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1. ABSTRACT 
 

Cytochrome c oxidase (COX) terminates the 
respiratory chain in mitochondria and in plasmatic 
membrane of many aerobic bacteria. The enzyme reduces 
dioxygen molecule into water and the reaction is 
accompanied with generation of transmembrane difference 
of electric potentials. The energy conservation by COX is 
based on the vectorial organization of the chemical reaction 
due to substrate protons transfer from the negative phase 
into the active site to meet the electrons, coming from 
opposite side of the membrane.  In addition, a half of free 
energy of redox-chemistry reaction is conserved through 
transmembrane proton pumping. Each of the reaction steps 
in the catalytic cycle of COX involves a sequence of 
coupled electron and proton transfer reaction. The time-
resolved study of the coupled charge translocation during 
catalytic cycle of cytochrome c oxidase is reviewed. Based 
on many fascinating parallels between the mechanisms of 
COX and pigment-protein complex of photosystem II from 
oxygenic photosynthetic organisms, the data described 
could be used in the light-driven water-splitting process.  

 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
2.1. The overall characterization of cytochrome oxidase  

Terminal oxidases constitute the last component 
of the respiratory chains in eukaryotes and aerobic 
prokaryotes (1-2). These wide-spread membrane-bound 
enzymes catalyze oxygen reduction by cytochrome c or 
ubiquinone, coupled to formation of transmembrane 
electrochemical proton gradient (protonmotive force or 
∆µH+), which is required for synthesis of ATP (3-4).  

 
The main subgroup of terminal respiratory 

oxidases is a superfamily of structurally related heme-
copper oxidases, in which the catalytic oxygen-reduction 
site is formed by the heme group and copper ion in close 
proximity (the so called binuclear centre, BNC). Members 
of the superfamily of heme-copper oxidases can be divided 
into 3 large groups denoted as A-, B- and C-type families 
differing mainly in the structure of proton channels (5).   

 
The most thoroughly explored canonical 

cytochrome c oxidases (COXs), including enzyme from 
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bovine heart mitochondria, aa3 oxidases from Paracoccus 
denitrificans and Rhodobacter sphaeroides belong to the 
A-family (4, 6-11). The mitochondrial-like cytochrome c 
oxidases contain four redox-centres. The binuclear catalytic 
site is buried within the hydrophobic core of the protein and 
comprised of two redox centres: a high-spin iron of the 
heme a3 and copper ion (CuB). Two other input centers of 
COX, CuA and low-spin heme a transfer electrons step by 
step from the natural electron donor, cytochrome c at 
positive side of the membrane to the BNC, where each 
molecule of dioxygen is reduced to the two waters.  

 
By tradition, the oxygen-binding heme is 

designated with a subscript “3”. In bacteria, heme groups 
can be presented by different heme types: a or b for the 
low-spin and a3, o3, or b3 for the high-spin heme, 
correspondingly. To a lesser extent studied ba3 cytochrome 
c oxidase from Thermus thermophilus exemplifies the B-
type family enzymes (12-14).  Some bacterial oxidases may 
have extra hemes of c-type. The most distant C-family is 
constituted by the cbb3 oxidases from various species (15-
17). Recently, a detailed comparative genomic analysis and 
structural modeling has identified 5 more additional 
families (D, E, F, G, and H), found exclusively in Archaea 
(18). 

 
During turnover of COX, the ∆µH+ is generated 

by two different ways. Firstly, in the course of dioxygen  
reduction to water, the so-called “substrate”  (or 
“chemical”) protons are taken up electrogenically from the 
inner (negative, N-side) aqueous phase to the BNC, where 
they combine with the electrons, coming from cytochrome 
c on the opposite side (positive, P-side)  of the membrane 
(19). Secondly, in addition to uptake of the substrate 
protons, a single proton is pumped electrogenically across 
the membrane for each electron transferred by cytochrome 
oxidase to dioxygen (“pumped” protons), as it was 
discovered by Wikström (20-21).   
 

4c2+ + O2 + 8H+
in →  4c3+ + 2H2O + 4H+

out 
 
Thus, the reaction is coupled to a charge 

separation corresponding to net unidirectional transfer of 8 
charges across the membrane for the each molecule of 
oxygen reduced.  The molecular mechanism of the redox-
linked electrogenic transfer of the chemical and pumped 
protons has been a basic problem in studies of the 
cytochrome oxidase mechanism for more than 30 years 
(11). 
 
2.2. Crystallographic structure  

Three-dimensional crystal structure of several 
representatives of the A-type family has been determinated 
by X-ray crystallography. These are COX from bovine 
mitochondria (22-25),  bacterial aa3-type cytochrome 
oxidases from Paracoccus denitrificans (26-28) and 
Rhodobacter sphaeroides (29-30), the quinol oxidase from 
Esherichia coli (31). Besides, the atomic structure was 
resolved for cytochrome ba3 from Thermus thermophilus 
(13, 32) and cytochrome cbb3 from Pseudomonas shutzeri 
(17). 

 

All representatives of the heme-copper terminal 
oxidases share a central largest subunit I built up of 12 
membrane-spanning helices. The COX from bovine 
mitochondria contains 13 subunits, while the bacterial 
enzymes are usually made up of no more than four 
peptides. Mitochondrial DNA encodes three largest 
subunits that form a core of enzyme. The subunit I contains 
three redox-active cofactors: a low-spin heme group a, 
high-spin heme a3 and CuB. The center-to-center distance 
between heme a and heme a3 is around 13 Å, whereas they 
are within Wan der Waals contact at the edges that provides 
a basis for rapid electron transfer (33).  A distance between 
constituents of the catalytic BNC, the Fe atom of the high-
spin heme and copper atom of CuB is about ~ 4.5-5 Å (13, 
17, 22, 26).   

 
Low-spin heme and binuclear centre are located 

at about the same depth in the membrane, of about one 
third of the membrane thickness from the P-side (22, 26). 
The hemes are oriented perpendicular to the membrane 
plane, such that its propionate moieties are pointing to the 
P-side. Two other substituents of the heme a and a3 (formyl 
group and hydroxyethylfarnesyl side chain) are pointing to 
the N-side of the membrane. The copper atom of CuB is 
retained in the protein by ligation with three histidines 
(H284, H333 and H334; amino acid numbering from 
R.sphaeroides is used). There is a crosslink between one of 
the CuB histidine ligands (His284) and a tyrosine residue 
(Y288) (23, 34-35), 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 (36-38).  

 
The low-spin heme a is an immediate electron 

donor for the heme a3/CuB site. It is re-reduced by CuA, 
redox-active center composed of two copper ions. The CuA 
is held by subunit II of COX, which has two membrane 
spanning α-helices and provides a docking surface for 
cytochrome c at the positive side of the membrane. 
Comprised from seven transmembrane helices, the third 
subunit does not hold any redox-active metal sites, but it is 
highly conserved. In absence of this subunit the catalytic 
cycle of cytochrome oxidase is 100-1000 fold less and the 
enzyme undergoes suicide inactivation (39). 

 
From the N-side of the membrane, substrate 

and pumped protons are delivered through the special 
conducting pathways to the binuclear catalytic site and 
to the P-side of the membrane, correspondingly. Crystal 
structures of COXs from different sources (13, 22, 26, 
29) reveal three “pores” (the so called “K-“, “D-“, and 
“H-channels”) situated in the subunit I. The D-pathway 
is named after a highly conserved aspartate residue 
(D132) at the entrance of the “channel” (Figure 1) (40-
42). The pathway leads through the clear chain of  ~10-
12  hydrogen-bonded water molecules (28-30) to the 
another highly conserved acidic residue (E286) located 
about 10-12 Å from the heme-copper centre and about 
24-26 Å from the D132 (29). The water molecules are 
stabilized by hydrogen bonds to a series of hydrophilic 
conserved residues: N139, N121, N207, S142, S200, 
S201, and S197 (43).  
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Figure 1. The overall structure of cytochrome c oxidase. The two subunits (I and II) of the R. sphaeroides wild type cytochrome 
c oxidase are shown in different colors. The redox-active cofactors and several conserved residues in the D and K proton 
pathways are indicated. Water molecules resolved in the D path are displayed as small pink spheres.  The structure was obtained 
from Protein Data Bank (29). The picture was prepared with the aid of Visual Molecular Dynamics software from Amersham 
Biosciences (173). 

 
The K-pathway is named after a highly conserved 

lysine residue (K362) in the middle of the pahway (Figure 
1) (41-42). Resolved in the X-ray crystal structure, this 
pathway leads from surface of the protein at the N-side to 
the Y288 residue in close proximity to the binuclear center. 
The entry point to the K pathway is formed by the E101 
residue of subunit II (44) or by the chain from four water 
molecules, stabilized by E101 without direct involvement 
of this residue in proton transfer (28). In addition to the 
lysine, this pathway includes a highly conserved threonine 
residues (T352 and T359) and a tightly bound few (two or 
three) water molecules. The chain of hydrogen bonds is 
interrupted by a gap between K362 and T359 residues, 
which could be bridged by the side chain movement of the 
lysine residue (28, 45).  

 
A third, H-channel has been defined for the 

mammalian cytochrome oxidase and has been proposed to 
be used for pumping of protons, providing a possible 
pathway from the N-side to the residue D51 located on the 
P-side of the membrane (24-25, 46).  Though the major 
structural features of H-pathway can be found in bacterial 

enzymes of A family (cytochromes aa3 from P. 
denitrificans and R. sphaeroides and cytochrome bo3 from 
E. coli) (9, 11), the crucial for the proposed mechanism, 
D51 residue is not conserved. To this time, extensive site-
directed mutations of residues in the H-pathway of bacterial 
oxidases are believed to exclude its importance in function 
of the prokaryotic enzymes (4, 6, 11, 47-48).  

 
There is no visible proton connectivity in the 

crystallographic structure of the D-channel beyond E286 
(22, 26). A proton transfer through a short series of waters 
is modeled in the nonpolar cavity between E286 and the 
active site (49-51), while the only one bound water 
molecule was defined by the Х-ray crystallography (30). 
Arrays of 3-4 mobile water molecules are suggested to 
form the proton-conductive pathway and to assist proton 
transfer from E286 either to the so-called proton-loading 
site (PLS, situated near propionates of heme a3) for 
pumping or to the BNC for water formation (49, 52).  

 
Proton-loading site (PLS) is proposed to be a 

temporally store site for the pumped proton. The precise 
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Figure 2. Scheme of the catalytic cycle of A-family cytochrome c oxidase. Transitions from R to OH form the oxidative part, 
while transitions from OH to R form the reductive part of the cycle. For the oxidative halve of the reaction, the likely structure of 
intermediates of the binuclear centre, including redox-active tyrosine residue, are shown. Protons, supplied during catalytic cycle 
by the D- and K pathways are indicated as HD

+ and HK
+, correspondingly.   

 
place of the PLS is not determined yet.  The prime 
candidates are the A-propionate of heme a3 and one of the 
histidine ligands to CuB (H334 in R.sphaeroides) (53-56). 
Release of the pumped proton out of the enzyme occurs by 
putative multiple exit pathways through the highly 
hydrophilic domain  above the heme groups and CuB (57) 
that involves several arginines, propionates of hemes, 
bound non-redox active metal centres and water molecules 
(28) .  

 
The oxygen transfer pathway is organized by the 

several hydrophobic passages from the middle of the 
membrane bilayer toward the active site (22, 29, 58-59). 
There is indications that pathway for water exiting from the 
binuclear centre lead to the vicinity of Mg2+/Mn2+ site (non-
redox active metal ion) above the heme groups, at the 
interface between subunits I and II (60), and may be 
involved in the proton exit pathway (61).  
 
2.3. Catalytic cycle  

Starting with the fully oxidized cytochrome 
oxidase, the catalytic redox cycle of the enzyme binuclear 
center can be depicted schematically as follows, where O, 
E, R, Oxy, PM and F are intermediate states of the active 
site.  

  
Formally, the catalytic cycle of cytochrome 

oxidase can be divided into the two halves: oxidative 
(R→…) and reductive (…→R) (Figure 2). During the 
reductive phase (O→E and E→R transitions), the input of 
two electrons reduces the binuclear center that enables 
binding of dioxygen to the central iron of high spin heme 
a3. Binding of O2 to heme a3 initiates formation of the 
oxycomplex, referred to as compound A (62), which is a 
mixture of  Fe2+-O2 and Fe3+-O2

- species (63). This is 
followed by splitting of the O-O bond and generation of the 
PM intermediate (usually termed “peroxy”), which 
requires transfer of the four electrons and at least one 
proton from the active site moieties to the O2. Two 
electrons are provided by heme a3 Fe2+, which is 
oxidized to a hypervalent oxoferryl heme a3 Fe4+=O2− 
(64-65).  One electron is provided by CuB

+, which is 
oxidized to CuB

2+.  The forth electron and a proton are 
believed to be provided by the tyrosine 288, which is 
covalently bonded to one of the histidine ligands (His-
284) of CuB (23, 34-35).  
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Donation of the proton and electron results in a 
neutral tyrosyl radical (Figure 2) (36-37). The tyrosine may 
not be sole redox-active amino acid residue (66-68). A 
radical form of the highly conserved tryptophan (W280), 
which forms a π-stacking interaction with His-334 ligand 
of CuB was detected that suggest the possibility of fast 
migration of the radical generated in the catalytic active site 
of COX (66, 69). After O2 reacts with the reduced form of 
binuclear center to produce the PM intermediate, single 
electron reduction by the 3rd and 4th electrons delivered one 
by one from cytochrome c generates correspondingly state 
F (referred usually as “ferryl-oxo”) and then the fully 
oxidized state O (or OH) (Figure 2). OH is the so-called 
“high-energy” oxidized state found recently during study of 
oxidation of the fully reduced COX.  

 
 If oxygen binds to heme a3 of the fully (four 

electron) reduced cytochrome oxidase, the PM state is not 
resolved. In this case, generation of compound A (62) is 
followed by the fast electron transfer from the heme a to 
BNC, which is believed to reduce rapidly the tyrosine 
radical into tyrosinate anion (70), forming PR state (Figure 
2) (71-72). The PR state has presumably the same chemical 
structure as PM but with one additional electron in BNC 
(36-37, 42, 73) and it decays spontaneously into F, 
accompanied by the proton uptake from solution. After 
formation of the F state the last electron transfer from the 
equilibrated heme a/CuA pair reduces the F state of BNC to 
complete formation of the oxidized state (OH).  

 
In absence of electron donors the just oxidized 

state (OH) relaxes into the oxidized ground state (O) that is 
different from the OH state by the electron affinity of redox-
centres (74-78). Immediate reduction of the OH state results 
in electron delivery to the optically invisible CuB center 
with formation of the one-electron reduced EH state (75-
78), whereas single-electron injection into the ground O 
state of COX is limited by the heme a reduction (79-80). 
The optical spectra of the O and OH states are very similar 
(81), which leaves the question of structural difference 
between these two states open.  

 
2.4. Approaches to study the charge transfer events in 
cytochrome oxidase with time-resolution    

The single turnover of COX occurs in the 
milliseconds time domain. Two main approaches were 
introduced to start synchronously the electron transfer 
process in the whole ensemble of protein molecules by the 
short-time laser flash. The so called “flow-flash” method is 
a combination of the conventional stopped-flow technique 
with laser-induced initiation of the reaction (82). During 
the measurements, reduced and CO-inhibited cytochrome 
oxidase is mixed in a stopped-flow apparatus with an 
oxygen-containing buffer in the dark. A strong laser pulse 
thereafter is used to dissociate CO from heme a3 allowing 
dioxygen to bind and to begin the reaction simultaneously 
in all cytochrome oxidase molecules present. In fact, this 
method allows studying the oxidation of COX by molecular 
oxygen in the single-turnover regime, though the only 
oxidative part of the catalytic cycle can be normally 
monitored with time resolution (71-72, 83).  

 

The second approach is based on injection of a 
single electron into the enzyme with help of photo-activated 
ruthenium derivatives, initially developed by Gray and 
coworkers (84-89) or by using of pulsed-radiolysis technique 
(90-91). In fact, this method allows studying separately the 
single-electron steps in the catalytic cycle of enzyme, trapped 
at different intermediate states of the catalytic cycle before 
electron injection. Nilsson adopted this methodology for use 
with cytochrome c oxidase (87), studying the rates of electron 
transfer in different states of the enzyme.  

 
After triggering of the reaction, the following 

transitions can be monitored by the UV-vis  spectroscopy (71-
72, 82-83, 87), resonance Raman (64), capacitive 
potentiometry (92-95), and so on. For studying of the 
electrogenic steps, the time-resolved electrometric method (or 
capacitive potentiometry) was developed by L.A. Drachev and 
coworkes in Belozersky Institute of the Physico-Chemical 
Biology and was applied originally for bacterial reaction 
centers and bacteriorhodopsin (92-93). The principle of this 
method is based on the recording with time-resolution of the 
voltage across a lipid-coated thin collodian film with adhered 
to the one side of the film, the reconstituted proteoliposomes. 
The amplitude of the ∆Ψ across the measuring membrane is 
increased proportionally to that of the proteoliposomal 
membrane allowing the kinetics of charge translocation to be 
followed.    

 
At the first time, the charge transfer steps during 

F→O transition of bovine heart cytochrome oxidase have been 
monitored with time-resolution by D. Zaslavsky, A.D. Kaulen 
and coworkers (94, 96). The electrometric method was applied 
(92-93), and a single-electron injection into cytochrome 
oxidase carried out with help of the lazer induced tris(2,2-
bipyridyl) ruthenium complex (Rubpy), as was described 
initially by Nilsson (87). Later, this technical approach was 
expanded to the COX trapped at the PM state (3-rd electron in 
the catalytic cycle) and fully oxidized state (79-80, 97). Apart 
from the mammalian COX, this approach was exploited for the 
mutant forms of bacterial COX from R.sphaeroides (41, 98-
100) and from P.denitrificans (80, 101-102).   

 
In the Helsinki Bioenergetics group, at the first time 

the time-resolved electrometric technique was combined with 
the “flow-flash” method by M. Verkhovsky and coworkes 
(95), and electrogenic steps coupled to oxidation of the fully 
reduced COX by oxygen in the single-turnover regime were 
studied extensively (4, 95, 103-105). The most recently, the 
Helsinki group combined the “flow-flash” method and 
photoreduction by using of Rubpy in order to investigate the 
single-electron injection into the metastable OH (just oxidized) 
state of cytochrome oxidase (74-75).  

 
3. CHARGE TRANSFER EVENTS COUPLED TO 
THE PARTIAL SINGLE-ELECTRON STEPS IN THE 
CATALYTIC CYCLE OF THE A FAMILY 
CYTOCHROME OXIDASES   

 
In this topic, it is reviewed the time-resolved 

studies of intraprotein charge translocation coupled to 
different single electron steps of the catalytic cycle. The 
main attention is focused on the electrometric data.  
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3.1. R→A transition  
If the enzyme is reduced by two electrons, the 

oxygen can bind to the binuclear centre and react. The 
initial spectroscopically detectable intermediate, A state of 
enzyme (62, 106) forms within 10 µs (with 1 mM O2) (72). 
The resonance Raman Fe-O2 stretch spectrum of the A 
intermediate is similar to that found in oxyhemoglobin and 
oxymyoglobin (107-108). This step does not generate a 
transmembrane voltage and is not associated with proton 
uptake or release. During reaction of the fully reduced 
enzyme with oxygen in the single-turnover regime, the 
kinetics of membrane potential generation of the 
incorporated into proteoliposomes aa3 oxidase starts from 
the lag-phase (103-104), which involves the electrically 
silent release of CO and binding of dioxygen with 
formation of compound A  (62, 109).  
 
3.2. A→PR transition 

If the additional (third) electron is present on 
heme a of enzyme before reaction with oxygen, generation 
of the compound A is followed by electron transfer from 
heme a to BNC, forming PR state (Figure 2) (71-72). 
Starting from  the fully reduced enzyme, this transition 
develops with a time constant of ~25-40 µs and is 
accompanied by the parallel vectorial charge movement, 
which amounts to transfer of one electrical charge across 
about 30% of the membrane dielectric (110). The charge 
translocation is suggested to be mainly due to internal 
proton transfer from the E286 residue to an unidentified 
acceptor above the heme groups (presumably to the PLS) 
(111), which may be the initial step of the proton pump 
mechanism of COX (11, 99, 111-112). Though some 
charge reorganization within the protonic K pathway 
during A→PR transition can not be excluded, which may 
probably facilitate reduction of the catalytic site (113).  

 
Besides, the breaking of the oxygen-oxygen bond 

during the PR formation requires delivery of a chemical 
proton from the closely located redox-active tyrosine 
residue (Y288) to the catalytic site (114), which may 
explain the charge translocation across up to the 10% of the 
membrane dielectric (115). 

 
3.3. A→PM transition  

This transition can be resolved, starting the 
reaction with oxygen from the two-electron reduced COX. 
Three out of four electrons required for oxygen reduction at 
this stage are taken from the BNC, whereas the fourth 
electron and a proton are provided by the cross-linked 
tyrosine (70). Since both electron and proton goes in the 
same direction and distance, the A→PM transition does not 
generate a transmembrane voltage and virtually no phase of 
potential generation during R→A→PM steps has been 
obtained using the electrometric technique (103).  
 
3.4. PR→F transition   

The PR→F transition can be monitored through 
study of the oxidation of the three or four-electron (fully) 
reduced COX by molecular oxygen in the single-turnover 
regime. The BNC possess the same amount of electrons in 
the PR and F states of enzyme. So, the PR→F transition 
includes only the proton transfer from the N-phase to the 

vicinity of heme a3, most likely to the CuB bound hydroxyl 
(114-116), which results in the change of the α-band 
spectrum of the ferryl compound of heme a3 (shift of the 
peak from 607 to 580 nm). The PR→F transition is 
accompanied by the electron re-equilibration from CuA to 
the low-spin heme a. Besides, PR→F transition is linked to 
proton pumping across the membrane (95, 103-104), the 
initial part of which is associated with A→PR transition 
(111).   

 
The corresponding phase of the membrane 

potential generation during the time-resolved reaction of 
fully-reduced bovine and bacterial aa3 cytochrome oxidases 
with molecular oxygen develops with rate constant τ ~30-
100 µs.  The amplitude of voltage formed during the 
overall A→PR→F transition (111) is about half of the total 
membrane potential generated during the oxidative part of 
the reaction (95, 103, 117). The precise number of charges 
transferred across the membrane during the reaction can be 
defined from the calibration. For this purpose, the parallel 
measurement of the electron transfer from the low-spin 
heme to CuA can be used, following CO photolysis in the 
absence of oxygen (“backflow” process) (103). Assuming 
initially that transfer of an electron from the low-spin heme 
to CuA amounts to movement of a unit charge across half of 
the membrane dielectric (118), the value of 5.5 unit charges 
translocation during A→PR→F→O transitions was 
obtained - the value predicted if all four protons pumped 
during the catalytic cycle are translocated during the 
oxidative part of the reaction (103).  

 
However, this estimation was carried out to be 

overestimated. Later, by using of the value of one third for 
the dielectric distance between low-spin heme and CuA, 
dedicated from the X-ray crystallographic structure (26, 
119) and experimental determination (74, 104, 110, 120), 
the PR→F step was assumed to be coupled to transfer 
through the membrane of about 1.3-1.6 charges and of 
about two charges during consecutive A→PR→F 
transitions (104, 111, 117). By the direct measuring of pH 
changes, it has been shown recently that PR→F transition is 
associated with uptake of two protons from the inside 
solution of the COX incorporated proteoliposomes and 
release of the one proton to the outer bulk phase (121). 

 
3.5. PM→F transition 

This transition corresponds to transfer of the 3rd 
electron in the catalytic cycle and can be observed during 
the single-electron injection into the cytochrome oxidase, 
converted initially to the PM state by the special CO 
treatment (79, 122).  As was shown, the reaction generates 
a voltage across the membrane in several kinetic phases. 
The first electrogenic phase of the mitochondrial enzyme 
with rate constant ~ 40-50 µs and relative amplitude of 
about 20%, reflects electrogenic transfer of electron from 
CuA to heme a. This component is not inhibited by cyanide, 
which binds to the oxidized heme a3 and prevents the 
electron reduction of the BNC. Following the electrogenic 
reduction of heme a, the subsequent generation of voltage 
during PM→F transition is formed by two components of 
proton movement with time-constants of approximately 0.3 
ms and 1.3 ms coupled to electron transfer from heme a to 
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the heme a3. The electron transfer between hemes does not 
contribute by itself into the membrane potential generation, 
since it is directed in parallel to the membrane surface.  

 
The two resolved KCN-sensitive protonic phases 

are characterized by the relative amplitudes with ratio of 
about 1:2.4 (122). The rates of phases associated with 
PM→F transition are slower as compared to the PR→F 
transition (~80 µs phase in mitochondrial enzyme (103)) 
that can be explained by difference in the reduced state of 
binuclear centre in PM and PR intermediates (79, 123). 
While PM state of BNC is two-electron deficient relative to 
the oxidized enzyme, the PR is a state in which the 
additional electron has been accepted by the BNC. Thus the 
PR→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 D-channel 
(124-126).  

Meanwhile, the PM→F transition is induced and 
limited by the proton-coupled electron reduction of BNC 
from heme a, the rate of which is delayed proportionally to 
the low quasi-equilibrium occupancy of the reduced BNC 
in the PM state (123, 127).  
 
3.6. F→OH transition  

The F→OH transition can be resolved both during 
single-electron injection experiments (87, 94, 128) and in 
the course of fully-reduced COX reaction with oxygen in 
the single-turnover regime (95, 103).  

 
Mitochondrial enzyme.  Before electron injection, 

the oxidized enzyme can be fully converted to the stable 
ferryl-oxo state by addition of excess hydrogen peroxide 
(94, 129). Photoinjection of a single-electron from RuBpy 
into COX from bovine heart mitochondria, poised at the 
ferryl-oxo F state converts the enzyme to the oxidized (O) 
form and gives rise to 3 major electrogenic phases (94). 
The “rapid” electrogenic phase (τ1 ~ 40-50 µs, 20% of the 
total amplitude) shows very weak temperature dependence 
(Ea~ 3.6 kcal/mol)  (130), which coincides with that of the 
rate constant of the heme a reduction by the CuA in the 
pulsed-radiolysis measurements (90, 131) and points most 
probably that neither bond making or breaking occurring 
(132). The measured rate (87, 94, 128) is in agreement with 
the electron transfer from CuA to heme a due to pure 
tunneling (133). It does not depend on pH, is not affected 
by the H2O/D2O-replacement. Thus it is most probably not 
coupled with synchronous proton movement (4, 99, 101, 
130).  
 

In contrast to the microsecond (“rapid”) 
electrogenic phase, the following “intermediate” (τ2 ~ 1.2 
ms, r.a. ~ 20%) and “slow” (τ3 ~ 4.5 ms, r.a. ~ 60%) 
components demonstrate the high values of the energy 
activation ( ~ 17 and ~ 19 kcal/mol, correspondingly 
(130)).  These electrogenic steps are sensitive to KCN and 
originate in the vectorial proton transfer coupled to 
reoxidation of heme a by the ferryl-oxo complex of heme 
a3, in agreement with significant H2O/D2O kinetic solvent 
isotope effect (99). Similar values of activation energies 
have been observed for light-driven and redox-driven 
intraprotein proton translocation (134-138). Taken alone, a 

proton transfer across the continuous network of hydrogen 
bonds has a relatively small value of activation energy, 
close to that of a diffusion-controlled reaction (~ 2–3 
kcal/mol) (139). Hence, a high value of activation energy 
should be attributed to structural changes in the proteins 
accompanying the intraprotein proton translocation (137). 

 
The “slow” electrogenic phase is decelerated 6-7-

fold by ions of zinc added from the outside of 
proteoliposomes (140). Studies on the photosynthetic 
reaction centers (141), bc1 complex (142), voltage-gated 
proton channels (136), as well as binding of Zn2+ ions at the 
matrix side of cytochrome oxidase (143-144) showed that 
zinc addition may inhibit uptake of protons from bulk 
phase due to competition of zinc ions and protons for a 
binding site on the external surfaces of the H+ transfer 
pathways. The specific effect of Zn2+ ions from the P-side 
of the membrane indicates for the “slow” electrogenic 
phase to be specifically associated with release of the 
pumped proton to the output phase.   

 
The electron transfer from CuA to heme a, being 

reflected by the rapid electrogenic component may serve as 
internal standard in order to define the number of charges 
transferred across the membrane during single-electron 
reaction (94). Based on the coincidence of the amplitude of 
the “rapid” electrogenic phase (~ 20%), the overall number 
of charges translocated across the membrane during the 
PM→F and F→O single-electron steps is shown to be equal 
(79, 116). Meanwhile, both of protonic phases coupled to 
transfer of the 3rd electron are 3-4-fold faster than observed 
for transfer of the 4th electron (79, 145). The discrepancy 
can be reasonably explained by the different redox 
chemistry at the active site, namely due to the higher 
midpoint redox potential of the electron acceptor, the 
tyrosine radical (PM→F transition) as compared to the 
oxoferryl heme a3 (F→O transition) (Figure 2) (123, 146).   

 
The very similar magnitude ratio of the two main 

protonic phases (“intermediate” and “slow”) is observed for 
both of F→O and PM→F transitions. It is approximated 
~1:3 and 1:2.4 correspondingly (79, 94). It is significant 
that the rate constants of the”intermediate” and “slow 
“electrogenic components differ by less than an order of 
magnitude. Hence, if the two protonic phases occur in 
series, rather than in parallel (which is likely to be the 
case), the true magnitude values, A2 and A3, need to be 
calculated from the observed values, A2 (obs) and A3 (obs), 
according to the equations 1 and 2 (122, 147):  

 
A2  = A2(obs) + A3(obs) × k3/k2     (eq. 1) 

 
A3 = A3(obs) × (k2-k3)/k2       (eq. 2) 

 
The recalculated values of the two electrogenic 

protonic phases have similar magnitudes (A2/A3 = 1:1.2-
1:1.3) for both of the single-electron steps PM→F and F→O 
in mitochondrial oxidase.  

 
In the “flow-flash” induced reaction of the fully 

reduced aa3 oxidases with O2 (single-turnover regime), the 
F→O transition is a final and the slowest step. It is driven 
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by an electron equivalent transfer from approximately half-
reduced low-spin heme a and CuA to the binuclear center 
and formation of the fully oxidized state of heme a3 from 
the intermediate F (71, 104, 148). During “flow-flash” 
induced electrometric measurements of the mitochondrial 
enzyme, two protonic electrogenic phases (~0.7 ms and ~4 
ms) coupled to F→O transition has been resolved (103). 
The τ values and relative amplitudes are in reasonable 
agreement with the values of 1.2 ms and 4.5 ms found in 
single electron photoreduction studies (94).  Detailed 
analysis of membrane potential generation combined with 
parallel optical measurements of the “flow-flash” reaction 
showed that both A→ PR→F and F→O generate 
approximately equal amounts of potential (4, 103, 111, 
117).  

 
Bacterial cytochrome oxidases from the A-family. 

As with mammalian enzyme, the electron injection into F 
state of the aa3 oxidases from R. sphaeroides (41, 98) or 
P.denitrificans (102) reconstituted into liposomes results in 
generation of the membrane potential, beginning with the 
microsecond KCN-insensitive part. This is followed by 
slower KCN-sensitive portion of the response comprised of 
two major phases of about equal magnitude if serial 
sequence of the phases is taken into account (73).  
 

The corresponding charge transfer steps coupled 
to F→O transition in either  R. sphaeroides COX (ca. 15 
µs,  0.4 ms and 1.5 ms (41, 98)) or P.denitrificans oxidase 
(102) during single-electron reduction measurements are 3-
4-fold faster than for the mitochondrial oxidase and have a 
very similar relative contribution, except of the noticeably 
higher relative amplitude of the “rapid” electrogenic phase. 
As shown recently (100), the ~15 µs KCN-insensitive part 
of charge translocation in bacterial COX  is not 
homogenous and may include an internal proton transfer 
step (with τ ~ 40 µs) in addition to vectorial electron 
transfer from CuA to heme a (with τ ~ 10 µs). The relative 
contribution of the ~10 µs electrogenic phase, concurring 
with the optically detected reduction of heme a by CuA  
(100, 128) is practically the same as that of the “rapid” 
electrogenic phase associated with heme a reduction in the 
mitochondrial enzyme (94) and is approximated ~20%. The 
amplitude of the phase with τ ~ 40 µs is about 2/3 of that of 
the electron transfer from CuA to heme a. The intraprotein 
localization of this minor process remains to be identified. 
Among other possibilities (100), it might be supposed a 
shift of proton in the output pathway near Mg2+-binding 
site, which may be triggered by the electron transfer 
through CuA to the heme a (149). As suggested in (149), 
changes in the redox state of CuA may affect ligation state 
of the Mg2+-binding site. Though it should be kept in mind 
that fully capable in proton pumping quinol oxidases (like 
bo-oxidase from E.coli), do not possess a CuA centre.  

 
 By applying of the site-directed mutagenesis 

technique, it was established that electrogenic uptake of 
both pumped and chemical protons coupled to single-
electron photoreduction of the ferryl-oxo state (F→O 
transition) occurs via the D-channel, while blocking the K-
channel does not affect the electrogenic response any 
significantly (41, 98-100). The D-channel provides all four 

pumped protons during catalytic cycle (Figure 2) (6, 150-
151). The most solid evidence was the findings that site-
directed replacement of the amino acid N139D in the D-
channel were reported not to pump protons but to retain full 
or even enhanced catalytic activity (152-153).  

 
The K-channel has been concluded to conduct 

only the chemical protons during reductive phase of the 
catalytic cycle, since mutating the K-channel residues 
blocks the reductive halve of the catalytic cycle and does 
not affect significantly the oxidative phase (41, 74, 113, 
150-151). As was found recently by X-ray structure 
analysis, the strong hydrogen bonding between hydroxyl of 
Y288 and the hydroxyethyl farnesyl side chain of heme a3 
may function as a closed gate of the K pathway (30). This 
bond is present in the oxidized form of COX, prohibiting 
proton transport via that path to the active site (149), 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 path into the BNC (30). 

 
Time-resolved study of single-electron induced 

F→O transition in the N139D mutant (COX with 
uncoupled phenotype) is allowed to calibrate directly the 
charge transfer coupled to the single-electron transition in 
the pumping oxidases (99). Initially, the electrogenic 
distance between CuA and heme a was estimated as 0.5 of 
membrane thickness (79, 94-95). It was based on the 
observation that the shift of apparent midpoint potential of 
cytochrome a (measured as the redox equilibrium between 
cytochrome c and heme a in CO inhibited mitochondria at 
the stationary conditions) corresponds to about half the 
value of the electric membrane potential imposed (118). 
The total amplitude of the millisecond protonic 
electrogenic phases (averaged about ~80% of the 
photoelectric response for F→O transition) was estimated 
as transfer of 2 full charges per membrane, which 
corresponds to uptake into the BNC of one proton during 
the 0.5 membrane dielectric and additional translocation of 
about 1.5 pumped protons (79, 94).  

 
Later, this value was reevaluated. It has been 

found that the total voltage, generated during F→O 
transition in the uncoupled N139D mutant corresponds to 
about half that observed with the wild type oxidase (99). As 
was shown, the ca. 30- 40% of ∆ψ generation of N139D 
mutant is coupled to heme a reduction step, and ca. 60-70% 
correspond to proton uptake from the N-phase (99). The 
contribution of the electron transfer to heme a is in close 
agreement with the value, obtained by theoretical 
calculations (around 40% in (55)) and matching the 
geometrical position of Fe ion in heme a  (around 33% in 
(26, 119). Assuming the “rapid” electrogenic phase as an 
electron transfer across ~0.3-0.4 dielectric thickness,  the 
two similar in amplitude protonic electrogenic phases 
(“intermediate” and “slow”) resolved during F→O 
transition in the wild type and bovine COXs, correspond 
for each to the H+ transfer across of about  ~ 0.7-0.9 of the 
dielectric thickness. Uptake of the substrate proton from the 
N-phase into BNC accounts for transfer across about 0.6-
0.7 fraction of membrane, while the resting charge transfer 
is due to proton pumping. Hence, induced by the single-
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electron injection, F→O transition of mammalian and 
bacterial wild type COXs is coupled to transfer of no more 
than 1 pumped proton.   

 
Comparative study of the H/D kinetic isotope 

effects (KIE) of wild type enzyme with N139D mutant 
proved to be useful solving the question to which proton, 
pumped or substrate, moves before other during F→O 
transition. High H/D kinetic isotope effect of the residual 
protonic phase in N139D matches the KIE measured for the 
“slow” electrogenic phase in the wild type COX, but it is 
significantly larger that of the “intermediate” phase (99). 
Thus the “intermediate” electrogenic phase was found to be  
missing in the uncoupled mutant. This phase in the wild 
type oxidase was assigned to translocation of the pumped 
proton to the situated above the hemes proton-loading site 
(PLS). Accordingly, the “slow“ protonic phase (τ ~ 1.5 ms 
in wild type) retained by the N139D mutant oxidase was 
attributed to transfer of the proton required for oxygen 
chemistry from the inner water phase to the binuclear 
center (99) and to the  extrusion (in case of the wild type 
enzyme) of the pumped H+ from PLS to the outside. 
Similarly, in the “flow-flash” study, the rate of the phase 
associated with proton release to the output phase was 
much more sensitive to the H/D kinetic isotope effect (154) 

 
The “intermediate” electrogenic phase is rate-

limited by the proton transfer from E286 residue to the 
PLS, since a single replacement of this residue to aspartate 
results in the specific delay of the ”intermediate” phase 
(155). The E286 is situated at the intramembrane end of the 
D-channel at of ca. 15% of the membrane dielectric 
thickness from the BNC (100). During the F→O transition, 
this glutamate residue is proposed to be a point of 
bifurcation, which serves as a donor for intraprotein proton 
delivery to either the PLS or the binuclear site (156).  The 
single replacement of the glutamate on unprotonatable 
analog (E286Q) eliminates all proton transfer steps that 
follow reduction of heme a (41).   

 
As was said above, the patterns of charge 

translocation, coupled to the PM→F and F→O transitions in 
the mitochondrial COX and F→O in the bacterial COXs of 
A-type are very similar. Meanwhile, the ratio of the 
amplitudes of two protonic electrognic phases, resolved 
during PM→F transition of the COX from R.sphaeroides 
looks different from that of F→O of the same species and 
of the PM→F and  F→O transitions of mitochondrial  COX 
(2.3:1 instead of 1:1.2) (157). Domination of the faster 
protonic electrogenic phase was observed as well during 
PM→F transition of COX from P.denitrificans (146). The 
reasonable suggestion was pointed by M.Verkhovsky 
(146), which can be used in order to explain this 
descrepancy. It is based on the possible different 
channeling of the proton-coupled electron transfer reaction 
due to difference of the driving forces. As proposed, the 
electrogenic proton transfer coupled to single-electron 
transition may occur through the two different regimes, 
which are characterized by the different (electron or proton 
transfer) rate-limiting steps. The higher midpoint potential 
of the electron acceptor (tyrosine radical in the PM→F) may 
not only speed up the reaction but also channels it through 

the way, which does not depend on the rate constant of 
proton tunneling through the proton-conducting pathway 
(146) that may eventually result in the apparent 
acceleration of the “slow” electrogenic component.  

 
The delicate but amazing difference between 

mitochondrial and bacterial aa3 cytochrome oxidases of A-
family is illustrated by the Figure 3. As shown, the two 
protonic phases in R. sphaeroides COX coupled to the 
electron transfer from heme a to heme a3 match two phases 
of heme a reoxidation measured by the time resolved 
optical spectroscopy (Figure 3B, (99-100)). In contrast to 
the bacterial enzyme, the electrogenic proton transfer in the 
F→O transition of  mitochondrial COX  (as well as PM→F 
transition (73)) lags behind the electron transfer from heme 
a to the ferryl-oxo complex of a3 (Figure 3A). The 
reoxidation of heme a occurs in kinetic conjunction with 
the “intermediate” electrogenic phase, whereas the “slow” 
electrogenic phase takes place when the electron transfer is 
essentially over. It is tempting to propose that the part of 
redox-energy derived from the electron transfer into BNC 
of the mitochondrial COX is stored in the stretched 
conformation of the protein matrix, although the more 
profound study is required probably to clarify the 
phenomenon.  

 
3.7. OH→EH and O→E transitions  
 For the typical cytochrome c oxidases, these 
transitions can be studied only by single-electron injection 
method, since the kinetics of oxidation of the fully reduced 
COX is terminated at the fully oxidized state. As was 
shown earlier, the initial resting state of the mitochondrial 
COX and bacterial COX from P.denitrificans (O state) is 
competent neither in the rapid electron transfer into 
binuclear centre nor in the coupled proton pumping. The 
single electron injection  to the O state gives rise to a single 
microsecond electrogenic phase matching electron transfer 
from CuA to heme a and there is no electron transfer into 
BNC during the millisecond time region (74, 79-80, 158). 
 
 Recently, it was discovered that injection of the 
electron into the just oxidized state (OH) of COX from P. 
denitrificans, which is generated upon oxidation of the 
fully reduced COX by O2 (74), results in the rapid electron 
transfer into the CuB. This redox centre has transiently high 
Em value in the OH intermediate and serves as a preferred 
ultimate electron acceptor for the photoinjected electron 
(75-78). Besides, the electron injection into OH 
intermediate  of the COX from P.denitrificans is coupled to 
pumping of a proton (74-75).   
 

The four electrogenic phases have been resolved 
during OH→EH transition (75, 146). The first resolved 
phase (τ ~ 10 µs) has been assigned to the electron transfer 
from CuA to heme a, whereas the following three 
electrogenic phases reflect steps of vectorial proton 
translocation (75). The net amplitude of the protonic 
electrogenic steps, associated with the OH→EH  transition 
was similar to that coupled to the PM→F and F→O (74-75). 
The rate constants of the second (~0.2 ms) and third (~0.8 
ms) electrogenic components (75) resemble that of 
“intermediate” and “slow” phases, associated with F→O 
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Figure 3. Kinetics of electrogenic proton transfer and heme a oxidation in the F→O transition in the mitochondrial (A) and 
bacterial (B)  cytochrome c oxidase. The data are given for the F→O transition induced by single electron photoreduction of 
ferryl-oxo state by RuBpy at pH 8. (A) In the mitochondrial oxidase, KCN-sensitive electrogenic proton transfer (blue curve) lags 
behind reoxidation of the photoreduced heme a measured at 445 nm in either solubilized (black curve) or liposome-reconstituted 
COX (red curve) (122, 174). (B) In the cytochrome oxidase from R. sphaeroides, KCN-sensitive electrogenic proton transfer 
matches kinetically reoxidation of  heme a (99-100). For experimental details, see refs. (99, 174). 
 
transition of the COXs from P.denitrificans and 
R.sphaeroides (99, 102). The relative amplitudes of these 
phases are in agreement with their attribution to uptake of 
pumped proton from the N-phase to the PLS and chemical 
proton to the BNC, correspondingly (55, 75). The forth 
electrogenic component (τ ~ 2.6-5.3 ms) was attributed to 
the slow release of the proton from the PLS (75). 

 
In contrast to PM→F and F→O transitions, during 

the OH→EH  transition only the pumped proton is 
transferred through the D-pathway, whereas the substrate 
proton is taken from the protonic K-channel (74). The K-
pathway is opened in the reductive halve of the catalytic 
cycle, while it is proposed to be closed during oxidative 
half by the hydrogen bonding between hydroxyl of Y288 
and the hydroxyethyl farnesyl side chain of heme a3, 
functioning as a proton gate (30).  

 
3.8. E→R transition  

Addition of a second electron to EH state creates a 
two-electron reduced form of enzyme. Starting from the 
fully reduced state of COX, the oxidative and reductive 
halves of the catalytic cycle were concluded to be 
approximately equivalent in relative to the transmembrane 
potential generation (120). Assuming that OH→EH, F→O 
and PM→F are coupled to pumping of approximately 1 
proton, the resting forth pumped proton should be 
associated with the EH→R transition (Figure 2) (4).  

 
However, EH→R transition is the least explored 

with a time resolution and consequently less understood 
step of the catalytic cycle. Being produced from the OH 
state, the EH was not studied directly by the single-electron 
reduction approach, because of difficulties with 
stabilization of the COX in this state. A state of 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 (102). 
However, in this case the electron equivalent was 
distributed among  heme a, heme a3 and CuB (102), 
whereas in the EH  state, formed by electron injection into 
the OH state the electron locates exclusively on the CuB (75, 
77-78). On the other hand, analysis of multiple electron 
injection into the O state of COX suggest  the electron 
injection into enzyme molecules with the one-electron 
reduced state of BNC is only accompanied by the 
electrogenic uptake of substrate proton through the K-
channel and is not competent in proton pumping (80). More 
experiments are necessary to shed light on these 
discrepancies.  
 
4. SEQUENCE OF THE EVENTS DURING 
TRANSFER OF THE 4th ELECTRON IN 
CATALYTIC CYCLE 

 
From the theoretical considerations, the redox-

driven pump must contain at least one site (“pumping 
element”) which should be passed from time to time 
through the contact with the inner and the outer surface of 
the protein and in so doing it should never be accessible to 
protons from both of the protein surfaces simultaneously. 
Besides, the pumping element should change its 
protonation state, depending on the redox state of the active 
site and state of the gating mechanism that needs to provide 
a directionality of the proton transfer to the outer phase and 
to inhibit a pump proton from dropping back (8, 54, 159).  
In the most current models of cytochrome oxidase, the 
pumping element is associated primarily with the PLS, 
located above heme centres (11, 54, 99, 160).  

 
There is growing evidence (see above) that each 

of the four 1-electron transfers to the active site of 
cytochrome c oxidase during the reduction of O2 to H2O 
results in the net transfer of two elementary charges across 
the membrane (74-75, 79, 94, 99, 102-103, 105, 120-121). 



Charge translocation in cytochrome oxidase 

46 

One charge is associated with the chemistry and the second 
charge due to the pumping of one proton. It is significant 
that the two-component patterns of the electrogenic events, 
reflecting vectorial proton transfer coupled to the single-
electron reduction of BNC were resolved for the F→O, 
PM→F and OH→EH transitions (74, 79, 94, 99, 102-104, 
113, 120). In addition, the two electrogenic stages, linked 
to the reaction sequence of A→PR→F were assigned 
recently to the two sequential processes of the proton 
transfer, coupled to the single-electron transfer from heme 
a to the BNC during A→PR (111). 

 
The two similar in amplitude protonic 

electrogenic phases, coupled to F→O transition (41, 73, 99, 
103-104) can be reasonable assigned to the consecutive 
proton transfer from the inner water phase to the PLS and 
BNC, contaminated with other minor electrogenic events. 
Study of the uncoupled N139D mutant shows that 
protonation of the PLS occurs through the “intermediate” 
electrogenic phase, whereas the selective deceleration by 
the Zn2+ from the output phase indicates that the “slow” 
electrogenic phase is associated with release of the 
pumped proton to the P-side of the membrane.  

 
Figure 4 shows schematically the sequence of 

the events coupled to F→O transition. During the first 
protonic electrogenic component, there should be the 
electrogenic proton transfer of the pumped proton to the 
PLS from E286 which is accompanied by immediate re-
protonation of E286 from the N-phase (steps 2 and 4, 
Figure 4). The first step of proton translocation (to the 
PLS) is followed by the second resolved electrogenic 
component, which includes ejection of the pumped 
proton from the PLS (step 7, Figure 4) and the 
electrogenic uptake from N-phase of a second proton to 
the E286 (step 6, Figure 4) or to the BNC. There is 
uncertainty on to which of electrogenic components, the 
substrate proton transfer from E286 to the BNC (step 5, 
Figure 4) should be included (73). This subject is closely 
related to the two ways of the coupling between proton 
pumping and oxygen reduction site change, which can be 
suggested.   

 
In general, the coupling may be purely 

electrostatic or it can be controlled by change of 
conformation of the protein. According to the basic 
electrostatic mechanism (11, 67, 123), reduction of the 
heme a raises pKa of PLS and induces a proton transfer 
from the inner water phase through E286 to the PLS 
(steps 2 and 4, Figure 4). A proton delivery to the PLS in 
turn triggers electron equilibration between hemes by 
raising redox-potential of the BNC and allowing electron 
transfer from heme a, which occurs with the same 
kinetics as loading of the PLS (step 3, Figure 4) (11, 75, 
123). Another modification of this mechanism predicts 
that it is a transfer of an electron from heme a to the 
binuclear centre, which is then followed by proton 
delivery to the pump site (54). As a consequence of the 
BNC reduction, a substrate proton is taken up from the 
N-side into BNC and this expels the pumped proton from 
the PLS into the P-side by electrostatic repulsion (steps 6 
and 7, Figure 4). This sequence of events was originally 

brought to explain the time-resolved OH→EH transition, 
where the first protonic electrogenic phase (~150 µs) was 
attributed to proton delivery to the PLS from the N-phase 
during D-channel concurrently with electron transfer from 
heme a to the heme a3. The second protonic electrogenic 
phase (~800 µs) was assigned to proton transfer into the 
BNC through the protonic K-channel coupled to the 
electron redistribution from heme a3 to the CuB (11, 75). 

 
This mechanism predicts for the proton transfer 

to BNC is preceded by the proton delivery to the PLS. 
Since during oxidative half of the catalytic cycle, the D-
channel provides a proton also to the BNC, it is proposed 
that initial protonation of PLS can be more favorable 
thermodynamically (67) or it can be faster than delivery 
of proton to the BNC because of the more loose structure 
of water array forming the latter pathway within a 
nonpolar cavity beyond E286 residue (49, 52, 54).  As 
captured by BNC, the electron attracts a “chemical” 
proton by the electric fields, polarizing functional water 
molecules in the direction to the BNC (123). A control of 
the back-leakage of the pumped proton from the PLS to 
E286 residue can be provided by the conformational 
change of the E286, acting as a valve in the proton-
pumping mechanism (step 1, Figure 4) (161).  

 
This model can be applied with some 

assumptions to the F→O transition in bacterial COX 
from R.sphaeroides. During F→O transition, both 
substrate and pumped protons are provided exclusively 
by the D-channel and the final electron acceptor is a 
heme a3. The protonic, KCN-sensitive part of the kinetics 
of membrane potential generation in R. sphaeroides 
COX match roughly the kinetics of heme a reoxidation 
measured spectrophotometrically and two components 
with similar relative constants and apparent amplitudes 
were resolved for both of electrometric and optical 
measurements (100). That is, the main part of the optical 
changes (~70%, (100)) occurs through the slowest phase. 
More of that, taking into consideration that the 
electrometric phases needs to be recalculated due to 
consecutive scheme, the kinetics of optical changes due 
to heme a reoxidation should be lags behind the 
recalculated voltage changes and the larger amplitude of 
the slowest phase of the optical changes may indicate the 
process of electron transfer and proton delivery to the 
BNC proceed concurrently with the “slow” electrogenic 
phase. If substrate proton is to be delivered to the BNC 
during the “slow” electrogenic phase, then the minor 
optical changes matching the “intermediate” electrogenic 
phase of aa3 oxidase from R.sphaeroides may indicate a 
shift of electron density to the BNC in response to 
protonation of the PLS. 

 
Meanwhile, the application of this mechanism to 

the mitochondrial COX meets a problem, arising from the 
mentioned above, evident retardation of the protonic 
electrogenic transfer as compared to the coupled electron 
reduction of BNC. It being shown that the reoxidation of 
heme a of the mitochondrial enzyme occurs in kinetic 
conjunction with the “intermediate” electrogenic phase, 
whereas the “slow” electrogenic phase takes place when the 
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Figure 4. Electrogenic steps coupled to transfer of the 4th electron in cytochrome oxidase. The scheme shows major partial 
electrogenic steps resolved by single-electron photoreduction experiments for the F→O transition. Although not depicted, heme 
a3 is meant to be in the ferryl-oxo state prior to the flash pulse. Major electrogenic steps are denoted by the arrows: red arrows, 
electron transfer; blue arrows, substrate and pumped protons. During the F→O step, both the pumped and chemical protons are 
delivered via the D-channel. The partial steps 2, 3 and 4 merge to form electrogenic protonic “intermediate” phase, and the steps 
6 and 7 merge in electrogenic protonic “slow” phase.  The partial step 5 is proposed to be included into the “slow” phase in the 
COX from R. sphaeroides or into the “intermediate” protonic phase in the mitochondrial enzyme. According to the structural data 
(29), two possible conformation states (E2861 and E2862) of the E286 residue are displayed. It is suggested that the isomerization 
of the E286 (step 1) proceeds the proton transfer to the PLS (step 2). Following (165), the E286 residue is proposed to be able to 
donate proton to the BNC or to the PLS in the different conformational states (E2861 and E2862, correspondingly). Noticeably, 
the another point of view suggest that the same conformational state of the E286 residue may serve as a donor of proton for both 
of BNC and PLS, while the isomerization of E286 side chain is needed to reconnect this residue to the top of D-channel for their 
reprotonation from the bulk phase (161, 172).  

 
electron transfer is essentially over.  In this case, there is 
uncertainty with an immediate donor of substrate proton 
during the “intermediate” phase (122). If E286 residue, the 
most prominent candidate, donates both pumped and 
substrate protons during “intermediate” electrogenic phase, 
it should retain the anionic form up to re-protonation during 
the “slow” phase. Though recent experiments indicates the 
transient unprotonated form of the E286 residue through 
the turnover of the mutant with blocked entrance to the D-
channel (126), the possibility of this state in the native 
enzyme is under matter of controversies due to 
energetically favorable immediate re-protonation of the 
E286 via the D-channel (162). 

 
Noticeably, if the chemical proton is delivered to 

BNC during the “intermediate” electrogenic phase, it must 
be linked to the structural change that conserves a 
substantial part of the free energy, released later during the 
“slow” electrogenic phase. This rather implies another type 
of the coupling between proton pumping and oxygen 
reduction site which is based on the conformation 
controlling (127, 160, 163-164).  

In spite of the available structures of the 
oxidized and reduced forms of COX appear to be very 
similar, several models were proposed that involve 
structural changes in COX during proton pumping. A 
mechanism, based upon structural data indicating 
conformational isomerization and deprotonation of E286 
residue linked  to perturbation in area of the heme 
propionates of COX from R.sphaeroides (29), was 
suggested by Brzezinki and Larsen (127, 160). As 
proposed, the chemical proton transfer from E286 to the 
BNC occurs first (step 5, Figure 4). The deprotonated 
E286 residue shifts upward toward a cluster of heme a 
and a3 propionate groups (step 1, Figure 4) that leads to a 
conformationally strained state with a substantial 
increased the proton affinity of PLS (f.e. by the negative 
charge of the deprotonated E286) that secondarily drive 
the pumped proton to the PLS (step 2 and 4, Figure 4) 
(127, 160, 165). After that, reprotonation of E286 from 
the inner surface allows it to relax to its original position, 
resulting in a drop of the pKa of the accepting cluster, 
and the proton is ejected to the positive surface of the 
membrane (steps 6 and 7, Figure 4).  
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Based on the molecular dynamics simulations of 
COX from R.sphaeroides, another proton pumping 
mechanism, involving structural changes at a distance from 
the active site was suggested (166). It supposes the key role 
of movement of the conserved loop of COX, bringing 
W172 residue within hydrogen-bonding distance of E286 
providing proton transfer from E286 to a heme a3 
propionate (166). The structural changes during pump cycle 
of COX, induced by the dissociation of the CuB ligands 
(H334 residue or H284-Y288 cross-linked pair) in response 
to the overall charge at the heme a3-CuB center were 
suggested in models, described in (149, 167). By way of 
example, the “intermediate” electrogenic phase of 
mammalian COX could be associated with dissociation of 
the CuB ligand linked to the reduction of BNC and with 
generation of the non-equilibrium state of the protein 
surroundings around the binuclear site, releasing the energy 
through the “slow” electrogenic phase.  

 
Finally, based on the structural analysis of the 

mitochondrial COX, the mechanism was deduced, which 
implies the role of an alternative proton-conductive H-
pathway in translocation of pumped protons from N- to the 
P-side of the membrane (163-164). It is suggested that 
heme a is a driving element of proton pump (9). The 
putative H-channel passes near the formyl group of heme a 
to the D51 residue, situated at the top of the H-pathway. As 
proposed from the X-ray data, the aspartate 51 changes its 
conformation depending on the reduction state of heme a 
providing the gate for proton translocation through the 
membrane (163-164). The application of this mechanism is 
complicated however, by the fact that no electrogenic 
uptake of proton, coupled to the heme a reduction was 
found during time-resolved single-electron injection study 
of the bovine COX so far. Besides, it is noted, the 
mitochondrial and A-family bacterial COXs mechanisms 
are suggested to be very similar, whereas this structural 
change can be strict exclusively to the mammalian enzyme, 
since the key residues of H-channel are not conserved in 
the bacterial COXs (4, 6, 11).   

 
So, despite of the similarity between different 

representatives of the A family, the unified electrogenic 
mechanism can not explain to date all set of experimental 
electrogenic results for the each one-electron transition.  

 
5. PECULIARITIES OF THE ba3 CYTOCHROME 
OXIDASE FROM THERMUS THERMOPHILUS  
 
 The ba3 cytochrome oxidase from Thermus 
thermophilus belongs to the B family of heme-copper 
oxidases and differs in several important respects from the 
A-family representatives (12-13). Although cytochrome ba3 
lacks most of the highly conserved amino acid residues that 
form input proton channels in the A-family oxidases, it 
nevertheless generates an electric transmembrane potential 
difference under steady-state conditions, and pumps 
protons with twice lower efficiency (H+/e- ~ 0.5) (115, 
168).  Of the three potential proton channels resolved in 
structure of cytochrome ba3, there is compelling evidence 
only for the K-channel homologue being involved in the 
enzyme functioning (14).  

In contrast to the O state of typical aa3 
cytochrome oxidases, the 1st electron photoinjected into the 
oxidized resting state of ba3 oxidase goes rapidly to the 
binuclear site, equilibrating between the hemes b and a3 at 
the ratio of 2.3:1 (77). Under these conditions, the KCN-
insensitive electrogenic phase of electron transfer from CuA 
to heme b (τ ~ 20 µs) is followed by partial electron 
transfer from heme b to the binuclear site coupled to 
electrogenic proton transfer with τ of ~0.25 ms (169). 
Taking to account the extent of electron redistribution 
between heme b and heme a3, the magnitude of the 0.25 ms 
electrogenic phase is about 2.2 that of the rapid KCN-
insensitive phase. Presumably, the single electron reduction 
of the oxidized (O state) ba3 is coupled to proton uptake 
from the N-phase via the K-channel associated with 
electron transfer to heme a3 (131) but not to proton 
pumping.  

 
Like non-relaxed oxidized OH state of aa3 

cytochrome oxidase from P. denitrificans, the “activated” 
oxidized state (OH) of cytochrome ba3 is fully competent in 
rapid electron transfer from the input redox-centers into the 
catalytic heme-copper site (77). However, the rate of 
electron transfer to heme a3 during OH→EH transition of 
ba3 cytochrome oxidase from T. thermophilus is as fast (τ ~ 
17 µs) as that from CuA to the low spin heme (77). This is 
in significant contrast to the OH→EH transition of the aa3-
type cytochrome oxidase, where the fastest phase is 
exclusively due to transient reduction of the low-spin heme 
a, without electron equilibration with the binuclear center 
(75). It is still unknown whether the OH→EH transition in 
the ba3 enzyme is capable of proton pumping across the 
membrane, as was found earlier for P. denitrificans aa3 
oxidase (75).  

 
Time-resolved electrometric studies on the 

oxidation of the fully-reduced COX by molecular oxygen 
in the single-turnover regime (115) shows that F→O step 
of ba3 cytochrome oxidase from T. thermophilus is likely to 
retain normal capability to the coupled transfer of 2 charges 
across the membrane, while stage of the compound F 
formation is twice less electrogenic and, hence, is likely to 
slip the proton pumping.  Besides, the F state in 
cytochrome ba3 has a spectrum identical to the PR state, 
which indicates that the proton taken up during PR→F 
transition does not reside in the binuclear site but is rather 
transferred to the covalently cross-linked tyrosine near the 
site (115).  

 
In the oxidized resting state (O), the binuclear 

centre of ba3 oxidase from T. thermophilus is closed and  
reacts very slowly with any of the heme a3 ligands tested, 
including H2O2 (169). Therefore the charge transfer events 
coupled to the 3-rd and 4-th electrons in catalytic cycle of 
this enzyme were not investigated in detailes by the single-
electron injection technique. The electron transfer reaction 
of ba3 COX, which may be in part viewed as an analog of 
the P→F transition in aa3 cytochrome oxidases, can be 
induced by single-electron injection in presence of peroxide 
(169). Photoinjection of a single electron into the oxidized 
enzyme opens the binuclear site for rapid interaction with 
exogenous H2O2 that was revealed by appearance of the 
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additional electrogenic phase, rate of which depends 
linearly on H2O2 concentration (169). As a result, the 
membrane potential generation coupled to single-electron 
photoreduction of ba3 in presence of  H2O2 includes 3 
phases with  τ1 ~ 20 µs (r.a. ~ 31%); τ2  ~ 0.42 ms (r.a. ~ 
23%) and additional 3rd phase with  τ3 ~ 11.6 ms (at 40 mM 
H2O2; r.a. ~ 46%) (169). The first rapid phase is KCN-
insensitive and is linked to reduction of the low-spin heme 
b. The 2nd and 3rd phases are fully prevented by KCN and 
are coupled to the electron transfer from heme b to the 
binuclear site, reducing the bound H2O2 molecule. 

 
The magnitude ratio of phases associated with the 

reduction and reoxidation of the low-spin heme b attains a 
value of  1:2.2 that is consistent with proposition that the 
P→F  transition is not coupled to pumping of a proton 
(115). A provisional conclusion is that in ba3 oxidase,  the 
O→E  and PR(M)→F  single-electron steps are not coupled 
to the transmembrane proton translocation,  whereas the 
F→O and probably EH→R transitions are fully capable in 
proton pumping. This is in agreement with a recent 
proposal (170), suggesting the pump site in ba3 cytochrome 
oxidase may alternate between a protonated and 
deprotonated state for every second electron transferred to 
the catalytic site. 
 
6. PERSPECTIVES 
 

There has been significant progress in 
understanding the functional properties of cytochrome 
oxidase due to the determination of their crystallographic 
structure with high resolution, functional studies using 
biophysical techniques, and theoretical calculations. 
However, a lot of questions on structure-functional 
relationships in COX remain to be answered. It is not 
known with accuracy what is a proton pump site. The 
structural features of the so-called “activated” states, OH 
and EH are still unknown.  More efforts are needed to 
explain the uncoupling effect in the mutants with lost 
proton pumping ability (171) and to resolve the molecular 
nature of gating of the proton pump mechanism, providing 
a directionality of the proton transfer and inhibiting a pump 
proton backflow due to electrochemical gradient (161, 
172). Role of the H-pathway, described in mitochondrial 
COX, is unclear in the bacterial oxidases and this is also for 
the advantage of particular using of the protonic D and K 
channels during oxidative and reductive halves of the 
catalytic cycle.  

 
Time-resolved studies of the charge transfer 

events during catalytic cycle of cytochrome oxidase 
revealed many similar things in the electrogenic 
mechanism of different heme-coper cytochrome oxidases, 
especially between eukaryotic COX and homologous 
bacterial COXs from the A-family. Meanwhile, there are 
distinctions in the electrogenic behavior, which may 
indicate the principal differences in the electrogenic 
mechanism between COXs from the different species. 
Despite of a number of models proposed, it is still not 
known in details how the rate and direction of proton 
movement is controlled and coordinated to electron transfer 
in the all different steps of catalytic cycle of COX, which is 

required to propose a unified molecular mechanism of 
coupling.  

 
 There are many parallels in mechanisms of 
cytochrome oxidase and photosystem II, molecular 
mashines, which play a key role in the pathways of 
consumption and creation of dioxygen in living systems. 
Both of enzymes are the highly efficient energy transducers 
that generate a membrane potential difference by coupling 
of the four consecutive single electron transitions of the 
catalytic site to transmembrane charge translocation. 
Among other things, the fascinating similarities between 
these enzymes include significant role of tyrosine residue in 
the catalytic cycle, described for both mechanisms, and the 
special pathways for intraprotein translocation of protons, 
dioxygen and water.  Hence, a comparative study of the 
electrogenic mechanisms in these enzymes may be 
mutually useful.   
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