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Photosystem Il and terminal respiratory oxidases

1. ABSTRACT

In the thylakoid membrane of green plants,
cyanobacteria and algae, photosystem Il (PSIl) uses
light energy to split water and generate molecular
oxygen. In the opposite process of the biochemical
transformation of dioxygen, in heterotrophs, the
terminal respiratory oxidases (TRO) are at the
end of the respiratory chain in mitochondria and in
plasma membrane of many aerobic bacteria reducing
dioxygen back to water. Despite the different sources
of free energy (light or oxidation of the substrates),
energy conversion by these enzymes is based on
the spatial organization of enzymatic reactions in
which the conversion of water to dioxygen (and vice
versa) involves the transfer of protons and electrons
in opposite directions across the membrane, which
is accompanied by generation of proton-motive
force. Similar and distinctive features in structure
and function of these important energy-converting
molecular machines are described. Information about
many fascinating parallels between the mechanisms
of TRO and PSII could be used in the artificial light-
driven water-splitting process and elucidation of
energy conversion mechanism in protein pumps.

2. INTRODUCTION

Almost all of production of molecular oxygen
and most of its consumption by living organisms on
Earth are carried out by photosystem Il (PSIl) and
terminal respiratory oxidases (TRO) respectively.
Due to PSII, photoautotrophs are capable to use light
energy to split water and generate molecular oxygen. It
is the primary light-driven enzyme in the photosynthetic
electron transport chain in thylakoids of cyanobacteria
and chloroplasts which extracts electrons from water
and transfers them to the primary (PQ,) and secondary
(PQ,) plastoquinone molecules. The protons derived
from water are released into the thylakoid lumen. As
a result, the chemiosmotic gradient (proton motive
force or AuH"*) is formed and maintained. The reduced
plastoquinone (plastoquinol) acquires reducing
ability to transfer electrons further along the chain
of chloroplasts to generate NADPH. The molecular
oxygen is a by-product of photosynthesis, but it plays
a key role in bioenergetics of higher organisms and
aerobic microorganisms.

In heterotrophic organisms, the reaction
of the conversion of water into dioxygen occurs in
the opposite direction. In the respiratory electron
transport chain of mitochondria, NADH or succinate
are oxidized by complex | or complex Il, producing
the reduced ubiquinone (ubiquinol), which then
transfers its electrons via complex Ill to cytochrome
¢, the ultimate substrate for cytochrome c oxidase
(COX, also known as complex V). COX belongs to
heme-copper oxidases which together with bd-type
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cytochromes compose a large group of terminal
respiratory oxidases. These widespread membrane-
bound enzymes constitute the last component of the
respiratory electron transfer chains in eukaryotes
and aerobic prokaryotes. They catalyze reduction
of dioxygen into water by cytochrome ¢ or ubiquinol
coupled to the transfer of electrons and protons across
the membrane and formation of AuH*. The latter is
a source of energy for cell’'s biosynthesis reactions,
membrane transport, mechanical movement of
bacterial cells, etc. In this review, we describe some
similar and distinctive features of these important
energy-converting molecular machines.

3. OVERALL CHARACTERIZATION OF
CATALYTIC FUNCTION AND SYSTEMATIC
CLASSIFICATION

During catalysis both molecular machines
(PSIl and TRO) are faced with the need to couple the
four-electronic conversion of water to dioxygen (or vice
versa) with redox transformation of one-electron and
two-electron carriers. To perform the catalytic function
of the reduction of molecular oxygen or the oxidation of
water, TRO and PSII use specific catalytic sites which
are located in the hydrophobic core of the enzyme, and
several multivalent metal atoms which are specifically
arranged in cooperation with each other and with
protein amino acid residues.

The presence of these centers enables
enzymes to carry out catalytic reactions in one stage
that avoids the release of the intermediate products
of dioxygen evolution and simultaneously prevents
uncontrolled solvent participation in the catalytic
reaction. However, localization of the catalytic center
within the membrane protein requires the specific
arrangement of the pathways to deliver and release all
substrates and products including electrons, protons,
dioxygen and water molecules.

The implementation of the catalytic functions
by these membrane proteins is accompanied by the
conversion of free energy into membrane potential
gradient. A significant difference between the enzymes
is due to the fact that in the case of PSII, a source of
energy is the energy of the quantum of visible light,
whereas in the case of TRO, it is the oxidation of
substrates with a lower (more negative) redox potential
(cytochrome ¢ or quinol). In order to distinguish the
energy-coupling membrane proteins, the two main
mechanisms of the membrane potential generation are
accepted: redox loop and proton pump ones. The first
mechanism, Mitchell’'s chemiosmotic oxidoreduction
(redox) loop, is based on the organization of
oxidation and reduction half-reactions on different
sides of the membrane, and uses an electrogenic
charge transfer within the membrane in the form of
an unpaired electron. This mechanism is utilized by
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Figure 1. The overall structure of Photosystem II. The redox-active cofactors and the proton pathways (protonic “Ca?* channel” and “CI- channel”) are
indicated. The structure of the catalytic OEC centre (Mn,CaO; cluster) is shown in the S3 state, without protein ligands. The oxygen atoms, which form
the oxygen molecule are shown in red color. During the catalytic cycle the cubane of Mn,CaO, cluster is converted from the “open” to the “closed” state
and vice versa. In the “open” state, the O5 atom is bound to the Mn4, Ca and Mn3. During formation of the S3 state, the cubane is converted from the
“open” to the “closed” state and the O5 atom is shifted from the Mn4 and becomes to be bound to the Mn1. Besides, the vacant coordination site formed
on Mn4 is filled with the second molecule of substrate water that binds as a hydroxide ligand.

both PSIl and TRO. However, unlike PSII, the sites
of oxidation and reduction of the redox reactions in
TRO are located closer to one side of the membrane
and a significant portion of the membrane potential
is formed by electrogenic intraprotein proton transfer
from the opposite side of the membrane. In addition,
heme-copper TRO have a special mechanism for the
AuH* generation by using of a pumping device which
transports protons from one side of the membrane to
the other.

3.1. Photosystem Il

In the thylakoid membrane(s) of higher plants,
cyanobacteria and green algae, PSIl is organized
in the form of a homodimeric transmembrane
protein complex, which consists of more than 40
subunits. The core of each PSIl monomer, the so-
called reaction center (RC) is formed by the two
homologous proteins D1 and D2, which contain most
of the cofactors involved in catalysis and electron
transfer (Figure 1). The PSII core complex functions
enzymatically as water:plastoquinone oxidoreductase.
This enzyme uses light energy to transfer electrons
from water to plastoquinone (energetically uphill
without light energy) and to build the proton gradient
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in the manner that can be described in terms of
Mitchell's chemiosmotic oxidoreduction loop. The
water oxidation and generation of molecular oxygen
occur in the catalytic water splitting center of PSII,
also known as the oxygen-evolving center, OEC,
which is located on the donor side of the thylakoid
membrane, close to the lumen side. During oxidation
of the water, the protons are released from the OEC
into the lumen, which is a low-pH compartment. The
process of the plastoquinone reduction is arranged
on the opposite (“acceptor’) side of the membrane
and is coupled to the proton uptake from the stroma,
the high-pH compartment. The donor and acceptor
faces correspond to the P (positive) and N (negative)
sides of the internal membrane of mitochondria, in
which the AuH* is stored mainly as a AY, whereas the
ApH form is that in a chloroplast. It should be noted
that the in vivo storage of AuH* may differ from that
observed in vitro or in electrode-impaled cells, where
ionic balance may be disrupted. In accordance with
this, experiments performed on isolated spinach
thylakoids demonstrated that a significant fraction of
transthylakoid proton motive force can be stored as
AY for long periods of time, provided that activities of
ions permeable to the thylakoid membrane were kept
low, consistent with earlier results (1).
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PSII catalyzes the following reaction:

2H,0 + 2PQ + 4 photons + 4H* (stroma) —
2PQH, + O, + 4H" (lumen) + 4q

where q is the amount of charge transferred
across the membrane

The tunneling of electrons through a series
of intermediate acceptors, across the protein from the
electron donor on the P-side to the electron acceptor
on the N-side makes a major contribution to the
membrane potential generation. A quantum of solar
light absorbed by antenna proteins is transmitted to
chlorophyll P680, a special pigment located close to
the P-side the membrane. Further oxidation of the
excited P680 by pheophytin (~15 ps) and subsequent
electron transfer to the primary quinone acceptor, PQ,,
(~250 ps) occur towards the N side of the membrane
(2-3). Acting as one-electron carrier, the PQ, is the
electron donor (through the non-heme iron atom)
for the secondary quinone acceptor, PQ,. As a two-
electron acceptor, PQ, takes two protons from the
stroma and then the completely reduced PQ (PQH,)
diffuses out of the PQ, pocket into the membrane
quinone pool. Though the protons are delivered to
the buried PQ, site electrogenically towards the
P-side of the membrane to “meet” the electrons at the
quinone reducing site, the distance of that movement
is relatively small as compared to the primary charge
separation due to the photoinduced electron transfer.

Oxidized P680 is reduced by a redox-
active tyrosine (Y,), which serves as one-electron
carrier between the OEC and P680. Y, is re-reduced
through the oxidation of the OEC which consists of a
cluster of four manganese and one calcium ions (the
Mn,CaQO; cluster) (Figure 1). In the OEC, bridging
oxide ions connect the metal ions. In addition, the
water molecules and the surrounding amino acid
residues provide further carboxylic acid (oxygen) and
histidine (nitrogen) ligation of the metals in the first
coordination sphere. The release of protons onto the
P side of the membrane induced by oxidation of water
in the OEC occurs at a distance of ~ 30 A through a
‘protein-cap’ that protrudes greatly from the membrane
into the lumen. As a result, it makes a relatively small
contribution to the AuH* generation and, thus, the
charge movement by PSIl across the membrane is
mainly contributed by the electron transfer from the P-
to the N-side of the membrane and only partially by the
proton transferred in the opposite direction.

Thus, PSIl is a complex and unique
molecular machine which combines the light-induced
charge separation due to one-electron transfer across
the membrane, four-electron oxidation of water to
dioxygen associated with proton release to the lumen
side and the two-electron reduction and protonation
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of the PQ, molecule on the acceptor side of the
membrane, thus producing and maintaining the ApH
across the thylakoid membrane.

Chloroplast genomes typically contain
100-150 genes and encode proteins important for
photosynthesis and other functions of chloroplasts. A
chloroplast has its own nucleus where all the major
subunits (PsbA, PsbB, PsbC, PsbD, PsbE, PsbF and
several others) (but not all) are encoded.

3.2. Terminal respiratory oxidases

Terminal respiratory oxidases comprise a
superfamily of heme-copper oxidases and a very
important distinct group of bd-type oxidases. The most
important differences between these two groups are:
a different structure of the catalytic dioxygen-reducing
centre, an unprecedented resistance of the catalytic
center of cytochrome bd to inhibitors, the lack of
redox-active copper ions in cytochrome bd, the ability
of heme-copper oxidases to pump protons across the
membrane.

3.2.1. Heme-copper oxidases

The superfamily of heme-copper terminal
oxidases includes cytochrome c¢ oxidase (COX) of
mitochondria of higher and lower eukaryotes, heme-
copper oxidases of most aerobic prokaryotes and
structurally related NO-reductases (4-6). Heme-
copper oxidases catalyze the transfer of electrons
from either cytochrome ¢ or quinol to dioxygen to form
water, coupled to the generation of a proton-motive
force (7-9). All these oxidases contain two heme redox
centers (the low-spin and the high-spin) buried in
the membrane (Figure 2). The heme groups can be
presented by different heme types: a or b for the low-
spin heme, and a,, o,, or b, for the high-spin heme.
The high-spin heme participates in the organization of
the catalytic binuclear centre (BNC) which consists of
a closely located iron ion of the heme and a copper
ion (in the NO-reductase - an ion of the non-heme
iron) (10-12). The BNC is a distinctive feature of the
superfamily.

As one-electron mediator, the low-spin heme
accepts electrons from cytochrome c¢ (or quinol)
oxidizing site located near the P-side of the membrane
and passes them into the dioxygen-reducing BNC. If
the electron donor is cytochrome ¢, as in cytochrome
¢ oxidase of mitochondria, the electron transfer to the
low-spin heme occurs through an additional copper
center, Cu,.

During the catalysis, electrons enter step-by-
step the BNC from the outside of the membrane (P-side)
at the distance of ~1/3 of the membrane thickness,
while protons involved in the reduction of dioxygen and
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Figure 2. The overall structure of cytochrome c oxidase. The redox-active cofactors and the D and K proton pathways are indicated. The likely structure
of the catalytic BNC center including the redox-active tyrosine residue and the water molecule 510 is shown in the C4 state. The oxygen atoms which

form the oxygen molecule are shown in red color.

formation of water molecules (the so-called “substrate”
protons) are transferred electrogenically into the BNC
from the inner agqueous phase (N-side) (Figure 2). Two
molecules of water are produced from one molecule
of oxygen. This spatial organization of the transfer of
the charged substrates to the BNC can be considered
as a modified Mitchell’'s redox loop mechanism of
the AY generation in which both redox reactions are
located close to the P-side of the membrane, and
the uncompensated charged proton passes through
the largest part of the membrane thickness (13). In
addition, heme-copper oxidases are the redox-linked
proton pumps (14-15). lLe., the enzyme transfers
additionally four protons (the so-called “pumped’
protons) from the N-side to the P-side of the membrane
on average per a molecule of oxygen, by using of a
special mechanism of an active unidirectional proton
translocation against a proton gradient. Structurally
similar to the heme-copper oxidases, NO-reductases
reduce N,O to NO. However, those are not capable of
pumping protons through the membrane (16).

Similarly to PSII, a heme-copper terminal
oxidase can be characterized as a complex and unique
molecular machine which combines one-electron
oxidation of cytochrome c (or two-electron oxidation in
case of a quinol oxidase), four-electron reduction and
protonation of the oxygen molecule to form water and
redox-linked unidirectional transfer of protons across
the membrane (13-14, 17-19). Due to a unique proton
pump mechanism, the chemical reaction catalyzed by
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COX involves the charge separation corresponding to
the directed translocation of eight charges across the
membrane per each molecule of the reduced dioxygen
that is two times greater than in case of PSII.

A heme-copper terminal oxidase catalyzes
the following reaction:

4¢* + O, + 8H*, — 4c¢* +2H,0 + 4H*_ +8q
(when the electron donor is cytochrome c)

or

2QH,+ O, + 8H", — 2Q +2H,0 + 8H*_ +8q
(when the electron donor is quinol)

where q is the amount of charge transferred
across the membrane

The superfamily of the heme-copper oxidases
can be divided into three main families (A, B, C), the
differences between them are mainly based on the
structure of the proton-conducting pathways (6, 20-
21). The most studied members of the A family include
the eukaryotic cytochrome c¢ oxidase from bovine
heart mitochondria, the aa, oxidases from Paracoccus
denitrificans and Rhodobacter sphaeroides, and the
bo,-type quinol oxidase from Escherichia coli (6, 22-
32). All these enzymes are characterized by a high
degree of homology between primary structures
of three major subunits forming a catalytic core.
Prokaryotic oxidases usually contain 1-2 additional

© 1996-2017



Photosystem Il and terminal respiratory oxidases

subunits. A core subunit of the eukaryotic oxidase
is mitochondrial genome-encoded, while additional
subunits (up to 11 in mammals (33)) are encoded by
the nuclear genome.

A typical member of the B family of the
heme-copper terminal oxidases is ba, from Thermus
thermophilus. 1t has a low primary sequence
homology with those of the A family and, in addition,
is characterized by a number of functional features
(34-37). The C family is the most remote family from
an evolutionary point of view and consists of the cbb,
oxidases from various prokaryotic organisms (38-40).

3.2.2. bd-type oxidases

Cytochromes bd constitute a separate
family of TRO. The bd enzymes reveal no sequence
homology to the heme-copper oxidases (5, 41-43).
They have been found only in bacteria and archaea
(44-48). Cytochromes bd are solely quinol oxidases
and cannot use cytochrome c¢ as an electron donor. It
is of interest to note that a bacterial cytochrome bd can
tightly bind to the bovine heart mitochondrial membrane
and operate as an intrinsic component of the chimeric
myxothiazol-inhibited  respiratory chain  thereby
supporting cytochrome bc, bypassed respiration (45).
Some bd-type enzymes (e.g. from Escherichia coli
and Azotobacter vinelandii) form uniquely stable oxy-
complexes (49-52) because of high O, affinity (53-
54). Cytochromes bd are reported to protect bacteria
against a variety of stresses (46, 48, 55-56) induced by
such agents as peroxynitrite (48, 57), nitric oxide (46-
48, 55, 58-62), sulfide (63-64), carbon monoxide (65),
hydrogen peroxide (47-48, 66-74). A bd-type oxidase
has been detected in a number of pathogens and
there is a positive correlation between its expression
level and virulence (see (48) and references therein).
Thus, like the mitochondrial cytochrome ¢ oxidase (75-
76), a prokaryotic cytochrome bd has a role in human
physiology and pathophysiology.

Cytochrome bd is composed of two large
(CydA and CydB), and one small subunits. The CydA
subunit carries a quinol binding site and three hemes,
by by @and d (77). Heme b, serves as the immediate
electron acceptor from the quinol. It is low-spin (78)
and seems to be functionally homologous to heme a
in the mitochondrial cytochrome ¢ oxidase. Hemes b,
and d are in the high-spin state (78). The chemistry of
O, reduction takes place at heme d. The precise role
of heme b, is still unclear. A hydrophilic connection
between transmembrane helices 6 and 7 in CydA that
is part of the quinol binding site is called ‘Q-loop’ (77,
79-84). Based on the size of the Q-loop, the bd-type
oxidases can be divided into two subfamilies, L (‘long
Q-loop’ that comes from the fact that they have aninsert
in the C-terminal portion of the Q-loop) and S (‘short
Q-loop’) (43, 85-87). Some of the S subfamily members

1384

are referred to as cyanide-insensitive oxidases (CIO)
(43). CIOs are able to support respiration even in the
presence of 1 mM cyanide (88). Their heme content is
not entirely clear; however, it was shown that at least
in some CIO members heme d is replaced with heme
b (88-90).

The first atomic structure of cytochrome bd
(77) does not support a linear sequence of electron
transfer accepted so far (quinol — b, — b, — d).
The distance between hemes b, and b, appeared to
be larger than that between b, and d (77). Therefore,
the three hemes appeared to be in a triangular
arrangement: an electron transferred from quinol to
heme b, moves directly to heme d, and then possibly
equilibrates with heme b, (77). The highly conserved
Trp374 located between heme b, and heme d is
probably needed for efficient electron transfer from b,

and d (77).

Cytochrome bd catalyzes the following
reaction:

2QH,+ O, + 4H*, — 2Q + 2H,0 + 4H"_ +4q

where q is the amount of charge transferred
across the membrane

The mechanism of the AuH* generation by
cytochrome bd is supposed to represent a variation of
a redox loop mechanism and formally resembles that
of the heme-copper oxidases which is based on the
vectorial redox chemistry. As with the heme-copper
oxidases, the two half-reactions, quinol oxidation and
O, reduction to water, occur at the same side of the
membrane, closer to its P-side. The voltage (Ay) is
generated mainly by protons coming from the N-side
and crossing the “bulk” of the membrane to “meet”
electrons at the O, reducing site. Amuch smaller part of
Ay is generated due to release of protons from the site
of quinol oxidation to the P-side of the membrane and
due to the electron transfer in the opposite direction
from the site of quinol oxidation to the O, reducing site.
Also, as in the case of PSII, each electron transfer
through the bd enzyme is coupled to the transfer of
one charge across the membrane.

4. THREE-DIMENSIONAL STRUCTURE.
SUBUNIT COMPOSITION AND REDOX
COFACTORS. DELIVERY OF SUBSTRATES

For all the above mentioned enzymes
(photosystem Il, heme-copper oxidases, cytochrome
bd), three-dimensional structures were established by
the X-ray structural analysis in recent decades. This has
promoted the study of the mechanism at the molecular
level. General topography, relative positioning of
subunits to each other and within the membrane were
elucidated. All redox cofactors, putative channels for
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supply of the substrates into the active centre, and
proton and electron transfer pathways were localized.
Considerable changes in the structure were clarified
for a number of mutants and intermediates of the
catalytic center, which indicates the importance of key
amino acid residues and the mechanism of change of
conformation and a way of delivery of the substrates
of the reaction.

In recent years, significant progress has been
made due to the emergence of new femtosecond
X-ray lasers, the use of which prevents radiation
damage and reduction of metal atoms in active
centers of enzymes during X-ray structure analysis.
It gives more accurate information about the catalytic
centre of enzymes and imposes restrictions that are
important in the breakdown of the mechanism of
mutual conversion of dioxygen and water at the atomic
level (in particular, the clarification of the exact native
“‘undamaged” distances between the metal ions in the
OEC is essential to establish the mechanism for O-O
bond formation in the PSII).

It should be noted that in both types of
enzymes the reaction of the conversion between water
and dioxygen occurs in the highly organized active
centers. These centers are located in the hydrophobic
core of the protein and contain several atoms of
polyvalent metals. In both enzymes, there is a redox-
active tyrosine residue located near the catalytic
center and, as one-electron carrier, directly involved
in the exchange of electrons and (in some cases)
protons with an active catalytic center. Both enzymes
reveal a histidine residue in the neighborhood of the
tyrosine residue. It forms the covalent or hydrogen
bond with the tyrosine, thereby modulating the redox-
active and proton-acceptor properties of that tyrosine.
In both cases, the delivery of substrates (O,, H,O,
electrons and protons) to the active center inside the
protein is believed to occur via specific pathways that
are arranged and adjusted in a special way.

4.1. Photosystem I
4.1.1. Subunits composition, redox-centers

The structure of PSIl core complexes from
cyanobacteria has been solved by X-ray diffraction with
a resolution up to the 1.9 A (91-95). PSIl is a 700 kD
homodimeric membrane protein complex (95), which
has dimensions of 105 A depth (45 A in membrane), 205
A length, and 110 A width (92). The PSII complex from
cyanobacteria (Thermosynechococcus elongatus or
Thermosynechococcus vulcanus), contains 16 integral
membrane subunits composed of 35 transmembrane
helices and 3 lumenal subunits (92-93).

The reaction center (RC) of each PS-II
monomer includes two subunits, D1 and D2, each

1385

comprising five transmembrane helices. Flanking
the opposite sides of the D1/D2 heterodimer are
the core antenna proteins: CP43 (PsbC) and CP47
(PsbB) subunits, each having six transmembrane
helices (I to VI) arranged in a circular manner (92).
The overall reaction centre (CP43/D1-D2/CP47 core)
is characterized by pseudo-twofold symmetry (92). In
addition to the protein subunits, 35 chlorophylls, two
pheophytins, 11 B-carotenes, more than 20 lipids, two
plastoquinones (PQ), two heme irons, one non-heme
iron, four manganese atoms, three or four calcium
atoms, three Cl ions, one bicarbonate ion and more
than 15 detergents per a monomer were resolved (93).
One of the calcium ion and all Mn ions are included into
the Mn,CaO, cluster of the OEC (the oxygen evolving
centre), and two of the Cl ions are in the vicinity of the
Mn,CaO, cluster.

Outside the CP43/D1-D2/CP47 core, there
are 13 transmembrane helices, which are assigned
to specific low-molecular-weight subunits (92). The
two of these helices (PsbE and PsbF) are assigned
to subunits of cytochrome b559 (Cyt b559). The
remaining 11 transmembrane helices are assigned
to 10 low-molecular weight subunits, including PsbZ,
which has two transmembrane helices (I and Il). The
functions of most of these small subunits are unclear.
They are supposed to be involved in dimer formation,
in stabilization of the peripheral chlorophylls of the
D1 and D2 proteins, in facilitation of the carotenoid
binding, in participation of the formation of the a “cap”
over the OEC at the lumenal surface.

CP47 and CP43 bind 16 and 13 antenna
chlorophylls, respectively, which are arranged as
double layers connected by a special chlorophyll at
the middle of the two layers (93). In response to the
illumination, excitation energy is transferred from the
antenna system to the P680, formed by chlorophyll a
(Chl) molecules, located toward the lumenal surface.
The P680 excited state (P680*) is delocalized over the
four chlorophylls (ref. in (92)). An electron is ejected
from the excited primary electron donor P680 toward
the stromal surface to the final electron acceptor,
plastoquinone PQ,. The intermediate electron transfer
sites are the ones of the chlorophylls of P680 (ChID1),
which is the chlorophyll closest to the pheophytin
(PheoD1), the pheophytin (PheoD1) and is a firmly
bound plastoquinone PQ, (ref. in (92)).

The cationic radical P680** is reduced by a
redox-active tyrosine (Tyr161 of D1 subunit), known as
Yz, to generate a neutral tyrosine radical Yz*, which
acts as an oxidant for the water oxidation process at
the OEC. The redox-active Tyr is located on the 7 A
distance from the OEC. It should be noted that unlike
the heme-copper oxidase, Yz is included in neither
the first nor the second sphere atoms surrounding
the OEC, however, is associated with the OEC

© 1996-2017



Photosystem Il and terminal respiratory oxidases

through a network of hydrogen bonds formed by
water molecules. With the exception of PQ,, all the
redox-active cofactors involved in the electron transfer
processes are located on the D1 subunit of the RC.
The PQ, is hydrogen bonded to the main-chain amide
group of D2 Phe261 and D2 His214, where the latter
also serves as a ligand to the nonheme Fe. The
quinone ring is accommodated within a hydrophobic
cavity composed of residues, including D2 lle213,
D2 Thr217, D2 Met246, D2 Ala249, D2 Trp253, D2
Ala260, and D2 Leu267.

The nonheme Fe mediates electron
transfer from the primary (Q,) to the secondary (Q)
plastoquinone molecules and it has four histidine
ligands: D1 His215, D1 His272, D2 His214, and D2
His268 and fifth bidentate ligand, bicarbonate (93).
The PSII PQ, is hydrogen bonded to D1 Ser264 and
D1 His215, which is also a ligand for the nonheme
Fe, and possibly to the main-chain amide group of D1
Phe265. The PQ, binding pocket is composed of the
residues including D1 Met214, D1 Leu218, D1 Ala251,
D1 Phe255, and D1 Leu271. The D1 His252 residue,
which is within hydrogen-bonding distance of D1
Ser264, could facilitate protonation of PQ, molecule
(92).

4.1.2. Structure of the oxygen-evolving complex
(OEC)

The active centre of the OEC contains
pentamethalic cluster, which consists of the four
manganese atoms and the single calcium atom (92-
93). Five oxygen atoms were found to serve as oxo
bridges linking the five metal atoms whereby the
whole structure is organized in a shape of “distorted
chair’. Three manganese (Mn1, Mn2, Mn3), one
calcium and four oxygen atoms (O1, 02, O3, 05)
form a cubane-like structure in which the calcium
and manganese atoms occupy four corners and the
oxygen atoms occupy the other four (Figure 1). Every
two adjacent manganese ions are linked by di-u-oxo
bridges (i.e. deprotonated water molecules). Mn1 and
Mn2 are linked by a di-p-oxo bridges via O1 and O3,
Mn2 and Mn3 are linked via O2 and O3. The calcium
is linked to manganese ions in a cubane by oxo
bridges: to Mn1 via the di-u-oxo bridge formed by O1
and O5, to Mn2 via O1 and 02, to Mn3 via O2 and
05 (93).

The fourth manganese (Mn4), which is
referred to as a “dangling” Mn, and the O4 oxygen are
located outside the cubane. They form the backrest of
the chair, which consists of the Mn4—0O4 linkage and
the connection of the Mn4 and O4 to one of the oxo
bridges (O5) and one of the Mn atom (Mn3) of the
cubane, correspondingly. Two of the three Mn in the
cubane (Mn1 and Mn3) and “dangling” Mn4 are redox
active. They can exist in the +3 or +4 state. Mn2 is the
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most distant from “dangling” Mn4 and is redox-inactive
being in the oxidation state +4 for the entire catalytic
cycle.

The asymmetry of cubane is explained by
the different bond lengths between atoms, caused in
particularly by the presence of Ca ion and O5. While
the bond length between the oxygens and manganese
ions are in the range of 1.8-2.1 A, those between 05
and the manganeses (Mn4 and Mn1) are in the range of
2.4-2.6 A (93). Besides, the bond lengths between the
oxygens and the calcium in the cubane are generally
in the range of 2.4-2.5 A (for O1 and 02), and the
bond length between O5 and the calcium is 2.7 A. The
unusual long distance of the Mn-O5 and Ca-O5 bond
resolved in the three-dimensional structure of the S1
state was explained by that the O5 is not p-oxo, but
hydroxide (93).

The employed X-ray doses resulted in
radiation damage in the form of partial reduction of
the Mn ions. Most recently, ‘radiation-damage-free’
three-dimensional structure of the pentametallic
cluster in the S1 state was obtained by employing
X-ray Free Electron Laser (XFEL) pulses (95). This
structure of PSII constrains the net oxidation state (lll,
IV, IV, 1) of the manganese cofactor in the resting S1
state (96). It was found that the Mn4-O5 distance is
about 2.3 A and 05-Mn1 distance is about 2.7 A. The
unusual distance between the Mn1 and O5 state was
eventually interpreted as the ability of O5 to be shifted
along the axis Mn4-Mn1 to Mn4 atom, which may be
accompanied by a transition of cubane from the open
state to the closed one, change of the spin state and
joining of the molecule of substrate water to the Mn1
atom at the next intermediate of the catalytic cycle (S2)
(95-96).

In addition to the five oxygens, four water
molecules (W1 to W4), or water derived ligands, are
directly ligated to metal ions of the Mn,CaO, cluster.
Two of which (W1 and W2) are coordinated to Mn4
with respective distances of 2.1 and 2.3 A, and W3
and W4 are coordinated to the calcium with a distance
of 2.5-2.6 A (95). The formation of the O-O bond in
the oxygen molecule is suggested to occur between
the two oxygen atoms located most probably on the
axis between Mn4 and Mn1. One of these atoms is
apparently O5 formed in the OEC at the initial stage
of the catalytic cycle from the first substrate molecule
of water (97). As suggested, W2 and/or W3 can be
exchanged with water molecules from the water
supplying channels and in turn to be molecules of the
substrate water involved in the subsequent catalytic
cycle, replacing O5 and moving onto the one axis
between the atoms Mn1 and Mn4 during the catalytic
cycle (95, 97). It is interesting to note that functionally
active atoms Mn1 and Mn4 forming a connection with
the oxygen atoms of the two substrate water molecules
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are approximately located at the same distance from
each other as the atoms of iron and copper in the
oxygen-reducing binuclear center of heme-copper
oxidases.

There are usual coordination numbers
of high-valent Mn (5 or 6 coordinate) and Ca ions
(typically 6-8 coordinate). Therefore, in addition to links
to the di-u-oxo bridge, the first coordination sphere of
the Mn,CaO, cluster contains the oxygen atoms of
carboxylate residues Asp342, Glu333, Ala344 Asp170
of the D1, which bridge Mn1-Mn2, Mn3-Mn4, Ca?*-
Mn2 and Ca?-Mn4, correspondingly. Mn2-Mn3 is
bridged by the CP43-Glu354. Only one N-donor,
His332, coordinates to Mn1, which is also mono-
coordinated by Glu189. The D1-His 337 and CP43-Arg
357, which are hydrogen-bonded to both 02, O3 and
04 of the Mn,CaO, cluster may function to stabilize
the cubane structure of the metal cluster as well as
to provide partial positive charges to compensate for
the negative charges induced by the oxo bridges and
carboxylate ligands of the metal cluster (93).

In addition to the direct ligands of the
Mn,CaO, cluster, the residues and water molecules
in the second coordination sphere may play important
roles in maintaining the structure of the metal cluster
and the dioxygen-evolving activity. These include for
example the carboxylate oxygen of D1-Asp 61, which
is hydrogen-bonded to W1 and also to O4 indirectly
through another water molecule, is located at the
entrance of a proposed proton exit channel and may
function in facilitating proton exit from the Mn,CaO,
cluster (93). Another example is the network of the
water molecules, which binds the W4, W3 W2 (and
possibly O5), Tyr161-His190 couple and the WA water
molecule located near the His with the WA-WD water
molecules by which the proton could be transferred to
the lumen (98). Thus, this network of water molecules
forms a second path for proton transport into the
lumen.

4.1.3. Substrate-transfer pathways: protons, O,, H,0

Several water-filed channels in PSIll
proteins structures have been identified by X-ray
crystallography, which can form long-range hydrogen-
bonded networks, connecting the Mn,CaO, cluster with
the lumen (99). They can be divided in general to the
three or four sets of channels and they were named the
“pack channel”, “narrow and broad channels” and the
“large channel system” (100-102). Substrate specificity
(i.e., the role of these channels in the transfer of water,
dioxygen and protons) remains unclear. Moreover,
different ways can be used for transfer of substrates
at different stages of the catalytic cycle, since the
output of four protons as well as the binding of two
molecules of water does not occur during one stage of
the catalytic cycle but at different stages.
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Of these channels, the “back channel”
includes the nearest environment of the redox-active
Yz and leads to Ca?* and to water molecules W3 and
W4 associated with it (99, 103). Initially proposed to
function as a water channel, it has been shown through
study of molecular dynamics to be impermeable for
water, However, the hydrophobic water block in the
middle of this channel may be permeable to dioxygen
(104). The “large channel” was suggested to be a
possible route to delivering of substrate water to the
OEC (102, 105-106).

There are many indications that water-filled
channels “narrow” and “broad”, starting from the D61
residue can participate in the transfer of protons into
the lumen (101, 107-108). The “narrow” channel
starts from the O4 oxo ligand of the OEC and goes
to the D61 residue and further through the D1-N338,
D2-N350 to the lumen at the interface of PsbO and
PsbU in cyanobacteria (102). The ‘broad’ channel
passes D61, E65, R334 residues of D1and E312 of
D2, exiting to the lumen at the interface of the D2
and PsbO subunits. On the way to residues on the
lumenal surface, this water-filled channel passes close
a chloride CI- site and D2-K317, the amino group of
which is a direct ligand of the CI-1 site. Mutating D1-
D61, D1-E65, D2-E312, and D1-R334, which interact
with the chloride CI- site through a hydrogen bond
network, to Ala decreased substantially one of the
transitions (S3—S0) in the catalytic cycle (105, 109).

It is interesting to note the direct and stable
salt-bridging interactions between D1-E65, D1-R334
and D2-E312. According to (101) this triad may
represent a proton release group/proton loading site.
As suggested, the part of the releasing pathways for
the pumped protons in cytochrome c oxidase (110) and
in bacteriorhodopsin (111) can be arranged in a similar
way (including the electrostatic and structural effects).
It should be noted that the study of the NH, binding
to the OEC suggests that one of two substrate water
molecules can be transferred along one path with
protons releasing, the “narrow” channel (perhaps they
are together only part of the way) (112). In accordance
with this, a novel low-energy water binding mode was
suggested through the path passing through D61 and
reaching W1 (associated with “dangling” Mn4 molecule
of water) (113).

Unlike S3—S0, the efficiency of other
transitions in the catalytic cycle was not affected
significantly by the D1-D61 and D2-K317 mutants
(114-115). In this connection, it is assumed that
another proton-conductive path can be used for proton
excretion into the lumen from the OEC at several
other stages of the catalytic cycle. In addition, a
distinct isotope effect found for different stages of the
catalytic cycle of PSII points to the participation of the
alternative path (116).
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This pathway is postulated on the basis of the
structural data (93), as well as FTIR observation and
QM/MM  (quantum-mechanics/molecular-mechanics)
data (98, 117). It includes an extensive hydrogen-
bonding network between Yz and the Mn,CaO,
cluster and from Yz to the lumenal bulk phase. Yz is
hydrogen-bonded to the two waters coordinated to the
calcium either directly (to the W4) or indirectly through
another water molecule to the W3 (93). This additional
water also mediates the hydrogen bond between the
two waters bound to Mn4 and Y. The network of water
molecules (WA-WD) starts from W4 and passes close
to the D1-H190, which is further hydrogen-bonded to
D1-N298 and to several waters and residues including
CP43-A411, D1-N322 and PsbV-Y137, leading to an
exit pathway to the lumenal bulk solution.

For this path, a novel proton ftransfer
mechanism was proposed (98, 117), which suggests
that a proton hopping from the Nt-H of D1-His190 in
the state of Y,*-HisH"* to the WA water molecule. This
proton hopping is the rate-limiting step that triggers
rapid proton transfer from the water ligands, W4, W3
and W2 (and possibly O5 of the OEC) to the Y, oxygen.
The proton accepted by WA is transferred to the lumen
via the network of the water molecules (WA-WD) (98,
117). This mechanism is suggested to be driven by the
electrostatic repulsion and its use can be connected to
those catalytic states of the OEC, in which it holds an
additional positive charge (116).

It remains unclear whether there is a
dedicated route to facilitate the transport of O, away
from the OEC (102). The oxidative damage of the
residues caused probably by the reactive oxygen
species (ROS) chemistry is shown in the “narrow
channel” (118). Derivatization of enzyme with Kr
suggests the participation of the “large channel” in the
release of dioxygen (103), while computer simulation
of the diffusion of dioxygen and the results of studying
mutants indicate that the molecular oxygen may use
the same transfer path as that of the water molecules
in the broad channel (119).

On the electron acceptor side, upon
accepting two electrons, PQ, is converted into a
plastoquinol molecule by the uptake of two protons,
and is then exchanged with oxidized plastoquinones
in the plastoquinone pool in the thylakoid membrane.
PQ, is reduced by the electron transfer from PQ,
mediated by a non-heme iron, which is coordinated by
D1-H215, D1-H272, D2-H214, D2-H268 histidines
and a bidentate bicarbonate ligand. Key residues
H215, E244, Y246, H252, S264 from the D1 have
been variously considered to participate in the proton
transfer to PQ_ (101, 120).

The D1-His252/Ser264 residues in PSIl are
analogous to Asp-L213/Ser-L223 in one of the proton
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pathways of the bacterial reaction centre (BRC) (101).
It is presumed to be at the end of the proton channel
through which the proton is transferred to the PQ,". The
Glu-L212 residue in another proton channel, which
provides a proton for Q,;H-in the BRC is replaced by an
alanine in the corresponding position of PSII. Instead,
the D1-H215 residue that is ligated to the non-heme
iron has been proposed to provide this proton to PQ H-
(121). It is suggested that the water molecule should
entry between bicarbonate and D1-H215 to complete
a hydrogen bonding network from the bulk via D1-
Y246 and the bicarbonate to D1-H215, providing
proton delivery to PQ_H (101)

4.2. Terminal oxidases

This section discusses the structural data
obtained basically during X-ray analysis of the heme-
copper oxidases and the bd-type oxidase. Despite
the similarity of the catalyzed reactions, in the three-
dimensional structures of the heme-copper oxidases
and cytochrome bd, a number of intimate features
and important structural differences were identified,
pointing to the peculiarities of the mechanism of
dioxygen reduction and the membrane potential
generation.

4.2.1. Heme-copper oxidases

4.2.1.1. Subunit composition, redox-centres and
catalytic sites

The three-dimensional crystal structures of
several members of the A type family were determined
by the X-ray crystallography. These are COX from
bovine mitochondria (122-125), the bacterial aa,-type
cytochrome oxidases from Paracoccus denitrificans
(126-128) and Rhodobacter sphaeroides (129-130),
the bo,-type quinol oxidase from Esherichia coli (31),
cytochrome caa, from Thermus thermophilus (131).
Besides, the atomic structures of the B and C family
members, cytochrome ba, from Thermus thermophilus
(37, 132) and cytochrome cbb, from Pseudomonas
shutzeri (39), were resolved. Although high-resolution
X-ray structures of the bovine cytochrome c¢ oxidase
reported so far were exclusively of its dimeric form, by
using the electron crystallography of two-dimensional
crystals it was shown recently that the monomeric
form of the mammalian cytochrome c oxidase is
physiologically relevant and not an artifact of its
isolation from mitochondria (133).

All members of the heme-copper terminal
oxidases share a central largest subunit | built up of
12 membrane-spanning helices. The monomer of
the mitochondrial COX contains 11 and 14 subunits
(in yeast and mammals respectively) (33, 134), while
the bacterial enzymes are usually made up of no
more than four peptides. Three largest subunits form
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a core of the enzyme. The subunit | contains three
redox-active cofactors: the low-spin heme a, the high-
spin heme a, and Cu,. The center-to-center distance
between heme a and heme a, is around 13 A, whereas
they are within Wan der Waals contact at the edges
that provides a basis for rapid electron transfer (135).
A distance between constituents of the catalytic BNC,
the Fe atom of the high-spin heme and the copper
atom Cu,, is about ~ 4.5-5 A (37, 39, 122, 126).

The low-spin heme and the binuclear
centre are located at a depth of about one third of
the membrane thickness from the P-side (122, 126)
(Figure 2). The hemes are oriented perpendicular to
the membrane plane, so that their propionate moieties
are pointing to the P-side. Two other substituents
of the hemes a and a, (the formyl group and the
hydroxyethylfarnesyl side chain) are pointing to the
N-side of the membrane. Cu, is retained in the protein
by the ligation with three histidines (H284, H333 and
H334; amino acid numbering from R. sphaeroides
is used). There is a crosslink between one of the
Cu, histidine ligands (H284) and a tyrosine residue
(Y288) (123, 136-137), which is suggested to supply a
proton to promote scission of the O-O bond and may
be included as part of the catalytic site (17, 138-139)
(Figure 2).

The low-spin heme ais an immediate electron
donor for the heme a,/Cu,site. Itis re-reduced by Cu,, a
redox-active center composed of two copper ions. Cu,
is held by subunit Il of COX, which has two membrane
spanning a-helices and provides a docking surface
for cytochrome ¢ at the P-side of the membrane. The
distance between Cu, and the hemes are 20.6 and
23.2 A, respectively, when measured from the central
point of the two coppers to the iron atoms (122). The
third subunit composed of seven transmembrane
helices does not hold any redox-active metal sites, but
it is highly conserved. In the absence of this subunit,
the turnover rate of cytochrome ¢ oxidase becomes
100-1000-fold lower and the enzyme undergoes
suicide inactivation (140).

In the bo,type ubiquinol oxidase from
E. coli, hemes a and a, are replaced with hemes b
and o, respectively. Subunit | is very similar to that
of other members of the A family. The ubiquinone-
binding site is proposed to be at the surface between
transmembrane helices | and Il of subunit |, near the
P-side surface (141). This site is located close to heme
b at a position analogous to Cu, in e.g. cytochrome ¢
oxidase. Q101, H98, D75 and R71 were proposed to
interact with ubiquinone.

Experimental evidence suggests the
existence of two ubiquinone binding sites in
cytochrome bo,: the low-affinity site (Q, ), at which the
substrate is oxidized from ubiquinol to ubiquinone, and
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the high-affinity site, Q,,, which is proposed to mediate
(as a bound semiquinone) the electron transfer from
Q, to the metal centers (142). EPR studies of site-
directed mutants provided evidence that the quinone
binding site derived from X-ray structure is the Q,-site
which stabilizes the observed semiquinone (143). It is
suggested that the two quinone binding sites may be
adjacent to each other or partially overlap (142).

4.2.1.2. Substrate-transfer pathways: protons, O,,
H.O
2

Two conserved structures (the so-
called D- and K-channels) were identified in the
three-dimensional structures of the mammalian
mitochondrial and prokaryotic cytochrome ¢ oxidases
of the A family, leading from the inner aqueous phase
into the hydrophobic region of the protein to the
binculear center (37, 122, 126, 129). The proton-
conductive D-pathway (D-channel (144-146)) leads
from a conserved aspartate residue, D132, through a
chain of 10-12 water molecules linked by the hydrogen
bonds (128-130) to a conserved glutamate residue,
E286, located at a distance of 10-12 A from the BNC
and 24-26 A from D132 (129). Water molecules in
the D-channel are stabilized by hydrogen bonds with
a number of highly conserved hydrophilic amino acid
residues: N139, N121, N207, S142, S200, S201 and
S197 (147).

The proton-conductive K-pathway (K-channel
(145-146)) is located directly under the BNC and leads
from the surface of the protein from the N-side of the
membrane to a conserved tyrosine residue, Y288,
that is located near the BNC and is an electron donor
for the formation of the P, state. The entrance to the
K-channel is located near the E101 residue of subunit
Il (128, 148). In addition to the lysine residue (K362)
the channel includes conserved threonine residues
(T352 and T359), a serine residue (S299) and a few
firmly bound water molecules (128-129).

On the basis of kinetic studies of the mutant
forms of cytochrome ¢ oxidase from R. sphaerodies
and P. denitrificans it is assumed that all pumped and
the two (or three) substrate protons in the bacterial
cytochrome c¢ oxidases of the A family are transported
through the D-channel (145). At the same time, in the
D-channel, the proton path above the E286 residue is
not revealed crystallographically. Molecular dynamics
showed that the cavity between E286 and the BNC can
be filled with several weakly bound water molecules
(up to 4), which are capable of spontaneously forming
a short-lived chain of hydrogen bonds. These chains
can be stretched in the direction of the BNC or to the
external aqueous phase (149-151). It is assumed that
in a prokaryotic cytochrome c oxidase of the A family,
the pumped protons are released into outside of the
membrane through a hydrophilic domain located above
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the heme group and Cu, (152). This domain comprises
a cluster of negatively charged groups of the protein
(including conserved residues D399 and D404),
several arginine residues, propionate substituents of
hemes, molecules of water and a redox-inactive metal
atom - Mg?, that can be partially replaced with Mn?*
(128). It should be noted that the two propionates of
hemes a and a, are salt-bridged with guanidino groups
of R439 and R438 respectively that, as in the case of
PSII, can play a key role in the gating of proton release.

In addition to the D- and K-channels,
the third proton-conductive pathway, H-channel,
was discovered in the structure of the mammalian
mitochondrial cytochrome c oxidase (124, 153). The
H-channel begins at the N-side of the membrane near
the H413 residue. This proton-conductive pathway
includes series of cavities filled with water molecules.
The cavities are connected by the serine, threonine
and farnesyl group of heme a. The H-channel leads
from the inner aqueous phase to the Y371 and R38
residues, which form a connection with formyl and
propionate groups of heme a, respectively. Further, the
H-channel passes through the peptide bond between
Y440 and S441, which, presumably, plays the role of
a valve or “gate” that determines the direction of the
proton in the H-channel through the S205 residue
and then to the D51 residue which is located near the
P-side of the membrane (124).

In the structure of the ba.-type cytochrome
oxidase from T. thermophilus belonging to the
evolutionary distant B family, three potential proton-
conducting pathways can be distinguished (37). Two of
them have a weak homology with the D- and K-proton
channels of the A family oxidases. They lead from the
internal aqueous phase to the BNC of the enzyme.
The third proton-conductive pathway (the Q-channel)
does not contain conserved amino acid residues,
while the overall structure of the Q-channel is similar
to the H-channel of the mitochondrial cytochrome ¢
oxidase (37). Based on the site-direct mutagenesis it
is concluded that in the B type cytochrome oxidases,
there is only one functioning entry channel for the
uptake of both scalar and vectorial protons, the
K-channel (154). For the proton transfer above
the BNC of the ba, oxidase from T. thermophilus, a
potential mechanism is proposed which involves the A
propionate of heme a,, and the D372, H376, and E126
residues (155).

Delivery of molecular oxygen into the BNC
is provided by several hydrophobic channels which
contain conserved tryptophan and phenylalanine
residues and lead from the middle part of membrane
lipid bilayer towards the active center (122, 129, 156-
158). The release of water molecules from the BNC to
the P-side of the membrane occurs, as suggested, via
a path lying over the heme groups in the contact area
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between the subunits | and Il, in close proximity to the
Mg?/Mn?* site (the redox-inactive metal center) (159).
In mammals, Mg?* bridges between E198 of subunit
Il and H368 of subunit | (122). There are indications
that the path of the release of water molecules is
composed of two channel-like structures which can
also participate in conducting pumped protons to the
outside of the membrane (155, 159-160).

4.2.2. bd-type oxidases

4.2.2.1. Subunit composition, redox centres and
catalytic sites

Very recently, the first crystal structure of
cytochrome bd (from Geobacillus thermodenitrificans)
at 3.1 - 4 A resolution has been reported (77). The
protein consists of the two large subunits, CydA and
CydB, and the newly discovered small subunit (66, 161-
164). The latter may be needed for maintenance of the
catalytic activity and stabilization of the hemes (161-
162, 164). CydA and CydB were reported to possess
the same fold that could be due to gene duplication of
a single ancestral gene that coded for a homodimeric
enzyme and subsequent mutations (77). As redox
cofactors, cytochrome bd carries three different hemes
located on CydA, one low-spin, b, and the two high-
spin, b, and d. Heme b, is stabilized by the small
subunit (77). This heme is in close proximity to the
Q-loop and thus is directly involved in quinol oxidation.
Its axial ligands are His186 and Met325 (Met393 in
E. coli) (165). Heme d is the site at which O, binds
and undergoes reduction to 2H,0. It is thought to have
Glu378 (Glu445 in E. coli) as the axial ligand (77). The
axial ligands of heme b, are His21 and Glu101 (His19
and Glu99 in E. coli) (77). The vertical distances from
the central Fe atoms of the hemes b, b, and d to
the P side of the membrane are ca. 18, 22.5 and 13.5
A respectively (77). The precise role of heme b, is
not quite clear. The distance between the central Fe
atoms of hemes b, and d (11.6 A) is too large for
the formation of a structural binuclear site analogous
to that in heme-copper oxidases (77). At the same
time, edge-to-edge distances between these hemes
are ca. 3.5 A, i.e. they are in van der Waals contacts
(77). This implies a possibility of a very rapid electron
transfer between the hemes that indeed obtained
experimental support (166). Thus, although heme b,
and heme d do not compose a structural binuclear
site, one can speak of a functional di-heme site.
The latter idea received support from spectroscopic
and electrometric studies on cytochromes bd from
E. coli and A. vinelandii (78, 166-180). Of interest,
unlike cytochrome bd-I from E. coli (177), a bd-type
oxidase from G. thermodenitrificans does not show
any substantial excitonic interaction between heme
b, and heme d (87). Thus there may be differences
in the organization of the active site for O, reduction
between cytochromes bd from different prokaryotes.
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There are also data that heme b, might be a second
site in the bd enzyme that reacts with O, (181-182) and
H,0, (72).

Which of the quinols is utilized by cytochrome
bd depends on a particular bacterial species. It is
known that the bd enzyme in A. vinelandii oxidizes
ubiquinol, cytochrome bd in G. thermodenitrificans
deals with menaquinol, whereas cytochrome bd-l in
E. coli seems to be able to oxidize both ubiquinol and
menagquinol (183-184). There are data that cytochrome
bd in cyanobacteria can oxidize plastoquinol (185-
190), though some doubts still remain (191-193).
Some studies report that the isolated cytochrome
bd-l from E. coli contains a bound quinol (167-168,
194) while others do not show that (83-84, 195-199).
Whether a bound quinol is present in the enzyme is
probably defined by a method for protein isolation
and purification (43). A stable semiquinone radical in
cytochrome bd-I from E. coli was reported (200-201).

As said above, the CydA subunit of
cytochrome bd comprises the Q-loop, the hydrophilic
domain exposed at the extracellular space that links
transmembrane helices 6 and 7 (77). This structural
domain is necessary for quinol oxidation (79-84) and
underlies protein classification (43, 85-87). The Q-loop
has a largely irregular protein fold apart from a short
helical stretch that leads to an antiparallel 3 sheet (77).
A potential quinol binding pocket seems to be near
Glu257 and Lys252 in the short helix of the Q-loop
(77). Lys252 can form a polar contact with the O1/2A
propionate group of heme b, (77). If cytochrome bd
has the only site for the quinol binding and oxidation
(77, 83-84, 199), what is the role of other quinol
molecule(s) likely bound to the protein (167-168,
194)? The question remains unanswered. Of interest,
Kusumoto et al. reported a second quinol-binding
site essential for the activity of the bd-oxidase from
Corynebacterium glutamicum (202).

4.2.2.2. Substrate transfer pathways: protons, O,,
H,O
2

The existence of an intraprotein proton-
conducting pathway in cytochrome bd that goes from
the cytoplasm to the O,-reducing site was predicted
based on the time-resolved electrometric and optical
studies (167-168, 194, 197, 203). The crystal structure
by Safarian et al. (77) indeed indicates that there are
two potential proton transfer pathways, one in CydA
and the second one in CydB. Accordingly, those were
called the CydA and CydB pathways. Both pathways
leading from the cytoplasm converge on heme b,
located within the bilayer - ca. 22.5 A away from the
periplasmic side of the membrane (77). Whether both
pathways or only one of them are functional is not
known. A proton transfer route from heme b, to heme
d has not been identified. It is proposed that such a
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transfer is facilitated by connecting unresolved water
molecules (77). The location of the highly conserved
Glu108 (Glu107 in E. coli) within the CydA pathway of
the G. thermodenitrificans bd structure is in line with
earlier proposal (168) for the key role of this residue
in the intraprotein proton transfer. Another conserved
glutamate, Glu378 (Glu445 in E. coli), the heme d
axial ligand (77), was suggested to be a key residue
to compensate for the negative charge of an electron
used to reduce the high-spin hemes (167).

The structure suggests (77) that O, can reach
the heme d site laterally from the alkyl chain interface
with the membrane over a short distance. Thus, O,
does not need to go through any tunnel-like protein
cavity (77) that enables it to bind heme d very rapidly
(54, 204). A water channel of cytochrome bd remains
to be identified.

5. SEQUENCE OF CATALYTIC INTERMEDIATES
AND MECHANISM OF AuH* GENERATION

When comparing the catalytic cycles of PSII
and TRO, the following similarities and distinctive
features have to be noted. In both cases, the catalytic
cycle consists of the same number (five) of primary
intermediates which are connected by one-electron
transitions. In both enzymes, the four-electron cycle
of the O,/2H,0 transformation in the active centre
is coupled to one-electron change of the reduction
state of the primary electron acceptor or donor. In
TRO the primary electron donor is the low-spin heme
whereas in PSII the primary electron acceptor is the
redox-acitve tyrosine (Yz) of the D1 subunit. During
the catalytic cycle, the active site of the enzyme
successively receives either four reducing (TRO) or
four oxidizing (PSII) redox equivalents, followed by
a key phase of the reaction. During the latter phase,
there is a simultaneous exchange of four electrons
between the atoms of polyvalent metals and two
oxygen atoms in the active center of the enzymes.
This process is accompanied by breaking or formation
of the O-O bond. As a result, it becomes possible to
avoid the release of highly reactive intermediates of
dioxygen reduction.

During the catalytic cycle of PSII, the P680**
radical that occurs every time under light-induced
charge separation, takes sequentially one electron
from the OEC. The electron transfer from the OEC is
mediated by the redox-active tyrosine, Yz. In the course
of the four consecutive one-electron stages the OEC is
oxidized from the SO state to the S4 state, reaching
sequentially the most oxidized state (S4) from the most
reduced state (S0) through the S0—»S1—-S2—S3—-S54
transitions (Figure 3). Two water molecules are bound
and deprotonated through these transitions. The most
reduced SO state is formed again upon the release of
the product, O,, by the most oxidized S4 state. The
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Figure 3. Scheme of the catalytic cycle of Photosystem Il. S0—S1—-82 transitions form the “low-spin” part of the catalytic cycle (dominantly
antiferromagnetic coupling between adjacent Mn sites; shown in blue color), while S2—S3—S4 transitions form the “high-spin” part (dominantly
ferromagnetic coupling between adjacent Mn sites; shown in cyan color) of the cycle. The main catalytic step (S4—S0) is shown in red color. Protons
released during the catalytic cycle via the protonic pathways (“Ca?* channel” and “CI- channel”) are indicated as H*_, and H*, respectively.

catalytic cycle of TRO can be similarly represented
as a series of the five states (205). The most reduced
state, CO (R) is formed from the most oxidized state,
C4 (P,) through the four stages of one-electron
reduction (C4—C3—C2—C1—C0). The C4 state is
formed from CO in one step as a result of the binding
and simultaneous four-electron reduction of molecular
oxygen (Figure 4). In the C4 state formed, the O-O
bond is split, the oxygen atoms are coordinated to
the metal atoms of the BNC and are reduced to the
degree of reduction that corresponds to that of the
water molecule.

The conversion of dioxygen into water takes
place in PSIl and TRO in specially organized sites
which contain polyvalent metals and are located deep
in the membrane part of the enzyme. In the case of
the heme-copper oxidases, the active center (BNC)
is composed of the Cu atom and the Fe atom of the
heme, while the OEC of PSII contains 4 atoms of Mn
and Ca. The Fe and Cu atoms of the BNC change their
oxidation state in the range from 2+ to 4+ and 1+ to
2+, respectively; in the case of the OEC, the oxidation
state of Mn varies between 3+ and 4+. In the active
site of PSII, three metals (not two, like in the BNC)
change the oxidation state and accumulate oxidizing
equivalents during catalysis. These are Mn1, Mn3, and
Mn4, while Mn2 and Ca remain to be redox inactive.
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As suggested, the choice of metal atoms to build an
active center may be due to the chemical properties
of compounds of these metals with oxygen in
different degrees of valence and their proton-acceptor
properties (206-207). Mn4 and Mn1 are assumed to
be associated with oxygen atoms that are on the same
axis and can form a connection between them at the
end of the catalytic cycle. It is interesting to note that
the distance between Mn4 and Mn1 in the OEC is
close to that between copper and iron atoms in the
BNC. These atoms of manganese can be compared in
some ways with the atoms of Fe and Cu in the BNC,
also taking into account the fact that the spin state and
the coordination sphere of these atoms are expected
to be changed during the catalytic cycle.

In addition to the dioxygen/water conversion,
the function of both enzymes is to transform the
energy of redox reactions into the electrochemical
form, performing work against the difference of
electrochemical potentials of hydrogen ions across
the membrane. To create an effective, relatively simple
and, therefore, the maximum uniform mechanism of
energy conversion based on the coupling of electron
transfer with proton transport, it would be logical to
use the free energy of redox reaction, dividing it into
4 roughly equal portions. However, the standard
Gibbs free energy gap, AG?, is quite different for the
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Figure 4. Scheme of the catalytic cycle of cytochrome ¢ oxidase. Transitions from R to O,, (C0—C4—C3—C2) form the oxidative part, while transitions
from O, to R (C2—C1—CO0) form the reductive part of the cycle. Transitions in which the Fe of heme a, of the BNC is in the “low-spin” state are shown
in blue color, while “high-spin” transitions are shown in cyan color. The main catalytic step (CO—C4) is shown in red color. Protons supplied during the
catalytic cycle via the D and K pathways are indicated as H,* and H, ", respectively.

individual one-electron transfer steps of the dioxygen/
water transformation in non-catalytic reduction system
(208-209). In particular the first one-electron redox
step of oxidative water splitting is highly endergonic
and cannot be driven by the energy of a photon in
the red wavelength region (210). This is also true for
the first step of the opposite reaction during reduction
of dioxygen (208). Nature has not only evolved two
entirely different devices to catalyze the reaction
in the forward and backward direction but also has
endowed these enzymes with the ability to function in
a unidirectional manner (210). Besides, the four step
sequence comprises reactive oxygen species (ROS)
which are harmful to biological systems and therefore
the population of these species has to be prevented
(210). To solve these problems, the catalytic process
is encapsulated into a protein bound transition metal
clusters. In addition, the redox-active tyrosine residues
play the important role in both enzymes.

In case of the heme-copper oxidases, the
redox active tyrosine residue (Y288 in aa, oxidase
from R. sphaeroides) is part of the active center.
The tyrosine residue is located in direct vicinity (~5
A) of the BNC (126, 129, 211). It is considered to be
not only the electron donor but also the proton donor
(used as a Lewis acid cofactor) at the stage of the
0O-0 bond splitting. The bd-type oxidases seem to be
an exception. In the bd-enzymes, a porphyrin radical
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presumably plays a role of the tyrosine, while the
proton donor has not been identified. By the way, a
direct proton acceptor that in the OEC performs a
similar function in the O—O bond formation has not yet
been identified (94). The covalent bond between the
tyrosine and a histidine ligand of Cu lowers the pK of
tyrosine that facilitates its functioning as a proton donor
(212-214). In the recent years, it is assumed that the
redox-active tyrosine can participate in all four single-
electron transitions of the catalytic cycle of the heme-
copper oxidases, thereby contributing to leveling of the
values of the redox potentials of the BNC during these
transitions (214-215).

Though the redox-active tyrosine (Yz) in the
PSll is located at a distance of 7 A from the Mn,CaO,
cluster, it is not part of the OEC, in contrast to that in
the heme-copper oxidases. Yz is an electron carrier
that is oxidized by the P680** radical and then is
reduced by the Mn,CaQ, cluster during each transition
of the catalytic cycle. Though it is not covalently
bound to the histidine residue, it shares the proton
with His190 through the hydrogen bond. The proton is
believed to perform a catalytic function in the activation
of dioxygen and redox transformation of the tyrosine
(the so-called “proton-rocking” mechanism (216)).
The proton migrates between Yz and His190 that is
linked to the redox transformations of the tyrosine.
However, according to the latest data, the tyrosine-
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histidine pair can participate in the proton transfer
over long distances in the course of the proton release
into the lumen at some stages of the catalytic cycle. It
should be noted that the interaction between Yz and
His190 slightly increases the redox potential of Yz that
facilitates its functioning as an electron carrier between
the OEC and the P680" radical (the value of the redox-
potential of the latter is ~+1.25 V) (217).

While the net oxidation state of the Mn,CaO,
cluster increases by four, from the SO to the S4 state,
the redox states of the atoms in these states are
Mn(ll1),Mn(IV)/Yz-OH and Mn(IV),/Yz-O* respectively.
Similarly, the most reduced (C0) and the most oxidized
(C4) states in the heme-copper oxidases are Fe?* Cu'*
Y-OH and Fe*=0?% Cu?-OH Y-O* respectively. Since
Yz is not directly involved in the formation of the O-O
bond, a more detailed study is needed to identify the
fourth oxidizing equivalent, which is located directly
in the OEC. In particular, as suggested, the Yz-O*
radical in the S4 state can be re-reduced by a fully
deprotonated substrate water bound to Mn4 (or Mn1),
yielding the oxyl radical, Mn(1V)-O* /Yz-OH or Mn(V)=0
/Yz-OH, depending on where the radical is localized
(on the Mn atom or on the oxygen ligand) (218-220).

In order to study the mechanism of partial
events that comprise every one-electron stage of the
catalytic cycle in both enzyme systems, it is necessary
to use approaches which could convert all the enzyme
population into the distinct states of the cycle. Itis much
simpler in case of PSII, because the dark-adapted state
of the enzyme (S1) is almost homogeneous and due
to a high quantum yield each of the short laser flashes
converts PSIl to the next state of the cycle almost
entirely. Nevertheless, the S4 cannot be isolated since
it is apparently converted to the next state faster than
it is formed. There are two basic approaches to study
the terminal oxidase reactions in a single turnover of
the enzyme. It is the reaction of the reduced enzyme
with molecular oxygen started by the photolysis of the
complex of the BNC with CO in presence of dioxygen
(oxidative “pulse”) ((7, 221-227)) and single-electron
injection into the enzyme with different degrees of
reduction (reductive “pulse”) (27, 228-237).

The approximate stoichiometry of the reaction
of the coupled transfer of protons into individual one-
electron stages of the catalytic cycle of the PSII and
the TRO is considered to be established; however
the mechanism of individual proton transport events
requires further study. All S-state transitions of PSII
except S1-to-S2 involve a single proton release to
the lumen. In the heme-copper oxidases, each of the
one-electron stages of the catalytic cycle is considered
to include on average the transfer of one pumped
proton across the membrane and the transfer of one
substrate proton into the BNC. For both types of the
enzymes, separate one-electron stages of the catalytic
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cycle may have a different set of the coupled events
of electron and proton transfers that differ in temporal
parameters, the order of the transfer of an electron and
a proton, and the proton-conductive channels used.

It is suggested that at some stages of the
catalytic cycle of PSII, extraction of the electron from
the OEC happens earlier than the release of the proton
to the lumen, whereas at other stages it is vise versa.
These might correlate with different mechanisms
of proton release into the lumen. Similarly, the two
different mechanisms of the coupled proton pumping
are discussed in case of the heme-copper oxidases,
which differ in the sequence of events of electron
transfer into the BNC and translocation of the pumped
protons through the membrane. The rates of proton
transfer and coupled electron transfer reactions in the
catalytic centers of both enzymes vary from a few tens
of microseconds to milliseconds. The slowest stage
occurs in the millisecond time range and controlled
by the proton reactions, probably associated with
conformational changes between substates of the
protein. In the study of these features, the use of
specific mutant forms of the residues in the proton-
conducting pathways, and kinetic isotope effect is of
great importance.

It is interesting to note that the release of
protons formed during the oxidation of water into the
lumen in PSII and the delivery of substrate protons
into the BNC of TRO is assumed to occur via two
separate proton-conducting pathways (Figures 1-4). In
both systems, the role of these pathways during the
catalytic cycle is strictly regulated in a complex manner
and most likely is mediated by a change in charge and/
or spin state of the catalytic center. As with PSII, it can
be assumed that multiple pathways can be used in the
heme-copper oxidases for the release of the pumped
protons, which can vary depending on the mechanism
and the stage of the catalytic cycle in which they
participate. Electrostatic interactions, ionic interactions
(salt bridges) in both enzymes are equally important.
So, at least at some of the catalytic transitions in
PSIl, excess positive charge in the OEC is used for
the release of a proton by a different mechanism
through another putative protonic channel due to the
electrostatic repulsion with the proton located between
Yz and His190. At the same time, the release of the
pumped proton to the P-side of the membrane in the
heme-copper oxidases is provided by electrostatic
repulsion from the proton coming into the BNC.

5.1. Catalytic cycle of the OEC. Proton and electron
transfer steps coupled to single-electron transitions

5.1.1. S0—S1 transition

The degrees of oxidation of Mn ions and Yz
in the SO state are Mn(lll),Mn(IV)/Yz-OH state. Mn1,
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Mn3 and Mn4 ions are in the oxidation state of +3, and
only redox-inactive ion Mn2 is in the oxidation state
+4. In the SO state, the OEC already has a molecule of
substrate water in the form of hydroxyl groups, whose
oxygen atom occupies the position O5 and forms a
connection with Ca?*, Mn4 and Mn1 (96, 219). It is
assumed that O5 is not coordinated with Mn1 in the
SO0 state that results in the “open” form of the cubane
of the Mn,CaQ, cofactor with a gape between O5 and
Mn1, while the “backrest” is in the fully closed form. It
is worth noting that in the course of the cycle O5 never
communicates only with a redox-inactive ion Mn2.

The S0—S1 transition is accompanied by
electron transfer from the OEC to Yz-O*. The degree
of oxidation of the manganese ions decreases by
one, when it is believed the Mn3 ion is oxidized to
the oxidation state +4. The state of SO and S1 are
characterized as low-spin and have values of spin,
respectively S=1/2 and S=0. The form of “open”
cubane of Mn,CaO, cofactor is maintained during the
transition. The S0—S1 transition is accompanied by
the release of a proton from the OEC into the lumen,
leaving the hydroxyl group O5. It is assumed that the
electron is transferred before the proton (with rates of
~40 us and ~100 us, respectively) at this stage of the
catalytic cycle (Figure 3). This was concluded from the
data recorded with the use of X-ray absorption and
from the time-resolved photothermal beam deflection
experiments (116, 238). Either the proton transfer is
concomitant with the electron transfer with a rate of ~
130 ps, as suggested from the time-resolved infrared
spectroscopy (TRIR) data (117). This proton transfer
step is characterized by a high activation energy (Ea
~ 33 kd/mol) and strong H/D kinetic isotope effect
(approximately 3) (116). The TRIR data show that
the main proton-coupled electron transfer reaction in
the S0—S1 transition seems to be followed by a slow
conformational change of the protein (t = 1-4 ms),
relaxing to the dark stable S1 state (117).

The electrogenic reactions associated with
the electron and proton transfer in thylakoids and
in PSII core particles during S-state transitions of
the OEC were identified on the basis of their kinetic
properties using electrochromic absorption changes
of carotenoids (239) and electrometrical technique
(239-240), respectively. The data derived from PSII
core particles reconstituted into liposomes using direct
electrometrical technique revealed that the S0—S1
transition was not included to a significant extent (less
than 1% of Y,*PQ,  formation) in the electrogenic
components that occurred with the half-rise times of
the other transitions.

5.1.2. S1—-S2 transition

S1 is a stable resting (dark-adapted) state
of PSII. In the S1 state the Mn oxidation states of
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Mn1,Mn2,Mn3 and Mn4 is IILIV,IV,II, respectively. S1
is converted to S2 upon the loss of one electron. The
efficiency of the S1—-S2 transition is independent of
pH values within the range 3.5-9.5, whereas the other
three transitions were all inhibited at acidic pHs with
pKa values of 3.6, 4.2 and 4.7 for the S2—S3, S3—S0
and S0—S1 transitions, respectively (241). That is,
unlike other transitions, the S1—S2 transition is not
accompanied by the release of protons into the lumen.
As a result, in the S2 state, the OEC acquires an
additional positive charge. This accumulated charge is
not released until the SO state is reformed after the O,
release (116).

During the S1—-S2 transition, the time
constant of the electron transfer from the Mn,CaO,
cluster to Y,-O* is 50-70 ps (238). Despite the fact
that there is no proton release to the lumen, the
results of TRIR measurements indicate that the
electron transfer is concerted with rearrangement
of protons in the hydrogen bond networks of protein
(117). It is proposed that the S1—-S2 transition is a
simple process of concerted PCET between Y, and
the Mn,CaO; cluster with the time constant of ~60
gs; and the proton on D1-His190, which was shifted
from the Yz upon its oxidation by the P680*, returns
to Y,-O* upon its rereduction by the Mn,CaQO; cluster
(117), in agreement with the so-called “proton-rocking”
mechanism (216). A minor activation energy (Ea ~ 5
kd/mol) and H/D kinetic isotope effect (KIE) of 1.3
were determined (116, 209).

Mn2 and Mn3 are in the highest oxidation
state +4 in the S1 state and do not change their
oxidation state to the end of the catalytic cycle. At the
same time, the two Mn centers most often invoked
as participating in the O—-O bond-forming reaction in
the OEC (Mn4, the “dangler’” manganese, and Mn1,
ligated by H332, the only histidine ligand in the first
coordination sphere) undergo further oxidation and the
change of coordination state. In the S1 state they are
in the oxidation state 3+, while with further oxidation to
the S2 state, there is only a single Mn(lll).

A feature of the S2 state is that S2 is present
as two spin isomers with oxidation states (lILIV,IV,IV)
or (IV,IVJIVIIl) and a spin 1/2 and 5/2, respectively
(242). 1t is assumed that in the low-spin form in which
the Mn1 and Mn4 atoms have the oxidation number IlI
and 1V, respectively, a Mn,O,Ca cofactor retains the
“open” form of cubane with a five-coordinate Mn1 of
tetragonal symmetry; the backrest has the “closed”
form. In the high-spin form of the S2 state where the
Mn1 and Mn4 atoms have the oxidation number IV
and lll, correspondingly (243), the O5 center is shifted
to the Mn1, and the distance between Mn4 and O5 is
increased (Figure 1). That is, it is assumed that in step
S2, it becomes possible for the OEC to interconvert
between low-spin and high-spin states, accompanied
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by changes from the opened conformation into
the closed one (96). On the contrary, the backrest
becomes to be open in the high-spin form of Mn,CaO,
cofactor (Figure 3).

Based on the direct electrometrical results
derived from proteoliposomes containing PSIl core
complexes, S1—-S2 transition was estimated to be
less than 3.5% of Y,*PQ, formation and ascribed to
the electron transport from the Mn,CaO, to Yz (239-
240).

5.1.3. S2—83 transition

The next oxidation event results in the loss of
one proton and one electron from the OEC to form S3,
in which all four Mn ions are in the +4 oxidation state
(242). During the S2— S3 transition, the oxidation
state of Mn4 is advanced from +3 to +4. As it was
suggested, a high-spin S2 intermediate (with closed
cubane) is active in the subsequent transition and in
the S3 state, the system has spin S=3 (244). Because
the S1-to-S2 transition does not involve proton release,
the abstraction of a single electron by Y,-O* along with
the proton release pattern implies that in the S2 and S3
states, the Mn,CaO, cluster accumulates an excess
positive charge. This excess positive charge might
play a key role in the mechanism of proton-coupled
electron transfer at the S2 and S3 states.

Unlike S0—S1, for the S2—S3 transition,
the TRIR and photothermal beam deflection results
suggest that proton transfer precedes electron transfer
(116-117) (Figure 3). While the electron transfer
during the S2—S3 transition proceeds with a rate
constant of ~300 ps (238), the rapid proton release
before electron transfer was proposed recently
in the ~30 ps component by photothermal beam
deflection (116). Similarly, by using the TRIR, the two
processes with fast (t ~70 ps) and slow (t ~350-460
ps) time constants were shown. The 70 ys phase was
interpreted as reflecting the rearrangement of protons
in the hydrogen bonds in proteins or proton release
to the bulk, whereas this slow phase at 300-500 us
was consistent with the rate of electron transfer during
this transition (117). The ~30-pys component has a high
value of the activation energy (Ea ~ 48 kd/mol) and a
large H/D kinetic isotope effect (5.6), that is significantly
larger that of the ~300 ys component (1.7) (116).

The S3 state has recently been characterized
by multidimensional EPR spectroscopy measurements
with each Mn center having octahedral coordination
sphere, implying that an additional ligand is
incorporated during the S2—S3 transition to convert
five-coordinate Mn(lll) to six-coordinate Mn(lV) (244).
During conversion of the cubane of Mn,CaO, cluster
from the “open” to the “closed” state the O5 atom
becomes to be bound to the Mn1 (96). Therefore, it is
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suggested that during the formation of the S3 state the
previously vacant coordination site on Mn4 to be filled
with a new molecule of substrate water that binds as a
hydroxide ligand (Figure 1). As a result, at the S3 state,
all Mn ions within the OEC have tetragonal symmetry.

Site-directed mutations of residues in the
proposed proton-conducting path starting from D61
and passing through the chlorine ion (protonic “CI-
channel”; Figures 1, 3), do notinhibit (or not so effective)
the S2—83 ftransition, while the next transition is
suppressed strongly (114). It is assumed that at this
stage the output of the proton is carried out by a
special mechanism in two stages using different proton
path from what is used in the subsequent transition.
This proton path (protonic “Ca?* channel”, Figure 1,
3) is believed to begin from the water molecules W4
associated with the Ca ion, and it passes by Yz to the
surface of the protein into the lumen (98). It is possible
that the redox state (the positive charge in the OEC)
controls the exit of a proton through the channel.
According to the proposed mechanism, the first stage
(~30 ps) is the output of a proton from HisH*-O*-Yz
pairs into the lumen, caused by electrostatic repulsion
with the positive charge in the OEC. During the second
stage (~300 us), reprotonation of Yz* from the OEC
simultaneously with the transfer of an electron from
the OEC and reduction of Yz-O* into the Yz-OH occur
(116-117). Of interest, it is assumed for cytochrome
oxidase that during its catalytic cycle, the change
in the redox state of the BNC (or its spin state) can
control opening/closing of proton-conducting path (the
K-channel) in a similar way.

Noticeably, in proteoliposomes with the PSII
core particles, electrogenic reaction during the S2—S3
transition of the OEC (~6.5.% of Y,*PQ, formation) is
related to proton transfer from unknown amino acid in
the vicinity of Mn cluster into the lumen (239-240, 245).

5.1.4. S3—S4—-S0 transitions

Oxidation of Y, following the next charge
separation causes release of a proton from S3 to form
a modified S3’ state (116), which then forms the S4
state by the 4-th electron transfer from the OEC to the
Yz-O* (242). S4 spontaneously produces O,, binds
substrate water molecule, and releases another proton
to form SO, thus resetting the catalytic cycle (Figure
3). The S4 state decays faster than it is formed and,
therefore, cannot be observed as a kinetic intermediate
and its structure is poorly understood. The electron
transfer from the Mn,CaO, cluster to the Yz-O* through
the S4—S0 transition occurs with t ~ 1-2 ms and is
generally agreed to be the rate-limiting step of the
OEC turnover (102).

The presence of a distinct intermediate, S3'
(distinguished from the S4 state having an oxidized

© 1996-2017



Photosystem Il and terminal respiratory oxidases

catalytic center), and a “lag phase” (S3—S3’, ~200 ps)
before the electron transfer from the Mn,CaO, cluster
to Yz-O* was proposed from time-resolved UV and
X-ray absorption measurements (238, 246). The S3’
state of the OEC is uncharged as compared to the S3
state, which, like the S2 state, has an additional positive
charge. In other words, in the S3-to-S0 transition the
first proton is released into the lumen before the set
of the events, including: the electron transfer from the
OEC, formation of the O-O bond, inclusion of a new
water molecule into the position of O5 and release of
the second proton from the OEC. In a recent paper,
using the method of photothermal beam deflection, in
addition to the 200-us phase of the proton transfer, in
the S3—S3’ transition, an additional phase of proton
displacement in PSII with a rate constant of 25 ps was
discovered (247). The TRIR measurements confirm
these results and indicate that during the “lag phase”
before electron transfer the release of a proton from
the substrate water to the lumen most provably occurs
(117).

While the proton transfer reactions through
the S3—S83' transition slow down considerably in D,O
buffer, at lower temperatures (247), the measured
value for the electron transfer step during this transition
demonstrates moderate activation energy (Ea ~ 18 kJ/
mol) and small KIE (1.3) (116), which is in accord with
the assumption that the S3’-to-SO0 transition includes
several events in the catalytic cycle and is rate-
limited by another event than in the S2—83 transition.
Besides, as opposed to the S2—S3 transition, the
proton removal step(s) in the S3—S0 transition
likely exploit another proton path to the lumen, which
involves D1-D61 and the channel passing through the
chlorine ion (Figure 3).

In the transition from the S3 state to the SO
state, the Mn,CaQ, cluster is returned from the high-
spin state to the low-spin state, while the form of cubane
is changing from closed to open. It is interesting to
note that the change in the spin state of the Mn,CaQO,
cluster correlates with the change in the charge and
the mechanism of sequencing (articulation) of the
events of proton and electron transfer, components
of the individual one-electron transitions (Figure 3). If
during the S0—S1—-82 the electron transfer preceded
the proton transfer (or occurred simultaneously),
then the course of events S2—S3—S0 opposite
the exit of the proton was preceded by the stage of
the electron transfer (96). The early deprotonation
process observed during the S3—S0 transition, and
the S2—S3 transition, is a crucial step for lowering
the redox potential of the Mn,CaO, cluster, which
possesses an excess positive charge in the S2 and S3
states, to facilitate its oxidation (117).

Unlike the S2—-S3 transition, the total
S3—S80 transition is slowing down by the mutations

1397

in the so-called protonic “Cl- channel” (96). However,
because the total transition S3—S0 is accompanied
with release of the two protons, it is possible that the
slowdown is due to the effect on the output of one of
the protons, whereas the second proton is transferred
via a different mechanism, which it is assumed in
the S2—8S3 transition (by using of a protonic “Ca?*
channel”). The roles of the two proton pathways in the
release of protons into the lumen during the catalytic
cycle of PSII, the mechanism of their switching in
connection with a change in spin and redox state of
the OEC is reminiscent of the articulation of the input
proton channels in cytochrome oxidase (Figures 3, 4),
but remains very interesting, intriguing and mysterious
to the end.

Using direct electrometrical technique in the
PSII core particles, the proton release upon the third
photon-induced final oxygen evolving S4—S0 step
revealed relative electrogenic component of ~5% of
Y, *PQ, formation (pH 6.5) (239-240).

The mechanism of O-O bond formation. The
Mn oxidation states in S3 are (IV,IV,IV,IV). The S4 state
is one electron more oxidized and it is equipped to pull
four electrons to synthesize the molecule of oxygen.
Since the S4 state decays faster than it is formed, no
direct experimental evidence for the nature of O-O
bond formation in S4 has been produced. However,
insights from inorganic and computational chemistry
have produced two competing mechanisms: water-
nucleophile attack and oxo-oxyl radical coupling.
(242), depending on where the fourth oxidizing
equivalent is localized: on the manganese atom (MnV
—oxo species) or on the oxygen ligand (MnIV—oxyl
radical). The first mechanism would involve a terminal
water-nucleophile attack to a formally Mn(V)-oxo
electrophile. Under this mechanism it is assumed that
the 4th oxidation equivalent is located on the Mn4 atom,
which then must be oxidized to the +5 oxidation state
in the S4 state, and the role of the water-nucleophile
could be performed by the molecule W3, the ligand of
Ca ion. A water-nucleophile attack mechanism is most
consistent with synthetic water oxidation catalysts
(220, 242).

Recently, a lot of data were obtained in
favor of another mechanism, the oxo—oxyl radical
coupling mechanism, which involves the placement
of the fourth oxidizing equivalent in the form of a
terminal oxyl radical (Mn(IV)-O*) of the Mn4 (or Mn1)
ions (an oxidized form of a substrate water molecule,
deprotonated and ligated to Mn) (96, 219, 244). The
oxyl radical is produced from one of the substrate
waters, which binds presumably to the Mn4 during the
8§2—383 transition. In this mechanism, O, is produced
in the reaction between a Mn(lV)-oxyl radical and a
Mn-bridging oxo atom. The source of the second
oxygen atom is the O5 atom, another Mn-bridging oxo
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atom, which becomes to be bound to the Mn1 in the S3
state during the transition of the cubane of Mn,CaO,
cluster from the open to the closed state (96). It is
interesting to note that the switch of the protonic
channels from the “Ca?* channel” to the “CI- channel”
for proton transfer(s) during the S3—S0 transition may
somehow be related to the change of the spin state of
the OEC in the S2 state, and to the incorporation of
the substrate water molecule into the Mn,CaO, cluster
during the S2—S83 transition (Figure 3). The expected
way to deliver this molecule of substrate water to the
Mn,CaO, cluster may partially or completely overlap
with protonic “CI- channel” (96), which leads through
the D61 residue to the water ligands (W1 and W2) of
Mn4.

5.2. Catalytic cycle of terminal oxidases. Proton
and electron transfer steps coupled to single-
electron transitions

This section discusses the data obtained
basically in measurements of single-electron injection
into the separate states of the catalytic cycle of the
heme-copper oxidases and the single-turnover
data obtained by flow-flash method with bd-type
cytochromes. The results of the measurements on
heme-copper oxidases obtained by the use of flow-
flash method bring to a close (or complementary)
conclusions (for review see, for example (7)). For
more analogy with the corresponding transitions in
PSII caused by the injection of a quantum of light, a
nomenclature, similar to that for S states in the PSII
catalytic cycle, is used. The greatest attention is paid to
the results obtained by the time-resolved electrometric
method (or capacitive potentiometry) (27-28, 233-237,
248-250) .

5.2.1. Heme-copper oxidases

5.2.1.1. C0—C4 transition (R—A and A—P,,
transitions)

If the BNC of the heme-copper oxidase is
reduced by two electrons, dioxygen can bind to the
BNC and react. The corresponding state of the BNC,
the R state (CO, Figure 4), is characterized by the
ferro-cuprous (Fe**Cu') state of the heme a, and Cu,
redox centres. The CO—C4 transition includes formally
two main subsequent events which can be resolved
kinetically. The first one is binding of dioxygen to heme
a, in the BNC (R—A transition). If the concentration
of O, is 1 mM, the first spectroscopically detectable
intermediate, the A state (251-252), is formed within
10 ps (222). The resonance Raman Fe-O, stretch
spectrum of the A intermediate is similar to that found
in oxyhemoglobin and oxymyoglobin (253-254). It is
believed that the A intermediate to a great extent is a
form in which the iron atom is oxidized, and oxygen is
a superoxide anion, Fe*-O, (255).
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The generation of the A compound is followed
by the second event that consists of the simultaneous
transfer of electrons and a proton to dioxygen and the
O-O bond cleavage (A—P,, transition). Three out of
four electrons required for dioxygen reduction at this
stage are taken from the BNC, whereas the fourth
electron and a proton are provided by the tyrosine
Y288 (213) which is cross-linked to the histidine ligand
of Cuy. Since both an electron and a proton move in the
same direction and distance, the A—P,, transition does
not generate a transmembrane voltage and virtually no
phase of potential generation during R—A—P,, steps
has been obtained using the electrometric technique
(224).

Based on the X-ray structural analysis of the
mitochondrial cytochrome c oxidase in the complex
with cyanide, it is suggested that dioxygen binding
to Cu, on the way to heme a, induces translational
movement of the heme a, plane to form a hydrogen-
bond connection with Y288-OH via a water molecule,
Water 510 (255) (Figure 2). This water is not the
product of the enzymatic reaction, but a cofactor stored
in a water storage site near the O,-reduction site. Due
to migration of Water 510 to the BNC, the negatively
charged Fe*-0, induces change of coordination
in the BNC, to form three possible electron-transfer
pathways, each transferring one electron equivalent,
for the nonsequential synchronous reduction of the
bound O, (255).

In the P,, (C4) intermediate, the redox centers
of the BNC are characterized by the following redox
state: Fe** = 0% Cu,>- OH Y-O% i.e., the catalytic
center is in the most oxidized state (4 oxidizing
equivalents higher than in the R(C0) intermediate), and
the oxygen atoms are reduced to the water redox state.
Due to the fact that the disruption of the O-O bond and
reduction of the oxygen atoms occur in a single step,
reactive intermediate forms of dioxygen reduction are
not produced and released. The rate-limiting step
through the O-O bond scission is suggested to be the
formation of the hydroperoxy intermediate initiated by
the simultaneous transfer of a proton (from Y288) and
an electron (from Y288 or Cuy,) to the distal oxygen
atom of the A compound (208, 256). The small value of
KIE (~1.5) for the A—P,, transition is in accord with this
rate-limiting internal proton transfer (257).

5.2.1.2. C4—-C3 transition (P,—F transition)

C4—C3 transiton (P,—F transition)
corresponds to one-electron reduction of the P,, state
(Figure 4). It can be observed during the single-electron
injection into the cytochrome c¢ oxidase converted
initially into the P,, state by the special pre-treatment
with the use of CO (28, 234). In the P,,—F transition,
the electron acceptor in the BNC is a radical of the
redox-active tyrosine, Y-O* (with E_ ~ 0.82 V (208)).
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The transition to the F state results in the change of
the a-band spectrum of the ferryl compound of heme
a, (a shift of the peak from 607 to 580 nm), that can
be explained by the proton transfer from the N-phase
to the vicinity of heme a,, most likely to the Cu, bound
hydroxyl (258-260).

In the F intermediate formed, the BNC is
in a state of Fe* = O* Cu,>*-H,0 Y-O . However,
according to recent results of computer simulation,
the electron acceptor in this transition may be Cu,,
thus the tyrosine is stored in the form of a radical in
this and the subsequent stages of the catalytic cycle,
and the structure of the F intermediate would be then
as Fe* = O* Cu,'-H,0 Y-O* (215). The general role
of the tyrosine radical during the catalytic cycles of
cytochrome c oxidase and PSlI has to be noted. Hence,
the tyrosine has a functional importance beyond the P,
state providing leveling of a high redox potential of the
intermediates through the catalytic cycle that began
to emerge in details in recent years for cytochrome ¢
oxidase (215, 261).

By direct measurements of pH and by the
electrometric measurements, it was shown that the
formation of the F state is linked to proton pumping
across the membrane (28, 225, 234, 262-264)
(Figure 4). It is associated with uptake of two protons
from the inside solution of the COX incorporated
proteoliposomes and release of one proton to the
outer bulk phase. The value of driving force for this
transition of ~0.52 eV is well enough to transfer two
charges across the membrane against the membrane
electric potential of ~0.2 eV.

The kinetics of voltage generation across the
membrane consists of several kinetic phases. The first
electrogenic phase of the mitochondrial enzyme with
the rate constant of ~ 40-50 us and relative amplitude
of about 20% reflects the electrogenic transfer of an
electron from Cu, to heme a, which is reoxidized by
the BNC in the subsequent phases. The role of heme a
can be compared with the function of Yz in PSII, which
receives electrons from the OEC and transfers them to
P680*. The subsequent voltage generation during the
P,—F transition is formed by two components of the
proton movement with time-constants of approximately
0.3 ms and 1.3 ms (with a ratio of about 1:2.4) coupled to
the electron transfer from heme a to the BNC (28, 234).
The electron transfer between the hemes itself does
not contribute to the membrane potential generation,
since it is directed in parallel to the membrane surface.
The pattern of the electrogenic components is similar
to the subsequent transition; therefore, the features of
the generation component of the membrane potential
will be discussed in the next section.

As for PSII, in case of the terminal oxidases
striking examples of the influence of the electrostatic
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chargein the catalytic centre on the rate measured and
the mechanism of the coupled transfer of electrons
and protons can be noted. As described above, in the
S2 and S3 states obtained, the OEC has an additional
positive charge, whereby PSII uses a different (two-
step) mechanism of proton release, consisting of
the fast (~30 ps) phase of the proton transfer from
the His190-Yz* pair (or their surroundings) through
the protonic “Ca?* channel” into the lumen followed
by the slow (~ 300 ys) phase of electron and proton
transfer from the OEC to the His190-Yz* pair (116). In
the terminal oxidases, a similar situation is observed
in the case of rapid reaction of the fully reduced
enzyme with dioxygen in a single-turnover regime.
Instead of P,,, P intermediate is observed with an
additional negative charge in the BNC as a result of
the electron transfer from heme a to the tyrosil radical
during the A—P_ transition (7). The rate of the P,.—F
transition is significantly faster as compared to the
P,—F transition (~80 us phase in the mitochondrial
enzyme (224)) and is a single-step reaction (instead
of the two-step reaction for the P,—F transition).
While the P, —F transition is induced and limited by
the proton-coupled electron reduction of the BNC
from heme a (208, 265), the P,—F transition is rate-
limited by the pure internal proton transfer step,
presumably by the deprotonation of the conserved
glutamate residue (E286) at the top of the D-channel
(266-268).

In addition, as an example of the influence
of an additional positive charge at the BNC on the
measured rate and the sequence of the transfer of
protons and electrons into the BNC is the injection of
an electron into the C2 state (the O, state, see further)
of the ba, oxidase from T. thermophilus. In this case,
the electron transfer into the BNC occurs at a rate of
20 ps, that is about 10-times faster and is due to the
presence of an additional proton in close proximity to
the BNC (269).

5.2.1.3. C3—C2 transition (F—O,, transition)

The BNC of cytochrome c oxidase can be
fully converted into the F state (C3) by the peroxide
pre-treatment (270). If bovine COX poised at the
ferryl-oxo F state, the photoinjection of a single
electron from RuBpy gives rise to 3 major electrogenic
phases (‘rapid”, “middle” and “slow”) coupled to the
conversion of the enzyme to the oxidized O,, (C2) form
(248, 271) (Figure 4). As with the P,,—F transition, the
“rapid” electrogenic phase in the F—O,, transition of
the mitochondrial enzyme (t, ~ 40-50 us, 20% of the
total amplitude) reflects the electron transfer from Cu,
to heme a due to pure tunneling. It shows a very weak
temperature dependence (E_~ 3.6 kcal/mol) (19), does
not depend on pH, is not affected by the H,O/D,0O-
replacement that most probably points out that neither
bond making nor bond breaking occurs. Meanwhile,
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there are data obtained in the parallel time-resolved
pH measurements that indicate the interaction of
protons with surface groups (the binding of protons
in response to the reduction of Cu, and the removal
of protons parallel to the electron transfer to heme a,
respectively) (272).

The following “intermediate” (1, ~ 1.2 ms,
ra. ~ 20%) and “slow” (1, ~ 4.5 ms, ra. ~ 60%)
electrogenic components demonstrate the high
values of the energy activation (~ 17 and ~ 19 kcal/
mol, correspondingly (19)), that should be attributed
to structural changes in the proteins, which are
accompanying and controlling the intraprotein proton
translocation (249, 273). These electrogenic steps are
sensitive to the inhibitors of the BNC and originate in
the vectorial proton transfer coupled to reoxidation
of heme a by the ferryl-oxo complex of heme a,. In
agreement with this, they demonstrate significant
H,O/D,0 kinetic solvent isotope effect: KIE~1.5-1.7
for the “intermediate” and KIE ~2.1-3.5 for the “slow”
electrogenic phase, somewhat varied depending on
the mitochondrial or prokaryotic enzyme (19, 27).
The electron acceptor during the F—O,, transition is
a ferryl state of heme a, (with E_~0.76 V (208)). As
a result of the electron transfer to heme a,, the C2
intermediate is formed, in which Fe?*" is associated
with the hydroxyl: Fe*-OH-.

The very similar magnitude ratio of the
“apparent” amplitudes of two main protonic phases
(“intermediate” and “slow”) is observed for both F—>O
and P, —F transitions. The ratio can be approximated
as ~1:3 and ~1:2.4 correspondingly (27). But if the two
protonic phases occur in series, rather than in parallel
(which is likely to be the case), the true magnitude
values need to be recalculated, according to refs.
(28, 274). The recalculated amplitudes of the two
consecutive protonic phases are similar in magnitudes
(AJA, ~ 1:1.25) for both of the single-electron steps
P,—F and F—0 in the mitochondrial oxidase.

The contribution of the electron transfer to
heme a is in close agreement with the value obtained
for the electrogenic distance of the Fe ion of heme
a from the P-side of the membrane by theoretical
calculations (around 40% in (275)) and slightly more
than it can be assumed from the geometrical position
of heme a (around 33% in (126, 276)). Each of the
two protonic electrogenic phases (“intermediate” and
“slow”) similar in amplitude and resolved during the
F—O transition corresponds to the H* transfer across
~ 0.7-0.9 of the dielectric thickness (19). Uptake of
the substrate proton from the N-phase into the BNC
accounts for the transfer across about 0.6-0.7 fraction
of the membrane, while the resting charge transfer is
due to proton pumping. In accord with this, it has been
found that the total voltage generated during the F—0O
transition in the uncoupled N139D mutant, where the
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pumping of a proton across the membrane is absent,
corresponds to about half of that observed with the
wild type oxidase (27).

The fact that both protonic phases coupled
to the transfer of the electron into the P,, state are
3-4-fold faster than observed for the transfer of the
electron into the F state (234) can be reasonably
explained by the higher midpoint redox potential
of the electron acceptor, the tyrosine radical in the
P,—F transition, as compared to the oxoferryl heme
a, (the F—O transition) (208). Accordingly, the value
of driving force for the F—O transition of ~0.46 eV is
slightly less than for the P,,—F transition but sufficient
to transfer two charges across the membrane against
the membrane electric potential of ~0.2 eV. The overall
number of charges translocated across the membrane
during the P,,—F and F—O single-electron steps is
shown to be equal (19). The total amplitude of the
proton electrogenic phases includes the translocation
of the substrate proton into the BNC from the internal
aqueous phase and pumping of one proton across the
membrane (249).

Based on the comparative study of the
H/D kinetic isotope effects (KIE) of the wild type
enzyme and the N139D mutant, the “intermediate”
electrogenic phase in the wild type oxidase was
assigned to the translocation of the pumped proton
to the proton-loading site (PLS) located above the
hemes. Accordingly, the “slow“ protonic phase was
attributed to the transfer of the proton required for
oxygen chemistry from the inner water phase to the
BNC (27) and to the extrusion of the pumped H* from
the PLS to the outside. In accord with this, the “slow”
electrogenic phase is decelerated 6-7-fold by zinc ions
added from the outside of proteoliposomes that shows
that the addition of zinc ions may inhibit release of the
protons due to competition of zinc ions and protons
for a binding site on the external surfaces of the H*
transfer pathways (277).

For the prokaryotic aa, oxidases from R.
sphaeroides and P. denitrificans, the corresponding
charge transfer steps coupled to the C4—C3 (F—>0)
transition are characterized by the 3-4 fold faster rate
constants (ca. 15 us, 0.4 ms and 1.5 ms (30, 145))
and have a very similar relative contribution, except
of the noticeably higher relative amplitude of the
“rapid” electrogenic phase. This is due to the “rapid”
electrogenic component in the bacterial COX that
may include an internal proton transfer step (with t ~
40 ps) in addition to pure vectorial electron transfer
from Cu, to heme a (with t ~ 10 pus) (236). Among
other possibilities (236), the phase with t ~ 40 ps
might be explained by a shift of a proton in the output
pathway near the Mg?*-binding site, which may be
triggered by the electron transfer through Cu, to
heme a (278).
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The electrogenic uptake of both pumped
and chemical protons coupled to the F—O transition
occurs via the protonic D-channel, while blocking the
K-channel does not affect the electrogenic response
any significantly (27, 145). It is suggested that the
D-channel provides all four pumped protons during the
catalytic cycle of the prokaryotic oxidases. The direct
internal donor of proton to the BNC (and possibly the
PLS) in the D-channel of the prokaryotic oxidases is
assumed to be the E286 residue, which is situated at
the intramembrane end of the D-channel at ca. 15%
of the membrane dielectric thickness from the BNC
(236). If the D-channel is blocked at the entrance, in
addition to E286, other residue (Y33 in the aa, oxidase
from P. denitrificans) can be deprotonatable, which is
located in the middle part of the D-channel (263).

The K-channel was concluded to conduct
only the substrate protons during the stages of
reductive phase of the catalytic cycle (C2—C1 and/
or C1—5C0), since mutating the K-channel residues
does not affect significantly the oxidative phase
(C4—C3 and C3—C2) and blocks the reductive halve
of the catalytic cycle (27, 145, 279-282) (Figure 4). As
found recently by X-ray structure analysis, the strong
hydrogen bonding between the hydroxyl of Y288
and the hydroxyethyl farnesyl side chain of heme
a, may function as a closed gate of the K pathway
(130). This bond is present in the oxidized form of
COX, prohibiting proton transport via that path to the
active site (278), while it is absent in the reduced COX
structure in parallel with the appearance of resolved
water molecules leading from the top of the K pathway
into the BNC (130).

For the mitochondrial enzyme there are a
number of indications on the possible involvement of
the H-channel in conducting the pumped protons. This
channel passes close to heme a and, as suggested,
can be controlled by changing its redox state, whereas
the role of the D- and K-channels is only the delivery
of substrate protons (124, 153). It is interesting to
note that the indication of the possible difference in
the mechanisms of coupling of electron transport
and proton pumping between the prokaryotic and the
eukaryotic oxidases was obtained (19). While the two
protonic phases in the R. sphaeroides oxidase coupled
to the electron transfer from heme a match two phases
of heme a reoxidation by heme a,, the electrogenic
proton transfer in the F—O as well as in the P,,—F
transition in the mitochondrial COX lags behind the
electron transfer. It is tempting to propose that the
part of redox-energy derived from the electron transfer
into the BNC of the mitochondrial COX is stored in the
stretched conformation of the protein matrix (19, 249),
although the more profound study is probably required
to clarify the phenomenon and its relation to possible
differences in the use of proton-conducting H- and
D-channels.
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5.2.1.4. C2—C1 transition (O,—E,, transition)

The initial oxidized resting state of the
mitochondrial COX and the bacterial COX from P.
denitrificans (the O state) is competent neither in the
rapid electron transfer into the BNC nor in the coupled
proton pumping (234-235). The single electron injection
into the O state gives rise to a single microsecond
electrogenic phase matching the electron transfer
from Cu, to heme a and there is no electron transfer
into the BNC during the millisecond time range (234-
235, 272, 283). For the typical cytochrome c oxidases,
the C2—C1 transition (Figure 4) can be resolved only
by the single-electron injection method, since the
kinetics of oxidation of the fully (four-electron) reduced
COX in a single-turnover regime is terminated at the
fully oxidized state (C2 or O). However, for the caa,-
type cytochrome oxidase, it is possible to trace this
transition because the enzyme has an additional redox
center, cytochrome c¢ (9, 284).

In contrast to the O resting state, injection of
the electron into the just oxidized state (the so-called
high-energy C2 state (O,)) of the aa, cytochrome
oxidase from P. denitrificans, which is generated upon
oxidation of the fully reduced COX by O,, results in the
rapid electron transfer into the BNC, to Cu,. Besides,
the electron injection into the O, intermediate of the
COX from P. denitrificans is coupled to pumping of a
proton (29, 281). The measurements on the ba,- and
caa,type cytochrome oxidases from T. themrophilus
confirmed the properties of the O, intermediate (9,
269, 284).

The four electrogenic phases have been
resolved during the O, —E, transition (29, 205). The
first resolved phase (t ~ 10 us) has been assigned
to the electron transfer from Cu, to heme a. The rate
constants of the second (~0.2 ms) and the third (~0.8
ms) electrogenic components (29) resemble those of
the “intermediate” and “slow” phases, associated with
the F—O transition of the COXs from P. denitrificans
and R. sphaeroides (27, 30). The net amplitude of the
protonic electrogenic steps, associated with the O, —E,,
transition was close to that coupled to the P,—F
and F—O. The relative amplitudes of these phases
are in agreement with their attribution to uptake of a
pumped proton from the N-phase to the PLS and a
chemical proton to the BNC, correspondingly. The forth
electrogenic component (t ~ 2.6-5.3 ms) was attributed
to the slow release of the proton from the PLS. During the
O, —E,, transition only the pumped proton is transferred
through the D-pathway, whereas the substrate proton is
taken from the protonic K-channel (281). The K-pathway
is opened in the reductive halve of the catalytic cycle,
while it is proposed to be closed during the oxidative
half by the hydrogen bonding between the hydroxyl of
Y288 and the hydroxyethyl farnesyl side chain of heme
a,, functioning as a proton gate (130).
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In the O, state, Y288 is suggested to be in
the radical form. Cu, is reduced by the electron from
the tyrosine and the molecule of water formed in
the previous stages loses communication with Cuy,
but remains near the BNC. Cu, is weakly ligated by
the hydroxy ligand of heme a, in a strained fashion
(214-215). Such a y-hydroxo bridge between iron and
copper (261) remains the y-oxo bridge in the OEC of
PSII (see above), while the removal of water molecule
from the axis between Cu, and Fe of the BNC remains
the binding of the second substrate water molecule
into the OEC in the middle of the catalytic cycle of
PSII.

The structural rearrangement of the water
molecule is suggested to convert the O, into the
relaxed O state, in which the ferric heme iron is ligated
by a water molecule, which in turn is strongly hydrogen
bonded to the OH" ligand of Cu,, and Y288 remains
as tyrosinate (214). According to another point of view,
transition of O,, into the relaxed O state occurs due to
proton transfer to the tyrosine radical from the internal
aqueous phase coupled to the return of an electron
from Cu, and to the formation of a neutral form of
tyrosine (215). A change of the spin-state from the low-
spin to the high-spin state or vice versa is an additional
interesting similarity between COX and PSIl (261).
The ferric high-spin heme—hydroxide complex in the
oxidized state of COX is the one of very few cases
(261), which is made possible only by considerable
interaction by strong H-bonding to the aqua ligand of
Cu,, or directly with Cu, (214, 285). So, in the heme-
copper oxidases, the iron in the BNC is high-spin
through the C2—C1—CQO0 transition, while through the
C4—-C3—C2 transition the ferric superoxo complex
and the ferryl Fe(IV)=0% complexes have the low-spin
iron (Figure 4).

The value of driving force for the O—E (and
for the E—R) transition is less than ~0.1 eV that is
absolutely not enough to transfer two charges across
the membrane and is in agreement with uncoupling
of this transition with proton pumping. With the use
of quantum mechanical study it was shown that the
change in free energy during the O, ,—E_, transition
(which is the genuine C2—C1 transition in the
catalytic cycle) is much higher than it follows from the
stationary redox titrations and can provide enough
energy for the coupled pumping of protons in these
transitions (286). As suggested (214), a radical
character of the cross-linked tyrosine in the O, state
apparently provides part of the driving force required
for proton pumping upon arrival of the next electron,
which does not occur upon electron transfer to the
“relaxed” O state. On the other hand, the Cuj potential
calculated with the use of quantum mechanics was
found to be at least as high as the proton coupled
potentials of both the tyrosyl radical and the heme a,
ferryl (286). Hence, the final electron acceptor during

1402

the O,—E,, transition of the BNC is most probably to
be Cug, Y* or Y*/Cu, mixing pair.

5.2.1.5. C1—-CO0 transition (E,—R transition)

Addition of a second electron to the E state or
to the E,, state creates a two-electron reduced form of
the enzyme (CO or R) (Figure 4). Analysis of multiple
electron injection into the resting O state shows that
single-electron reduction of the E state of the enzyme is
not competent in proton pumping and is accompanied
only by uptake of a substrate proton, through the
K-channel (235). At the same time, in the time-resolved
measurement of the membrane potential, the oxidative
(C4—C3—C2) and reductive (C2—C1—-CO0) halves
of the catalytic cycle of cytochrome ¢ oxidase were
indirectly estimated to be approximately equivalent in
relative to the transmembrane potential generation,
which means that the E state is not equvivalent to the
E state (287).

The E, —R transition is the least explored with
a time resolution and consequently less understood
step of the catalytic cycle due to technical difficulties
with stabilization of the COX in this state. Assuming
that O, —E_, F-0 and P,—F (or C4—-C3—-C2—-C1)
are coupled to pumping of approximately one proton,
the resting forth pumped proton should be associated
with the E_ —R transition (C1—-C0) (287) (Figure 4). A
state of the enzyme bearing under special conditions
about one, on the average, electron equivalent was
checked by the single-electron injection technique and
the kinetics of membrane potential generation was
similar to that of the F—O transition (30). However,
in this case the electron equivalent was distributed
among heme a, heme a, and Cu, (30), whereas in the
E,, state formed by electron injection into the O,, state
the electron is located exclusively on Cu, (29, 269,
284). Further experiments are necessary to shed light
on these discrepancies.

The computer modeling suggests that the
substrate proton that was taken up through the O, —E
transition is inside the BNC and the tyrosine remains
unprotonated and is in a radical form (215). The
electron is shifted from the tyrosine anion to the heme
a, iron that corresponds to reduction of Fe(lll)-OH- to
Fe(ll)-OH,. The tyrosyl radical has a significantly larger
reduction potential than Fe (lI1)-OH-. The relatively high
reduction energy of the tyrosyl radical in the E, state,
as in the O, state, allows both reduction steps in the
reductive part of the cycle become exergonic enough
for both electrogenic chemistry and proton pumping at
a high gradient. The prerequisite for this is protonation
of the BNC on each stage during the transfer of the
substrate proton in the previous stage of the catalytic
cycle and leaving the tyrosine unprotonated (215). The
presence of an additional proton in the BNC increases
its affinity for the electron, and averages its Em value
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in the course of the cycle, despite the fact that the
equilibrium redox potential of Fe and Cu is much
lower than that of the tyrosine. The formation of the
low-energy E form from E (like the O,—0 transition)
corresponds to the proton coupled reduction of the
tyrosyl radical by returning of the electron from heme
a, and uptake of an additional proton from the N-phase
(215).

During the final step, E,—R, yielding the
R state, the tyrosyl becomes fully reduced and
protonated, to make the BNC ready for binding and
cleavage of the next oxygen molecule. Y288 is located
at the top of the K-channel, which for a long time was
suggested to supply one or two substrate protons
during the reductive phase (145). It is believed that
protonation of the tyrosine through the K-channel
does not occur due to the low value of the pK of the
tyrosine anion, resulting in a kinetic barrier for proton
transfer through the K-channel in the oxidative phase
(214). l.e., the K-channel is effectively gated by the
protonation state of Y288. Accordingly, a substrate
proton can be supplied through the K-channel only
in the transitions of the reductive phase when Cu, is
cuprous (O ,—E —R), and the pKa of Y288 is high
(214). The protonated side chain of tyrosine most likely
dissociates from the hydroxy group of the farnesyl
chain of heme a,, thereby allowing proton transfer
to the oxygenous ligands of the BNC, in accord with
the X-ray structure data (130). Another model using
molecular dynamics simulation assigns a key role to
K362 for proton gating of the K-channel through the
reductive phase of the catalytic cycle. It is based on
the increasing protonation probability of K362 with the
reduction of the BNC during the O, —E_ —R transitions
and moving of the protonated K362 upwards to bridge
the gap to Y288 via an H-bond chain (288). At the
same time, in accordance with prerequisite of the
unprotonated state of the tyrosine for the efficient
pumping through both of the O,—E,—R transitions
(215), it is suggested that all substrate protons are
transferred through the D-channel, but only one (on
the stage of reduction of the E,, state) is transferred via
the K-channel.

5.2.2. bd-type oxidases

Cytochrome bd catalyzes the four-electron
reduction of O, to 2H,0 with reducing equivalents
extracted from a quinol (5, 43, 46-48, 289). According
to the modern point of view, the catalytic cycle of
cytochrome bd comprises the following steps: A" —
A®* - ‘PP > F - 0" — A", where: A" is a species in
which heme d is reduced and O, -bound while both
hemes b are oxidized (b,**b,,.**d*-0,); A%is a three-
electron-reduced short-lived species in which heme d
is O,-bound (b,>b.,.2*d*-0,) (167, 194, 197, 204);
‘P’ is a short-lived species discovered by Belevich et
al. (194). To date it is thought to be a ferryl species with
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a Tr-cation radical on the porphyrin ring of heme d and
one electron on heme b, (b**b . *d**=0%) (290). F
is a ferryl species with no radical (b;**b, **d*=0%); O’
is one-electron-reduced species in which the electron
is probably located on heme b, (b, >*b..>*d**—OH).
A" and F are reported to be the dominant species at
steady-state (52). Under steady-state conditions, a
small amount of the O' species can also be observed
(62). The fully oxidized (O, b,*b**d*—OH) and
fully reduced (R® b, 2*b>d®) species, although
may be produced in vitro (51, 291), do not participate
in the catalytic cycle (52, 292). The F species can be
generated in vitro by addition of H,O, to the isolated
cytochrome bd (59, 172-173, 197).

5.2.2.1. Membrane potential generation by cyto-
chrome bd

It was reported that the bd-type oxidases from
E. coli generate a transmembrane voltage difference
(167-168, 194, 196-197, 203, 293-294), reaching a
value of 160-180 mV at steady-state (196, 294). At
variance with the heme-copper oxidases (9, 249, 260)
cytochromes bd function with a lower efficiency with
the H*/e ratio = 1 (203, 295-296), and without true
proton pumping (167-168, 194, 197, 203, 296-298).
The proton motive force in cytochrome bd is thought to
develop as a sum of the two major events: (i) the release
of the quinol protons into the periplasmic space during
the quinol oxidation at the quinol oxidizing site located
on the periplasmic side of the membrane (within the
Q-loop) and (ii) the vectorial movement of ‘chemical’
protons (needed to form a water molecule) via one
or two (77) proposed proton-conducting pathways
leading from the cytoplasm to the dioxygen-reducing
site located closer to the extracellular membrane
surface (77). On oxidation of one quinol molecule,
the two protons are released into the periplasmic
space, and the two electrons move through heme
b, to hemes d and b,,,. The four protons required to
reduce O, at the heme d site are likely taken up from
the cytoplasm. In view of the relative vertical distances
between the quinol binding site, heme b,., and heme d
(77), the contribution of the electron transfer from the
quinol binding site to heme d (via heme b,,) to the Ay
generation is not expected to be large.

5.2.2.2. Single-turnover electrogenic reactions of
cytochrome bd

The use of a combination of microsecond
time-resolved spectrophotometric and electrometric
techniques allowed to resolve the sequence of the
catalytic intermediates and an electrogenicity for
each transition in the reaction of the fully reduced (R®)
cytochrome bd of E. coli with O, (167-168, 194, 197,
203). The photolysis of the complex of the bd enzyme
in the R? state with CO (R3-CO) in the presence of O,
results in the immediate unresolved formation of the
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unliganded R® cytochrome bd. R® binds O, quickly
producing the A3 species. The R®*—>A? transition is
nonelectrogenic; its rate is proportional to the O,
concentration (k,, = 1.9 x 10° M'xs™" (194, 204)).
The A3 formation is followed by the electron transfer
from heme b, yielding the ‘P’ species. The A>—'P’
transition has t of 4.5 us and is not electrogenic
(194). Then ‘P’ is converted into F with © = 48 us
synchronously to the electron transfer from heme b,,.
The ‘P’—F transition is coupled to membrane potential
generation (167-168, 194, 197). This electrogenesis is
thought to be induced by the proton movement along
a proton transfer pathway. If cytochrome bd contains
a bound quinol, the reaction goes further and possibly
gives rise to the formation of the A" species. The last
transition occurs with T = 1.1 ms and is electrogenic
(167-168, 194). The electrogenesis is likely due to
the fact that the electron transfer from heme b, to
the dioxygen-reducing site occurring on that step is
accompanied by the vectorial proton movement.

The electron transfer between the two
catalytically relevant heme groups (heme b, and
heme d) of cytochrome bd-I from E. coli cannot itself
limit or control the rate constant of the time-resolved
transitions in single-turnover catalytic cycle. This is
deduced from the flash photolysis of CO from the
“mixed-valence” form of the enzyme that is a method
by which heme-to-heme electron transfer can be
measured for TRO under conditions in which this
electron transfer is not limited by the coupled proton
transfer or protein conformational changes.

In the “mixed-valence” form of cytochrome
¢ oxidase, the heme a,/Cu, binuclear site initially
is trapped in its reduced ferrous/cuprous state and
stabilized by CO binding to the heme iron whereas
the two other redox sites, heme a and Cu,, are
oxidized. Flash photolysis of CO results in ultrafast
displacement of CO from heme a, (within a fraction of
a picosecond) to bind Cu, which in turn gives rise to
the three phases of the reverse electron transport (the
so-called “electron backflow”) at neutral pH. It should
be noted that the sequence of light-induced “electron
backflow” in TRO is formally reminiscent of the light-
dependent oxidation of the OEC in PSII.

The electron re-equilibration should occur
first by the electron transfer to heme a (in two steps
with t ~1.4 ns and ~3 ps) and then from both hemes to
Cu, (~35 ps). The 3-ps phase was reported to be rate-
limited by CO dissociation from Cu, (299), whereas
the 1.4-ns and 35-ys phases are rate-limited by the
electron tunneling between heme a, and heme a and
between heme a and Cu,, respectively (135). Recently,
evidence for the existence of a fast electron backflow
component, on a submicrosecond time range, induced
by photodissociation of CO from the ferrous heme
d in one-electron-reduced state of cytochrome bd-I
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was provided (166, 180). The electron from heme
d first moves to heme b,,, and then reaches heme
b, with the rate constant of ~16 us (180). Thus, the
mechanism of nanosecond interheme electron transfer
may be universal not only in the family of heme-copper
oxidases but also in the bd-type oxidases.

6. MODELS OF PROTON-PUMPING MECHANISM
IN HEME-COPPER OXIDASES

The feature of the molecular mechanism of
the ApyH* generation by the heme-copper oxidases is
that these enzymes use both the oxidoreductive loop
principle and a proton pump mechanism. All models of
the redox-coupled proton pump suggest the presence
in the structure of the so-called “gating”, a special
mechanism that ensures the irreversibility of proton
transfer across the membrane against the membrane
potential. Parts of the proton-conducting paths that are
responsible for “gating” should be directly linked with
a redox reaction or with a concomitant change in the
conformation of the protein. The gate mechanism of
the proton-conducting path is connected with reversed
phase to the aqueous protein surfaces through the
proton-conductive “channels” which transport protons
in the passive mode. (300).

To date, a relatively large amount of
information in study of the proton pump mechanism
of the A family bacterial cytochrome oxidases was
received. According to one of the most mentioned
schemes, each of the one-electron transitions starts
from the transfer of the pumped proton from the E286
residue in the protonic D-channel into the “trap” (the
proton-loading site, PLS), which is located above the
BNC (301-304). The uptake of a proton to be pumped
into the PLS is triggered by the electron transfer from
Cu, to heme a or from heme a to the BNC. In the
latter case, it is a synchronous proton/electron transfer
event, which results in stabilization of the proton in the
PLS, being electrically neutralized by the appearance
of a negative charge in the BNC due to the electron
transfer from the low-spin heme. Subsequent uptake
of a substrate proton from the inner water phase
removes electrostatic stabilization resulting in the
expulsion of the proton from the PLS to the outside of
the membrane.

The exact localization of the proton-loading
sites is unknown. One of the likely candidates which
is now considered by most authors as a possible
PLS is the A-propionate of heme a, and/or one of the
histidine ligands of Cu, (208, 302-305). According to
the other researchers, the PLS may be localized in the
hydrophilic domain, which is located above the hemes
closer to heme a (306). The computational study
suggests that the PLS is a cluster rather than a single
residue (307) consisting of the A and D propionates of
heme a, and nearby residues (e.g. Asp 52 and Lys171
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in the bovine COX) (155). For the B family member,
the ba.-type cytochrome oxidase, theoretical analysis
suggests that the proton transfer above the BNC
involves the A-propionate of heme a, and D372, H376
and E126 residues, with the H376 residue acting as
the PLS (155)

The exact path of the pumped proton above
the E286 residue is not known. The proton pathway from
E286 towards the BNC and to the PLS is believed to be
formed by a chain of temporary water molecules (302-
303, 308). The E286 residue can presumably act as a
valve or switch that blocks proton back-flow from the
PLS which is located between E286 and the P-phase
(25). However, there are indications that neither E286
nor water chains constitutes a possible gating element,
which were obtained using a multifaceted set of
computational analysis (309). According to the recent
improved results of the computational simulation of
the E286 properties, there is remaining uncertainty
regarding the valve model (310).

According to another scheme, protonation
of the BNC occurs before protonation of the PLC
and is accompanied by creation of the transient
conformation, which stores a portion of the free
energy provided by the chemical reaction, and then
uses this energy for the proton transfer (301). It is
suggested that conformational changes, including the
PLC and the path between E286 and the PLS can
play a key role. This is indicated by several changes
in protein conformation, which are observed in the
three-dimensional structure of the reduced enzyme
compared with the oxidized one, namely, changes in
the conformation of E286, the propionate substituents
of heme a,, and the conserved residue W172. These
changes are believed to influence on the proton
transfer from E286 to the PLS (129).

A fundamentally different model of the proton
pump in the bacterial oxidases were recently proposed
based on experimental observations of tryptophan
W272* radical (W280 in COX from R. sphaeroides)
during the F—O transition (311-312). This model also
assumes that the pumped proton is transferred after the
substrate proton. The tryptophan residue W272, which
is located at a distance of 10 A from heme a, in the
direction to the P-side of the membrane, is assumed to
be a working element of the proton pump ensuring the
unidirectionality of the proton pumping. The change of
the redox state of this residue is supposed to be linked
to the uptake and release of the pumped proton. In
the first step, W272 releases a proton onto the outside
of the membrane and donates an electron to heme
a, forming a W272* radical; besides at this stage, the
proton is transferred from the N-phase into the BNC. In
the next step, the electron and proton are transferred
to the W272* radical from heme a and from the internal
aqueous phase, respectively. Given the proposed role
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of W272 and its location in the structure, this residue
might function as a PLS in the oxidative (C4—C3—C2)
phase of the catalytic cycle, while the redox-linked
activity of W272 seems less likely in the reductive
(C2—C1—C0) phase (313). If so, one could suggest
that different PLSs and proton release pathways might
be used through the catalytic cycle of cytochrome
oxidase that is similar to the above-mentioned use of
the proton release pathways at different stages of the
catalytic cycle of PSII.

The similar model has been suggested
earlier for the mitochondrial cytochrome ¢ oxidase, in
which the role of a redox-dependent pump element is
assigned to heme a. The protonic D- and K-channels of
the mitochondrial oxidase are suggested to be involved
in the transfer of substrate protons only (124), whereas
the translocation of protons to be pumped can occur by
a mechanism that is different from that in the bacterial
cytochrome oxidase. The key role in the mechanism
is assigned to the protonic H-channel, which passes
near heme a (124-125, 153). In this case, a gating
mechanism is directly linked to the redox conversion of
heme a and to the conformational changes away from
the BNC, arising from changes in the redox state of
heme a. The role of redox coupled stage of the proton
transfer, which is similar to the proton translocation
between E286 and the PLS, is assigned to the proton
translocation from the Y54 residue via a peptide bond
between Y440 and S441, during its tautomerization,
through the S205 residue to the D51 residue, near the
P-side of the protein.

In accord with this, the most noticeable
structural changes between the reduced and oxidized
forms of cytochrome oxidase can be observed in the
area of the D51 residue, as well as the structural
changes affect the area below heme a, including
changes in the S382 residue and the relative positions
of the cavities of the water molecules (300). In the
hypothetical model of proton translocation in the
mitochondrial cytochrome oxidase, during the R—A
transition, four protons are loaded from the internal
N-phase in the aqueous cavity of the H-channel.
(18, 314-315). After closing the channel, the protons
are released in each of the subsequent transitions
P—-F—-0—-E—-»R (C4-C3—C2—-C1—-C0 on the
Figure 4) that are associated with the electron transfer
via heme a to the BNC (316). Reduction of heme a
leads to exhibiting of D51 into the external aqueous
phase and to the deprotonation of D51 (124). The
reoxidation of heme a is accompanied by the return
of the original conformation of D51 and by the
reprotonation of D51, in which the proton transfer via
a peptide bond between the Y440 and S441 residues
plays a key role.

According to another point of view, only
the upper part of the H-channel is involved in the
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translocation of the pumped protons. Besides, the
proton pumping occurs by different mechanisms in
different stages of the catalytic cycle of the mitochondrial
enzyme (306). It is assumed that the transfer of two
pumped protons in the reductive (C2—C1—CO0)
part of the catalytic cycle is controlled by the redox
transformations of heme a and Cu, (306). The pumped
protons are transported through the D-channel to the
E286 residue, and then are transferred to the chain
of water molecules in the upper part of the H-channel
to the R38 residue and formyl/propionate groups of
heme a. Two other pumped protons are transferred
during the oxidative (C4—C3—C2) part of the catalytic
cycle via the D-channel by using the mechanism and
a trajectory similar to those of the A family bacterial
cytochrome oxidase (306).

A possibility that the H-channel does not
function as a path for proton pumping but serves as
the so-called dielectric “well” has to be mentioned
(300). These “wells” are different from full proton-
conducting pathways in the protein because they
have interruptions or deadlock. Their role is possibly
to modulate the redox potential of the electron
transferring redox-center located nearby. In this case,
it is assumed that the hydrophilic residues within
the H-channel contribute to movement of protons or
change their orientation in the direction to heme a.
As a result, the negative charge arising on heme a
during its reduction is partially neutralized that may
be important for the mild regulation of the cytochrome
oxidase activity (300).

7. PERSPECTIVES

Biological systems that harvest free energy
from light are of major interest for biotechnology.
They may serve as prototypes for gadgets harvesting
electric free energy directly from solar illumination.
In this respect, the pigment—protein complex of PSII
is a key component of the most successful solar
energy converting machinery on Earth. The study
of the proton pump mechanism of the heme-copper
oxidases is extremely important to clarify the features
of the device and the design of artificial membranes
and nanosystems that are able to efficiently convert
different forms of energy. The study of TRO s
extremely important and promising from a medical
point of view. In particular, a comparative study of
the heme-copper oxidases and the bd-type oxidases
may contribute to the development of new generation
antibiotics.
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