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The paper presents a survey of time-resolved studies of charge translocation by cytochrome c oxidase coupled
to transfer of the 1st, 2nd 3rd and 4th electrons in the catalytic cycle. Single-electron photoreduction
experiments carried out with the A-class cytochrome c oxidases of aa3 type from mitochondria, Rhodobacter
sphaeroides and Paracoccus denitrificans as well as with the ba3-type oxidase from Thermus thermophilus
indicate that the protonmotive mechanisms, although similar, may not be identical for different partial steps
in the same enzyme species, as well as for the same single-electron transition in different oxidases. The
pattern of charge translocation coupled to transfer of a single electron in the A-class oxidases confirms major
predictions of the original model of proton pumping by cytochrome oxidase [Artzatbanov, V. Y., Konstantinov,
A. A. and Skulachev, V.P. “Involvement of Intramitochondrial Protons in Redox Reactions of Cytochrome a.”
FEBS Lett. 87: 180–185]. The intermediates and partial electrogenic steps observed in the single-electron
photoreduction experiments may be very different from those observed during oxidation of the fully reduced
oxidase by O2 in the “flow-flash” studies. This article is part of a Special Issue entitled: Respiratory Oxidases.
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1. Introduction

Cytochrome c oxidase (COX), a terminal enzyme of the respiratory
chain of mitochondria and many bacteria, is a key enzyme of aerobic
respiration (reviewed, [1–4]). The enzyme catalyzes reduction of
molecular oxygen to water and uses the free energy of the reaction to
create transmembrane difference of proton electrochemical potential,
ΔμH+, as first proposed byMitchell [5].The electron transfer sequence
in COX can be described by a simple scheme:

Cyt c→ CuA→heme a→ ½heme a3; CuB�→ O2

where heme a3 iron and an “invisible” ion of CuB located within ca 4.5 A
from each other form a dioxygen-reducing center, where heme iron
serves as an anchor for oxygen during O2 reduction to 2 H2Omolecules,
whereas CuB serves a redox-dependent gate for oxygenpassage toheme
a3 and is involved in electron transfer to oxycomplex of heme a3.

The catalytic cycle of cytochrome oxidase is depicted in a
simplified way in Fig. 1 and shows clear homology to the catalytic
cycles of P450 and peroxidases [6–9]. The overall 4e− reaction is
comprised of two halves with quite different chemistry. The first two
electrons reduce CuB and heme a3 allowing the O2 molecule to enter
the catalytic site and bind to the reduced heme iron, forming an
oxycomplex, usually referred as intermediate A. The ferrous–oxy
complex is however better described as Superoxo-ferric state [8–10]
and is denoted in Fig. 1 as Compound S (equivalent to Compound III of
peroxidases). Delivery of a second electron from CuB to the bound
superoxide forms a ferric-Peroxy state (P). Binding and two-electron
reduction of molecular oxygen to peroxide is a classical oxidase
reaction in enzymology and this half of the cycle is denoted as eu-
oxidase to distinguish it from the overall 4e− oxidase reaction [8].
Subsequent asymmetric addition of 2 protons to bound peroxide
generates a transient ferric-dihydroperoxy state P0 analogous to
Compound 0 of peroxidases and from here the reaction enters the
second half that is fully analogous to the oxidations catalyzed by
peroxidases, cytochrome c peroxidase in particular. The O―O-bond in
P0 is cleaved heterolytically to form the first water molecule and
Compound I-type ferryl intermediate FI (still referred in the literature
as “peroxy” complex “PM”) with the second electron vacancy located
at an aromatic amino acid residue, currently thought to be Tyr244
(bovine numbering). FI is reduced sequentially by the 3rd and 4th
electrons delivered one by one from cytochrome c or an artificial
donor first to Compound II-type ferryl intermediate FII (referred
usually as F or F580) and then to the oxidized state. The peroxidase half
of the catalytic cycle can be followed separately on a multiple
turnover basis as partial reaction bypassing the eu-oxidase phase of
the cycle [11,12].

To understand the mechanism by which COX reduces oxygen and
couples this reaction to generation of membrane potential, Δψ, and
transmembrane proton activity difference, ΔpH, it is important to
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Fig. 1. Catalytic cycle of cytochrome c oxidase. Modified from Ref. [8,105] (see the text). Alternative abbreviations commonly used in the literature are indicated for the intermediates
S, FI and FII (“A”, “PM” and “F”, respectively) as well as the characteristic absorptionmaxima of the intermediates in the difference spectra. The intermediates P (ferric-peroxy) and P0

(Compound 0, ferric-dihydroperoxy) have not been observed experimentally but are likely to be formed transiently by analogy with other hemoproteins like P450s or peroxidases
[6–9,106] and are shown in dotted boxes. The two protons required for heterolytic cleavage of the O―O bond in the ferric-peroxy intermediate P are assumed to be delivered
via/from the K-channel [8,9,23,105,107]. Proton pumping events in the eu-oxidase part of the catalytic cycle are not yet fully clear because the chemical differences between the
multiple forms of the oxidized and singly-reduced forms of the enzyme have not been firmly established. Therefore, specifying the individual proton pumping steps in the eu-oxidase
part of the cycle is deliberately eluded.
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resolve different steps in the catalytic cycle and investigate eachof these
steps. In this paper we review time-resolved studies of intraprotein
charge translocation coupled to different single-electron steps of the
catalytic cycle.

1.1. Single electron photoreduction andoxidation byO2 (“flow-flash” studies)

There are two very different approaches towards the time-resolved
studies of charge translocation by COX. In this group, a method com-
bining time-resolved electrometric measurements with flash-induced
injection of a single electron into CuA of COX poised at different initial
redox states was developed [13]. Subsequently, time-resolved electro-
metric measurements were combined in Helsinki group with the so
called “flow-flash” technique [14] and electrogenic steps coupled to
oxidation of the fully reduced COX by oxygenwere studied extensively.
Some of the intermediates formed during oxidation of the fully reduced
COX by oxygen are specific for this experimental approach and may be
different from the intermediates formed during the aerobic turnover of
the enzyme passing through the 2-electron reduction of the binuclear
site (Fig. 1), as well as from the intermediates studied in the single-
electron photoreduction experiments. In this reviewwe focusmainly on
single-electron photoreduction experiments. A survey of time-resolved
electrometric measurements of single-electron transitions of the
enzyme is presented and significance of these measurements for elu-
cidation of the protonmotive mechanism of the enzyme is discussed.
The kinetics of charge translocation by COXduring oxidation of the fully
reduced enzyme by O2 may be discussed elsewhere in this volume.

1.2. Questions to be addressed

In the paper we would like to draw attention to the following
questions.

(i) May the electrogenic reactions in the single-electron photore-
duction studies be different from those studied in the flow-
flash experiments during oxidation of the fully reduced COX?
(ii) Are the protonmotive mechanisms the same or different for
different single-electron steps of the catalytic cycle in the same
enzyme species?

(iii) Are the protonmotive mechanisms identical for the same
catalytic steps in the A-type oxidases from mitochondria and
bacteria? (see [15] for definition of theA, B andC classes of heme-
copper oxidases).

(iv) What are thedifferences between the protonmotivemechanisms
in the fully pumping A-type and partially pumping B-type
oxidases?

2. Protonmotive mechanism of cytochrome oxidase: from redox
loop to proton pump

Cytochrome oxidase was proposed originally to generate Δψ and
ΔpH by carrying out transmembrane electron transfer (ET) from
cytochrome c at the outer face of the membrane to heme a3 located at
the inner face of the membrane, where oxygen is reduced to water,
consuming protons from the inner aqueous phase (redox loop scheme)
[5]. The model predicted transmembrane transfer of 4 electric charges
per O2 reduced, and presumed that (1) heme a3 is located at the inner
sideof themembraneand (2) hemea is a purely electron carrier, located
in the middle of the membrane.

While trying to test these postulates, it was found that reduction of
heme a is coupled to proton uptake from the inner aqueous phase
[16,17]. At the same timeWikstrom reported [18] that O2 reduction by
COX is accompanied by appearance of protons at the outer side of the
mitochondrial membrane with a stoichiometry of H+/e−=1, i.e. that
COX operates as a proton pump translocating two charges across the
membrane per each electron transferred to oxygen.

Combining the twofindings, a detailedmodel of cytochromeoxidase
protonmotivemechanismwas suggested in 1977/1978 [17,19] explain-
ing transmembrane translocation of two electric charges coupled to
transfer of a single electron through the enzyme (Fig. 2). The model
proposed that: (1) ET from heme a to heme a3 occurs along rather than
across the membrane and is not per se electrogenic; and (2) there are
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Fig. 2. Original model of cytochrome oxidase protonmotive mechanism coupled to
transfer of a single electron through the enzyme [17,19]. The originally postulated
sequence of events is denoted in Fig. 2 by numbers near the arrows: (1) the initial
electrogenic electronic phase associated with vectorial e− transfer to heme a postulated
originally by Mitchell; (2) electrogenic uptake of the pumped proton from the N-phase;
(3) translocation of the pumpedproton from the bottomof the inputwell to the bottom of
the exit well (in modern words for the FII→O step in R. sphaeroides COX, proton transfer
from E286 at the bottom of the D-channel to the so-called “proton loading site” (PLS))
gating non-electrogenic electron transfer from heme a to heme a3; (4) ET from heme a to
the binuclear site; (5) release of the pumped proton to the outside; (6) uptake of the
chemical proton from the N-phase. The first time-resolved measurements of Δψ
generation [13] showed however that the major phases of electrogenic proton transfer
match kinetically oxidation of heme a rather than its reduction [13]. According to current
thinking, two changes are to be made to the sequence of the events in Fig. 2 (see Fig. 5).
First, step3 (internal proton transfer fromE286 toPLS) is likely toprecede step2 (uptake of
the pumped proton); i.e., following heme a reduction, E286 is first deprotonated at step 2
and then takes up H+ from the N-phase at step 3. Second, step 5 (release of the pumped
proton from PLS to the outside) is thought to follow step 6 (delivery of the chemical
proton) as proposed originally by P.R. Rich [62]. I.e., the currently presumed sequence will
be 1→3→2→4→6→5. It is noted that, in fact, the steps 2, 3, 4 are likely tomerge aswell
as the steps 5, 6 forming twoclusters of concerted electrogenic events. The individual steps
within the clusters are not resolved kinetically under normal conditions. Finally, water
formed from O2 is now thought to be released to the outer aqueous phase [23,24] rather
than to the matrix as was depicted in the original scheme [17,19].

478 S.A. Siletsky, A.A. Konstantinov / Biochimica et Biophysica Acta 1817 (2012) 476–488
special structural domains called proton channels or protonwells [5,20]
which enable electrostatic coupling of ET between the hemes to
electrogenic proton transfer, providing for generation of Δψ and proton
pumping. Two input and one exit proton channels were proposed to be
involved in electrogenic translocation of the pumped and chemical
protons by COX coupled to ET through the redox centers. These pre-
dictions on the structure of COX were largely confirmed when the 3D
structure of the enzyme was solved [21,22], except that the exit proton
pathway does not involve a typical proton-conducting channel struc-
ture, like in the case of the K- or D-input proton channels, but rather
is organized as a network of hydrogen-bonded protein groups and
water molecules with several potential proton exit trajectories iden-
tified [23–25] (and see also [4] for a fully different proton exit pathway
proposed for mammalian oxidase).

Besides the predictions on the structure of COX, the model in Fig. 2
made several explicit postulates concerning the function of the enzyme:

(1) Transfer of an electron through the enzyme should be coupled
to multiple partial charge transfer steps. Some of the steps
would be coupled to vectorial ET from CuA to heme a, and
besides there should be at least 2 or 3 electrogenic phases,
corresponding to uptake of the pumped and chemical proton
from the N-phase and to release of the pumped proton to the
outside. Conceivably, some of the partial charge translocation
steps can be coupled to each other merging into a single con-
certed step.

(2) Internal transfer of the pumped proton from the bottom of the
input proton well to the bottom of the output proton well gates
ET from heme a to heme a3.

(3) Uptake of the pumped proton precedes uptake of the chemical
proton.
These predictions served as a roadmap for investigations into the
mechanism of charge translocation by COX in this group as described
below.

3. Charge transfer steps linked to reduction of heme a and to its
oxidation by the binuclear site

As mentioned above, the model in Fig. 2 postulates that transfer of
a single electron through the enzyme should give rise to several
partial steps of charge translocation, some coupled to reduction and
some to reoxidation of heme a. To test this prediction, a method was
developed allowing to time-resolve partial steps of charge transfer
across the membrane in liposome-reconstituted cytochrome oxidase.
Ru(II)–tris-bipyridyl complex (RuBpy) was used as a photoactivated
single-electron donor for CuA [26] in combination with time-resolved
electrometric technique developed originally in this institute by Drs.
L.A. Drachev and A.D.Kaulen to monitor rapid kinetics of Δψ gen-
eration by bacteriorhodopsin [27,28] and by photosynthetic enzymes
[29,30]. With the aid of this method implemented subsequently
in three other laboratories (the Helsinki, Frankfurt and Stockholm
groups), the kinetics of charge translocation across the membrane
coupled to transfer of the 1st [13,31–37], 2nd [35,38], 3rd [31,36,39]
and 4th electrons [13,31,38,40–42] in the catalytic cycle of COX was
studied for the mammalian enzyme and several bacterial cytochrome
oxidases.

The first single-electron photoreduction experiments were made
for the FII→O transition in liposome-reconstituted bovine oxidase
[13] and established a generic pattern of charge translocation
observed subsequently for the FII→O transition in bacterial oxidases
[38,40] as well as for other single-electron steps of the catalytic cycle
[31,36,38,39]. The electrogenic response coupled to single-electron
photoreduction of COX is typically comprised of two parts, one asso-
ciated with very rapid (μs) reduction of heme a by CuA and the other
with subsequent much slower (ms) re-oxidation of heme a by the
binuclear site. These two parts are well resolved in time, but they can
also be clearly separated by their sensitivity to KCN that prevents
oxidation of heme a by the binuclear site, but does not inhibit heme a
reduction.

The magnitude ratio of the charge translocation phases linked to
the reduction and oxidation of the low-spin heme a (heme b in ba3
oxidase from Thermus thermophilus) vary significantly depending on
the enzyme species and the catalytic step studied, as summarized in
Table 1. The variation may indicate different number of protons
translocated during oxidation of heme a by the binuclear site in the
enzymes with impaired proton pumping (e.g., non-pumping N139D
mutant oxidase from R. sphaeroides) but also may report altered
distribution of the partial electrogenic steps between the heme a
reduction and heme a oxidation phases in the fully pumping oxidases
(e.g., cf. the FII→O transitions in the mitochondrial and bacterial A-
class oxidases). Together with themagnitude ratio of the two protonic
phases resolved within the KCN-sensitive part of the response, these
data give a kind of crude electric portrait of a particular single electron
transition. We will return to discussion of these values below.

4. Electrogenic events coupled to transfer of the 1st, 2nd, 3rd and
4th electrons in the A-class oxidases: a survey of experimental
data

Belowwe discuss characteristics of charge translocation coupled to
different individual single-electron steps of the catalytic cycle in the
order of the data completeness.

4.1. Transfer of the 4th electron. The FII→O transition

This is probably the single-electron step studied in most detail.
Experiments were donewith oxidase from bovine heart, as well aswith



Table 1
Magnitude ratio of the electrogenic phases coupled to reduction (KCN-insensitive) and oxidation (KCN-sensitive) of the low-spin heme.

Object, transition, reference Parts of the electrogenic response coupled to the reduction and oxidation of heme a (or heme b for ba3 oxidase)

A
coupled to reduction of heme a
(KCN-insensitive part), %

B
coupled to ET from
heme a to the binuclear site
(KCN-sensitive, part), %

Magnitude ratio

A:B B1/B2

(protonic 1/protonic 2)

aa3 from bovine heart
1st e (O→R1) 100 0 n/a n/a
3rd e (FI→FII) [31,39] 21 79 1:3.8 0.84
4th e (FII→O) [13,31,39] 20 80 1:4 0.86

aa3 from R. sphaeroides, WT
3 rd e (FI→FII) [39] 28 72 1:2.6 2.3
4th e (FII→O) [40,41] 30 70 1 : 2.3 0.89

aa3 from R. sphaeroides, non-pumping mutant N139D
4th e (FII→O) [41] ~40 ~60 ~1:1.5 n/a, single protonic pase

aa3 from P. denitrificans, WT
1st e (O→R1) [35] ~100 ~0 n/a n/a
1st e (O→R1) [33] ~60 ~40 1:0.67 n/a, single protonic phase
1st e (“OH”→R1) [37] a ~17 ~83 ~1:4.9 ~0.9
1st e (“OH”→R1), data from [37] re-analyzed in [69] 17–21 83–79 1:3.9–1:4.9 ~0.9
2nd e (R1→R2) [38] 26 74 1:2.9 0.74 b

3 rd e (FI→FII) [36]a ~17 83 1:4.9 2.2
4th e (FII→O) [38] 30 70 1:2.3 0.82b

ba3 from T. thermophilus
1st (O→R1) [32], as observed 60 40 1 : 0.67 n/a
1st (O→R1) [32], corrected c ~30 ~70 ~1:2.3c n/a
3th (“FI→FII”) [32]d 31 69 1:2.2 0.5

a Original data have been corrected for complete electron dislocation from CuA to heme a.
b Re-calculated from the original data assuming serial sequence of the protonic phases [39] (Eqs. (1), (2) in this paper).
c Corrected for incomplete ET from heme b to heme a3 (Keq=0.43) [82]);
d Calculated from the original data at 40 mM H2O2.
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the wild type and mutant forms of COX from R. sphaeroides and
P. denitrificans. Studies of the FII→O transition benefit from simple
experimental design. The solubilized or membrane-bound oxidized
enzyme can be fully converted to the stable ferryl-oxo state by addition
of excess hydrogen peroxide [43–45] and in this state, ferryl-oxo
complex of heme a3 is a sole ultimate acceptor for the photoinjected
electron. This allows for simple and straightforward interpretation of
the data, not complicated by multiplicity of the initial and final states
inherent in some other transitions. If not stated otherwise, all the
experiments discussed below refer to pH=8.

4.1.1. Mitochondrial oxidase
Initially, time-resolved electrometric studies of the the FII→O

transition were made with the mitochondrial oxidase from bovine
heart [13]. Photoinjection of a single-electron from RuBpy into bovine
COX poised at the ferryl-oxo state FII converts the enzyme to the
oxidized (ferric) form and gives rise to 3 major electrogenic phases
associated with reduction (rapid phase) and reoxidation (intermediate
Table 2
Charge translocation phases coupled to FII→O transition in bovine oxidase.

Electrogenic
phase

Time
constant

Contribution

As observed [13] Recalculated assu
sequence of the p
phases [39]

Rapid 45 μs 20% 20%
Intermediate
(protonic 1)

1.2 ms 20% 37%

Slow
(protonic 2)

4.5 ms 60% 43%

Σ=100% Σ=100%
and slow phases) of heme a. Characteristics of the electrogenic steps
coupled to the FII→O transition in liposome-reconstituted bovine COX
at pH 8 are summarized in Table 2.

The first electrogenic phase, often referred as rapid, has τ1 of
~40–50 μs. Experiments with a photoactive Ru-labeled cytochrome-
derivative as amorenative electrondonor [46] yielded the samevalueof
rate constant for the rapid phase. The KCN-insensitive rapid phase ofΔψ
generation is followed in bovineoxidase by twophaseswith τ2=1.2 ms
(intermediate phase, or protonic phase 1) and τ3=4.5 ms (slow phase,
or protonic phase 2) (Table 2). These slower electrogenic steps are
prevented by KCN and originate in vectorial proton transfer coupled to
reoxidation of heme a by the ferryl-oxo complex of heme a3. The slow
phase of the electric response (protonic phase 2) is decelerated 6–7-fold
by 100 μM Zn2+ added from the outside [47].

The magnitude ratio of the two protonic phases as observed is ~1:3
[13]. However, if the two protonic phases occur in series rather than in
parallel (which is likely to be the case), and if their rate constants, k2
and k3, differ by less than an order of magnitude, the true magnitude
Electron transfer events

ming serial
rotonic

Charges across the
membrane

0.40 CuA→heme a ET
0.74 Heme a→heme a3 ET (75–90%)

0.86 Minor residual ET phase

Σ=2



Table 3
Characteristics of the electrogenic phases coupled to FII→O transition in bovine
oxidase.

Electrogenic
phase

pH-dependencea D2O/H2O
solvent KIE

Temperature
dependence (Eact)b

Rapid None 1.0 3.6 kcal/mol
Intermediate
(protonic 1)

None 1.7±0.3 19.4 kcal/mol

Slow
(protonic 2)

Decelerates above
7.5 with pK~9.3

2.1±0.3 16.7 kcal/mol

a Data drom [49,51].
b Data from [50,51].
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values, A2 andA3, need to be calculated from the observed values, A2(obs)

and A3(obs), according to the Eqs. (1) and (2) [39,48]:

A2 = A2 obsð Þ + A3 obsð Þ × k3 = k2 ð1Þ

A3 = A3 obsð Þ × k2−k3ð Þ = k2: ð2Þ

The calculations show that, in fact, the two protonic phases have
similar magnitudes (A2/A3=0.86) (Tables 1 and 2). The FII→O tran-
sition of COX is currently thought to be coupled to translocation of
2 electric charges across the membrane. With this assumption, the
absolute electrogenicities of the time-resolved electrogenic phases in
bovine oxidase (number of charges translocated across the mem-
brane) can be estimated as shown in Table 2.

Additional characteristics of the electrogenic phases such as
temperature and pH-dependences as well as H2O/D2O kinetic solvent
isotope effect (KIE) [49–51] are shown in Table 3.

4.1.1.1. Attribution of the electrogenic phases. The rapid phase is KCN-
insensitive, and therefore does not include components associated
with ET to the binuclear site. It matches kinetically electron transfer
from CuA to heme a [13,26,52], shows a very weak temperature depen-
dence (activation energy of 3.6 kcal/mol) that coincides with that of
ET fromCuA tohemea [53,54], doesnotdependonpHand is not affected
by H2O/D2O-replacement (Table 3). Consequently the rapid electro-
genic phase is commonly assigned to vectorial electron transfer from
CuA to heme a, a process postulated originally by Mitchell [55,56]. A
phase with very similar characteristics is inherent in the kinetics of
charge translocation coupled to the O→R1 and FI→FII steps of the
catalytic cycle in bovine COX [31].

The KCN-sensitive part of electrogenic response is obviously
comprised of proton transfer steps coupled to ET from heme a to the
binuclear site and to chemistry of oxygen reduction at heme a3. Both
protonic phases revealmoderateH/D solvent kinetic isotope effect (KIE)
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Fig. 3. Kinetics of electrogenic proton transfer and heme a oxidation in the FII→O transition
the FII→O transition induced by single-electron photoreduction of ferryl-oxo state by RuB
curve) lags behind reoxidation of the photoreduced heme ameasured at 445 nm either in so
S. Siletsky, [50]). (B) In R. sphaeroides oxidase, electrogenic proton transfer matches kinetical
the data). For experimental details, see Refs. [13,41,50].
with rather close values of 1.7±0.3 for the intermediate and 2.1±0.3
for the slow phase (Table 3). At the same time, the pH dependences of
the twophases arequite different. The rate of protonic phase 2decreases
at pHN8, consistent with the pH-dependence of proton uptake in
the FII→O transition in the flow-flash experiments [57]. As to the
rate of protonic phase 1, it is pH-independent which may indicate that
the phase is rate limited by internal proton transfer step. The pH-
dependence of the two protonic electrogenic phases is in good agree-
ment with the pH-dependence of the two phases of heme a reoxida-
tion reported for the FII→O transition induced by single-electron
photoreduction of bovine enzyme [58].

Both protonic phases reveal high activation energies of 17–
19 kcal/mol which is much higher than ~12 kcal/mol reported for the
F→O transition in the flow-flash studies of bovine [57] or bacterial
COX [59].

Interestingly, while there are two protonic electrogenic phases
coupled to ET from heme a to heme a3, reoxidation of heme ameasured
spectrophotometrically under the same conditions, either in solution or
in proteoliposomes (black and red traces in Fig. 3A), is essentially
monophasic (75–90%) with τ of ~1.4 ms at pH 8 [50]. Accordingly,
82% of heme a is reoxidized with τ of ca. 2 ms in the single electron
photoreduction-induced FII→O transition in mitochondrial COX [58].

As shown in Fig. 3A, the electrogenic proton transfer in the FII→O
transition clearly lags behind ET from heme a to the ferryl-oxo complex
of a3. In other words, it is the intermediate electrogenic phase (protonic
phase 1) which matches kinetically reoxidation of heme a, whereas
protonic phase 2 takes place when ET is essentially over. The same
kinetic divergence of charge translocation and ET is observed for the
FI→FII step in the mitochondrial oxidase (see below, [39]), but not for
the FII→O transition in bacterial COX (ref. [41], Fig. 3B).

4.1.2. Bacterial A-class oxidases
A very similar picture of electrogenic events was found for

the FII→O transition in liposome-reconstituted oxidase from
R. sphaeroides (experiments in collaboration with Bob Gennis' lab in
UIUC) [40]. The microsecond phase, is followed by slower KCN-
sensitive part of the response comprised of twomajor phases of about
equal magnitude (Table 1) if serial sequence of the phases is taken
into account [39]. The rate constants of all the 3 phases (ca. 15 μs,
0.4 ms and 1.5 ms [40]) are ~3-fold faster than in the bovine oxidase,
which correlates with ca. 3-fold higher turnover rate of the bacterial
enzyme. The results on R. sphaeroides have been corroborated by
experiments of the Frankfurt group with COX from P. denitrificans
[38]. Notably, contribution of the KCN-insensitive part of the response
associated with reduction of heme a is markedly higher in the bac-
terial oxidases from either R. sphaeroides or P. denitrificans (~30% vs
20% in bovine enzyme, Table 1). As shown recently [42], the ~15 μs
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Table 4
Charge translocation phases coupled to FII→O transition of cytochrome oxidase from R. sphaeroides (modified from [42]).

Electrogenic phase τ Contribution Nature of the phase

a.u. Charges across the membraneb

1 Insensitive to KCN 10 μs 1.0 0.33 Vectorial ET transfer CuA→heme a
2 Insensitive to KCN 40 μs 0.67 0.22 Internal H+ transfer; polarization of water chain

from E286 to PLS? Proton release from PLS to the
P-phase? (see the text).

3 KCN-sensitivea 0.4 ms 1.9 0.63 Uptake of H+
pumped

4 KCN-sensitivea 1.6 ms 2.2 0.73 Uptake of H+
chemical coupled to release of H+

pumped

from PLS to the outside
Σ=5.7 Σ=1.9

Note that whereas both KCN-insensitive components of the rapid electrogenic phase (phases 1 and 2) are coupled to reduction of heme a, only phase 1 corresponds to CuA→heme a
vectorial ET per se.

a Contributions of the protonic phases calculated from the original apparent values [40] taking into account serial sequence of the two protonic phases [39].
b Calculated assuming that the CuA to heme a electron transfer corresponds to translocation of 1 elementary charge across 1/3 of the insulating dielectric layer [3].
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Fig. 4. Electrogenic steps coupled to transfer of the 4th electron in the non-pumping
oxidase. The scheme shows partial electrogenic steps coupled to the FII→O transition
in the non-pumping fully active N139D mutant of R. sphaeroides oxidase [41]. Not
denoted in the figure, heme a3 is meant to be in the ferryl-oxo state prior to the flash.
Movement of the chemical proton begins with H+ transfer from E286 to the binuclear
site (this minor partial electrogenic step has been resolved in the non-pumping 9%
active mutant N139L [42]) followed by reprotonation of E286 from the N-phase. The
microsecond electrogenic phase coupled to reduction of heme a and responsible for
~40% of transmembrane charge transfer may include contribution of internal proton
transfer in addition to vectorial ET from CuA to heme a [42] (see Table 4 and the text).
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KCN-insensitive part of charge translocation in bacterial COX is not
homogenous and may include an internal proton transfer step in
addition to vectorial electron transfer from CuA to heme a (Table 4).

In contrast to bovine enzyme (Fig. 3A), the two protonic phases in
R. sphaeroides COX coupled to ET from heme a to heme a3 match two
phases of heme a reoxidation measured spectrophotometrically
(Fig. 3B, and cf. refined analysis of the data [41] in Ref. [42]).

Availability of the mutants with amino acid replacements in the
protonic channels allowed to make several important conclusions
with respect to the nature of the electrogenic events coupled to the
FII→O step.

First, it was established that electrogenic uptake of both pumped
and chemical protons coupled to single-electron photoreduction of
the ferryl-oxo state occurs via the D-channel, while blocking the K-
channel does not affect the electrogenic response any significantly
[40]. Moreover, even under multiple turnover conditions transfer of
the 3rd and 4th electrons in the catalytic cycle (i.e., the peroxidase half
of the catalytic cycle, Fig. 1 [8,60]) does not require the K-channel, but
is fully dependent on proton delivery through the D-channel [12].

Another important finding is that E286Q replacement at the
intramembrane end of the D-channel eliminates all proton transfer
steps that follow reduction of heme a [40], suggesting that intra-
protein H+ transfer to either to PLS or to the binuclear site requires
protonated carboxylate of E286 as the proton donor.

At the same time, partial step of intraprotein H+ transfer from
E286 to the binuclear site (ca. 15% of charge translocation across the
membrane) has been resolved for the FII→O transition in the non-
pumping N139Lmutant blocked near themouth of the D-channel [42]
(see Fig. 4). A minor KCN-sensitive phase of electrogenic intraprotein
H+ transfer with τ~0.5 ms following reduction of heme a has been
resolved also for D132N mutant of R. sphaeroides oxidase [40] The
phase is very much faster than turnover of the D132N mutant and
hence is not likely to report transfer of the chemical proton from E286
to the binuclear site as in the case of the N139L mutant [42]. The time
constant of the residual protonic phase in D132N matches τ value of
protonic phase 1 in the wild type oxidase and therefore may be
associated rather with proton transfer from E286 to PLS (but not
further, cf. [24]) in this non-pumping mutant.

Is it a chemical or pumped H+ which moves first? It is natural to
propose that the two protonic electrogenic phases of about equal
amplitude in the FII→O transition coupled to ET from heme a to the
binuclear site correspond primarily to uptake of the pumped and
chemical protons (e.g., [61]), although both phases include minor
additional contributions from other processes. In particular, proton-
ation of BNC is in all probability coupled to and merges into a single
phasewith extrusion of the pumped proton from PLS to the P-phase as
proposed by P. Rich [62] and substantiated by theoretical calculations
in Ref. [63] (see legends to Fig. 2 and Fig. 5). An obvious question is
which of the two protons moves first. As postulated in the original
model [17,19] (Fig. 2), the pumped proton is to be taken up before the
chemical one. The question was solved experimentally by studying
a mutant of R. sphaeroides oxidase with N139D replacement at the
neck of the D-channel [41]. In the N139D mutant, catalytic activity is
fully retained or even enhanced but proton pumping is absent [64].
Accordingly, the total voltage generated during the FII→O transition
in this mutant corresponds to about half that observed with the wild
type oxidase [41], and of the two protonic electrogenic phases re-
solved in the WT oxidase only one is retained in the mutant. Con-
ceivably, this only phase represents uptake of the “chemical” proton
from the N-phase to the oxygen reducing site (Fig. 4).

Transfer of the pumped and chemical protons in the bacterial COX
is known to differ significantly in H2O/D2O KIE and can be
discriminated on this basis [61,65]. High H2O/D2O KIE of the residual
protonic phase in N139D matches the KIE measured for the slow
electrogenic phase (protonic phase 2) in the wild type COX [41].
Accordingly, the time constant of the sole protonic electrogenic phase
in the FII→O transition of N139D mutant oxidase fits exactly to the
turnover number of the enzyme [41,64] (protonic phase 2 of the
FII→O step is known to match kinetically turnover number in either
bacterial or mitochondrial COX).

Thus, in thewild type oxidase, the intermediate electrogenic phase
(protonic phase 1) missing in the non-pumping mutant N139D is
associated with uptake of the pumped H+ and the slow electrogenic
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scheme of proton pumping by COX [78,109]. That protonic phases 1 and 2 in bovine
oxidase correspond essentially to uptake of the pumped and chemical protons,
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phase (protonic phase 2) with uptake of the chemical H+ (coupled to
extrusion of the pumped H+ from PLS to the outside [62,63]). Hence,
transfer of the H+

pumped precedes uptake of the H+
chemical. This

finding confirmed the prediction of the model in Fig. 2 and has been
supported by theoretical considerations [48,66] as well as by
experiments on P. denitrificans oxidase [67] (but see Refs. [65,68] for
an alternative view of the problem). That the pumped proton is taken
up before the chemical has been concluded also for the “OH”→R1

transition in bacterial COX from P. denitrificans [37,69].
Sequence of the events during the FII→O transition in the

pumping COX emerging from the time-resolved single-electron
photoreduction studies correlated with the 3D structure of COX and
particularly with theoretical prediction of the two water chains
enabling protonic connection of E286rs (E242bt) with PLS and BNC
[70,71] is shown schematically in Fig. 5. The scheme is analogous to
themodel considered in Ref. [72], and comprises the samemajor steps
as proposed in the original model [17] (Fig. 2) except that the order of
the partial steps has been reversed in two cases.

Notably, the sequence of the partial steps may be different for
the FII→O transition observed during oxidation of the fully reduced
COX by oxygen due to different properties of the ferryl-oxo state
formed in the two experimental approaches, as pointed out in
Ref. [65] and discussed below.

4.2. Transfer of the 3rd electron; FI→FII (“PM”→F) transition

Charge translocation events coupled to transfer of the 3rd electron
(FI→FII step) were also time-resolved originally for the bovine
oxidase [31]. First of all, side-by-side experiments with the same
preparation of liposome-reconstituted bovine COX allowed to estab-
lish that the number of charges translocated across the membrane
during the FI→FII and FII→O single-electon steps is the same [31].
Electrogenic phases of equal magnitude were found to be associated
with the “PR”→FII and FII→O (“OH”?) transitions during oxidation of
the fully reduced bovine oxidase by O2 [73], although these transitions
may not be considered as direct counterparts of the FI→FII and
FII→O steps in the single-electron photoreduction studies.
In bovine oxidase, the patterns of charge translocation coupled to
the single-electron steps FI→FII and FII→O are very similar (Table 1),
except that both protonic phases coupled to transfer of the 3rd
electron (τ values of ~0.3 ms and ~1.5 ms) are 2–3-fold faster than
observed for transfer of the 4th electron.

In both cases, there is rapid electrogenic phase coupled to reduction
of heme a with τ of 40–50 μs and contribution of ~20%; this phase is
followed by two KCN-sensitive protonic phases of similar magnitudes
([protonic phase 1]/[protonic phase 2]=0.8–0.9) (Table 1). Both in
the FI→FII and FII→O steps, the first of the two protonic phases is
concomitant with almost complete oxidation of heme a by heme a3,
whereas the second protonic phase occurs largely after completion of
the heme absorption changes (cf. [39] and Fig. 3A).

A comparative scheme of the two single-electron transitions
(FI→FII and FII→O) constituting the peroxidase phase of the catalytic
cycle is shown in Fig. 6. It is tempting to propose, that uptake of the
chemical proton (and coupled release of the pumped proton from
PLS) are driven by protein relaxation following ET from heme a to
heme a3, in agreement with a classical concept of membrane-bound
redox energy-transducer [74].

A limited number of experiments were made on the FI→FII
transition in the bacterial oxidases from R. sphaeroides [39] and
P. denitrificans [36] and the data for the two enzyme species are in
good agreement. A rapid part of charge translocation coupled to
reduction of heme a with τ of 13–15 μs [39] or 10 μs [36] is similar to
the rapid phase observed in the FII→O transition. The initial charge
translocation step is followed by two protonic phases with τ values of
0.18 and 0.85 ms in R. sphaeroides oxidase [39] or 0.12 and 0.97 ms in
P. denitrificans enzyme [36]. The phases are 2–3-fold faster than the
corresponding steps in the FII→O transition, like it is observed for the
mitochondrial enzyme [31].

However, in contrast to the results obtained with the bovine
oxidase, the relative amplitudes of the two protonic phases in the
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FI→FII step in the bacterial enzyme are no longer close to each other
as observed for the FII→O transition. The (protonic phase 1)/(pro-
tonic phase 2) magnitude ratio for the FI→FII transition is 2.3 in R.
sphaeroides oxidase [39] and 2.2 for enzyme from P. denitrificans [36],
while it is ~0.9 for the FII→O step (Table 1). If we assume that the
overall number of charges translocated across the membrane in the
FII→O and FI→FII transitions in the bacterial enzyme is the same as
shown for the mitochondrial oxidase [31], the finding may indicate
that in the bacterial oxidases, distribution of the partial proton
transfer steps is very different for the FI→FII and FII→O transitions.
This is in contrast to the mitochondrial oxidase, where the magnitude
ratio for the two protonic phases is very similar (0.84 and 0.86) for the
FI→FII and FII→O steps (Table 1, Fig. 6). In the FI→FII transition of
the bacterial enzyme, protonic phase 2 comprises less than 1/3 of the
overall charge translocation coupled to oxidation of heme a. Such a
low contribution of protonic phase 2 might indicate movement of
both H+

chemical and H+
pumped in protonic phase 1, preceding slower

release of the pumped proton from PLS (protonic phase 2) (cf. the
proton uptake/release data for the “PR”→FII transition in the flow-
flash experiments [65]).
4.3. Photoinjection of the 1st electron (O→E,O→R1, “OH”→R1 transitions)

The situation is more complicated in case of addition of the 1st
electron to the oxidized COX. The initial oxidized state, O, is notorious
for multiple forms, differing in characteristics of the binuclear site
[3,75]. Accordingly, the photoinjected electron may not have a well
defined unique ultimate acceptor, but rather it equilibrates among
three relatively high-potential acceptors: heme a, heme a3 and CuB.
Besides, it is not so easy to warranty the completely oxidized state of
liposome-reconstituted COX in the presence of RuBpy and aniline
even at dim light.

In the as isolated (or resting) oxidized state, photoinjection of an
electron gives rise to a single microsecond electrogenic phasematching
electron transfer from CuA to heme a, and there are no further ET or
charge translocation events on a time-scale compatible with enzyme
turnover as shown initially for themitochondrial oxidase [31,58]. These
results were questioned by Ruitenberg et al. [33] who observed some
KCN-sensitive protonic phase upon single electron reduction of the
oxidized COX from P. denitrificans. The phase was assigned to proton
uptakevia theK-channel. However, subsequent experiments ofHelsinki
group [35,76] did not reproduce this observation and confirmed the
initial findings in [31]. According to [35], the 150 μs electrogenic phase
of proton uptake via the K-channel observed in Ref. [33] could originate
in the presence of singly-reduced COX in the “oxidized” sample, so that
it was delivery of the second electron in this fraction of COX which
induced the 150 μs protonic phase. Such an explanation is consistent
with a relatively low amplitude of the protonic phase observed in [33]
(Table 1). Alternatively, the preparations of P. denitrificans COX oxidase
might vary between the two labs, so that in the samples used in [33]
partial electron transfer of the 1st electron from heme a to the binuclear
site did take place indeed.
Table 5
Electrogenic phases coupled to the “OH”→R1 transition in aa3 COX from P. denitrificans.

Source of the data Phase 1 coupled to
reduction of heme a;

Phase

Phase

Verkhovsky et al. [36] 10 μsa; 10% 110 μ
Belevich et al. [37] 10 μsa; 12% 150 μ
Belevich et al. [37] as re-analyzed
by Sugitani et al. [69]

20–26 μs; 17–21%b 140–

a Fixed τ value of 10 μs has been assigned during the curve fitting.
b Fixed value for τ of phase 1 has been varied in the range indicated and the magnitude
That the electron photoinjected into the resting oxidized COX stays
at heme a and does not go to the binuclear site, is often explained by
low Em value of heme a3 in the “resting” oxidase (e.g. [77]). This is in
contradiction with the data of equilibrium redox titrations, in which
Em values of the hemes a and a3 are very close to each other [78,79].
One possibility is that rapid ET to heme a3 needs to be charge com-
pensated by proton uptake to the binuclear site, while the proton
channel K required for proton delivery is closed yet in the O state, so
that slow equilibration with protons is possible on a time-scale of
redox titrations (minutes), but not on a timescale of enzyme turnover
(few ms). Interestingly, the situation is different for ba3 oxidase from
T. thermophilus, where Em of heme a3 at pH below ~7.5 ismore positive
than that of the low-spin heme b [77], so that the electron injected
into the oxidized enzyme goes rapidly from heme b to heme a3 [80,81]
(cf. also Ref. [82]) and a 250 μs KCN-sensitive protonic phase cor-
responding to proton uptake from the N-phase is observed even at
pH 8 [32] (Table 1).

The situation becomes different in the case of the so-called “OH”

state generated upon oxidation of the fully reduced COX by O2 [76].
Unfortunately, no spectroscopic differences between the O and “OH”

states have been found so far, but electron affinity of CuB is likely to be
much higher in the “OH” than in theO state [37,82]. Accordingly, high-
potential CuB serves as a preferred ultimate electron acceptor for the
photoinjected electron in “OH” intermediate [37,82,83] (but, see [84]).
Nevertheless, complete oxidation of heme a by the bincuclear site
does not occur in all the “OH” samples as noted by the authors [37,83],
and more experiments are required to clarify the phenomenon. In
particular, it remains to be established whether the “OH” state is
formed under any conditions other than oxidation of the fully reduced
COX by O2.

For “good” preparations of “OH”, 4 electrogenic phases have been
resolved in [36,37] with the characteristics given in rows 1 and 2 of
Table 5. It is noted that independent fitting of the same data
performed in Ref. [69] without assignment of the fixed τ=10 μs
value to the first phase as done in Refs. [36,37] but probing different τ
values for the phase, gave somewhat different results (Table 5, row 3).
In particular, a better fit is obtained if contribution of the first phase
increases to ~20% similar to the value found for the FII→O and FII→FI
transition in experiments with bovine oxidase [13,39] (cf. Table 1).
The interpretation is also complicated by the fact that the last
electrogenic phase is not associated with absorption changes and at
the same time is slower than the enzyme turnover (τ=2.6–5.3 ms vs.
ca. 1–1.5 ms typical of the enzyme turnover at this pH). If the last
phase corresponds to slow release of the proton from the PLS as
proposed in [37], it may be viewed as kinetically dissociated part of
the slow electrogenic phase (protonic phase 2) observed in the FII→O
transition in R. sphaeroides or P. denitrificans oxidase [38,40,42]. In
such a case, the magnitude ratio of the KCN-sensitive protonic phases
1 and 2 in the “OH”→R1 transition will constitute ~0.9, in excellent
agreementwith the data for the FII→O step in eithermitochondrial or
bacterial oxidase (Tables 2 and 3), and very different from the ratio of
2.3 observed for the 3rd electron in R. sphaeroides [39] and P.
denitrificans oxidase [36].
s coupled to reoxidation of heme a

2 Phase 3 Phase 4

s; 28% 770 μs; 46% 5.3 ms; 16%
s; 42% 800 μs; 30% 2.6 ms; 16%
190 μs; 36–39% 640–820 μs; 24–28% 2.2–2.4 ms; 16–19%

has been corrected for incomplete ET CuA→heme a.
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4.4. Photoinjection of the 2nd electron. R1→R2 (E→R2) transition

There are but very few data on the electrogenic events coupled
to the R1→R2 transition in P. denitrificans COX and the results are
not yet quite clear. On one hand, there may be a single 150–200 μs
protonic phase corresponding to uptake of protons from the N-phase
via the K-channel (cf. Refs. [33] and [35]). On the other hand,
ingenious generation of the R1 state at a rather high yield in Ref. [38]
allowed the authors to observe an electric response coupled to
injection of the 2nd electron consisting of the rapid, intermediate and
slow phases with time constants (27 μs, 0.2 ms, and 1.5 ms) and
magnitude ratios rather similar to those observed for the FII→O
transition (Table 1). The slow but not the intermediate phase was
eliminated in the non-pumping D124Npd mutant. The experiments
still leave space for questions as to the homogeneity of the initial and
final states in the photoinduced transient. The R1 state generated by
two-electron reduction of the ferryl-oxo complex by CO is not stable
and decays gradually to CO complex of ferrous heme a3. It is not
warranted that the time course of R1 generation and decay controlled
spectrophotometrically in Ref. [38] for the solubilized enzyme apply
to the liposome-reconstituted oxidase. As discussed in Ref. [76], the
R1-state generated by virtue of two-electron reduction of FII by CO in
Ref. [38] might be an “activated” form of R1 intermediate (“EH”).
Apparently, ultimate conclusions on proton pumping coupled to
transfer of the 2nd electron in the catalytic cycle (R1→R2, E→R,
“EH”→R transitions) would await for more experiments.
5. Electrogenic steps in ba3-type cytochrome oxidase from
Thermus thermophilus

ba3-type cytochrome c oxidase from T. thermophilus belongs to
class B of the heme-copper oxidases [15] and differs in several
important respects from the A-class aa3 oxidases from mitochondria,
R. sphaeroides and P. denitrificans [85]. There are three most obvious
features that imply different pumping mechanism in ba3 oxidase.

First, there is no Mg ion in the ba3 structure [85]. Hence, exit of
the pumped proton from PLS to the P-phase, believed to occur
via the Mg ion-associated hydrogen bond network in the bacterial
A-class oxidases [23,24,86,87], should be arranged differently in
T. thermophilus ba3 oxidase (see Refs. [24,88] for recent discussion).
Electrogenic proton translocation by A-class oxidases is strongly
inhibited by Zn2+ ions binding at the high affinity site at the outer side
of the liposome membrane [47,89]. Presumably, Zn2+ inhibits proton
extrusion via the exit proton channel [90,91], and, simultaneously,
suppresses uptake of the chemical proton, because the two processes
are linked cooperatively. It is therefore interesting, that Zn2+ does not
inhibit ba3 oxidase, which lacks the Mg ion [47].

Second, of the three potential proton channels resolved in the
structure of ba3, there is compelling evidence only for the K-channel
homologue being involved in the enzyme functioning, whereas muta-
tions in the D-channel analog or in the Q-channel affect ET/proton
translocation much less dramatically, though substantially (up to
5-fold) [92].

Third, under steady state conditions, the ba3 oxidase has been
reported to pump protons with twice lower efficiency (H+/e−=0.5)
than the A-class oxidases [93], although more experiments are
required for valid conclusions. The catalytic 4-electron cycle of O2

reduction by ba3 oxidase is presumed to be similar to that of the
A-class oxidases [94,95]. One possibility is that only two of the four
single-electron steps in the catalytic cycle of ba3 are coupled to proton
pumping. Alternatively, the partial steps of the two pumped proton
translocation, e.g., N-phase→PLS and PLS→P-phase, could be dis-
tributed among all the 4 redox steps [96]. Therefore, it is interesting to
figure out whether some of the four single-electron steps of the
ba3 catalytic cycle may be less electrogenic than the others.
Single electron-photoreduction experiments followed by time-
resolved electrometric and absorption measurements were carried
out with ba3 oxidase in [32] under two sets of conditions. The results
can be summarized briefly as follows.

(1) Photoinjection of a single electron into the oxidized ba3 (O→R1

step). Under these conditions, the KCN-insensitive electrogenic
phasewith τ ~20 μs is followed by partial ET from heme b to the
binuclear site coupled to electrogenic proton transfer with τ
~0.25 ms [32]; a minor additional 10 ms phase (~15%) not
associated with optical changes [82] may be an artifact. The
magnitude of the 0.25 ms phase is 0.67 that of the rapid KCN-
insensitive phase, associated with CuA→heme b ET (Table 1).
However the photoinjected 1st electron goes to the binuclear
site only partially, equilibrating between the hemes b and a3 at
pH 8 at the ratio of 2.3:1 [82] or 1.2:1 [77]; the latter value
obtained during the equilibrium titrations may be less relevant
to the conditions of rapid kinetics measurements in Ref. [32].
Accordingly, the magnitude of the 0.25 ms protonic electro-
genic phase recalculates to ~70%, similar to but slightly higher
than the value of ~60% obtained for FII→O transition in the
non-pumpingmutant N139D of aa3 oxidase from R. sphaeroides
(Table 1). Apparently, the single-electron reduction of the
oxidized ba3 is coupled to chemical proton uptake from the N-
phase associated with ET to heme a3 [81] but not to full
transmembrane proton pumping. However, contribution of an
additional weakly electrogenic step of H+

pumped transfer (e.g.,
release of H+ from PLS to the P-phase, cf. [96]) cannot be
excluded.

(2) Photoinjection of a single electron into oxidized ba3 in the presence
of excess H2O2 (“FI→FII” step). In the oxidized state, ba3 oxidase
reacts but very slowly with any of the heme a3 ligands tested,
including H2O2 [32]. However, photoinjection of a single
electron opens the binuclear site for rapid interaction with
exogenous H2O2 (kv~2×103 M−1 s−1 [32]). The chemistry of
the reaction has not been investigated in sufficient detail, but
H2O2 reacting with the opened binuclear site is likely to be
reduced finally to water forming Compound II-type ferryl state
FII of heme a3 (cf. [97]).

Therefore, the reactionmay be viewedwith certain reservations as
an analog of the FI→FII single-electron transition induced by the
photoinjected electron.

Membrane potential generation coupled to single-electron photo-
reduction of ba3 in the presence of H2O2 includes 3 phases with
τ1=20 μs (31%);τ2=0.42 ms (23%) and τ3 (at 40 mMH2O2) of 11.6 ms
(46%). The rate, but not the magnitude, of the 3rd phase depends
linearly onH2O2 concentration up to at least 80 mM. Aswith the A-class
oxidases, 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 ET from heme b to the binuclear
site and reduction of H2O2. Themagnitude ratio of the phases associated
with the reduction and reoxidation of the low-spin heme b attains a
value of 1:2.2, very close to the ratio obtained for the non-pumping
O→R1 step and markedly less than reported for the pumping FI→FII
transitions in the A-class oxidases (Table 1); therefore transmembrane
proton pumping coupled to this step is very unlikely. Notably, the
magnitude ratio of protonic phase 1 to protonic phase 2 (~0.5) is much
lower than in any of the A-class oxidases (Table 1). Thus, the elec-
trogenic pattern of the “FI→FII” transition in ba3 oxidase appears to be
quite different from that of the FI→FII transition in the “canonical”
cytochrome oxidases of the A-class.

Finally, it is noted that time-resolved electrometric studies on the
oxidation of the fully-reduced ba3 by oxygen show that formation of
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FII in this oxidase (“PR”→FII) is almost twice less electrogenic than
the subsequent FII→O transition [94] and, hence, this step is unlikely
to be coupled to full proton pumping.

Thus the evidence currently available favors unequal electrogeni-
city of the individual steps in the ba3 cycle and allows us to suggest
provisionally that these are the single electron steps of R1 and FII
formation (transfer of the 1st and 3rd electrons) that are less elec-
trogenic (not fully pumping). An interesting model of alternating
steps of H+

pumped uptake and release in T. thermophilus ba3 oxidase
has been proposed recently [96]. Within a framework of such hy-
pothesis, results of the time-resolved charge translocation studies
may mean that transfer of the 1st and 3rd electron would be coupled
to but weakly electrogenic steps of proton release from PLS to the
P-phase, whereas the muchmore electrogenic H+ loading to PLS from
the N-phase occurs at the steps of the 2nd and 4th electron transfer.

Obviously, more experiments are required to evaluate electro-
genicity of the individual single-electron transfer steps in the catalytic
cycle of the B-class ba3 oxidase from T. thermophilus and to explain
(but, first of all, validate) the lower efficiency of proton translocation
by the enzyme under multiple-turnover conditions.

6. Comparison of the charge translocation steps observed in the
single electron-photoreduction studies and during oxidation of
the fully reduced COX by oxygen

Time-resolved electrometric measurements combined with the
flow-flash approach were used to monitor charge translocation
coupled to oxidation of the fully reduced oxidase by O2 [14]. The
electrogenic response observed consists of two parts of about equal
magnitude associated with the transitions “PR”→FII (“PR”→F) and
FII→O.

6.1. The “PR”→F step

The “PR”→F and “PM”→F steps are treated sometimes as two
versions of the same “P→F” transition in the catalytic cycle [3], which
maybe confusing for the readers outside the area. The “PR” intermediate
is not a counterpart of FI (“PM”) because the two intermediates are at
different redox level. FI (“PM”) is Compound I-type species, two-electron
deficient relative to the resting oxidized state, whereas “PR” is a
Compound II-type intermediate, one electron deficient relative to the
oxidized state. Actually, “PR” is at the same reduction level as inter-
mediate FII but lacks at least one proton, and can be denoted as
FIIdeprotonated [42]. Therefore it is not surprising that in bovine oxidase,
the pattern of electrogenic proton transfer is quite different for the
“PR→F” transition in the flow-flash studies (a single ~80 μs phase [73])
and for the FI→FII transition inducedby single-electronphotoreduction
of FI (two protonic phases with τ of 0.3 and 1.3 ms [31,39], Fig. 5). A
similar difference between charge translocation coupled to the “PR”→F
step in the flow-flash experiments and to the FI→FII step in the single-
electron photoreduction studies is noted for the bacterial oxidases
from either R. sphaeroides (cf. Refs. [39] and [98]) or P. denitrificans (cf.
Refs. [99] and [36]).

6.2. The FII→O step

It makesmore sense to compare the FII→O transitions in the flow-
flash and single-electron photoreduction experiments. The ferryl-oxo
intermediates (FII, F580 or simply F) generated during oxidation of the
fully reduced COX by O2 and upon reaction of the oxidized COX with
H2O2 are thought to be similar if not identical. With both methods,
two protonic electrogenic phases are resolved in the FII→O tran-
sition. In case of the mitochondrial enzyme, the τ values of ~0.7 ms
and ~4 ms determined for the two phases in the flow-flash exper-
iments [73] are in reasonable agreement with the values of 1.2 and
4.5 ms found in single-electron photoreduction studies [13].
However, the two electrogenic phases resolved in the flow-flash
studies for the FII→O transition in R. sphaeroides COX (τ1=0.8 ms and
τ2=4.5 ms at pH 8 [98]) are 2–3-fold slower than observed for the
bacterial enzyme in single-electron photoreduction experiments
(~0.4 ms and ~1.5 ms [40], Table 4). Peculiarly, the rates of the two
protonic phases in the FII→O transition in R. sphaeroides oxidase as
resolved in the flow-flash experiments [98] virtually coincide with the
rates of the corresponding phases in the mitochondrial oxidase (see
above, [73]), whereas in the single electron-photoreduction experi-
ments, all charge transfer steps coupled to FII→O transition in either
R. sphaeroides [40] or P. denitrificans oxidase [38] are 3–4-fold faster
than for the mitochondrial oxidase. Thus there is a discrepancy also
between the two sets of electrometric data for the FII→O transition in
the bacterial oxidase.

More importantly, the activation energy for the protonic electro-
genic phases in the FII→O step of bovine oxidase is 17–19 kcal/mol in
the single-electron photoreduction studies (Table 3), but only ca.
12 kcal/mol in the flow-flash experiments [57]. Accordingly, low
activation energy (b13 kcal/mol) has been determined for the FII→O
step in the flow-flash studies of R. sphaeroides oxidase [59]. Such a
significant difference in Eact implies different rate-limiting processes
inherent in the FII→O step under the two sets of conditions.

Perhaps the most striking difference between the FII→O transi-
tions in the flow-flash and single electron-photoreduction studies is
revealed by experiments with the R. sphaeroides COX mutant N139L
(non-pumping, ~9% active). During oxidation of the fully reduced
enzyme by O2, the FII→O step in the mutant is inhibited ca. 200-fold
(kv~2 s−1 at pH 8), which is ~20-fold slower than steady-state en-
zyme turnover under these conditions and than the rate of the FII→O
transition induced in the same mutant by single-electron photore-
duction of FII [42]. The same striking discrepancy is observed for
another D-channel mutant of R. sphaeroides COX with D132N
replacement. The mutant oxidase turns over with a rate of ~30 s−1

at pH 8 [100], while the FII→O step observed during oxidation of the
fully reduced enzyme by O2 is ~15-fold slower (kv~2 s−1), as
determined by single-wavelength measurements in the flow-flash
studies [101,102] and confirmed by time-resolved spectra-scan
experiments carried out in this group by Dr. T. Vygodina in
collaborative experimentswith Bob Gennis' laboratory (unpublished).

Presumably, the intermediates FII and O (“OH”) formed during the
oxidation of the fully reduced oxidase by O2 may be proton deficient
relative to the intermediates FII and O observed in the single-electron
photoreduction studies or formed during the catalytic cycle [42].

In conclusion, charge translocation events during oxidation of the
fully reduced oxidase by oxygen may not be directly comparable to the
partial steps of the catalytic cycle resolved by electron photoinjection
method.

7. Geometrical and electrical localization of heme a

Itwaspostulated byP.Mitchell thathemea is located “electrically” at
the middle of the mitochondrial membrane dielectric, so that redox
equilibrium between cytochrome c and heme a in the CO-inhibited
COX in rat liver mitochondria responds to ~50% of artificially imposed
transmembrane electric potential difference of either sign [56].
Accordingly, vectorial electron transfer from CuA to heme a would be
expected to account for translocation of ~0.5 elementary charges across
the membrane, as presumed in the early time-resolved electrometric
studies [13,73].

However, resolution of the 3D structure showed that heme a is
located not in the middle of the membrane, but closer to the P-phase
at ~1/3 of the spatial distance characterizing the insulating layer
thickness. Besides, the dielectric constant in the enzyme domain
“above” the hemes, containing many water molecules and polar
groups, is expected to be significantly higher than in the hydrophobic
milieu “below” the hemes. Therefore, vectorial electron transfer from
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CuA to heme a may be expected to give rise to 1/3 of transmembrane
charge transfer or less. Thus, the question of the “electrical location” of
heme a in membrane still remains a matter of controversy.

Perhaps the simplest experimental model allowing us to address
this question is provided by the non-pumping but fully active N139D
mutant oxidase from R. sphaeroides [64]. (Fig. 4) Photoinjection of
a single electron into FII state of the mutant oxidase gives rise to
electrogenic response comprised of only 2 major phases associated
with electron transfer from CuA to heme a (and then to heme a3) and
uptake of a chemical proton required for water formation. In com-
bination, these two electrogenic steps result in transmembrane
transfer of one charge per electron. The two phases are well separated
in time, so it is easy to measure directly their relative contribu-
tions and thus to determine “electrical localization” of heme a in the
membrane. It has been found that ca. 40% of Δψ is coupled to heme
a reduction step, and ca. 60% corresponds to proton uptake from
the N-phase [41]. The value of ~40% is consistent with the mea-
surements of the FII→O and FI→FII transition in the mitochondrial
oxidase [13,31] as well as with the experimental data obtained in
[37] for the “OH”→R1 transition in P. denitrificans enzyme as re-
analyzed in [69]. The values around 40% have been obtained also by
theoretical calculations in Ref. [69]. At the same time, calibration of
the CuA→heme a electrogenicity by comparison of the electric
responses coupled to oxidation of the fully reduced COX by O2 and
reversed electron flow from heme a to CuA gives a value of 33% (1/11
of 3.7 charges assumed to be translocated across the membrane
during oxidation of the fully reduced COX [73,103]) exactly matching
the geometrical position of Fe ion in heme a.

Contribution of heme a reduction to Δψ generation may be higher
than implied by its geometrical position in the membrane, e.g., as it
is in the case of the FII→O transition in COX from R. sphaeroides [40]
or P. denitrificans [38] oxidases (Table 1) as well as in the equilibrium
measurements of Hinkle and Mitchell [56], if charge translocation
coupled to heme a reduction is not confined to vectorial ET from CuA
to heme a, but includes additional proton transfer steps as shown in
[42] (Table 4).

A possibility of additional charge (H+) transfer phase(s) coupled
to reduction of heme a besides the vectorial ET from CuA to heme a
was recognized early [13] but received experimental support only
recently [42], and the nature of the additional charge movements
coupled to heme a reduction remains to be established. It is inter-
esting that as pointed out in Ref. [24], reduction of CuA can attract
proton from PLS to CuA ligands His204 and Glu198 (bovine num-
bering); the mobilized proton may be then released electrogenically
via the “R-pathway” [24] to the outside upon oxidation of CuA by
heme a. A similar idea was considered in Ref. [23]. Hence, release of
the pumped proton from PLS to the P-aqueous phase may be coupled
under certain conditions to oxidation of CuA by heme a. This is, of
course, but one of several possibilities (cf. Ref [42]).

8. Summary and conclusions

1. Time-resolved studies of charge translocation coupled to FII→O
transition in the mitochondrial and bacterial cytochrome
oxidases reveal all the major partial charge transfer steps
predicted by the original model of proton translocation by COX
[17,19]; the results are consistent with other specific predictions
of themodel: transfer of the pumped proton before the chemical,
and gating of ET from heme a to heme a3 by transfer of the
pumped proton from the bottom of the input proton channel
(E286 in case of R. sphaeroides COX) to the bottom of the exit
proton conducting pathway (proton loading site).

2. There is a tendency in the literature to seek for a uniform

protonmotive mechanism common for every of the four single-
electron catalytic steps in the same enzyme species, as well as
for the same step in different oxidases [3,36,69] (but cf.
[4,104]). It may be worthwhile to underscore experimental
observations that point to the differences among the individual
single-electron transitions.

(a). Time-resolved pattern of charge translocation associated
with the “PR”→FII and FII→O transitions during oxida-
tion of the fully reduced oxidase by O2 (flow-flash studies)
differs substantially from the electrogenic events coupled
to transfer of the 3rd and 4th electrons in the catalytic
cycle studied with the single-electron photoreduction
method.

(b). For the same single-electron transition, charge transfer
mechanisms may differ in different oxidases of A-class
e.g.:

(i) In R. sphaeroides COX, the two phases of proton
translocation in the FII→O transition coincide with the
two phases of ET from heme a to heme a3, whereas in the
mitochondrial COX, about half of electrogenic proton
transfer (protonic phase 2) takes place after ET is over.

(ii) In the oxidases from R. sphaeroides and P. denitrificans,
contribution of the rapid electrogenic phase associated
with the reductionof hemeaduring theFII→O transition
(30%) is markedly higher than in the mitochondrial
oxidase (20%), presumably due to additional phase(s) of
internal proton transfer coupled to vectorial ET from CuA
to heme a.

(iii) The [protonic 1]/[protonic 2] phasemagnitude ratio for
the FI→FII transition is ca. 0.9 for the mitochondrial,
but 2.2–2.3 for the bacterial oxidases.
3. Charge transfer characteristics may differ for different single
electron steps in the same enzyme. Thus, in R. sphaeroides and
P. denitrificans COX, the [protonic phase 1]/[protonic phase 2]
magnitude ratio is 0.9 for the FII→O step, but 2.3 for the FI→FII
step, which excludes identical sequence of partial proton
transfer steps during transfer of the 3rd and 4th electrons.
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