules.

The presence of two independent proton-conducting path-
ways in the oxidase was suggested immediately after the dis-
covery of proton pumping (15, 253). Later, when the first crys-
tallographic structures of the oxidase were resolved, existence
of the channels was indeed confirmed; however, the role of
these channels was misinterpreted. Originally, the presence of
two channels in the oxidase was explained in terms of a dif-
ferent role for each channel in the proton-transfer mechanism.
It was proposed that the D channel is responsible for translo-
cation of “pumped” protons, whereas the K channel is used for
uptake of “chemical” protons for water formation (105). How-
ever, more recent results indicate that the D channel is involved
in the uptake of all four pumped protons and two chemical pro-
tons used in the oxidative part of the catalytic cycle (5, 123),
whereas the K channel is responsible for the uptake of another
two chemical protons during the reductive part of the cycle (6,
33, 103, 123, 250). In addition, Lys354; may be involved in the
oxidative part of the cycle (38), providing charge compensa-
tion on electron transfer from heme a to the binuclear site and
formation of the P intermediate.
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Interestingly, based on structure analysis of bovine heart CcO
in the reduced and oxidized states, one additional proton-con-
ductive pathway was proposed (221, 265). This so-called H
channel, after partially conserved His413;%°Vi"® begins at the
N-side of the membrane and leads to Asp51;°°Vi"¢ on the P-side.
Depending on the reduction state of heme a, Asp51;>°Vine
changes its conformation (being in protonic equilibrium with
the matrix space, when heme « is oxidized, and with the inter-
membrane space when heme a is reduced), providing the gate
for proton translocation across the membrane. Replacements,
by using a bovine gene expression system, of amino acid
residues involved in the formation of this channel (like Asp-51;
to asparagine) abolish the pumping without impairment of the
catalytic activity (205, 222). However, it seems that this chan-
nel (if any) is a strict property of mammalian oxidases, because
bacterial oxidases lack some of the key residues involved in its
formation, and extensive mutations of other residues in the pro-
posed area have shown their functional insignificance for pro-
ton translocation (131, 168). Thus, either the mechanism of pro-
ton pumping in the mammalian CcO is different from the
bacterial one, which seems quite unlikely because of their sim-
ilar properties and structures, or the H channel has another func-
tion (for example, charge compensation on heme a reduction).

C. Oxygen-transfer pathways

As a small, uncharged molecule, dioxygen can easily per-
meate membranes and so can reach the catalytic site of the ox-
idase even without any specific route through loosely packed
regions by using conformational fluctuations of the protein.
However, the rate of such uncontrolled diffusion is rather slow
and most likely insufficient to maintain normal catalytic ac-
tivity of the oxidase. Thus, the protein must have certain struc-
tures that can be used as channels for oxygen delivery to the
reaction center. And indeed, analysis of x-ray crystal struc-
tures (215, 221), supplemented by experimental (189, 190,
196) and theoretic examinations (98), shows from one (in P.
denitrificans) to three (in bovine) highly hydrophobic passages
from the middle of the membrane bilayer, where oxygen is
concentrated, toward the active site. Interestingly, even a sin-
gle amino-acid mutation can dramatically influence the bind-
ing of oxygen from partial [in Val279Ile mutant (189, 190)]
to complete inhibition [in Gly283Val mutant of R. sphaeroides
(196)].

VII. ELECTRON BACKFLOW REACTION

The reaction of the enzyme with oxygen is a complex pro-
cess that includes electron transfer, proton transfer, and the
chemistry of oxygen reduction arranged in a multistep catalytic
cycle. From that point of view, study of the electron backflow
reaction (34) gives a unique possibility of measuring pure elec-
tron-transfer steps in the enzyme.

Under anaerobic conditions, a molecule of CO binds to the
reduced heme a3 instead of oxygen and significantly increases
the midpoint potentials of heme a3 and Cug, trapping electrons
at the binuclear center (Fig. 10). The heme a3—CO bond is pho-
tolabile and can be broken by a laser flash. With the flash, in
several hundreds of femtoseconds, CO leaves heme a3 and tran-
siently binds to Cug (62, 261). After CO dissociation, the mid-
point potential of heme a3 returns to its original value, and the
electron is equilibrated between redox centers (3, 25, 60, 108,
148, 159, 240) according to their midpoint potentials.

From optical absorbance measurements, a phase with 7 ~ 3-5
usec was identified and assigned to electron transfer from heme
as to heme a (3, 63, 159, 240). Surprisingly, the rate of this pro-
cess is at least three orders of magnitude slower than predicted
by electron-transfer theory (152, 163). Recently, the theoretical
prediction was confirmed by a quantitative approach (236) and
by direct time-resolved measurements by using sensitive pump-
probe transient absorbance spectroscopy with femtosecond time
resolution (169). Thus, dissociation of CO from the binuclear
center (Fig. 10) induces ultrafast electron equilibration between
the hemes with 7 ~ 1.2 nsec, followed by a slower equilibration
phase with 7 ~ 3 usec, which is possibly determined by the ki-
netics of CO dissociation from the Cug center (169, 236), which
further reduces the redox potential of heme as.

The next transition step happens in 30-50 usec and includes
further electron equilibration between the hemes and Cua. In
the mixed-valence state, the extent of electron transfer to Cup
in the 50-usec phase is negligible (108), but with reduction of
the enzyme, it increases, driven by strong anticooperative re-
dox interaction between the hemes, reaching the maximal am-
plitude at about the three-electron reduction level. On additional
reduction, the amplitude of electron transfer to Cuy after CO
dissociation starts to decrease and becomes zero at the fully re-
duced state of the enzyme.

Interestingly, at high pH, electron backflow is also supple-
mented by a millisecond phase (7 ~ 2 msec, pH 9) caused by

edox potentia
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FIG. 10. The scheme of the electron backflow reaction from the mixed-valence CcO. Each box represents one of the re-
dox centers and can be completely or partially filled (reduced), or emptied (oxidized). During the backflow reaction, an electron
from heme a3 sequentially travels from heme a3 to heme a and Cux. At the end of the reaction, the electron is equilibrated among
all redox centers with respect to their redox potential. At alkaline pH, the backflow reaction is supplemented with an additional
phase because of proton release from a water molecule in the vicinity of heme as.
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proton release (6, 79) from the enzyme via the K pathway to
the bulk solution with concurrent electron equilibration between
redox centers. In this process, a molecule of water at the active
site forms a hydroxide anion that binds to the ferric heme a3
(25, 37). Noteworthy, the rate of proton release from the en-
zyme strongly depends on the surrounding of the protein. In
soluble CcO, the rate is ~1-2 msec; however, when the en-
zyme is reconstituted into phospholipid vesicles, the proton
ejection rate becomes ~10-fold faster, at 150 usec (25). Two
possible explanations for this effect are as follows:

1. either reconstitution of CcO into the vesicles changes the
conductivity of the K channel, or

2. the large negatively charged surface of the membrane at-
tracts the proton, increasing the rate of its release.

Thus, the electron redistribution in the mixed-valence en-
zyme after CO photolysis can be described as a cascade of equi-
librium events shown in Fig. 10. First, on the time scale of 1
nsec, the electron reequilibrates between the hemes, and most
likely, this equilibrium includes Cug, because all three centers
are located close enough to enable fast electron transfer. Dur-
ing the next 3-usec step, additional electron redistribution be-
tween the same players occurs, probably because of release of
CO from Cug. The third event with a characteristic time of ~30
psec appends Cuy into this quasi-equilibrium system, resulting
in participation of all four redox centers in electron reequili-
bration. At alkaline pH, the system adds one more wave of
reequilibration connected to the dissociation of the proton from
the water molecule located at the catalytic site in the vicinity
of heme a3. During this process, OH™ binds to the oxidized
high-spin heme and, in this way, reduces its redox potential.
The latter induces additional electron reequilibration between
all redox centers on the time scale of 1 msec for the soluble or
100 wsed for membrane-bound enzyme.

VIII. INTERACTION OF TERMINAL
OXIDASES WITH OXYGEN

A. Oxygen trapping by terminal oxidases

The apparent affinity of mitochondrial CcO for oxygen is ad-
justed by evolution to the content of oxygen in the human tis-
sues. The measured value for the apparent K, for the CcO from
heart muscle mitochondria is ~0.4 wM (75). However, the real
dissociation constant obtained from the measurements of oxy-
complex formation rates at different oxygen concentrations is
~300 uM (55, 241). This is very weak affinity because, for ex-
ample, even air-saturated water (258 uM oxygen) does not con-
tain enough oxygen to provide half-saturation of the enzyme.
How then is the enzyme capable of a very good apparent affin-
ity for oxygen in tissues, while having such a bad oxygen-bind-
ing constant? The increase of oxygen affinity for heme a3 can
be easy realized by raising its midpoint redox potential for the
oxygen-bound state, or in other words, by expending some of
the redox energy for oxygen binding. However, the respiratory
chain in mitochondria evolves to produce AuH™ with the max-
imal efficiency. That is why, most likely, another way was se-
lected during evolution to solve this problem.
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FIG. 11. Comparison of oxygen binding to high-affinity cy-
tochrome bd and to cytochrome c oxidase. Cytochrome bd
from Escherichia coli has a strong oxygen-binding constant
(~280 nM), whereas for cytochrome ¢ oxidase, this constant is
about three orders of magnitude weaker (~280 uM).

The bimolecular rate constant of oxygen interaction with the
enzyme is high enough [1.38 X 108 M~ 'sec™! for CcO (241)]
to achieve binding of an oxygen molecule to the enzyme active
site every 2 msec at the average oxygen concentration in tis-
sues [3 wM (75)]. At the same time, because of the very weak
binding constant, the bound oxygen molecule will escape from
the binuclear center in 25 usec (ko = Kq X kop = 4.2 X
10%/sec). The only way to work efficiently under such condi-
tions is kinetically to trap oxygen (i.e., to initiate its reduction
faster or at least on the same time scale as its escape rate). The
experiments showed that the rate constant of transformation of
compound A into the “peroxy” state is approximately similar
to the ko¢ value (see later). This means that CcO has a kineti-
cally effective trap for oxygen (55, 237), in which the mole-
cule of bound dioxygen is rapidly reduced, before it can disso-
ciate.

In contrast, nonpumping cytochrome bd—type oxidases have
significant decrease of excess redox energy from ubiquinol/qui-
none to the oxygen/water couple, but this energy is not used
for proton pumping across the membrane. Thus, it can be trans-
formed into tight binding of oxygen. The isolation of cyto-
chrome bd showed that in “as prepared” state, it exists in the
oxygen-bound form, and the removal of oxygen is not an easy
task. The determination of the oxygen dissociation constant (24)
revealed (Fig. 11) three orders of magnitude difference in the
Ky value for pumping heme—copper oxidases in comparison
with nonpumping cytochrome bd. This difference in oxygen-
binding properties corresponds to the increase in the redox po-
tential of the oxygenated heme of 180 mV.

B. Reactive oxygen species and cytochrome
¢ oxidase

Dioxygen is the final acceptor of electrons in the respiratory
chain. The role of dioxygen as the main electron sink in living
organisms is favored by two main factors: on the one hand, it
has high redox potential [E,’(O,! 2™/2 H,O>M) = +820 mV],
which guarantees high energy output from its reduction; and on
the other, the reduction of the atmospheric dioxygen has a rel-
atively high activation energy that makes it inert to uncontrolled
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reduction. Nevertheless, reactions resulting from the uncon-
trolled reduction of dioxygen in cells are still present. These re-
actions lead to generation of the reactive oxygen species (ROS):
one-electron reduction to superoxide (O,7), two-electron re-
duction to hydrogen peroxide (H,0,), and three-electron re-
duction yields hydroxyl radical (OH"). These ROS are highly
reactive and cause nonspecific damage to proteins, DNA, and
lipids. The increased level of ROS in cells is also thought to be
linked with aging and some degenerative deceases (45, 68, 178).
In addition, recent results suggest that the moderate generation
of ROS during normal oxygen metabolism is important for cell
regulation and signaling (13, 268). The main source of ROS in
mammalian cells is the mitochondrial respiratory chain. Inter-
estingly, even though CcO is the only protein in the respiratory
chain that directly interacts with oxygen, it is not responsible
for ROS production. The primal source of ROS in the respira-
tory chain is two other proton-translocating complexes—
NADH dehydrogenase and bci-complex (223, 224). The rate
of ROS formation strongly depends on the amplitude of mem-
brane potential: high AW raises the reduction level of the res-
piratory chain and thus favors ROS generation, whereas de-
crease of AW leads to decrease of ROS production (89). The
overreduction of the respiratory chain occurs also under hy-
poxic conditions. In this situation, generation of ROS is regu-
lated by two mechanisms. First, the cell metabolism is switched
to the anaerobic pathway by inducing expression of lactate de-
hydrogenase A, which converts pyruvate into lactate, thus re-
ducing formation of NADH; and second, CcO activity is opti-
mized by the expression of different isoforms of regulatory
subunits (201).

Absence of ROS production during the catalytic reaction of
CcO is due to very fast oxygen activation and reduction when
all four electrons required for splitting of the O-O bond are si-
multaneously delivered to dioxygen without the involvement of
any partial oxygen-reduction steps.

IX. INTERMEDIATES OF THE
CATALYTIC CYCLE

In contrast to most cell proteins, the redox centers of CcO
are colored and characterized by distinct optical spectra in ox-
idized and reduced states, and mainly because of that, the ba-
sic knowledge about intermediates of the catalytic cycle was
obtained by optical absorbance spectroscopy. For example, de-
velopment of the flow-flash reaction, measured by optical ab-
sorbance spectroscopy at 584 nm, shows at least five distinct
transitions (Fig. 12, solid curve). Furthermore, when the kinet-
ics of optical changes are known for the whole spectral range,
it is possible to obtain the spectra of individual intermediates
of the cycle. For a deeper understanding of internal processes
in the catalytic cycle, the optical studies are often supplemented
with other measurements, like determination of potential gen-
eration across the membrane (Fig. 12, dashed curve), or mea-
surements of proton uptake and release.

Approximately up to 10 intermediates of the catalytic cycle
were identified (Fig. 13); some of them are more or less stable,
whereas the others appear only for a fraction of a millisecond.
It should be noted that the letter abbreviations accepted in the
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FIGURE 12. Comparison of electrometric (dashed trace)
and optical (at 584 nm, solid trace) time courses for the re-
action of CcO with dioxygen (flow-flash reaction) at neutral
pH. From the optical trace, it can be seen that the initial phase
of CO photolysis (0) is followed by at least four phases (de-
noted by roman numbers from I to IV) of the catalytic reaction.
Roughly, phase I is formation of compound A; phase I, A —
Pg; phase III, Pg — F; and phase IV, F — O. The inset shows
the same curves on a shorter time span.

literature for the different states reflect only the state of the bi-
nuclear site and do not specify the redox states of heme a and
CllA.

A. Fully oxidized O state

The enzyme after purification is in the fully oxidized “as pre-
pared” state, in which all redox centers of the protein are oxi-
dized, and the enzyme cannot react with dioxygen. However,
depending on the details of the purification protocol, it may
sometimes contain a fraction of an electron and be partially at
the E (one-electron reduced) state. The enzyme at the O state
is present in different substates, depending on a ligand bound
to the high-spin heme. These substates can roughly be divided
into two groups based on their ability to react with cyanide (20,
146). One—the “slow” form—has a maximum in the Soret re-
gion of <418 nm and is characterized by slow kinetics of
cyanide binding to the oxidized heme as. The absorbance max-
imum of the other “fast” form is several nanometers red-shifted;
this form binds cyanide at least 100-fold more rapidly. The en-
zyme in the slow form can be obtained when the protein is in-
cubated or purified in a low-pH buffer (~6), especially in the
presence of certain anions such as Br~, HCOO™, or ClI~ (20,
146). At the same time, the fully oxidized, as prepared, state is
often referred to as the “resting” form of the oxidase, and it can
include both slow and fast forms. Reduction and reoxidation
(pulsing) of the resting oxidase produces the homogeneous pop-
ulation of the oxidized O state—the so-called “pulsed” form
(12). The pulsed form is highly active and has properties very
similar to those of the fast form, although most likely, these
forms represent different states of the enzyme discriminated by
the ability to pump protons on reduction (23, 33, 235). Thus,
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FIG. 13. The catalytic cycle of cytochrome c oxidase supplemented by the plausible structures of the intermediates.

The

definitive structure of the F state is still unclear, and two possible configurations may be proposed. The acceptor of a proton dur-
ing the Pr — F transition is either tyrosinate or the OH™ ligand of Cug. The duality of F leads to different possible configura-

tions of the Oy and Eg states.

the pulsed form is probably the same state as the Oy interme-
diate in the catalytic cycle (see later).

B. One-electron reduced E state

In the E state, an electron is shared between heme a3 and
Cug in the binuclear center. This state can be obtained in po-
tentiometric titrations, where it is characterized by the appear-
ance of the g = 6 EPR signal. This signal originates from the
oxidized high-spin heme a3 (when Cug is reduced), and the
maximal amplitude of the g = 6 EPR signal (257) in the po-
tentiometric redox titration would indicate maximal yield of the
E state. Alternatively, it is possible to create E by several ki-
netic techniques, such as flash-induced chemical photoreduc-
tion (FIRE) (145) or electron injection (155, 194, 244). How-
ever, it should be stressed that formation of the E state by kinetic
techniques takes seconds, because of extremely slow proton up-
take to the binuclear center for charge compensation. Taking
into account that the complete cycle of CcO occurs in several
milliseconds, it is rather unlikely that the E state is a natural
state during catalytic turnover of the oxidase. Unlike hemoglo-
bin or myoglobin, one-electron reduced CcO cannot bind either
oxygen or carbon monoxide.

C. Reduced R state

The R state is the state that is capable of dioxygen binding
and can have from two to four electrons in the redox centers.
Delivery of an electron alone into low-dielectric media deep in
the middle of the membrane, where three of four enzyme re-
dox centers are located, is energetically unfavorable but can be
enhanced when coupled to proton uptake. And indeed, Mitchell
and Rich (144), based on experimental determination of proton
uptake upon reduction and binding of anions (azide, formate,
fluoride, or cyanide), suggested an electroneutrality principle,
which postulates that reduction of the binuclear center is cou-
pled to uptake of two protons for charge compensation. Com-
plete reduction of the oxidase by four electrons is coupled to
uptake of 2.1 to 2.4 H"/CcO in R. sphaeroides and bovine ox-
idases (4, 51, 144). At least two of these protons are taken up
via the K pathway and most likely are used for water forma-
tion (6, 103, 123, 250). Both fully reduced and mixed-valence
(two-electron reduced) oxidases can bind CO to heme a3. Bind-
ing of CO to the binuclear center increases midpoint potentials
of heme a3 and Cupg, and stabilizes their reduced form (258).
Depending on the reduction level of the oxidase, two types of
CO-bound compounds are defined: the fully reduced CO-bound
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(COFR) form with all four redox centers in the reduced state,
and the mixed-valence CO-bound (COMYV) form, in which only
az and Cug are reduced. Both forms, COFR and COMV, are
widely used as a starting point for studies of intermediates in
the reaction cycle.

D. Ferrous-oxy A intermediate

As mentioned in the previous paragraph, the oxidase already
in the two-electron reduced state can rapidly react with dioxy-
gen, producing the so-called compound A. Compound A is the
first spectroscopically detectable intermediate originally re-
ported by Chance et al. (55) in their low-temperature “triple-
trapping” experiments with a 591-nm peak and 611-nm trough
in the difference spectrum. At room temperature, compound A
is formed with a time constant of 8 usec at 1 mM oxygen con-
centration (157, 241) and has an absorbance maximum at 595
nm (92, 214, 238). Similar to oxyhemoglobin and oxymyoglo-
bin, the Raman spectrum of compound A (84, 230) has a stretch-
ing mode at 568 per cm, which characterizes the Fe,3>"-O,
structure of the binuclear center.

E. Peroxy intermediate, Py

Compound A is unstable and, in the case of the mixed-va-
lence enzyme, decays with 7 ~ 150 usec (92, 157) into the so-
called peroxy (Pyy) intermediate, originally named compound
C (55). Subscripts M/:g- in P were introduced in (151) to dis-
tinguish the origins of two peroxy-oxygen intermediate forms—
mixed-valence and fully reduced, respectively. The Py inter-
mediate is stable, and the reaction stops here unless an
additional electron enters the enzyme. This compound was
named “peroxy” because it was thought that the oxygen—oxy-
gen bond is still intact in it, and heme a3 has a peroxy struc-
ture Fe,33 -0~ O~ But more recent examination by kinetic res-
onance Raman (172), and mass-spectrometry (64) clearly
demonstrated that the oxygen—oxygen bond is already broken,
and heme a3 is in the oxo-ferryl state (Fe,3*™ = O), with an-
other oxygen atom being bound to Cug as a hydroxide ion. The
Py state can also be formed directly in the reaction of the ox-
idized CcO at alkaline pH with stoichiometric amounts of H,O,
(29, 245, 262), in which the resulting spectrum has character-
istic peaks at 607 (g97—&630 ~ 11 mM~lcm™!) and 570 nm in
the Pyp-minus-O difference spectrum. Cleavage of the O-O
bond requires simultaneous transfer of four electrons to the mol-
ecule of dioxygen. Three of these electrons are donated from
the metals of the binuclear center: one from Cug (Cug™ —
Cug?™) and two from the heme a3 iron (Fe,32™ — Feys*™), al-
though the source of the fourth electron is still under debate.
Presumably, the fourth electron is donated from one of the
amino acid residues in the proximity of the catalytic site. High-
resolution x-ray crystallographic structures (162, 265) and bio-
chemical analysis (43) revealed that conservative Tyr280(244)
in the catalytic center is covalently linked (Fig. 5) to one of the
ligands of Cug [His276,(240)], and was proposed to serve as a
source of the remaining electron. In addition to electron trans-
fer, O-O bond cleavage requires delivery of a proton. Reaction
of COMV with oxygen occurs without external proton uptake
(158), indicating that the required proton must be borrowed

from one of the groups within the oxidase. At the same time,
electrometric results show virtually no phase of potential gen-
eration during R — Py reaction (108); thus, most likely the re-
quired proton is taken from a group very close to the catalytic
center. Taken together, it is reasonable to propose that Tyr280;
provides both an electron and a proton for O-O bond splitting,
producing the neutral tyrosine radical (172, 173).

F. Peroxy intermediate, Pg

When the oxygen reacts with the fully reduced oxidase, com-
pound A relaxes into another unstable peroxy intermediate (Pg)
in ~30-40 usec (157, 241). As was shown by the optical ab-
sorbance spectroscopy (90, 91) and by resonance Raman ex-
amination (83), a significant fraction of heme a becomes oxi-
dized on formation of Pg, whereas Cup stays reduced (160).
At the same time, Py; and Pgr have very similar kinetic differ-
ence spectra, with the only variation due to a heme a oxidation
in the latter (151, 214), indicating similar structures of the cat-
alytic site with the O-O bond already broken (149) in both these
intermediates. However, because of electron transfer from heme
a in the latter case, the cross-linked tyrosine donates a proton
only and turns into deprotonated tyrosinate rather than a radi-
cal. As with the formation of Py, the appearance of Pg is not
coupled to proton uptake from the bulk solution (4, 116), but
internal proton movement is very likely to occur (26, 116, 149).
Py is a unique state in the catalytic cycle, because it is the only
state in which electron transfer into the binuclear center is not
coupled to external proton uptake and is kinetically distin-
guishable from the following proton uptake in the next transi-
tion. Such a feature of Py is most likely due to preceding pro-
tonation of some internal sites on formation of COFR, which
would favor fast electron transfer.

G. Ferryl-oxo intermediate F

Intermediate F can be obtained in several ways: by the re-
versal of electron transfer when high proton-motive force is
applied to mitochondria (247); in the flow-flash reaction from
Pgr with 7 ~ 120-140 usec in bovine CcO (93, 157), or in
50 wsec in CcO from P. denitrificans (182); by electron in-
jection into the stable Py state (243); or by incubation of ox-
idized CcO with excessive amounts of H,O, (246, 262). In-
termediate F can be easily detected by optical absorbance
spectroscopy, as it has a characteristic peak at 580 nm in the
F-minus-O difference spectrum (gs5g0-£630 ~ 5.3 mM~'em™1).
From the structural point of view, the difference between F
and Pg is an extra proton in the catalytic center in the for-
mer intermediate. This proton is taken up from the N-side of
the membrane via the D pathway (Fig. 9), although the F state
can also be formed even when the D channel entrance is
blocked by mutation (209). In this case, the required proton
may be borrowed from one of the amino acid residues form-
ing the channel—presumably Glu278;(242). The exact target
of the chemical proton in the Pg — F transition is uncertain,
but two possible candidates can be proposed: in one scenario,
this proton binds to Tyr-O~, whereas in the other, it trans-
forms the hydroxyl group at Cug to a water molecule (Fig.
13). Proton uptake to the catalytic center during Pr — F is
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also coupled with Cup <> heme a electron reequilibration
(157), in which ~60% of Cuy, is oxidized (90).

H. Fully oxidized high-energy state, Oy

The Oy state is a final product in the classic flow-flash re-
action of the fully reduced CcO with dioxygen. It appears with
a time constant of 1-2 msec (90, 93, 157) from F and requires
delivery of both an electron and a chemical proton to the cat-
alytic site. While the electron migrates from the Cua/heme a
couple, the proton is taken up via the D pathway (123), as in
the Pg — F transition. Most likely, the chemical proton goes
to the oxygen atom at the heme a3 iron, resulting in two pos-
sible configurations of the catalytic center: in one case (left
branch in scheme, Fig. 13), both heme a3 and Cug have hy-
droxide ligands, whereas in the other, these two metal centers
share water and hydroxide molecules. In the latter case, the hy-
droxide ion and the water molecule form a resonance structure
with a preferable configuration in which the water molecule is
bound to the heme a3 iron and the hydroxide to Cug. The fully
oxidized Op state is referred to as a “high-energy” state, im-
plying that the energy released in the redox reactions of the ox-
idative part of the catalytic cycle is conserved in this interme-
diate (235) and will be used during the next transitions of the
cycle for proton pumping (23, 33). The Oy state is not stable,
and in certain conditions, when the electron donors are ex-
hausted, it relaxes into the low-energy O state (incapable of
pumping protons on reduction) possibly by a protonation of a
hydroxyl to water, or tyrosinate to tyrosine. Despite the ener-
getic difference, no spectral distinction between O and Oy in-
termediates was found (106).

1. One-electron reduced Eg

Discovery of the metastable high-energy Opy state had led to
the conclusion that its reduction will result in formation of a
one-electron reduced state, which will be different from the re-
laxed E created by the reduction of the resting CcO (23, 33).
Not much is yet known about the structure of this intermedi-
ate; however, recent results already indicate that the Cug cen-
ter receives an electron on the Oy — Eg transition (Cug?™ —
Cug™), with a chemical proton being delivered to the catalytic
center (23).

X. PROTON PUMPING

From the discovery of cytochromes by David Keilin in the
1920s (117, 118), it took >40 years of investigation (208) to
find that CcO maintains Auy™ on a membrane by vectorial or-
ganization of chemistry, and 10 more years to prove that for
maximal efficiency, the enzyme can perform an active trans-
port of protons from one side of the membrane dielectric to
the other (pumping). As was first shown by Wikstrom (255)
with rat-liver mitochondria and confirmed later with bovine
CcO reconstituted in phospholipid vesicles (53, 124, 256), re-
duction of each dioxygen to two molecules of water is coupled
to pumping of four protons from the N- to the P-side of the
membrane.
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A. Stoichiometry of proton translocation in the
catalytic cycle

The first attempts to correlate proton pumping with certain
transitions in the catalytic cycle were done by a quasi-equilib-
rium approach by reversal of the oxygen reduction reaction.
The application of high electrochemical proton gradient across
the inner mitochondrial membrane with high E}, and relatively
high pH of the medium creates specific conditions in which
some catalytic steps of dioxygen reduction could be reversed.
Thus, addition of a high concentration of ATP to well-coupled
mitochondria leads to the formation of F from O; the follow-
ing increase in the redox potential drives the conversion of F
into P (247, 252). Analysis of the yields of the F and P inter-
mediates from the applied driving force at different pH values
(249) led to the conclusion that the four-electron transfer steps
in the catalytic cycle are not equal with respect to proton pump-
ing, and all four protons are pumped in two equal parts only
during the P — F and F — O transitions.

These conclusions were challenged by Michel (138), who re-
analyzed the original experiments and proposed a new model.
The stoichiometry of the proton pumping predicted by this
model was two protons in Pg — F, one in F— O, and one
more proton in the reductive part of the cycle, presumably dur-
ing the E to R transition.

Detailed analysis of membrane-potential generation com-
bined with parallel optical measurements of the flow-flash re-
action showed that both Pg — F or Py; — F, and F — O tran-
sitions generate approximately equal amounts of potential (107,
108, 239). However, despite an extremely good signal-to-noise
ratio for the electrometric signals, this method does not directly
give the number of transferred charges. One solution to this
problem is to use an internal standard for the calibration. Such
independent calibration of potential generation can be obtained,
for example, from the electron-backflow reaction (see later),
which at neutral pH consists of a single electrogenic event: elec-
tron transfer from heme a to Cuu. But even in the backflow
case, such calibration is complicated by uncertainty in the di-
electric distance between these redox centers [i.e., how deeply
heme a is buried in a membrane (108)]. The x-ray crystallo-
graphic structure of the oxidase (105, 220) and experimental
determination (25, 235) of the dielectric depth gave the value
of one third, implying that the pumping stoichiometry is one in
both the P — F and F — O transitions.

Direct measurements of both proton and charge transloca-
tions in CcO vesicles during partial turnover of the enzyme
(33, 235) showed that actually only two protons are pumped
in the oxidative part of the catalytic cycle: one during P —
F, and another during F — O, which, however, is supple-
mented by two more protons when the oxidation is followed
by immediate re-reduction. Because reduction of the fully ox-
idized O state is not coupled to proton pumping (33, 194,
235, 244), a new “high-energy” fully oxidized Oy interme-
diate with energy conserved for proton translocation was pro-
posed. Indeed, by electron-injection experiments, it was
proved that one-electron reduction of Oy leads to formation
of a new Ep state and coupled with translocation of one pro-
ton across the membrane (23, 33). Because the overall stoi-
chiometry of proton translocation is four protons per dioxy-
gen, reduction of the Ey state should also be coupled to
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proton translocation, and indeed, electron-injection experi-
ments confirm this assignment (33, 193).

The results of all these experiments have been developed into
a symmetrical scheme of the pumping events during the cat-
alytic cycle of CcO (Fig. 14). Under continuous-turnover con-
ditions, CcO proceeds via four relatively stable intermediates:
Py, F, Oy, and Ey. Single-electron reduction of each of these
four intermediates from cytochrome c leads to uptake of a chem-
ical proton from the N-side with simultaneous translocation of
a pumped proton across the membrane.

B. Thirty years of proton-pump modeling

It was always assumed that proton pumping is coupled with
the reduction and oxidation of certain redox centers of CcO,
and at different times, each of the four redox centers was con-
sidered to be a crucial element in the mechanism of proton
translocation.

The model of ligand exchange at the Cuy site due to its ox-
idoreduction was proposed by the Chan group (71). In this
model, reduction of Cu, induces a change of the Cup ligand
state, which results in proton translocation from a tyrosine
residue below Cuy to one of the cysteine ligands of Cua. On
further oxidation of Cuyp by the binuclear center, the composi-
tion of the system returns to its original configuration with re-
lease of the translocated proton from the cysteine and reproto-
nation of the tyrosine residues. However, this model seems to
be unfeasible because structurally similar quinol oxidases are
still able to pump protons, even in the absence of a Cuy cen-
ter.

Heme a was probably the most popular candidate for being
a key redox center for proton pumping. For more than 20 years
after discovery of proton pumping, the idea of tight coupling
of heme a oxidoreduction to proton pumping was used in many
models (15, 16, 138, 164, 184, 253, 265). In general, it was pro-
posed that reduction of heme a is coupled to uptake of a pumped
proton from the N-side of the membrane. Subsequent electron
transfer from heme a to the binuclear center is linked to uptake
of another proton from the N-side for water formation, and re-

FIG. 14. Proton-pumping steps during the catalytic cycle of
cytochrome c¢ oxidase. The active states are shown in
squares. Each transition between them is coupled to proton
pumping. The relaxed states are shown in circles. Their reduc-
tion is not coupled to proton pumping.

lease of the preloaded proton toward the P-side of the mem-
brane.

Rousseau et al. (192) proposed a model in which oxidore-
duction of heme a3 is linked to change of its ligand configura-
tion: in one redox state, a histidine residue occupies the fifth
coordination site of the heme, whereas in another, the histidine
is substituted by a tyrosine. Such exchange leads to proton
translocation from the tyrosine to histidine and further to the P-
side of the membrane.

Several models have put oxidoreduction of Cug as a central
element in the proton-translocation mechanism. Mitchell (142)
proposed that reduction of Cug leads to protonation from the
N-side of its hydroxyl ligand to water, with the following redi-
rection of the water molecule toward the P-side, after which,
the proton is released due to Cug oxidation. Another model
(129) that posits Cug as a central element in the proton pump
is derived from Chan’s Cus model of ligand exchange. A “his-
tidine cycle” model presented in 1994 (150) specifies one of
the conserved histidine ligands of Cug as a pump element. Ac-
cording to this model, this histidine can shuttle between two
conformations, depending on the reduction level of Cug. In one
conformation, the histidine is deprotonated (imidazolate form,
Im™) and bound to Cug, whereas in another form, it is proto-
nated (imidazolium, InHH™) and rotated away from Cug. Ar-
rival of a chemical proton to oxygen induces proton ejection
from the imidazolium toward the P-side of the membrane and
serves as a driving force for the reaction.

In contrast, recent models do not posit a single redox cofac-
tor as a driving element of proton translocation but rather one
of two processes: a transfer of an electron from heme a to the
binuclear center (171, 206, 207), which is then followed by pro-
ton delivery to the pump site above the hemes; or a transfer of
a proton from the conserved Glu278;(242) to the proton-pump
site, which triggers electron equilibration between the hemes
(23, 26, 254). Despite their different postulations regarding the
driving reaction step of proton translocation, these models are
quite similar. The first step of electron (heme a to the binuclear
center) and proton (from Glu278; to the pump site) transloca-
tion is followed by uptake of a chemical proton to the active
site, which leads to release of the pumped proton out of the pro-
tein at the P-side.

A model that is completely different from the just-described
electrostatic models was recently proposed by the Brzezinski
group. Based on the kinetics of proton uptake and release on
both aqueous sides of the membrane, it was suggested that pro-
ton pumping is not coupled to internal electron transfer, but
rather occurs as a result of energy conservation in the protein
structure in response to transfer of a chemical proton to the ac-
tive site (42, 66).

So the long history of CcO studies has produced a large num-
ber of models to explain the proton-pump mechanism; many of
these models have already been disproved, but we should ad-
mit that still no single widely accepted theory exists.

C. Single-proton translocation cycle

In the continuous-turnover regimen, the catalytic cycle of
CcO consists of four proton-translocation steps (Fig. 14). Dur-
ing each step, delivery of an electron to the enzyme starts a pro-
ton-pump cycle, which is likely to occur by essentially the same
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mechanism every time the electron arrives. In principle, the
mechanism of proton translocation during a single pump event
can be studied at any of these steps; however, the Og — Eg
transition is preferable because of high yield (almost 100%) of
the Op state formation in the reaction of the fully reduced CcO
with dioxygen. The Oy — Eg reaction can be initiated by elec-
tron injection from the photosensitive dye RubiPy and followed
by both time-resolved optical spectroscopy and electrometry.
Correlation of results from both these techniques allowed the
construction of a comprehensive scheme to portray a single pro-
ton-translocation cycle during catalytic turnover (26).

During single-electron reduction of the O state of CcO, the
electron first enters the Cuy center. In the next phase, the elec-
tron equilibrates between Cu, and heme a, with 7 ~ 10 usec
(Fig. 15, I — II transition). In this phase, ~70% of the electron
is transferred from Cup to heme a. Because the midpoint redox
potential (Ey,) of Cuy is 250 mV (76, 271), it is possible to es-
timate the E,, value for heme a as ~270 mV. Absence of elec-
tron transfer to the binuclear center during the 10-usec phase
indicates that the E,., values of heme a3 and Cug must be at
least 120 mV lower than that of heme a. Electron equilibration
between Cup and heme a is not coupled to proton uptake (157,
194, 207), resulting in the relatively low “operational” E,, of
heme a, which is much lower than the “high asymptotic” Ey,
found in equilibrium redox titrations (15, 31, 76, 147, 251).
However, it is still high enough to take an electron from Cup
without charge compensation by a proton.

The arrival of an electron to heme a increases the pK, of a
yet unidentified “pump site” above the heme groups, which
takes up a proton with 7 ~ 150 usec (Fig. 15, II — III transi-
tion). The protonation of the “pump site” occurs from the con-
served Glu278(242) via a chain of water molecules by the Grot-
thuss mechanism (7, 57, 254) (Fig. 8). Three to four water
molecules are predicted inside the hydrophobic cavity between
the glutamate, the A-propionate of heme a3, and the binuclear
center (187, 270). These water molecules can feel the redox-
state—dependent electric field between heme a and the binuclear
center, and arrange themselves into two different configurations
for proton transfer (254). When the binuclear center is oxidized
and the electron is on heme a, the array of water molecules is
oriented toward the A-propionate of heme a3 (“pump site” di-
rection); however, it switches toward the binuclear center (di-
rection for chemical reaction) after reduction of the binuclear
center from heme a. The rate-limiting protonation of the “pump
site” increases the E,, of both hemes, and leads to further elec-
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tron equilibration between Cu, and the hemes in the same time
window (Fig. 15, IIl — IV transition). At the end of the 150-
usec phase, Cup becomes fully oxidized, whereas heme a and
heme a3 have 40% and 60% of the injected electrons, respec-
tively. In addition, the 150-usec phase includes reprotonation
of Glu278; from the N-side of the membrane via the D pro-
ton—conducting pathway.

In the next phase (7 ~ 800 usec), transfer of a substrate pro-
ton to the OH™ ligand of Cug (65) increases the Ey, of Cug to
a value much higher than that for all other redox centers, which
induces ultimate movement of the injected electron to the Cug
center (Fig. 15, IV — V transition).

During the last step (7 ~ 2.6 msec) of the single proton-pump
cycle, the proton that has been “preloaded” to the pump site is
expelled toward the P-side of the membrane because of elec-
trostatic repulsion from the substrate proton.

It seems feasible that the mechanism of proton translocation
during Py — F, F — Op, and Eg — R is essentially the same
as in the Og — Ey transition, with the only variation in the fi-
nal destination of the injected electron. After oxygen activation,
CcO has four high-potential acceptors that are sequentially
filled with electrons during each of the pumping transition steps.
Thus, the sequence of events shown in Fig. 15 would be re-
peated every time an electron enters the Cuy site. In each case,
an electron travels from cytochrome ¢ to Cuu, and further
through heme « to the binuclear center, driving proton pump-
ing across the membrane.
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ABBREVIATIONS

A, ferrous-oxy intermediate; CCD, charge-coupled device,
an image sensor consisting of a large number of photodiodes
for light registration; CcO, cytochrome ¢ oxidase; COFR,
CO-bound fully reduced form of the enzyme; COMV, CO-
bound mixed-valence state of the enzyme; E, one-electron re-
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FIG. 15. The scheme of a single proton translocation cycle of cytochrome c oxidase.

The rhombus and square represent

heme a, and heme a3, respectively; the circle above the thombus represents Cupy; the circle above the square is a “pump site”;
the circle next to the square is Cug. The minus sign denotes where most of the injected electron is positioned. The percentage
numbers next to the redox centers show the level of electron occupancy of the corresponding center. Dashed arrows indicate
electron (eT) and proton (pT) transfers during the next reaction step.
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duced state; EDTA, ethylenediaminetetraacetic acid; EGTA,
ethyleneglycol-bis-(8-aminoethyl  either)N,N’ -tetra-acetic
acid; Eg, high energy one-electron reduced state; E},, reduc-
tion potential of the medium; E,,, midpoint redox potential
relative to the standard hydrogen electrode; EPR, electron
paramagnetic resonance; F, ferryl-oxo intermediate; Ky, bind-
ing constant, as kog/kon; Km, Michaelis—Menten constant; O,
fully oxidized, as prepared state; Oy, fully oxidized high-en-
ergy state; Py, “peroxy” intermediate obtained from mixed-
valence enzyme; Pgr, “peroxy” intermediate obtained from
fully reduced enzyme; R, state with fully reduced binuclear
site; ROS, reactive oxygen species; RubiPy, tris(2,2’-
bipyridyl) ruthenium; Auy™, electrochemical transmembrane
gradient of protons across the membrane; AW, amplitude of
the electric potential.
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