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Hypothesis

A cooperative model for protonmotive heme-copper oxidases.
The role of heme a in the proton pump of cytochrome ¢ oxidase
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Abstract Oxido-reductions of metal centers in cytochrome ¢
oxidase are linked to pK shifts of acidic groups in the enzyme
(redox Bohr effects). The linkage at heme a results in proton
uptake from the inner space upon reduction and proton release in
the external space upon oxidation of the metal. The relationship
of this process to the features of the proton pump in cytochrome ¢
oxidase and its atomic structure revealed by X-ray crystal-
lography to 2.8-2.3 A resolution is examined. A mechanism for
the proton pump of cytochrome c oxidase, based on cooperative
coupling at heme a, is proposed.
© 1998 Federation of European Biochemical Societies.

Key words: Cytochrome ¢ oxidase; Proton pump;
Cooperative coupling

1. Introduction

Heme-copper oxidases [1] catalyze the transfer of electrons
from cytochrome ¢ or quinol (in some prokaryotic oxidases)
to dioxygen and convert redox energy in a transmembrane
electrochemical proton gradient, Ap [2-4]. The latter derives,
in the first place, directly from the membrane anisotropy of
reduction of O, to H,O, whereby electrons are donated by
cytochrome ¢ (or quinol) at the outer P side of the membrane
and protons are taken up from the inner N aqueous phase [3].
In addition, electron flow in protonmotive oxidases is associ-
ated with proton pumping from the N to the P aqueous phase
[5].

All protonmotive heme-copper oxidases have a heme-cop-
per (Cup) center where the reductive chemistry of oxygen
takes place. This binuclear center is associated with subunit
I, which also has a low potential heme (heme a or b type).
Cytochrome ¢ oxidases have an additional bimetallic Cu cen-
ter (Cuy) which serves as the entry of electrons and is asso-
ciated with subunit II. Subunits I and II are both essential for
proton pumping [4]. In heme-copper oxidases there is a con-
served third subunit and supernumerary subunits whose num-
ber varies from one (in prokaryotic oxidases) to up to 10 in
mammalian oxidases [6]. Functional analysis, advanced spec-
troscopy, molecular genetics (see Fig. 1), mutational analysis
and, more recently, crystallographic structures have begun to
provide the necessary information to solve, at the atomic lev-
el, the mechanism of electron and proton transfer in heme-
copper oxidases and in particular in cytochrome ¢ oxidase [7].

This paper is aimed at examining new information arising
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from these investigations and at putting forward, on this ba-
sis, a model of the proton pump in cytochrome ¢ oxidase with
cooperative coupling at heme a.

2. Cooperative proton transfer (redox Bohr effects) in
cytochrome ¢ oxidase

Based on the principle of cooperative thermodynamic link-
age of solute binding at separate sites in allosteric proteins [8]
and the observation of linkage between electron transfer at
the metals and protolytic events (pK shifts) in cytochromes [9],
Papa et al. in 1973 proposed a cooperative model for proton
pumping in respiratory enzymes [3,10]. By analogy with the
cooperative linkage phenomena in hemoglobin, known as the
Bohr effect [8], the redox linkage in cytochromes and the
derived cooperative model for proton pumping were denomi-
nated redox Bohr effects and vectorial Bohr mechanism re-
spectively. The H*/e™ linkage in cytochromes is likely to arise
from modification of the coordination bonds of metal centers
associated with change in their valence state. In the vectorial
Bohr mechanism the cooperative events are conceived to be
extended over the transmembrane span of the protein so as to
promote proton uptake from the N aqueous phase and release
to the P aqueous phase [3].

Analysis in our laboratory of the pH dependence of H*
transfer associated with redox transitions of the metal centers
in isolated cytochrome ¢ oxidase (COX) from bovine heart
mitochondria allowed us to characterize the Bohr effects in
this enzyme [11]. The experimental H/COX linkage ratios
measured, in the pH range 6-9, in the reduced/oxidized/re-
duced transitions of the soluble oxidase, could be best fitted
with a function involving a minimum of four protolytic
groups, each undergoing a pK increase in the oxidized/reduced
transition. The four pK shifts were attributed to the individual
metal centers from their correspondence with those obtained
by best fit analysis of H"/COX ratios measured in the CN-
liganded oxidase (heme a3 blocked in the oxidized state) and
in the CO-liganded oxidase (heme a3 and Cugp blocked in the
reduced state). Cuy is irrelevant in this respect since its Ey, is
pH-independent. The H*/e™ linkage ratios for the redox Bohr
effects linked to hemes a and a3 and Cugp calculated from the
pKsx and pKi.q of the respective linkage groups are presented
in Fig. 2. The assignment of pK shifts of the four protolytic
groups to individual metal centers does not exclude the pos-
sibility that the pK of a single group can also be influenced by
cooperative interaction of different metals [12]. It can, how-
ever, be noted that the pK,, and pKeq for the group linked to
heme a and the H" /e~ linkage ratios did not differ much when
measured in the CN™-liganded and CO-liganded oxidase. The
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Fig. 1. Sequence alignment of heme-copper oxidase subunit 1. Ecol: Escherichia coli bos quinol oxidase; Bsub: Bacillus subtilis aasz-600 quinol
oxidase; Pden: P. denitrificans cytochrome ¢ oxidase chain IB; Beef: beef heart cytochrome ¢ oxidase. Invariant or functionally conserved resi-
dues are white in black and dark gray boxes respectively. Transmembrane o-helices are gray-boxed with the signs — and + for the N and P
side respectively. Data are taken from the Webnet Cytochrome Oxidase Home Page (http://www-bioc.rice.edu/—graham/CcO.html).

same appears to apply for Cug when pKs and Ht/e™ linkage
ratios are calculated from the H/COX ratios of CN™-lig-
anded and CN™-liganded minus CO-liganded oxidase. It ap-
pears, then, that cooperative interactions of redox metals,
when occurring, do not significantly affect the pK values aris-
ing from individual linkages. The finding of H*/e™ linkage
ratios lower than 4 HT/COX shows that the principle of elec-
troneutrality advocated by Rich [12] for electron delivery to
the metal centers in the oxidase does not apply in all condi-
tions.

The membrane vectoriality of the redox Bohr effects was
then analyzed by measurement of proton transfer associated
with oxido-reduction of the metal centers in the purified bo-
vine heart cytochrome ¢ oxidase, in the unliganded and CO-
liganded state, incorporated in liposomes (COV) [13,14]. The
results showed that the proton transfer resulting from the
redox Bohr effects linked to heme a and Cup in the bovine
heart cytochrome c¢ oxidase displays membrane vectorial
asymmetry, i.e. protons are taken up from the inner N aque-
ous space, upon reduction, and released in the external P
space, upon oxidation of the metals. This direction of the
proton uptake and release is just what is expected from a
vectorial Bohr mechanism [3]. The two groups whose pKs
change upon oxido-reduction of heme a3 apparently exchange
protons only with the external aqueous phase. This would
exclude a primary role of these two groups in proton pump-

ing. It has to be recalled that the group linked to heme «
which can transfer up to 0.9 H"/e™ could by itself provide
the major contribution to the proton pump. The group linked
to Cug can, with a maximum H*/e™ ratio of 0.3 at pHs below
7, but less than 0.2 at pHs 7.4-7.6, have only a small contri-
bution to the proton pump. The kinetics of the translocation
of the Bohr protons and the relationship of these partial steps
with the overall process of proton pumping, associated with
reduction of dioxygen to water, remain to be elucidated. It
may be recalled, in this respect, that kinetic analysis of proton
release during flash-induced aerobic oxidation of cytochrome
¢ oxidase incorporated in liposomes showed a rapid release of
1.2 or more HT/COX at pH 7.5 with a rate constant of 9 X 10?
s™1, which is kinetically competent with the catalytic process
[15].

3. Features of the proton pump in cytochrome ¢ oxidase

A problem of particular interest is whether the H/e™ stoi-
chiometry of the pump in cytochrome ¢ oxidase is fixed or
variable [5,16-18] and in the latter case, which are the factors
modulating the stoichiometry. The observed non-linearity of
the steady-state relationship between respiratory rate and Ap
is taken by some authors as evidence of slip in proton pumps
[19], by others as due to non-ohmic increases of membrane
proton conductance at high Ap (leak) [20].
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Fig. 2. Redox Bohr effects in bovine heart cytochrome ¢ oxidase.
pH dependence of the H*/e™ linkage ratios for redox Bohr effects.
The H'/e™ linkage ratios for heme a (red curves) were calculated
from the best fit analysis of the H"/COX ratios measured in the
CN™-liganded oxidase, giving pK,, of 6.1+0.2 and pK,q of
8.7+0.1, and the best fit analysis of the H*/COX ratios measured
in the CO-liganded oxidase giving pK,x of 5.8+0.1 and pK,q of
8.9+0.1. The H*/e™ linkage ratios for Cup (green curves) were cal-
culated from the best fit analysis of the H"/COX ratios measured in
the CN~-liganded oxidase giving pKo,x of 6.2*0.2 and pK,q of
6.8+0.1 and the best fit analysis of the difference between the H™/
COX ratios in the CN™-liganded oxidase minus the H*/COX ratios
in the CO-liganded oxidase, giving pK,x of 6.5%0.2 and pK,.q of
7.0+£0.1. The H*/e™ linkage ratios for heme a3 (pink curves) were
obtained from the best fit analysis of the difference between the H™/
COX ratios measured in the unliganded oxidase and the H"/COX
ratios in the CN™-liganded oxidase giving two groups linked to
heme a3 with pK,, values of 6.8+£0.2 and 7.4+0.2 and pKi.q values
=12 respectively. For other details see [11].

Papa et al. have carried out an extensive study of the influ-
ence of kinetic and thermodynamic factors on the H*/e™ stoi-
chiometry of cytochrome ¢ oxidase in mitochondria and in the
isolated-reconstituted state (COV) [17,18,21]. The results of
the investigations, based on measurement of the rates of elec-
tron flow and proton ejection at level flow, showed that the
H/e™ ratio of proton pumping by the oxidase varies, both in
intact mitochondria and in the isolated-reconstituted oxidase,
from around zero, at extremes of low and high rates, to about
one at intermediate rates (see also [14]). It was also found that
the H*/e™ ratios for proton ejection driven by ferrocyto-
chrome ¢ oxidation in COV increase with pH, up to about
one at a pH around 8 and then decline at higher pHs [21].
When compared with the pH dependence of redox Bohr ef-
fects in the soluble oxidase, the pH dependence of the H /e~
ratio for proton pumping is similar to that observed for the
Ht/e™ ratio of the Bohr effect linked to oxido-reduction of
heme « (Fig. 2) [14].

Proton pumping in cytochrome ¢ oxidase at the steady state
was found to be decoupled by the ApH component of Ap [18].
This decoupling should not be confused with the Ap-depend-
ent membrane leak. It has, in fact, been found that promotion
of the steady-state proton leak in valinomycin and K* sup-
plemented COV by the protonophore CCCP, which decreases
the ApH, alleviates ApH-dependent slip in COV and increases
the H"/e™ ratio of the pump [18].

4. A cooperative proton pump and role of heme a
in cytochrome ¢ oxidase

It is generally accepted that electron flow in the oxidase
coupled to proton pumping follows the sequence cyt.c
— Cupy »heme a—heme a3-Cug [4] (Fig. 3). Oy reduction
to H,O at the binuclear heme a3-Cup center is considered
by different groups to be directly coupled to proton pumping
[4,12,22,23]. The crystallographic structures of Paracoccus de-
nitrificans [23] and bovine heart cytochrome c¢ oxidase [24]
show a hydrogen-bond network of residues in subunits I
and II which can provide an efficient electron transfer path-
way from Cu, to heme a (see Fig. 3). Two hydrogen-bond
networks of subunits I and II residues can also be identified in
both the bovine heart [24] and P. denitrificans [25] oxidase
crystals (see Fig. 3), which could serve as direct electron trans-
fer pathways from Cuy to the heme a3-Cugp center [24]. Elec-
tron transfer from Cuy to the heme a3-Cug via heme a will be
associated, through the cooperative linkage discussed above,
to proton pumping. Electron transfer from Cuy to the heme
as-Cup, bypassing heme a, will result in decoupling of the
pump. The distance from the lower Cua to the heme a Fe
is 2.6 A shorter than that to the heme as Fe [23,24]. Thus the
rate of electron transfer from Cuy to heme ¢ would be much
faster than to heme a3 as is, indeed, indicated by kinetic data
[26] and calculated electron-tunneling pathway [27]. It is, how-
ever, conceivable that under conditions of high electron pres-
sure on Cup and high transmembrane AuH*, which would
exert inhibitory back pressure on proton coupled electron
transfer from Cu, to heme a3-Cup via heme a, without ob-
viously affecting the decoupled direct electron transfer to the
binuclear center, the latter becomes significant. This could
explain the observed decoupling of the proton pump in the
oxidase observed at high rates of electron flow and the decou-
pling effect of transmembrane ApH reported above. There are,
however, other possible mechanisms of slippage in the proton
pump (see below and [16]). The crystal structure of cyto-
chrome ¢ oxidase can direct mutational analysis to verify
the proposed occurrence of the two pathways for electron
transfer from Cu, to the heme a3-Cugp center.

Let us now examine in more detail the putative steps and
residues involved in the proton pump of cytochrome ¢ oxi-
dase. The results on the redox Bohr effects in cytochrome ¢
oxidase indicate that the transfer via heme a of each electron
from Cu, to the heme a3-Cup center can be associated with
the uptake of up to one proton from the N aqueous phase and
its translocation towards the P side of the membrane. It may
be recalled that involvement of a protolytic group linked to
heme « in the proton pump of cytochrome ¢ oxidase had
already been proposed by Artzabanov et al. [28] and Wik-
strdm [29]. A role in proton pumping was also advocated
for the formyl substituent of heme @, hydrogen-bonded to a
protolytic residue in the protein [30]. Rousseau et al. [31]
presented resonance Raman spectroscopic evidence for the
presence of HoO molecules near heme a and proposed that
these HoO molecules could shuttle protons from the N aque-
ous phase to protolytic group(s) whose pK is governed by the
redox state of heme a. X-ray crystallography shows, in fact,
H>0 molecules near heme a [25,32]. The crystal structure of
subunit I of the P. denitrificans oxidase shows hydrogen bonds
between R54 and the formyl of heme «a [23] (Fig. 3A). In the
bovine oxidase, in addition to the hydrogen bond between the
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Fig. 3. View parallel to the membrane of the location in subunit I of cytochrome ¢ oxidase of heme a, heme a3-Cup and protolytic residues
contributing to proton conducting pathways. Data from the PDB coordinates of the crystal structure of P. denitrificans (A) [23,25] and bovine
heart (B) [24,32] cytochrome ¢ oxidase, shown using the Ras Mol 2.6 program. The conserved protolytic residues contributing to the D chan-
nel, shown in magenta, are going from the N surface to the interior of the protein D124, N113, N131, N132, N199 in the P. denitrificans oxi-
dase (Fig. 3A). These residues are followed by a cavity, lined with hydrophylic residues like S193, which can be filled by water molecules lead-
ing to E278 [23,35]. The corresponding D channel in the bovine oxidase, also in magenta, is made up of D91, N80, N98, N99, N163, S157,
E242 [24] (B). The conserved protolytic residues of the K channel, shown in green, are K300, K354, Y280 intercalated by water-filled cavities
in P. denitrificans oxidase [23,35] (A). The corresponding K channel in the bovine oxidase, also in green, is made up of K265, K319, Y244 (B).
The protolytic residues of the TMXI-TMXII channel in the bovine oxidase [24], shown in orange, are D407, H413, S461, possibly intercalated
by water-filled cavities (B). The corresponding proton pathways in the P. denitrificans oxidase, also shown in orange, are E442, H448, S496,
drawn from [23] (A). The D51 proton release pathway in the bovine oxidase, shown in orange, is made up of D51, the peptide bond Y440-
S441, Y54, R38 [32]. The corresponding proton release pathway drawn for P. denitrificans, from [23], also shown in orange, is made up of
D477, the peptide bond Y475-1476, N486 and R54 (A). Coupled electron transfer pathway is indicated by solid blue arrows; decoupled elec-
tron transfer from Cuy to the binuclear center by a dashed blue arrow. For other details see text.

conserved R38 and the heme a formyl, S382 can be hydrogen-
bonded to the OH group of the farnesyl [24] (Fig. 3B).
X-ray crystallography reveals proton conduction pathways
by which heme « and its surrounding residues can be con-
nected to the N and the P aqueous phases [23,24,32]. Two
distinct proton conduction pathways have been identified in
the crystal structure of subunit I of cytochrome ¢ oxidase
which are remarkably similar in the P. denitrificans [23] and
bovine heart enzyme [24] (Fig. 3). One, the D channel, leads,
through conserved protolytic residues [33] and HyO-filled cav-
ities [32,34,35], from a conserved aspartic residue at the N
surface (D91 in Beef, D124 in Pden) [33] to a conserved glu-
tamic residue (E242 in Beef, E278 in Pden) located in the
central part of transmembrane helix VI [23,24,32] (see Fig.

3). The other pathway, the K channel, starts with a conserved
lysine at the N surface (K265 in Beef, K300 in Pden) [24,36]
and leads through conserved protolytic residues and water-
filled cavities [23-25] to a conserved tyrosine (Y244 in Beef,
Y280 in Pden) which is covalently bound to a Cup histidine
ligand (H240 in Beef, H276 in Pden) [25,32] (see Fig. 3). The
K channel was hence proposed to conduct chemical protons
from the N phase to the heme a3-Cup center where they are
consumed in the reduction of Oy to HyO. The D channel was,
on the other hand, proposed to translocate pumped protons
from the N space to the central glutamic residue (E242 in
Beef, E278 in Pden) and from this to the Cug histidine ligands
(H290 or H291 in Beef, H325 or H326 in Pden) whose redox-
linked shuttling on Cug is proposed to represent the critical
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step in the model of proton pumping denominated the ‘histi-
dine cycle’ [22,23,34].

More recent observations seem to require these conclusions
to be, at least in part, revised. (i) Mutational analyses by
Konstantinov et al. [37,38] and others [39] have provided evi-
dence indicating that whilst the K channel is only involved in
the uptake of chemical protons in the transition from the
‘oxidized’ to the ‘peroxy’ intermediate of the binuclear center
(the eu-oxidase half of the redox cycle) (see Fig. 5), the D
channel would transfer both pumped protons and chemical
protons consumed in the reduction of HyO, to 2 HyO at
the binuclear center (P—F and F— O steps, the peroxidase
half of the cycle) (see Fig. 5). (ii) The latter point seems to be
consistent with the observation that mutational replacement
of conserved protolytic residues in the D channel suppresses
proton pumping but also causes inhibition of electron flow
[33]. (iii)) The recent X-ray analysis at 2.3-2.5 A resolution
of the bovine enzyme shows the three histidine ligands to
Cup to be bound to the metal in both the oxidized and the
reduced oxidase crystal, as well as in the azide-liganded form
([32], see also [25]). This structural information, as well as the
functional characterization of the protolytic group apparently
linked to Cup (see Fig. 2 and text), indicating transition of
one of the Cug-bound histidines between the imidazole/imi-
dazolium state, but not imidazolate (pK~= 14), with a maxi-
mum H%/e™ coupling number of 0.3 [11], do not support the
‘histidine cycle’ model of the proton pump, at least in the
version based on redox-linked binding change at Cugp of one
of the three histidines between Cup-bound imidazolate, imi-
dazole and free imidazolium [22,23,34]. E242 (Beef, E278 in
Pden) could, however, be in protonic connection with the
heme a3 propionates [23,40], or with the same oxygen reduc-
tion intermediates (P or F compounds at the binuclear center)
(see Fig. 5). This glutamic residue seems to deserve particular
attention. Its mutational replacement by a cysteine blocks
proton pumping and causes inhibition of electron flow with

accumulation of the peroxy intermediate [41]. Infrared spec-
troscopy [42], molecular dynamics [35] and statistical-mechan-
ical potential of mean force [34] indicate that E242 (Beef,
E278 in Pden) may be connected by bound water molecules
to the binuclear center. The crystal structure of subunit I of
bovine heart oxidase (Fig. 4) shows that the conserved E242
(facing a cavity delimitated by helices VI, II and X) can, on
one side, establish a protonic connection, through protolytic
residues of helix II and bound water molecules, with H61,
ligand to the heme a Fe, or with protonatable groups of the
heme a porphyrin. FTIR spectroscopy results indicate that the
ionization state or the position of E278 (Pden) is coupled to
electron transfer to/from heme « [43]. Mutation in Saccharo-
myces cerevisiae of the leucine corresponding to 166, located
in the bovine oxidase between E242 and heme a (see Fig. 4),
has been found to lower the heme a redox potential and its
pH dependence [44]. On the other side, E242 is close to the
backbone of H240 and could be connected by water molecules
to the binuclear center [34,35]. On the basis of new crystallo-
graphic data on the bovine oxidase Yoshikawa (personal com-
munication), revising a previous statement [32], proposes that
E242 can transfer protons to monoatomic oxygen reduction
intermediates bound at the heme a3 Fe, through hydrogen
bonds involving the peptide carbonyl of G239 and Cug-bound
OH /H;0. Increased resolution of the P. denitrificans oxidase
crystal shows that the carboxylic group of E278 is hydrogen-
bonded to the backbone carbonyl oxygen of M99, which is
located further towards the P side, closer to heme a (Figs. 3A
and 4) [25]. The carboxylic group of the corresponding E242
is found in the crystal of the bovine oxidase to be hydrogen-
bonded, both in the oxidized and in the reduced state, to the
sulfur atom of M71 which is located below E242 in the D
channel [32] (Figs. 3B and 4). These observations substantiate
a structural and functional connection of E242 (Beef, E278 in
Pden) with heme a and its surrounding residues, as well as a
protonic connection of this glutamimic with the binuclear
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Fig. 5. A cooperative proton pump model in cytochrome ¢ oxidase with the involvement of the vectorial Bohr effect linked to heme a and pro-
ton conduction pathways identified by mutational analysis of heme-copper oxidases and X-ray crystals of P. denitrificans and bovine heart oxi-
dases. Solid black lines denote the pathway of pumped protons, dashed red (channel D) and solid blue lines (channel K) denote pathways of
chemical protons consumed in the chemistry of O, reduction to H»O. Dashed black line shows possible cooperative coupling, involving a Y
proton trap, between the utilization of the third and fourth electrons and the output pathway of pumped protons. Dotted lines show the trans-
fer of the first and second (in blue) and the third and fourth (in red) electrons from heme a to the binuclear center in the reduction of O, to
H,O. Yellow lines denote the inner (N) and outer (P) surfaces of the membrane. The P intermediate is shown as a O-O peroxy compound.
Evidence has, however, been presented that the O-O bond can be broken at this stage with generation of a hydrogen-bonded oxoferryl or fer-

ryl-oxene form [51]. For details see text.

center or with the same intermediates of oxygen reduction (P
and/or F) (Fig. 5).

Whilst the D channel might constitute the conduction path-
way for protons from the N phase to the heme a environment,
the recent X-crystallographic analysis of the bovine oxidase by
Yoshikawa et al. [32] indicates the existence of a pathway for
proton release from heme a to the P phase. These authors
found that D51, in the G49-N55 segment located at the P
side of subunit I, moves upon reduction of the oxidase by
4.5 A from a buried position to one in which its carboxylic
group becomes exposed to the P aqueous phase (Fig. 3B). In
the oxidized state D51 would be in protonic connection with
the N aqueous phase through hydrogen-bonded protolytic
residues interacting with heme a: these are the peptide bond
Y440-S441, Y54, R38. Yoshikawa et al. [32] propose that
D51, moving upon reduction of the oxidase (in particular
heme « which interacts with the hydrogen bond network men-
tioned above) from inside to outside, undergoes a pK decrease

and releases pumped protons in the P phase. Upon reoxida-
tion of the enzyme, D51 moves back to the interior of the
protein and is reprotonated by N protons through the peptide
bond Y440-S441. This bond, with the NH group hydrogen-
bonded to D51 and the CO group to Y54, will act as unidirec-
tional proton transfer path, since the equilibrium of the two
tautomers, -CO-NH- and -C(OH) =N-, is largely poised to-
wards the former [32]. It has, however, been pointed out that
the kinetics of this tautomerization is debatable [45].

It should be recalled that the oxidation of the metal centers
of the oxidase (and of heme « in particular) is found to be
associated with net proton release from the protein (Fig. 2)
[11,12,15,46]. The role of the redox-linked movement of D51
is also compatible with proton release upon oxidation of the
metal centers. In this case, the carboxyl of D51 in the depro-
tonated state would move, upon reduction, towards the P side
leaving the proton on H,O hydrogen-bonded to protolytic
residues in the protein. Then a hydronium ion is released in
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the P phase upon oxidation of the enzyme [32]. The protolytic
residues of the D51 proton release pathway in the bovine
oxidase are not all conserved in prokaryotic oxidases (see
Fig. 1). A possible proton-conducting network of protolytic
residues, analogous to the G49-N55 segment of the bovine
oxidase can, however, be identified in the crystal structure of
subunit I of P. denitrificans oxidase, which extends from the
domain of heme a to the P surface (Fig. 3A). This network
would be made up of R54, N486, the peptide bond Y475-1476
and D477.

In Fig. 5, a scheme, based on the information summarized,
is presented which attempts to describe the steps of proton
translocation associated with reduction of dioxygen to H,O
by ferrocytochrome ¢ in cytochrome ¢ oxidase (bovine residue
numbering is used). Upon delivery to the oxidase of the first
electron (of the four which reduce O, to 2 HyO), reduction of
heme a, through enhancement of the pK of a critical residue
of its environment in protonic connection with E242 (or of
E242 itself), will result in the uptake, via channel D, of the
first pumped proton from the N aqueous space. With the
transfer of the first electron from heme a to the binuclear
center the proton is released in the P aqueous phase directly,
or transiently trapped by a second acceptor [12] at the P side
of subunit I. The proton release pathway could be contributed
by the output structure of D51 which undergoes the redox-
linked conformational change described above. The same
events apply to the transfer of the second electron via heme
a to the binuclear center. Arrival of the first two electrons at
the binuclear center is associated with uptake, via channel K,
of two protons to neutralize the negative charges introduced
there, followed, upon oxygen binding, by formation of the
peroxy compound [37].

Arrival of the third and fourth electrons will result, upon
two successive reductions of heme «, in the uptake, via chan-
nel D, of the third and fourth pumped protons. If the third
and fourth pumped protons are transiently trapped, like the
first two, by protolytic groups in the oxidase, up to this stage
no transmembrane charge translocation will take place. Upon
transfer of the third and fourth electrons to the binuclear
center and their utilization in the P—F and F—O steps,
the four pumped protons are released in the P aqueous phase
with transmembrane translocation of four positive charges. In
the absence of transient trapping one proton will be trans-
located, from the N to the P aqueous phase, for each electron
transferred by heme a (from Cuy to the binuclear center).

In the catalytic cycle of the oxidase, reductive cleavage of
the peroxy and ferryl compound are the two steps associated
with the largest AG [4]. Response of the redox equilibria of O,
F and P intermediates to mitochondrial energization by ATP
[47] as well as direct dynamic measurement of charge trans-
location in the oxidation of reduced cytochrome ¢ oxidase by
O, [48] and in the isolated P—F and F— O transitions [38],
and of proton translocation in the peroxidase reaction [49]
have provided evidence indicating that the P—F and F—0O
steps are each coupled to transmembrane translocation of
2 Ht/e™. If this is indeed the case, one has to think that the
P—F and F— O steps induce a conformational change and/
or electrostatic forces, extending from the binuclear center
domain to the proton exit pathway described (see Figs.
3 and 5), which result in the release of the trapped pumped
protons in the P aqueous phase.

As already pointed out, evidence has been obtained indicat-

ing that the D channel, but not the K channel, can also be
used for the transfer of the two chemical protons utilized in
the P—F and F — O steps [36-38]. Upon transfer of the elec-
trons from the heme « to the binuclear center, the pK of the
group linked to heme « returns to the low pKj value; at the
same time, strong negative charges are generated at the binu-
clear center by the arrival of the third and fourth electrons so
that E242, rapidly reprotonated through channel D from the
N phase, in the absence of proton delivery by the K channel,
now transfers chemical protons to the binuclear center. It is
possible that the transfer of the third and fourth electrons
from heme «a to the binuclear center and their utilization in
P—>F and F—O steps causes a movement of E242, with
rupture of the hydrogen bond with M71 (E278 and M99 in
Pden), or simply a rotation of the carboxylic group around
this hydrogen bond, to a position in which it transfers the
protons received from the D channel to the binuclear center
ligands. This ‘glutamate switch’ might represent a critical step
in the proton pump and its disturbance at high electron pres-
sure and transmembrane AUH™ could also explain the decou-
pling effect observed under these conditions.

Michel [50] has developed a model in which each of the four
reductions of heme « is coupled to the uptake of one proton
via the D channel. The first proton is pumped in the P phase
upon double reduction of O, to the P intermediate, the second
and the third during the P—F transition, the fourth in the
F— O transition.

We would like to stress that the scheme outlined in Fig. 5 is
primarily intended to emphasize the role in the proton pump
of cytochrome ¢ oxidase of cooperative coupling at heme a.
The specific pathways followed by the pumped and chemical
protons in the polypeptide chain and the mechanism by which
cooperative proton translocation, associated with oxido-re-
duction of heme a, is coupled to the oxygen-reduction chem-
istry at the binuclear center, remain to be defined. The critical
role of E242 and of the D channel in proton pumping is
supported by converging genetic, structural and mutational
evidence. However, it could be possible that, at least in animal
cytochrome ¢ oxidase, the proton pump, always operated by
cooperative coupling at heme a, involves another putative
proton conduction pathway identified in the crystal structure
of subunit I of the bovine heart oxidase which is contributed
by protolytic residues of transmembrane helices XI and XII
[31] (see Fig. 3B). Proton conduction along this pathway
might be controlled by redox transition of heme a through
hydrogen bonds between its porphyrin substituents and pro-
tolytic residues in subunit I [24,32]. The TM XI-TM XII
pathway is also found in the P. denitrificans with the excep-
tion of one protolytic residue [25] (see Fig. 3A). It should,
however, be recalled that the protolytic residues in this path-
way are not conserved in other prokaryotic protonmotive
heme-copper oxidases (see Fig. 1).
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