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Abstract

Cytochrome c is responsible for over 90% of the dioxygen consumption in the living cell and contributes to the build-up
of a proton electrochemical gradient derived by the vectorial transfer of electrons between cytochrome ¢ and molecular
oxygen. The metal ions found in cytochrome oxidases play a crucial role in these processes and have been extensively
studied. In this review we present and discuss some of the relevant spectroscopic and kinetic properties of the prosthetic
groups of cytochrome ¢ oxidase.
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1. Structure of cytochrome ¢ oxidase
1.1. Introduction

Cytochrome ¢ oxidase (ferrocytochrome c: O,
oxidoreductase, EC 1.9.3.1) is an oligomeric metal-
loprotein incorporated in the mitochondrial inner
membrane of eukaryotic cells or in the plasma mem-
brane of bacteria [1-3]. This enzyme catalyses the
transfer of electrons between two substrates, namely
ferrocytochrome ¢ and molecular oxygen, protons
being consumed during the reaction. Part of the free
energy of the reaction (the redox gap between cy-
tochrome ¢ and molecular oxygen is ca. 0.5 V at
25°C) is used to drive translocation of protons from
the aqueous matrix to the intermembrane space of
mitochondria [4] against an electrochemical gradient.
Thus, cytochrome ¢ oxidase is a redox-linked proton
pump, which couples redox energy to the endoer-
gonic vectorial transport of protons, in line with the
chemiosmotic theory [5].

According to a classical viewpoint, electron trans-
fer and energy transduction by cytochrome ¢ oxidase
are achieved by at least two different transition
metals (copper and iron), organized in three distinct
centers. By functional criteria these may be classified
[1] on the basis of the substrate with which they
interact directly. Two centers are the sites of electron
donation by the macromolecular substrate cy-
tochrome ¢, which is located in the mitochondrial
intermembrane space. These are: (a) one heme a Fe,
bearing a formyl group and a long isoprenoid side
chain, called cytochrome a and (b) an EPR-detecta-
ble copper ion called Cu, or Cu,, since it is a
partner of cytochrome a and follows its kinetic
behavior. The other cluster, the prosthetic group
which binds and reduces dioxygen to water, is a
heterobinuclear center contributed by one iron and
one copper ion in close proximity. The iron atom is
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inserted into an otherwise identical heme a which,
however, is located in a protein environment which
confers to this heme a quite distinct properties from
cytochrome g; it is referred to as the cytochrome a;
site and is within 5 A from a copper ion, called Cug
or Cu,,, which under ordinary conditions is not
detectable by EPR.

In this paper, current concepts on the structure,
the metal centers and the kinetic properties of the
enzyme and its proton pumping function will be
reviewed in order to support the reader with critical
discussions of possible mechanisms of electron
transfer and energy transduction. Open questions
relative to any of the above topics will also be
highlighted, since some generally accepted dogmas,
such as metal composition, have been recently chal-
lenged.

1.2. Structure and membrane topology

The number and type of subunits involved in the
assembly of a fully competent cytochrome oxidase,
the oligomeric state of the enzyme in situ (whether
monomeric or dimeric), and the relationships of the
enzyme with the membrane, have been actively in-
vestigated. Uncertainty originates from lack of both
the tridimensional structure and knowledge of spe-
cific function(s) of all copurified subunits. Here we
summarize some general features of mammalian cy-
tochrome ¢ oxidase, with some reference to bacterial
oxidases.

Mammalian cytochrome oxidase is integral to the
inner mitochondrial membrane. With few exceptions,
the enzyme purified from beef heart following by
and large Yonetani’s procedure [6,7] is in a dimeric
state [8~10]; monomeric oxidase has been purified
from shark [11] or to some extent from camel heart
[12].
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Several authors have argued that the dimeric as-
sembly is essential for redox activity, i.e. that the
reaction catalysed by COX [see Section 2.1, Eq. (1)],
is carried out by a dimeric oxidase [13]. This hypoth-
esis was based partly on the fact that covalent bind-
ing of one cytochrome ¢ per dimer leads to complete
inactivation of the enzyme (the so-called half-of-sites
effect) [14]. A different viewpoint has been advo-
cated by Wilson and coworkers [11,12] on the basis
of their results on cytochrome oxidase purified from
shark heart (Sphyrna lewini), which was found to be
fully active in spite of being monomeric; the assess-
ment of the aggregation state of shark COX has been
confirmed by equilibrium ultracentrifugation [15].
Monomeric COX may also be obtained from bovine
enzyme following removal of subunit III ([16] and
see [17] for a review) which allows to position
subunit III at the interface in the dimer. The kinetics
of oxidation of cytochrome ¢ by Ill-less COX are
very much similar to the native protein in detergent
solution; in vesicles, however, the efficiency of pro-
ton translocation is reduced. In conclusion,
monomeric COX is fully competent in carrying out
the redox chemistry and also redox-linked proton
translocation (Section 3) has been demonstrated; thus
the dimeric state of COX isolated from mammalian
sources is apparently not essential for its function in
vitro. An important issue is to establish the aggrega-
tion state of COX in vivo. A rather simple way to
distinguish monomeric from dimeric COX has been
provided from CO displacement experiments at low
protein concentration (to attenuate intermolecular in-
teractions) [18,19]. We have used this approach to
examine the aggregation state of COX reconstituted
into phospholipid vesicles with the finding that
monomeric COX (bovine IlI-less) behaves as a dimer
or functionally interacting monomers when inserted
into vesicle membrane. This view is not completely
shared [10], therefore the issue is still open and
further experiments are required.

Each monomer is formed by 13 subunits (poly-
peptides), associated in a 1 to 1 stoichiometry [20,21],
with the exception of subunit VIIIb present in two
copies. Subunits I, II, and III are the largest, and are
present in all oxidases with a few exceptions, like the
2-subunit enzymes purified from Thermus ther-
mophilus or from Sulfolobus acidocaldarius [22,23];
sometimes subunit III, more hydrophobic and loosely

bound, is lost during enzyme purification. The major
subunits are coded for by mitochondrial DNA, and
the relative polypeptides are synthesized in the mito-
chondrial matrix. The remaining subunits are smaller,
nuclear-coded, synthesized in the cytosol, and most
often missing in the prokaryotic enzymes [24].

As an integral membrane protein, the mitochon-
drial enzyme spans the membrane completely. It
conforms to the basic paradigm of being so struc-
tured to allow proper hydrophobic interactions with
the non-polar components of the phospholipid bi-
layer. Thus 8 polypeptides out of 12 contain se-
quences of apolar aminoacids long enough (about 20
residues) to span the membrane in an alfa-helical
conformation [1]. On the basis of EM image-recon-
struction carried out originally on two-dimensional
crystals a monomeric unit has been grossly depicted
as Y-shaped, with the two arms inserted into the
bilayer and the stem of Y protruding in the external
bulk phase [25-27]. More recent cryo-EM observa-
tions (28], carried out on mitochondrial vesicles crys-
tals containing ice-embedded molecules of cy-
tochrome oxidase, provided the best up-date recon-
struction of the dimeric membrane—protein unit. Fig.
1 reports the model of the dimer and its topology
with reference to the bilayer. The results are consis-
tent with the Y-shape originally proposed, but with
some important differences: (a) approximately 70%
of the total mass of the dimer, 110 A long, appears
to extend in the cytosolic phase, and contains a
central cavity now proposed as the binding cleft for
cytochrome ¢ [28]; (b) in contrast with previous
observations carried out with negatively stained

Fig. 1. Cytochrome oxidase structure and membrane topology.
Modified from [28] with permission.
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specimens [29], the hydrophobic region of the pro-
tein appears as a single compact domain, and separa-
tion of two distinct domains is clearly visible only
out of the membrane plane, towards the matrix [28].
The degree of image resolution is certainly improved
though the predicted transmembrane helices cannot
be accommodated in the apparent volume of the
membrane domain [28].

1.3. Metals

As discussed by Steffens et al. [30], the metal
composition of COX has been quite controversial
since the discovery of this enzyme by Warburg [31].
If general consensus is found for two heme irons
(cytochrome a and cytochrome a,) per functional
unit of the enzyme (which may be defined as that
containing 13 polypeptides with an overall molecular
mass of ca. 200 kDa), the same, however, is not true
for the copper content. Although it is generally
agreed that in the beef heart enzyme the Cu/Fe ratio
is close to 1 [32] and thus at least 2 copper ions are
bound to the protein, several reports indicate that this
ratio is sensibly higher than unity [33~35]. In 1984
and 1985 Einarsdottir and Caughey [36,37] found a
slight excess of copper over the expected 1:1 Cu/Fe
ratio using inductively-coupled plasma—atomic emis-
sion spectroscopy (ICP-AES, a technique which al-
lows simultaneous metal determination to be made);
stoichiometric amounts of zinc and magnesium were
also found [35,36]. In 1987 Steffens et al. [30], using
the same technique, extended the previous determi-
nations to the enzyme from Paracoccus denitrifi-
cans. Moreover, since the sulphur content of COX is
known from sequence analysis, its determination was
included as an internal standard. Their result indi-
cated a Cu/Fe ratio of almost 1.5, which would
suggest the presence of three copper ions per mole of
functional unit in both eukaryotic and prokaryotic
COX. Recently protein engineering has shown the
latter hypothesis to be correct.

1.4. Optical spectroscopy

Optical spectroscopy of COX is dominated by
heme a transitions [1-3]. Notable differences rela-
tive to protoheme include: (a) substitution of a vinyl
group in position 2 with a long isoprenoid (farnesyl)
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Fig. 2. Electronic spectra of fully reduced {(r) and fully oxidised
cytochrome ¢ oxidase. The positions of the a, 8 and y (Soret)
bands are given above.

chain and (b) substitution of a methyl group in
position 8 with a formyl residue. These differences
reduce the heme symmetry and attenuate the extinc-
tion of the B-band of both cytochrome a and cy-
tochrome a,, while the a-band is intensified and
red-shifted. The visible and near-infrared spectrum
of COX purified from beef heart mitochondria in the
oxidized and reduced states is shown in Fig. 2. The
spectrum of the oxidized protein as purified (the
so-called resting enzyme) is characterized by broad
absorption bands, with peaks centred at 418-420 nm
(the Soret or y-band) and 598-600 nm (the a-band).
Upon reduction of the enzyme (e.g. with sodium
dithionite) the Soret band shifts to the red by as
much as 26 nm, the molar absorbivity increasing by
about 37%; the a-band shifts to 605 nm and doubles
its extinction coefficient (e =12 mM~! cm™!). The
position of the Soret peak in the oxidized enzyme is
particularly sensitive to the previous history of the
protein and to the ligation state of cytochrome a,
and in any case always shifts to the red.

It is now established that both cytochrome a and
cytochrome a, contribute to these optical transitions,
although with different amplitudes. On the basis of
the differential reactivity of cytochrome a and cy-
tochrome a, with ligands (only the latter binds
exogenous ligands such as dioxygen, cyanide and
carbon monoxide) and the possibility of preparing
various half-reduced derivatives of COX, it has been
possible to deconvolute the optical properties of the
two cytochromes [6,38—40], with the generally veri-
fied assumption that the redox state of one cy-
tochrome does not perturb the spectroscopic proper-
ties of the other (however, see [41]). Other distinc-
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tive features of the oxidized enzyme are a broad
low-extinction near-infrared band centred at 830 nm
and a shoulder at 655 nm (inset to Fig. 2). The latter
is thought to arise from the interaction between Cug
and cytochrome a, [42]. Previous studies on the 830
nm chromophore have indicated that it is due (largely
but not exclusively) to copper [43-45]; it is now
believed that the EPR-detectable Cu,(II) is, by and
large, responsible for this transition.

L5. Cu, site

Recently the chemistry of the Cu, site has been
reconsidered in the light of important findings sug-
gesting that the site contains 2 copper atoms instead
of 1 [46], as classically believed.

Classic features: cupric copper, 3d° electronic
configuration and one unpaired electron, is usually
found in proteins in tetragonal or distorted tetragonal
ligand fields, with g values 2.0-2.4. However, the
copper EPR signal of COX (Fig. 2) has no resolved
hyperfines both at the X-band and Q-band (9 and 35
GHz, respectively) [32,35]. The line-shape is axial at
X-band (g, =2.18 and g, = gy, = 2.00), but at Q-
band displays rhombic splitting (g, = 2.18, 8y =
2.03 and g, = 1.99, the latter being lower than that
for the free electron). The EPR signal is quite diffi-
cult to saturate at 93 K, a unique feature compared to
low-molecular-weight Cu(Il) complexes, protein-
bound Cu or other blue Cu proteins. Treatment of
COX with SDS drastically changes the EPR (see Fig.
3a and b), and completely bleaches the 830 nm
charge-transfer band of Cu, (not shown). The EPR-
detectable copper Cu, is of the type found in cupre-
doxins containing type I centers [47,48], i.e. with an
unusually narrow parallel hyperfine coupling con-
stant in the EPR spectrum ( A, is in the range 80-30
gauss and for Cu, it must be < 30 gauss [49]). The
similarity in the spectroscopic properties (although
not stringent) is paralleled by homologies in the
aminoacid sequence of the Cu-binding site [50]. As a
matter of fact, regions of the primary structure of
these proteins are homologous to the sequence of
subunit II of beef heart COX, which is conserved in
cytochrome c¢ oxidases; this information strongly
suggests that the binding site for Cu, is on this
polypeptide (see below).

According to Chan and coworkers [51-53], coor-

A n i 1 i A
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Fig. 3. X-band EPR spectrum of Cu,. (a) Native Cu, signal,
double integration of the signal accounts for 0.8 Cu ions/func-
tional unit; (b) sample a treated with 2% sodium dodecyl sulphate
in air, line-shape typical of adventitiously bound copper (‘biuret
spectrum’). The intensity of the signal accounts for 2.2 Cu?* /mol
of enzyme (as compared to 0.8/mol in the native protein),
indicating that in the native protein at least one copper ion is EPR
undetectable. Conditions: T = 90 K; microwave frequency = 9.15
GHz; microwave power = 5 mW.

dination of the copper(s) involves at least one Cys
and one His (and possibly an additional Cys) from
subunit II, based on spectroscopic (ENDOR) obser-
vations of COX from yeast grown with isotopically
labelled His or Cys. X-ray edge absorption studies of
Cu, have indicated that the coordination charge at
the Cu ion does not change appreciably upon reduc-
tion [54] and have established sulphur ligation to a
copper atom [55-57].

This description of the Cu, site, however is not
unanimously accepted: it is important to stress that
among the 2 or 3 Cu ions bound per mole of
functional unit, only (slightly less than) 1 is detected
by EPR. Since a second copper ion (Cug) is unde-
tectable because of its magnetic interaction with the
Fe** of cytochrome a,, the ‘newly’ discovered third
Cu (see Table 1) has escaped detection by every
spectroscopic technique, which has suggested the
existence of novel copper clusters with peculiar spec-
troscopic properties [58].

The binuclear copper-site model: in 1988 Kroneck
et al. [46] suggested that the Cu, site is binuclear,
and contains 2 copper atoms in a mixed valence
state. Since then, this hypothesis has been supported
by careful metal analysis yielding in several cases a
3Cu/2Fe stoichiometry, as well as by other indepen-
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dent evidence, such as: (i) nitrous oxide reductase,
the terminal acceptor of the electron transport chain
in denitrifying bacteria shares some distinctive prop-
erties with COX [46,59-61]. One of the EPR de-
tectable sites of this enzyme is a mixed valence
copper dimer of structure [Cu(1.5) ... Cu(1.5)], whose
EPR properties are very similar, though not identical,
to Cu, (the similarity being most obvious at C-band,
4 GHz of frequency); (i) metal analysis and spec-
troscopy carried out on a Cu, site recently engi-
neered (mutagenesis experiments) in the C-terminal
hydrophilic portion of subunit II of the E. coli
quinol oxidase, naturally devoid of the Cu, site, are
confirmatory of the binuclear site model [62,63];
observations have been extended to the hydrophilic
subunit II domain from Paracoccus denitrificans
[64]. Though growing experimental evidence strongly
supports the hypothesis of a binuclear Cu, site, it is
yet in doubt whether Cu, is indeed a mixed valence
binuclear site, see also [2]. As a matter of fact, it is
observed that the second copper ion of the Cu,
cluster seems to resist reoxidation even upon denatu-
ration (see Fig. 3); moreover Cu, behaves as a
single electron acceptor in the native enzyme. Thus
in this review we shall only (and often) refer to four
functionally significant metal centers.

1.6. Cytochrome a

Fe** with d° configuration can have S =5/2 or
S =1/2, high- and low-spin, respectively. The lig-
and-field symmetry of low-spin ferric heme is typi-
cally rhombic and the EPR spectrum displays three g
values ranging from 0.8 to 3.5. Cytochrome a falls
in this category [32,33,35]. It is a bis-imidazolate
low-spin center in both oxidation states II and IIL
The shape of the EPR signal and the EPR parameters
(g,=3.03, g§y=224 and g, = 1.45) are typical of
a magnetically diluted low-spin heme. The EPR
spectrum of cytochrome a from beef heart COX is
shown in Fig. 4. The signal intensity closely matches
the protein concentration. The nature of the proximal
and distal ligands has been elucidated on the basis of
comparison with the resonance Raman [65,66] and
the magnetic circular dichroism [67,68] of model
compounds. The heme of cytochrome a, although
easily accessible for electron transfer, is likely to be
buried within a hydrophobic pocket due to its long
isoprenoid side chain.

1.7. Cytochrome a;—Cuy site

The Fe of cytochrome a, and Cuy are very close
(<5 A) to one another, and form a magnetically
coupled heterobinuclear center. The result of this
interaction is the lack of EPR signals from the
individual metals even in the oxidized state. It has
been shown by magnetic susceptibility experiments
[69,70] and MCD spectroscopy {71] that cytochrome
a; (Fe’*, S=5/2) and Cuy (Cu**, S=1/2) are
strongly antiferromagnetically coupled (as in type-III
binuclear copper centers [48]) to form an S = 2 spin
system which, using ordinary EPR instrumentation,
cannot be detected. As a possible alternative, the
oxidized resting cytochrome a,—Cup center may
contain a ferryl ion [Fe(IV)] coupled to a Cu(I) site
[72]; this would provide a structural basis for the
CO-driven reduction of this site yielding the mixed-
valence species [73,74], a derivative of COX in
which cytochrome a and Cu, are oxidized and the
cytochrome a,;—Cup site is reduced (ferrous—
cuprous) and in combination with carbon monoxide.
Fe(IV) may, indeed, be generated during one-
turnover experiments [75] (in the form of an oxo-
ferryl ion) and is suitable for reaction with carbon
monoxide, the Fe(IV) being a two-electron acceptor.
This proposal, however, should be contrasted with
recent Mossbauer experiments on beef heart and
Thermus thermophilus COX, which support the clas-
sical view of a high-spin ferric cytochrome a, in the
resting (i.e. as purified) oxidized state [76].

The oxidized beef heart enzyme always displays a
low-intensity, high-spin (g =6) EPR signal [32].

1.45

21
303 2

Fig. 4. EPR spectrum of ferric cytochrome ¢ oxidase showing the
low-spin heme a signal. Conditions: T =16 K; microwave fre-
quency = 9.15 GHz; microwave power =2 mW. Modified from
[35] with permission.
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This signal may be due to partial autoreduction
(possibly of Cuy?) since it is suppressed by addition
of ferricyanide or is transiently increased following
addition of cytochrome ¢ and ascorbate (under these
conditions, the signal accounts at most for 23% of
the expected intensity) [35].

The spectroscopic properties of cytochrome a,
and Cug have been studied by selective reduction
experiments. Since the lack of EPR signals is due to
the strong coupling of the two metal spins, by prefer-
ential reduction of one of the two metals the interac-
tion is disrupted and the oxidized partner in the
binuclear center may therefore exhibit an EPR sig-
nal, as shown by Stevens et al. [77]. In this investiga-
tion NO (which bears one unpaired electron) was
added to a strictly anaerobic solution of oxidized
beef heart COX. While no changes in the EPR signal
of either cytochrome a and Cu, were observed, a
rhombic high-spin EPR signal was generated by this
treatment (g, = 6.16, g, = 5.82, g, being obscured
by the Cu, signal) and its intensity accounted for
approximately 60% of one heme (the amount being
preparation-dependent). This classical experiment,
which is shown in Fig. 5, demonstrates that the
high-spin g = 6 signal arises from cytochrome a,,
since addition of NO to the oxidized protein breaks
the antiferromagnetic coupling between the Fe(II)
and the Cu(I), by reducing the latter metal exclu-
sively.

The presence in oxidized resting oxidase of a
ligand bridging cytochrome a; and Cuy, and thereby

lg,: 6.16

H—

9,=582

Fig. 5. EPR spectrum of cytochrome a,, obtained following
addition of nitric oxide (to a pressure of 0.95 atm) to anaerobic
oxidised cytochrome ¢ oxidase. Conditions: T = 7 K; microwave
frequency = 9.16 GHz; microwave power = 0.2 mW. Modified
from [77] with permission.

CUB
1 L i
2800 3000 3200
Gauss

Fig. 6. Cug EPR spectrum observed after incubation of an
initially fully reduced cytochrome ¢ oxidase sample for 45 s at
191 K in the presence of O,. Conditions: T =9 K; microwave
frequency = 9.17 GHz; microwave power = 0.2 mW. Modified
from [75] with permission.

mediating magnetic exchange interaction between
the two metals, has been amply discussed; EXAFS
studies have proposed a sulphur atom as the bridging
ligand [78]. Since the binuclear center is located in
subunit I (see below), where no invariant cysteines
are available (but methionines are), the assignment
of the bridging ligand has been actively debated.
Other Fe-EXAFS experiments performed on a Cl-de-
pleted COX preparation [79] indicate that the inten-
sity of the peak attributed to the bridging sulphur
(which EXAFS cannot distinguish from Cl) is sub-
stantially attenuated. This result would seem to indi-
cate that the bridging ligand is a Cl™ ion, whose
function, if any, remains to be established.
Reoxidation of fully reduced COX with dioxygen
in the presence of cytochrome ¢ led to the discovery
[80] of a new type-II Cu signal, detected as a tran-
sient (see Fig. 6). This signal is clearly rhombic
(g,=2.278, g,=2109, g, =2.052) and was as-
signed either to oxidized Cug with cytochrome a, in
the reduced state (no g =6 signal was present in
some preparations), or to a Fe(IV)-oxo complex
originating after the cleavage of the O—O bond of
dioxygen [81]. Further experiments on this interme-
diate [75,82] have demonstrated that this rhombic
Cuy signal arises from an intermediate in which
ferrous (low-spin) cytochrome a, is ligated either to
carbon monoxide or dioxygen (see also Section 2).
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These experiments suggest that reduction of Cu, by
the cytochrome a—Cu, sites is faster than the reduc-
tion of cytochrome a, (see page 98 of [3]) since the
Cu-EPR signal cannot be detected under (reducing)
equilibrium conditions.

Studies of the NO complex of reduced cy-
tochrome a, [83,84] have indicated that the fifth
ligand of the heme Fe of cytochrome a, is a nitro-
gen. After incorporation of " N-histidine in the en-
zyme from yeast, an histidine residue could be un-
ambiguously identified as the fifth endogenous lig-
and to cytochrome a, [85]. Finally, Cu ENDOR
spectra of COX indicate the presence of three dis-
tinct nitrogenous ligands of this metal; of these, at
least one is a histidine. This result established the
similarity between Cug and the type-III Cu site
found in laccase [48,80,81]. A very unusual transient
EPR signal is observed when reduced COX is rapidly
mixed with dioxygen (g = 5, 1.78, 1.69) [86,87]. As
discovered by Antonini et al. [88] the so-called
pulsed oxidase is a conformational state of the en-
zyme generated within milliseconds after mixing the
fully reduced enzyme with excess dioxygen; after
oxidation, pulsed oxidase decays back to resting
with half-times of many seconds to minutes. Experi-
ments with 17O2 provided no evidence of oxygen
being involved in the structure of this intermediate
[89], in complete agreement with kinetic data show-
ing that the pulsed state can be populated by oxida-
tion with oxidants other than oxygen (see [1] for
discussion and references).

In addition to the four ‘canonical’ redox-active
metals, it appears that one functional unit of COX
also contains one Zn atom [30,36,37}. An investiga-
tion carried out by EXAFS [90] indicated that Zn is
in a distorted tetrahedral environment and is coordi-
nated to three S and one N; this would seem to place
this metal, with hitherto unknown function, in one of
the cytoplasmatically synthesized subunits.

1.8. Location of the metals

For a more detailed description of the techniques
and experiments carried out to determine the location
and ligation state of the metals in COX see [91,92].
Here we describe only the currently accepted and
emerging picture. Important clues to the localization
of metals have come from the study of bacterial

cytochrome oxidases, such as Paracoccus denitrifi-
cans or Rhodobacter sphaeroides proteins. These
bacterial oxidases contain 2 heme a groups (a and
a;) and 2 copper atoms, and their spectroscopic and
functional properties are remarkably similar to those
of the eukaryotic enzyme. Nevertheless, the enzyme
from Paracoccus denitrificans, as originally puri-
fied, is made up of only two subunits (I and II) [6,7]
which are chemically and immunologically related to
the corresponding eukaryotic subunits; also subunit
11 [93] is present but this polypeptide is somewhat
loosely bound and thereby was lost in the initial
purification procedure (see also [24]). Thus the four
canonical redox-active metals must reside on sub-
units I and 1L

General consensus places the Cu, site in subunit
II as proposed originally by Steffens and Buse [50]
on the basis of sequence homology between residues
161 and 207 of subunit II (from beef heart COX) and
the active site of azurins. The quinol oxidase from
Escherichia coli (i.e. cytochrome bo) [94] does not
contain a Cu, site, though capable of redox-linked
proton translocation [95-97]. Nevertheless it was
possible to demonstrate by genetic engineering ex-
periments that a cupredoxin-like motif is present in
this protein, which undoubtedly strengthens the pro-
posed structural homology with both the cupredoxins
and COX. A Cu,-binding site in subunit II of the
quinol oxidase from FE. coli, which is naturally
devoid of Cu,, is presently being engineered by
genetic methods [98].

The two cytochromes and Cuy are in subunit I, as
shown unequivocally by the properties of Paracoc-
cus denitrificans COX and analysis of invariant
residues acting as metal ligands in subunit 1. This has
been recently demonstrated by the elegant site-di-
rected mutagenesis experiments of the group of Fer-
guson-Miller et al. [99,100]. In this case, the three-
subunit a,-type COX of Rhodobacter sphaeroides,
which is structurally and functionally homologous to
mitochondrial and Paracoccus denitrificans COX,
have been expressed and mutated. Subunit I contains
six totally conserved histidine residues, as found
from sequence comparison between several species.
Alfa-helix membrane-spanning propensity calcula-
tions are consistent with 12 transmembrane helical
spans, as also found for bovine subunit I. Each of
these conserved histidines was mutated and the ef-
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Fig. 7. Proposed structure of the metal sites bound to subunit 1.
Vertical bars represent heme a (open) and heme a (closed). Cug
is also shown. Modified from ref. [100] and [109}].

fect on the spectroscopic properties (visible and reso-
nance Raman spectroscopy) examined. In conclu-
sion, cytochrome a and the cytochrome a;—Cuyg
sites are located in subunit I, where they are presum-
ably buried inside the protein and within the lipid
bilayer; the possible ligands to these metals from
subunit I, as proposed by [99,100], are shown in Fig.
7. It is interesting to notice that 4 transmembrane
helices (II, VI, VII, X) contribute the ligands of
these three metals, and that from the latest model
cytochrome a and the binuclear center are located
almost at the same level within the membrane. The
proximal histidine of cytochrome a, (His 419) is on
helix X and only 2 residues downstream from His
421, one of the two axial ligands of the (low spin)
cytochrome a. Cu,, on the other hand, is ligated by
residues found in subunit II in a structural domain,
topologically located on the cytoplasmic side of the
biomembrane, which recalls that of cupredoxins. As
shown below and already alluded above, oxidases
can be fully functional even in the absence of Cu,,
which therefore plays no unique role in these en-
Zymes.

2. Electron transfer processes
2.1. Introduction
The reaction catalysed by cytochrome ¢ oxidase
is shown in Eq. (1):
4c¢**+4H*+ 0, > 4c° +2H,0 (D)

where four ferrocytochrome ¢ molecules transfer
electrons (one at the time) to COX, and O, is

reduced to H,O. The electron entry site(s) (cyto-
chrome a, Cu, or both, see Section 1) is structurally
and topologically different from the binuclear site
(the cytochrome a;—Cuy site) where binding and
reduction of dioxygen takes place; thus, electrons are
transferred intramolecularly through the protein from
the former sites to the latter via unimolecular T
processes, which will be described below (see Sec-
tions 2.4 and 2.5). Eq. (1) applies not only to the
enzyme as isolated in detergent solution, but also
when COX is embedded in native or artificial mem-
branes. In the latter conditions it is possible to
demonstrate the redox-linked proton translocation
activity of COX, as shown by Wikstrom in 1977 [4],
whereby vectorial proton movements are coupled to
the transmembrane €T processes (see Section 3).

It is important to stress, as a final introductory
note, that the reaction catalysed by COX is essen-
tially irreversible, due to the O, reduction, and more
specifically to two processes involving €T to O,
already bound to the binuclear center (see Section
2.6).

2.2. Conformations

Resting and pulsed: since their discovery [88],
these terms designated two conformations of the
enzyme characterized respectively by a slower or
faster turnover rate. Typically resting oxidase is the
species obtained when preparing the enzyme follow-
ing Yonetani’s procedure [7], which includes an
acidification step to collect mitochondrial mem-
branes (see below the slow and fast conformations),
while pulsed oxidase is generated by exposing fully
reduced oxidase to oxygen [88,101]. The specific
activity of the pulsed enzyme is always greater by a
factor which, depending on experimental conditions
and history of the enzyme, may vary from 2 to 10
[102]. This variability has been proposed to depend
on the fact that resting oxidase may be a mixture of
various conformational states produced (somewhat
artefactually) during enzyme purification, for reasons
still not fully understood [103]. The catalytic activity
of oxidase was more than puzzling, given that the
resting enzyme displays an unusually slow rate of
reduction of the bimetallic site, and polyphasic
cyanide binding kinetics [104,105]. On the contrary
pulsed oxidase binds cyanide monophasically, and its
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turnover number is more compatible with the inter-
nal electron transfer rate; under the best conditions
(reconstituted in uncoupled vesicles) it may be as
high as 100 s or more [106], a figure lower but not
inconsistent with the catalytic rates observed using
mitochondria. It has been shown that the resting to
pulsed transition is a reversible process which can be
induced in both directions, and it was observed not
only with the soluble but also with the vesicle-recon-
stituted enzyme [107], and with submitochondrial
particles, at least in those preparations which include
an acidification step [108]. The original kinetic find-
ings [88,101] together with more recent observations
[109,110] suggest the resting to pulsed transition to
be related to structural changes possibly of the binu-
clear center, affecting ligand binding and internal
electron transfer from the electron accepting pole to
the oxygen binding site.

Spectroscopically, the oxidised resting conforma-
tion is characterized by a blue shifted absorption
band in the Soret region, a g=12 EPR signal
(assigned to the binuclear center). The oxidised
pulsed conformation displays a 420-421 nm absorp-
tion band and a new g=5, 1.78 and 1.69, EPR
signal; those features are extensively reviewed else-
where [13].

Slow and fast: Baker et al. [105] observed that
changing the purification procedure of cytochrome
oxidase starting from that introduced by Hartzell and
Beinert, a form of the enzyme able to react with
cyanide in a single phase was isolated. This form
was converted into a slowly reacting species by
exposing the enzyme to low pH (below 7.0) or (as
demonstrated later) following incubation with anions
such as formate [111]. The two forms have been
called, since then [105), ‘slow’ and ‘fast’, to be
distinguished from resting and pulsed basically be-
cause of the different experimental protocol used to
generate them. Comparison of the basic spectral and
functional properties of ‘resting’ vs. ‘slow’ and
‘pulsed’ vs. ‘fast’ forms suggests that these defini-
tions can be thought as synonymous [111]. However
the finding that the pulsed state slowly reverts to
resting while the ‘fast’ does not (to ‘slow’) perhaps
indicates a difference between the two species [105].

Open and closed: the kinetic properties of the fast
enzyme may reasonably account for turnover rate.
However, as originally observed by [104,112,113]

c c c ¢ c
1 1 [N 1
a a a

— Cu, a«— Cu,

A B (o] D

Fig. 8. Electron entry mechanisms.

and later on clearly pointed out by [111] the rate of
cyanide binding even to ‘fast’ oxidase is dramati-
cally slower (several orders of magnitude) than the
rate accounting for onset of inhibition during
turnover. Thus it has been proposed [112] that a state
populated only during turnover (most probably mixed
valence) is competent for very rapid binding and
called ‘open’ [113]; by definition, all the other con-
formations are therefore ‘closed’ [113]. The ‘open’
to ‘closed’ transition may also be related to general
models for proton pumping, as in the ‘closed’ state
protons may be uptaken by the enzyme and released
vectorially in the ‘open’ state [114]. The correlations
between the present consensus structure of the oxi-
dase’s active site and the reactivity towards cyanide
of a one-electron reduced enzyme has been dealt
with by Wilson et al. [115].

2.3. Electron entry kinetics

The mechanism of electron entry into cytochrome
oxidase has not been finally established, in spite of
numerous studies [101,116—119). It is known that the
metals to which ferrocytochrome ¢ will donate elec-
trons are either cytochrome a or Cu, or both. Fig. 8
schematically depicts the four possible kinetic
schemes for the €T processes from ferrocytochrome
¢ to COX; up to date no definitive experiment has

Fe3+Cu2+

N

Kint
Fe2tcu?t ———— rel3fcut

NIL

Fe2+ cut

Fig. 9. General electron entry mechanism.



F. Malatesta et al. / Biophysical Chemistry 54 (1995) 1-33 11

been presented to prove that one of the two pros-
thetic groups is the unique electron-entry site. A
general mechanism is also presented in Fig. 9.
From a kinetic point of view, the reaction of
cytochrome ¢ with oxidase has been extensively
studied, both at steady state and by transient kinetic
techniques. Once ferrocytochrome ¢ and oxidized
COX are mixed, spectral changes in the millisecond
time scale are observed at wavelengths monitoring
ferrocytochrome ¢ (550 nm) and cytochrome a (605
nm); similar results are obtained if reduced cy-
tochrome c¢ is generated from ferricytochrome ¢ by
pulse radiolysis [120], or if reduced COX is mixed
anaerobically with ferricytochrome ¢ [121]. These
changes indicate rapid electron transfer from (or to)
cytochrome ¢ with reduction (oxidation) of cy-
tochrome a, the reaction being concentration-depen-
dent, with a rate constant which tends towards diffu-
sion-controlled values at neutral pH and low ionic
strength (ca. 5 X 1028 M™! s7!), and decreases with
increase in ionic strength (5 X 10® M~ !s™! in 0.1
M phosphate buffer, pH 7). The cytochrome ¢ con-
centration dependence of the reaction is linear up to
approximately 2000 s~', as followed by standard
stopped-flow and temperature jump techniques, and
no evidence for a rate limiting process at high pro-
tein concentration is detected [122] (but see below).
Therefore: (i) electron transfer within the collisional
complex must be very fast compared to binding; (ii)
since more than one electron acceptor is being re-
duced during the burst phase of the reaction (i.e.
during the first 10 ms), the ferricytochrome ¢ off-rate

cannot be rate-limiting, if two eT pathways are
excluded. This applies also to the derivatives of
cytochrome oxidase in which the cytochrome a;—
Cuy site is stabilized in its higher oxidation state
(ferric /cupric) by ligands (such as cyanide and
azide), or in its lower oxidation state (ferrous/
cuprous) by CO (the so-called mixed-valence CO
derivative). Thus, the initial eT events are insensitive
to the redox state of cytochrome a,, whether unli-
ganded, or liganded with cyanide, azide or carbon
monoxide, though the redox potentials of cy-
tochrome a and Cu, are generally thought to be
quite different in these derivatives. See Table 1 and
[123-126] for a compilation of apparent second-order
rate constants for reduction of COX by cytochrome ¢
and other reductants.

The differential equations which describe the four
electron entry mechanisms shown in Fig. 8 all pre-
dict the following [127]:

d[c**]/dr = d[a** ] /dt + d[Cu}] /dt
(d[63+]/dt)t=0

= (k, + k¢, ) * [a**Cult]| *[c?*]
(d[a®*1/dt),_o =k, *[a®* Cud*] x[c?*]

(2)

(3)
(4)

Eq. (2) states that all times the rate of formation
of ferricytochrome c is exactly balanced by the sum
of the rates of reduction of cytochrome a and Cu,,
even if the former were reduced in a bimolecular
mode and the latter by a monomolecular process
internal to the protein (see below). Egs. (3) and (4)

Table 1

Second-order rate constants for reduction of cytochrome oxidase

Reductant kM~ 1s™h Electron Technique ? Ref.

acceptor

Cytochrome ¢ 107 — 108 a SF [101,116-119]
6.0 X 107 a PR [120]
9.0 x 10° a TJ [122]

Porhyrin cytochrome ¢ 2.0 X 107 a PR [123]

Dithionite 4.0 X 10° a SF [124]

Ru(NH,)2* 5.0 X 10° a SF [125]
1.5 x 108 a SF [126]

MNA radical ° 1.5 x 10° Cu, PR [140]

Ru?* complex excited state © - Cu, FP [141]

* SF = stopped-flow; PR = pulse radiolysis; TJ = temperature jump; FP = flash photolysis.

b 1-Methylnicontiamide radical.

¢ tris(2,2'-BipyridyDruthenium(II). Initial phase not resolved, but complete in < 1 us.
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predict that if two independent electron acceptors are
present in COX, it must be verified that the initial
rate of oxidation of ferrocytochrome c¢ exceeds the
initial rate of reduction of cytochrome a (in Egs. (3)
and (4), where k, and k¢, are the bimolecular rate
constants for reduction of cytochrome a and Cu,,
respectively).

Among the most intriguing aspects of the cy-
tochrome c—cytochrome oxidase interaction is the
nature and location of the substrate binding site.
Upon mixing oxidized cytochrome oxidase with fer-
ricytochrome c at low ionic strength it is possible to
isolate a 1:1 electrostatic complex [128] (K, = 1078
M, with an off-rate of the order of 0.1 s™! or lower).
This binding site on COX involves subunit II, close
to the putative Cu, binding site; the physical basis of
the interaction lays on the presence on cytochrome ¢
and subunit II of complementary charges, which are
involved in stabilizing the electrostatic complex (see
[92] and references cited therein). This complex can
be ‘frozen’ by covalent crosslinking using carbodi-
imides [129-132] or arylazido—cytochrome ¢ [133].
The cytochrome ¢ binding site is complex involving,
as it does, also subunit III, as shown by crosslinking
experiments of cysteine-107-thionitrobenzoate modi-
fied yeast cytochrome ¢ [134,135] to cysteine 115 of
subunit III in beef heart COX [136]. The interpreta-
tion of these results [137] suggests that cytochrome ¢
binds to dimeric COX in a cleft delimited by subunit
II of one monomer and by subunit III of the other.
Since also cytochrome a, which is located in subunit
I, takes part in the initial eT events, this subunit as
well must be part of the cytochrome c¢ binding
domain.

The effect of ionic strength on the reduction of
oxidized bovine COX by cytochrome ¢ was studied
by a laser photolysis technique [138]. In these experi-
ments a laser pulse generates a flavin semiquinone
radical (5-deazariboflavin) in a very short time (< 1
us). When the photolysis is carried out in the pres-
ence of COX, cytochrome a is only poorly reduced
despite the very large driving force (ca. 1 volt).
When, however, the experiment is carried out in the
presence of ferricytochrome ¢, monophasic reduction
of cytochrome a is observed while the kinetics of
cytochrome ¢ oxidation is multiphasic, the rate con-
stant of the fastest process being identical to the rate
constant of reduction of cytochrome a. Moreover,

k
F+ct —— F+c*"
k
P s gt
-1

2+ 3+

eT
@t — A+t

Scheme 1.

during the fastest phase, 2 equivalents of cytochrome
¢ are oxidized per heme reduced [101,116-119,127],
and the concentration dependence of the rates is
hyperbolic [119]. The initial rates of cytochrome c
oxidation and cytochrome a reduction appear to be
very similar, an indication that with cytochrome c,
cytochrome a is the unique electron acceptor. The
carly events of €T to cytochrome a are interpreted
[138] according to Scheme 1, where F* and F corre-
spond to the semiquinone and oxidized flavin species,
respectively; k,=10° M~! s7!, k,/k_, =5 x 10*
M~ and k. =1600 s~ ! (at /=110 mM) in the
above model represents either the ferricytochrome ¢
off-rate or the eT process within the collisional
complex. The ionic strength dependence of this pro-
cess has yielded important information on the nature
of the electron entry site. Since the interaction is
essentially electrostatic, it is expected that at higher
ionic strengths the efficiency of eT should be im-
paired. It is found, however, that formation of the
strong electrostatic complex at low ionic strength is
not coincident with the most efficient eT rate; rather,
the fastest €T occurs at ionic strengths (0.11 M) at
which the complex with cytochrome ¢ is consider-
ably weakened, as also appears for the cytochrome
c—cytochrome ¢ peroxidase electrostatic complex (in
both cases the ionic strength dependence of £ is
bell shaped). Therefore if cytochrome ¢ binds close
to the Cu, site then: (i) the orientation of the two
redox metals is not optimal for eT to occur, espe-
cially if the ionic strength of the aqueous medium is
high as in the mitochondrial intermembrane space
(ca. 0.2 M), and (ii) the previously estimated rates
for ferricytochrome ¢ dissociation (0.1 s~ ') are not
applicable to the turnover situation, since at high
cytochrome ¢ concentrations typical rates of 200 s !
are observed.

Cu, modification and depletion after treatment of
COX with mercurials ( p-hydroxymercuribenzoate)
[127,139] has shed some light on the role of the
metal centers in the initial events of €T from cy-
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tochrome c. In this derivative, Cu, is removed either
physically or functionally. In the latter case it was
shown that Cu, has changed to a type II site, with a
decrease of the redox potential by as much as 150
mV [142]; thus, cytochrome ¢ would no longer be
able to reduce this metal. Using this derivative it was
shown that the burst stoichiometry was significantly
decreased as compared to the control (1.3 vs. 2.0
electrons /functional oxidase unit) [127). Analysis of
the functional dependence on cytochrome ¢ concen-
tration in terms of Scheme 1 [143] (see above),
yields identical constants for control and Cu,-de-
pleted cytochrome oxidase (5.4 and 5.0 X 10* M},
respectively), indicating that Cu, depletion has not
disrupted complex formation. On the other hand, the
rates of intracomplex eT were quite different (k. in
Scheme 1: 2580 and 740 s~ !, for native and Cu ,-de-
pleted oxidase, respectively). It is important, how-
ever, to recall that COX (from beef heart) contains
17 cysteine residues [144] that may react with the
mercurial; in the above studies it was tacitly assumed
(but not proven), that none of these residues is
critical for the initial and subsequent €T processes.

Steady-state experiments using a covalent deriva-
tive of COX with stoichiometric cytochrome ¢
crosslinked to the high affinity site [145] indicate
that crosslinked cytochrome ¢ is not transferring
electrons to the site to which it is bound (presumably
close to Cu,). Though oxidation of exogenously
added cytochrome c is sterically hindered, the results
are consistent with the idea that efficient eT from
exogenous cytochrome c¢ occurs also with cy-
tochrome a. In the crosslinked complex either the
redox partners are not optimally ‘tuned’ for efficient
eT to occur, or the crosslinking procedure affects
some residues relevant to the eT process from cova-
lently linked cytochrome c to Cu,.

The overall picture which has emerged from the
above indicates that cytochrome @ is a bona fide
electron acceptor site, thus models B and C in Fig. 8
may be excluded. This view, however, is not com-
pletely agreed with. Firstly, Kobayashi et al. [140]
have shown, using a 1-methylnicotinamide radical
generated by pulse radiolysis, that Cu, is very rapidly
and preferentially reduced with a second order rate
constant of 1.5 X 10° M~! s™! (see Table 1). Sec-
ondly, generation by flash photolysis of the strongly
reducing excited state of tris(2,2'-bipyridyDrutheni-

Table 2
Redox potentials of the metal centers in COX

Metal E; (mV)

a 330-380 220 220 340 276 330-350 275
Cu, 220-240 240 245 285 288 - -
a, 205-220 340 385 350 - 270-312 -
Cupg 340 340 345 225 - - -
State * O 0 O (0] MV 0O MV
Ref.  [147] [148] [149] [150] [151,152] [153] [153]

? 0 = Oxidized, MV = mixed valence + CO.

um(II) at low ionic strength [141] also indicates
preferential reduction of Cu, ona <1 us time scale
(though very high concentrations of aniline are pre-
sent) (Table 1). Thirdly, the results of the flow—flash
experiments of Hill [146] show that the fastest phase
of reoxidation of Cu, in the initially fully reduced
COX is blocked by cytochrome ¢, whereas the effect
of the substrate on cytochrome a reoxidation appears
only at later times. In conclusion, from what has
been discussed above it is possible to exclude only
model B in Fig. 8 as a candidate for the mechanism
of electron entry in cytochrome oxidase.

Once an electron has entered into cytochrome
oxidase via cytochrome a and/or Cu,, it is rapidly
shared with the partner metal (see horizontal line in
Fig. 9 connecting the a?>* Cui" and a** Cul’
species). The observed rates should depend on the
specific derivative of COX (oxidized, reduced, CO-
or cyanide-ligated) since the redox potentials of the
metals, as determined by static potentiometry, are
derivative-dependent (see Table 2 and ref [147-150]
for a compilation of the redox potentials). In general
reduction of cytochrome a is favoured over Cu, in
the oxidized enzyme (rates of the order of 10°-10*
s~! [140,141)) indicating that the redox potential of
Cu, must be lower than that of cytochrome a. The
situation is reversed in the carbon monoxide mixed
valence species where the redox potential of cy-
tochrome a is slightly lower than that of Cu, [151-
154]. It is important to stress that the redox potential
of cytochrome a in the CO derivative is ca. 80 mV
lower than in the fully oxidized enzyme (see Table
2). This observation has been interpreted in terms of
a conformational model (based essentially on the
neo-classical hypothesis [155,156] which has pro-
found consequences with respect to the steady state
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and the proton pumping activity of cytochrome oxi-
dase [157], according to which electron input (high
potential cytochrome a) and output (low potential
cytochrome a) enzyme states are sequentially popu-
lated during turnover, depending on the redox state
of the binuclear site (specifically of Cup [158]),
oxidized and reduced, respectively. If the (photo-
lysed) CO derivative of COX is a good model
analogue for the mixed valence species which (to
some extent) is present under steady-state conditions,
it must be argued that its interaction with ferrocy-
tochrome ¢ should be less favoured (the equilibrium
constants for interaction with cytochrome c¢, with
Ey,=260 mV, would be ca. 33 in the oxidized
enzyme and 2 in the CO derivative). As discussed
above, however, the kinetics of €T to cytochrome a
are largely insensitive (both in rates and amplitudes)
to the redox and ligation state of the binuclear site
{101,117-119], and the apparent equilibrium con-
stant for €T between cytochrome ¢ and cytochrome
a lies in the range 2—-4 (at room temperature and 0.1
M phosphate buffer [101]); thus there must be an
important gap between the thermodynamic and ki-
netic interpretations of the data.

The reason for this discrepancy is not understood,
but may be identified either in the existence of slow
structural changes which occur with some states (e.g.
resting) of COX, or in a limited applicability of the
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Nernst equation. As to the latter point (see D. Walz
[159] and M. Denis, personal communication).

2.4. Some general considerations

The cytochrome a—Cu, to cytochrome a;—Cuyg
eT processes (in the absence of O,) will now be
discussed. Each of the four canonical redox metals of
COX may accept/donate one electron; thus, 4 sites
with 2 accessible states (i.e. oxidised and reduced,
ferric /ferrous or cupric/cuprous) will yield 4% = 16
possible species which are schematically shown on
the left-hand side of Fig. 10.

The species labelled by asterisks (species 11, 14,
15 and 16) are expected to bind and reduce molecu-
lar oxygen to different extents, though their popula-
tion will be quite different depending on their forma-
tion and dissipation rates, which are also coupled to
the reductant and O, concentrations. Up to date the
distribution of the species concentrations as a func-
tion of the reductant concentration (solution poten-
tial) is unknown. This is due both to the uncertainties
in the spectral contributions of the four known chro-
mophores and possibly to spectral interactions among
the sites [41].

The distribution of electrons shown on the left-
hand side of Fig. 10 will be referred to as the
1:4:6:4:1 electron distribution. The electron distribu-
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Fig. 10. The 1:4:6:4:1 electron distribution of COX. In this scheme the oxidase functional unit is depicted as a square containing four boxes
which represent, in clockwise order and starting from the upper left box, cytochrome a4, Cu,, Cug and cytochrome a;, respectively.
Reduction is indicated by a dot, and all species are numbered for convenience. Each row (from top to bottom) represents the overall
reduction level, e.g. there is 1 species carrying O electrons, 4 carrying 1, 6 carrying 2, etc. In the left-hand part, P and F-labelled species
indicate COX species with partially reduced O, intermediates bound to the cytochrome a;—Cug site. See text for further details and

discussion.
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tion between these four sites is governed by their
respective redox potentials and by the equilibrium
reductant concentration the solution potential). Since
it is known that the four sites mutually interact (see
[153] for the interaction network), a complete de-
scription of the system would require 32 standard
redox potentials. Assuming reversible reciprocal in-
teractions, i.e. that the interaction potential between
site i and site j is the same regardless of the redox
state of the remaining sites in all possible permuta-
tions, the number of parameters reduces to 10 [160]:
four ‘upper asymptote’ redox potentials, defined as
the redox potential of site i when all the partner sites
are oxidized, and six interaction potentials (d,,, d;,
dyy, dys, dyy, d3,) Whose magnitude determines the
extent of the interaction between the sites and whose
sign determines the type of interaction, i.e. whether
cooperative or anticooperative, the latter applying to
the case of COX); see [139] for a complete computa-
tional procedure or [161] for an alternative approach.
To describe the monomolecular €T processes shown
in Fig. 10 from a kinetic point of view, 48 micro-
scopic rate constants forward and reverse directions)
are needed, which are equally distributed between
the following six processes:

a < Cu, observed (N
a < Cuy inferred (2)
a< ay? (3)
Cu, < Cug? 4)
Cu, © ay? (3)
Cug © a, inferred (6)

Removal of the reverse rates would greatly sim-
plify the overall scheme; under specific experimental
conditions this is possible when a trapping non-re-
ducible ligand is present (such as CO, see Section
2.5). It is nevertheless possible to simplify the scheme
(to 36 monomolecular processes) if one considers
that oxidized Cuy has only been observed during an
oxidative process [75,80-82] and not vice versa. In
other words, during turnover, but also in one-turnover
experiments, the internal €T to the binuclear site
reduces Cup first. Thus, it would be possible to
exclude monomolecular processes (3) and (5), which
demand direct €T between the cytochrome a—Cu,

sites and cytochrome a,, at least in the first half of
the catalytic cycle (but see Section 2.6).

However, in view of the partial reversibility of the
COX reactions under highly oxidizing conditions in
mitochondria [97,162-164] or in the photolysed car-
bon monoxide mixed-valence derivative [166,167],
and that the internal reverse €T between the binu-
clear site and the cytochrome a—Cu, sites may
determine the apparent rate of reduction of cy-
tochrome a; and its O, dependence are clear indica-
tions that the reverse reactions in cytochrome oxi-
dase may be crucial features.

In any case it is clear that the mechanism of
cytochrome oxidase is very complex; even more so
when taking into consideration the association of
some kinetic processes to proton binding (not shown
in Fig. 10) and the coupling to its uphill transport
across the biological membrane.

One crucial aspect of the COX reaction is the
identification of the rate-limiting step in catalysis.
We may discuss this point with reference to the
simplest scheme involving €T processes with the two
substrates, i.e. cytochrome ¢ and dioxygen, and €T
processes within COX. The evidence suggests that
the former events are not rate-limiting under turnover
conditions, since the relevant rate constants are both
close to diffusion-controlled. Thus the rate-limiting
step must be internal to the protein, either product
dissociation (ferricytochrome ¢) and/or internal in-
tersite €T process. As already discussed in Section
2.3 product dissociation appears not to be the rate-
limiting process because of the following: (i) at low
ionic strength the off-rate of ferricytochrome c in the
electrostatic complex (all-oxidized partners) is very
much lower than the turnover number obtained under
otherwise identical conditions and therefore the mea-
sured rate does not apply to the physiologically
relevant collisional complex between the two part-
ners in different oxidation states (and not both oxi-
dized as in the electrostatic equilibrium complex).
This is also supported by the observation that eT
efficiency within the collisional complex is higher
and not lower at ionic strengths (0.11 M) at which
the electrostatic complex is considerably weakened.
(i) In the burst phase of the reaction with ferrocy-
tochrome c¢, two electrons are delivered to the oxi-
dase; if product dissociation were rate-limiting this
result would be difficult to account unless with
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Scheme 4. (iii) Below a certain threshold concentra-
tion (estimate: 5 uM, see Bickar et al. [165] for
discussion and below), it is expected that O, would
limit the eT processes in COX: again if the ferricy-
tochrome ¢ dissociation limited the measured rate, it
would be very difficult to give a physical explana-
tion on how O, binding would bring about an in-
crease in the dissociation efficiency of product, also
considering that in pulsed and resting oxidases the
on-rates of cytochrome ¢ binding and oxidation are,
within the error, very similar yet the catalytic effi-
ciencies quite different.

If product dissociation is not rate-limiting, then a
one-electron intersite €T must be the rate-limiting
step. Substantial evidence has been produced to show
that is the eT process between cytochrome a—Cu,
and the binuclear site (Cug?) (see [1] for review). At
this point it must be stressed that considerable confu-
sion has arisen when describing this process. The
catalytic cycle of COX is definitely split into two
functionally competent parts (see Fig. 10); whether
the two reflect actual conformations is difficult to
establish at present, but the following discussion
applies also. In the absence of O,, €T to the binu-
clear site is quite slow, while in its presence, a
dramatic increase in the rate constants is observed.
These differences depend on the chemical structure
of the binuclear center. When cytochrome a,—Cug
is oxidised, reduction is slow, while when the site
has received 2 /3 electrons and has transferred them
to bound O,, it will be fast (as demonstrated by the
flow—flash experiments described in the following
sections). Consistent with the Marcus theory the
coordination of the metals in the binuclear center
(which accepts electrons during the reaction) is one
of the parameters affecting the €T kinetics via the
reorganizational energy term. The experiments of
Woodruff et al. [168] indicate that in resting COX an
endogenous ligand may be coordinated to the distal
side of cytochrome a;, and thereby affect the kinet-
ics of reduction of cytochrome a; by a thermody-
namic control (ferric cytochrome a; ligands usually
tend to decrease the standard redox potential of the
site) and/or the bimolecular reaction with exoge-
nous ligands (such as cyanide and azide, but also O,
and possibly CO). We shall now present in some
detail experimental data on reduction and reoxidation
of the binuclear center.

2.5. Internal eT to the oxidized binuclear center

In view of the high reactivity of reduced COX for
0, (see below), the kinetics of reduction of the
binuclear center must be investigated under strict
anaerobiosis. Under these conditions, it was shown
long ago that the rate of appearance of the CO-bind-
ing capacity in the resting enzyme was so slow as to
be incompatible with the turnover number of the
enzyme (50-100 s™!); a two-state model of COX
[88,101] has offered a possible explanation for the
observed discrepancy. Resting COX is kinetically
sluggish; by reduction of this enzyme state and
exposure to O,, however, it is possible to generate
pulsed COX, in which the turnover number is con-
siderably (ca. 10-fold) increased. The differences
between resting and pulsed (see Section 2.2) COX
are likely to be correlated with the chemical structure
of the binuclear site, and, indeed, an atypical EPR
signal (the ‘g = 5’ signal) has been detected follow-
ing exposure of reduced COX to dioxygen [86,87,89];
this signal decays as pulsed COX decays to resting.
It is therefore very likely that pulsed COX may
represent the ‘only’ state of the enzyme present in
native membranes.

In view of what outlined above, it is sensible to
measure the rate of reduction of oxidized cy-
tochrome a;—Cug site in the absence of O, starting
from pulsed COX; if so it is useful to take into
account four parameters, i.e. (1) generation of pulsed
COX and its concentration; (2) the O, concentration
necessary and sufficient to produce pulsed COX; (3)
the type and concentration of reductant and (4) a
trapping ligand with high affinity for ferrous cy-
tochrome a, (i.e. CO). A protocol for the determina-
tion of the rate of cytochrome a, reduction takes
these factors into consideration [169,170], and a
typical experiment is shown in Fig. 11a. Using this
experimental design and carrying out experiments at
different CO, cytochrome ¢?* and COX concentra-
tions it was shown that the €T process to the binu-
clear center is monomolecular, and it involves two
discrete €T events, at variance with what has been
usually thought [171]. The first reduces presumably
Cupg, while the second slower process reduces cy-
tochrome a,, leading to complete reduction of the
binuclear site and binding of CO (the trapping lig-
and). The unmentioned eT processes appear to be pH
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Fig. 11. (a) Internal eT to the binuclear center in beef heart COX.
The protein (20 wM), initially reduced and in the presence of
excess cytochrome ¢ (100 M) is mixed in the stopped-flow
apparatus with a solution containing O, stoichiometric with re-
spect to the protein and 1 mM carbon monoxide. In the dead-time
of the stopped-flow apparatus, fully reduced COX is completely
oxidized and partially rereduced (with electrons residing on the
cytochrome a—Cu, sites). The subsequent events, which are
observed, indicate that reduction of the binuclear site occurs prior
to CO binding (the 563 and 585 nm traces represent cytochrome ¢
oxidation and CO compound formation, respectively). T = 34.5°C.
(b) pH and (c) temperature dependence of the internal eT pro-
cesses. In (b) compare left and right ordinates which represent the
internal eT rates determined according to this protocol and the
turnover number of COX measured independently on the same
material. Notice the factor of 4 of the scales to account for the
stoichiometry of the COX reaction [see Eq. (1)]. In (c) the upper
line reports the temperature dependence of CO binding deter-
mined separately. Reproduced from [170] with permission. See
[106,169,170] for experimental details.

dependent, the rates diverging at acidic pH values.
When the experiment is carried out in the presence
of excess O,, the turnover number of the enzyme in

detergent displays the same pH and temperature
dependence (pK, = 7.4 and E, = 14.7 kcal /mol) as
the internal eT rate (multiplied by 4) under wide
conditions of pH, temperature and detergent type
(see Fig. 11b and c); this conclusion has been ex-
tended to the reconstituted state [106]. Moreover, the
turnover numbers obtained in these experiments are
quite similar to those obtained previously in steady-
state measurements [172,173]. The consequences of
these findings are: (i) CO (and presumably O,) will
not bind to the binuclear site until two electrons
reside therein; (ii) electrons are not transferred in
pairs, but singularly and (iii) the T processes to the
oxidized binuclear site limits the rate and accounts
for the turnover number. These findings support the
view (already discussed above) that the rate limiting
step in catalysis is the internal €T to the oxidised
binuclear center.

Any analysis of the €T processes in COX must
take into account some experimental findings: (i) the
internal €T kinetics are slow when starting from
oxidized COX as described above; (ii) in some states
of the protein, i.e. photolyzed CO-mixed valence
COX, the observed processes are very fast; (iii) the
€T events are O,-dependent and saturation is ob-
served at about 5 uM O, [165] and (iv) €T to the
‘activated” binuclear center, which carriés partially
reduced oxygen intermediates (see right part of Fig.
10), is fast. Consequence of this complex experimen-
tal scenario is that there is considerable confusion in
the literature concerning the magnitude of the eT
rates to the oxidized binuclear center. Essentially two
experimental approaches are followed. The first be-
gins with the reduction of oxidized or pulsed COX
(as described above [169,170]); the second starts
from the (fully or partially) reduced COX in combi-
nation with CO and the eT events are studied follow-
ing the photolytic removal of the ligand and combi-
nation of O, [154,166,167]; as described in the next
section, very fast kinetic processes take place since
O, greatly enhances the exoergonicity of the reac-
tion. Therefore the CO-mixed valence derivative of
COX has been extensively used to probe the kinetics
of internal €T in the absence of O,. In brief, a
sample of CO—mixed valence COX is photolysed by
a laser pulse to generate an enzyme species which is
formally equivalent to species 11 in Fig. 10 (but see
below). If this species is thermodynamically unsta-
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ble, reverse €T processes take place with partial and
transient reduction of cytochrome a and Cu,
{153,154,166]. These processes may proceed signifi-
cantly if they are faster than CO rebinding (&, for
CO is 5x10* M~! s™!) which occurs on a time
scale of tenths of milliseconds (at [CO] = 1 mM). An
electron backflow to the cytochrome a—Cu, sites is
observed, with a time course usually biphasic (re-
laxation rates 10° and 10* s™!, respectively) and
with cytochrome a being reduced first. Thus, inter-
nal €T is apparently very fast and in severe contrast
to the corresponding experiments carried out starting
with oxidized COX. This discrepancy may be solved
if it is assumed that the structure and coordination of
the binuclear site is dramatically different in the two
types of protocols. The difference in the two states
may very likely involve: (i) the presence of an
endogenous (shuttling) ligand with differential affin-
ity to either of the latter metals depending on their
redox state and/or presence of gaseous ligand (CO
or 0,) [168]; (ii) binding of CO to Cuy following
the primary photolytic event [174]; or (iii) the con-
formational state of the binuclear site in the photol-
ysed CO-mixed valence intermediate being different
from that of oxidised COX. Scheme 2 depicts a
simple mechanism which accounts for these consid-
erations. In this scheme only the cytochrome a,—Cuy
metals are shown in their oxidized and reduced states
and in two conformations as indicated by the depo-
nents A and B. Horizontal transitions indicate eT
from the cytochrome a—Cu, sites (shown as 2-eT
processes for simplicity) or ligand (X = CO or O,)
binding; vertical transitions represent conformational
equilibria (in the oxidized O,, and reduced R,g
states). If the conformational equilibria are slow
compared to €Ty (where the eT efficiency is such
that eTy > eT,) and if only conformation B is
efficient in ligand binding, then the kinetics of eT
will depend on initial state (conformation) of the
enzyme and on whether O, or CO are present.
Starting from the oxidized enzyme (the [Fe** Cu®*],

state) and in the absence of ligands the observed eT
processes will be slow (eT,); on the other hand
following the photolytic removal of CO from mixed
valence COX, the [Fe?* Cu'"], species will be
generated and the subsequent kinetic processes will
be fast (¢Tg). This mechanism to some extent is also
capable of explaining the apparent O, and/or CO
concentration dependencies of the internal eT pro-
cesses [165]. In the absence of gaseous ligands, the
position of the equilibrium will depend on the exoge-
nous reductant concentration and the time needed to
reach the equilibrium on the value of the rate con-
stant of the slowest process (either €T, or the confor-
mational equilibria O,5 == R,5). When O, or CO
are present, however, the system is in disequilibrium,
especially with dioxygen and at steady-state, and the
slowest process may be kinetically shunted. The
presence of two conformations with different ther-
modynamic and kinetic properties is expected if
COX is to operate as redox-linked proton pump
(alternating access of the proton from topologically
distinct aqueous phases) [97,157]. As discussed
above, the differences in €T efficiency of the two
putative conformations may be attributed to struc-
tural transitions of the cytochrome a;—Cuy site
whose role is to gate electron flow and couple it to
proton translocation. The most efficient way to gat-
ing electron flow in COX is to vary the reorganiza-
tional energy, as predicted by the Marcus theory
[175] and discussed by Gray and Malmstrom [176],
since lowering the latter at constant driving force and
intersite distance has the effect of making the struc-
ture of the oxidized binuclear site in conformation B
very similar to that of the reduced state, with conse-
quent increase in rate.

2.6. Oxygen binding and reduction
Molecular oxygen reacts very rapidly with fully

or partially reduced COX [177-183]. This reaction is
usually studied by mixing the carbon monoxide

TA
[Fe’* Cu?*], == [Fe* Cu'*],

Opp Ras

T
[Fe** Cu’*]g —_ [Fe** Cu'"]g — [Fe?* Cu'*]5-X

Scheme 2.
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derivative of the enzyme (either fully reduced or in
the mixed valence state) with oxygen-containing
buffer and firing a flash of light. Exposure of re-
duced COX to O, leads to very rapid oxidation of
the enzyme. The reaction occurs on a time scale of
us to ms and is too fast to be investigated in a
conventional stopped-flow. Therefore, identification
of intermediates in this reaction has taken advantage

of the properties of the CO complex, which has a
very slow thermal dissociation (k =0.02-0.04 s~!
[184,1]), but is strongly photosensitive (like all car-
bonylated heme proteins). Thus, in all cases the
relevant overall processes are as follows:

h
a** a2t *CO = a>*a2* + CO (psto us)
a’tal* +0,a*" a3* + H,0 (stoms)

Fe?* Cu* Reduced (R) or mixed valence (MV)
0, H on: 3xX10* M~ s7'; off: 2 X 10°-4 X 10* s~ !
Fe?* Cu*-0, Primary adduct
3-35%x10%s7!
Fe’*-0, Cu* Compound A, photosensitive
very fast or 4.5 X 10 s™! in MV
Fe3*-03~ Cu?* Primary P = peroxy
2% 10° s~ 1, electron from cyt. a, H* from protein acid—base group
Fe’*-0,H" Cu* Secondary P species
103 s~ 1, heterolytic O—O breakage
Fe**=0?%" Cu?’*—OH~  Primary F = ferryl
eT from cyt. a at 2 X 10° s~ ! rate-limited by the
’ Cu,-to-cyt. a eT process, i.e. 6000 s~ or by proton uptake
Fe*t=0%" Cu’*-0OH, Secondary F species
Rate-limited by?
Fe3*—OH~ Cu’*—-OH~  Hydroxy species (pulsed?)

Scheme 4.
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Optical data [168] have indicated that the rate of
the first observable process is oxygen-dependent up
to 20-30000 s~! (with a bimolecular rate constant
of 108 M~' s™! at 4°C). Two additional processes,
with rate constants of ca. 7000 and 5-700 s~ !, have
been assigned in an early sequential scheme to eT
from Cu, and cytochrome a, respectively. However,
the mechanism proved to be considerably more com-
plex, and model information on the pathways of €T
to oxygen from the binuclear center metal atoms and
the other redox sites have been studied by room
temperature and cryogenic measurements, by optical,
EPR and RR spectroscopy [185-188].

The O, reaction will be initially discussed with
reference to Scheme 3, which is a simplified version
indicating six species of the two metals in the binu-
clear center (as proposed by Babcock and Wikstrém
[97D.

The nature of the major intermediates in the
reaction of O, with the binuclear center has been
recently elucidated by RR spectroscopy [189-194], a
technique that allows, for example, the identification
of the iron-ligand stretching modes (and thus capable
of proposing structures [195]). A more complete
scheme, which is a summary of the information
obtained by transient RR and electronic spectroscopy
is shown in Scheme 4 [192,193,195]; in the follow-
ing discussion we shall refer to the simpler or the
more complete schemes, according to the data dis-
cussed.

Binding of O, demands that both metals of the
binuclear center are in the lower oxidation state, as
found for CO. The primary intermediate according
to Han et al. [189] is shown to be an oxygen complex
of the iron of cytochrome a,, very similar to oxy-
myoglobin and oxy-hemoglobin (characterized by an
Fe—0, stretching mode in the RR spectrum at 568
cm™!), and is likely to have a ferric-superoxide
structure. The RR data confirm the proposal of
Chance et al. [185,186], that this intermediate, (i.e.
compound A) is an oxygen complex with character-
istic absorption peaks at 535 and 586 nm and a
through at 604 nm. The oxygen affinity has also
been estimated [165] K =5 X 10* M~ ! at 5°C (with
k,, =10 M~! s ! and k_,=2000s"").

Compound A has the same spectral features when
starting with the fully reduced or the mixed valence
state of the enzyme. However, its lifetime is consid-

erably different in the two cases: compound A in the
mixed valence state is relatively long-lived (k = 4.5
X 10* s~ 1), while it decays more rapidly (k = 3.5 X
10* s7!) in the reduced enzyme. In both cases the
subsequent eT reaction leads to an intermediate in
which dioxygen has received two electrons (and
must be a peroxide-like intermediate bound to cy-
tochrome a,); however, the species resulting from
the eT reactions to bound O, are different when
starting from the mixed valence or the fully reduced
enzymes: in the former case all the metal centers are
oxidized while in the latter Cup is reduced, the
second electron being delivered to dioxygen directly
from cytochrome a. This is a rather unconventional
viewpoint since it was usually thought that the decay
of the [Fe?*—0, Cu'"*] species occurs by direct €T
within the cytochrome a,—Cuy site [196-198).

The chemical structure of the primary intermedi-
ate (or compound A) has been recently challenged.
Firstly, in a recent room temperature time-resolved
infrared study [174] of the super-rapid events occur-
ring after photodissociation of CO from reduced
COX, it was conclusively shown that photodissoci-
ated CO binds quantitatively to cuprous Cuy prior to
equilibrating with the bulk solution. Secondly, the
flow~-flash experiments of Blackmore et al. [199]
have shown that appearance of a photosensitive
species with the spectral properties of compound A
(i.e. Fe?*—0,) is populated with a first-order (not
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Fig. 12. The O, reaction as followed at 830 nm. Flow—flash
experiment in the presence of 1 mM O, showing the time course
of absorbance changes monitored at 830 nm of 4 uM COX in the
initially: (A) mixed valence + CO, (B) 3-electron reduced + CO, or
(C) fully reduced + CO states. Reproduced with permission from
[200].
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second-order) rate constant of 3.5 X 10% s~ ! as de-

termined at high O,, suggesting that O,, on its way
to ferrous cytochrome a,, binds in a bimolecular
mode to reduced Cuy. Finally the experiments of
Oliveberg and Malmstrém [200] provide direct evi-
dence for binding of dioxygen to Cuy as probed at
830 nm where the transient Cuz—O, species is pro-
posed to absorb. This experiment is shown in Fig.
12. The initial events for binding of O, to the
reduced binuclear center are therefore schematically
shown in Scheme 5, where &, =1 —3.5 % 10* M™'
s, ks =2X%X10%t05x10* s, and k, = 3 X 10*
s

The species likely to bind O, during turnover all
share the common feature of having both metals in
the binuclear site reduced and are labeled by aster-
isks in Fig. 10. These are: (i) the fully reduced
species, (i) two 3-electron reduced species or (iii)
one 2-electron reduced species (the mixed valence
enzyme). Although there is general consensus that all
four species are competent for O, binding, it is not
agreed which is the dominant species, i.e. the inter-
mediate whose steady-state concentration is highest,
or even if different species may be the prevailing
O,-binding states under different conditions (e.g. at
different O, and cytochrome ¢ concentrations). As
discussed recently [201], if €T to the oxidized binu-
clear site is rate-limiting, then under physiological
conditions the mixed-valence intermediate should not
be significantly populated at steady state and there-
fore the fully reduced enzyme should take over.
However, at high O, (>50 uM) and low cy-
tochrome ¢ (< 100 uM), the prevailing O,-binding
species is very likely the mixed-valence form (a**
Cui* a3* Cuk") [202,203]. This is an important
aspect since the chemical nature of the O,-binding
species may be linked to the efficiency of proton
translocation, according to an hypothesis proposed
by Babcock and Wikstrém [97]).

Following formation of compound A, rapid eT
events take place to reduce bound O,. Transfer of
two electrons yields the peroxy intermediate (P-
labeled species Scheme 3 and in Fig. 10). Its rate of

formation, as discussed above, depends on the initial
degree of reduction of the protein, being slowest in
mixed valence COX. This view is not totally agreed
as according to Oliveberg and Malmstrom {200] the
rate of formation of P in the reduced and mixed
valence states may be identical. A crucial point is to
establish the oxidation state of Cug in P, which is
reduced starting from partially or completely reduced
COX. This is intriguing since oxidation of Cug in
mixed valence is slow (4.5 X 10* s™!) as compared
to formation of P in the other enzyme forms (> 3 X
10* s~ 1). These findings may imply that P obtained
from mixed valence COX is an artificial species with
no physiological counterpart. If Cuy is reduced in P,
then the second electron must come from another
metal kinetically more efficient; the most remarkable
result of the RR experiments of Han et al. [190] is
the suggestion that the metal center involved is
cytochrome a. However, owing to the very short
distance between cytochrome a, and Cug (5 A), a
very fast concerted two €T process to bound O, was
expected (the second electron being provided by
Cuy). Therefore, since formation of P (species No.
22 in Fig. 10) is rate-limited by formation of com-
pound A, the actual cytochrome a to cupric Cuy €T
process is likely to be much faster, as suggested by
Oliveberg and Malmstrom [200] and others [201]
(2X10° s7!), with production of P proposed by
[190] containing a ferric-peroxide—cuprous binuclear
site.

Two further kinetic processes are observed with
rate constants of the order of 5-7000 and 500-1000
s~!, respectively. Two intermediates have been well
characterized by RR spectroscopy using oxygen-iso-
tope sensitive lines [194,195]. The first intermediate
is ferryl-oxo species (Fe** =0?7), denoted by an F
in Scheme 3 and Fig. 10, identified by RR line at
786 cm !, and a 35 cm ™! oxygen isotope shift. This
intermediate, which is maximally populated within
0.5 ms, is at three-electron reduction level and the
oxygen atom is apparently hydrogen-bonded, possi-
bly to a water molecule bound to Cuy (proposed to
be in the higher oxidation state). The formation of F
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is associated to heterolytic cleavage of the O-O
bond of O, in a process which displays the highest
temperature dependence and has a rate constant of
ca. 1000 s~ 1, as observed in EPR [75] and flow—flash
experiments [196]. Alternatively the eT from Cug
could be more facile, the actual O—O bond breakage
limiting the rate '.

As F decays, a new intermediate with an RR
isotope-sensitive line at 450 cm ™! is formed and has
been assigned to an Fe**—OH™! complex of cy-
tochrome a, [194]. This species persists up to 3 ms,
which means that transfer of the fourth electron to
the binuclear site is apparently the slowest €T event
[5=700 s~ '] in the oxidative reactions of COX [146]
(yet still faster than the €T events to the oxidized
binuclear site).

In addition, in most of the flow—flash experiments
a 5-7000 s~ ! phase is observed. This corresponds to
an absorbance increase both at 445 (the so-called
‘bump’ phase) and 830 nm and may therefore repre-
sent reduction of cytochrome a by Cu, in those
enzyme intermediates in which the binuclear site is
at the peroxide level with Cuy reduced. This inter-
pretation is also consistent with the reverse eT exper-
iments following removal of CO in the absence of
O, at various degrees of reduction of mixed valence
COX (see above and Scheme 4).

The P and F species can also be generated chemi-
cally [141,162]. The former can be prepared by
reaction of the carbon monoxide mixed valence
derivative with O,, and has a life-time of ca. 20
minutes. The latter is generated [204] by treatment of
the oxidized enzyme with an excess of hydrogen
peroxide (10 mM). In both cases, however, it is not
clear whether these two species are true representa-
tions of the corresponding intermediates obtained
during (one) turnover flow—flash experiments.

These investigations establish that there are inde-
pendent eT pathways within the enzyme. Thus, elec-

'F displays an unusual reactivity towards CO (which is still
present in the solution during these experiments) and as a result an
oxo-transfer reaction takes place from F to CO to yield CO, with
concomitant reduction of cytochrome a; to the ferrous state {203].
If in this intermediate Cuy is oxidized then it should be detectable
by EPR, as observed (see Fig. 6). However, the rate of the
reaction displays a half-time of 4 minutes a 277 K which excludes
any interference with all the above €T processes.

trons may be delivered (albeit at different rates)
independently from cytochrome a or Cu, to the
binuclear site, and depending on the redox state of
Cuy directly to cytochrome a,. Parallel €T pathways
may not be fortuitous since in vivo these may be
linked to special functions, such as proton transloca-
tion and control of energy transduction [205]. More-
over, two notable cases, the photosynthetic reaction
center protein [207] and the multicopper protein
ascorbate oxidase [208], show split eT pathways in
the protein matrix, though the precise significance
for the observed eT pathway selectivity has not been
put forward.

From the discussions in this section it is shown
that the eT processes to the O,-activated binuclear
site are very complex [206]. It also appears that the
kinetic efficiency is apparently damped progressively
as the intermediates are populated. Moreover, it is
evident that every single eT process (with the excep-
tion of formation of P which has the properties of a 2
eT process) is quite different from each other. This
may be possibly explained by considering that the
target of eT to the activated binuclear is quite differ-
ent in each intermediate, and therefore that the pa-
rameters governing €T will be different and affect
the rate, according to Marcus theory [175].

3. Energy transduction and vectorial processes

3.1. Electron transfer and proton translocation

Cytochrome oxidases display a further important
function, i.e. the coupling of the €T reactions to
vectorial transport of protons from the matrix aque-
ous space to the intermembrane space of mitochon-
dria. In aerobic prokaryotes, this corresponds to pro-
ton translocation from the cytoplasm to the periplas-
mic space (in contact with the outside world). This
function contributes to the generation of a proton
electrochemical gradient which is used by the cell in
a variety of metabolic processes such as ATP synthe-
sis and ion and metabolite transport. Proton pumping
by COX occurs according to reaction (5):

4c**+ (44 n)H, + 0, > 4>+ nH! +2H,0

(5)
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where the subscripts m and c indicate the matrix and
cytoplasmic sides of the mitochondrial membrane,
respectively, and n represents the number of H*
translocated by COX per electron transferred to O,.
The proton pumping function of COX, as repre-
sented in Eq. (5) has been demonstrated by Wikstrom
et al. in 1977 [4], though, up-to-date, there is no
general consensus on the exact value of n, since the
mechanism of proton pumping has not been unrav-
eled. It is not established, for example, if the value
of n is fixed or variable, which in turn may be linked
to a direct or an indirect proton—electron coupling
mechanism. The value of »n, ie. the number of
protons that are vectorially translocated across the
membrane, has been reported to vary between 2 and
8, yielding a H* /e~ ratio of 0.5 to 2, though, at
present it is generally agreed that the phenomenolog-
ical stoichiometry approaches unity. Since proton
translocation was discovered in respiring mitochon-
dria [4], many investigations have been carried out
both in mitochondria and in artificial vesicular sys-
tems containing COX, the results supporting the
initial proposal [209-213].

The properties of COX reconstituted into unil-
amellar vesicles obtained according to the cholate
dialysis method [210,214-217] have been systemati-
cally studied (see Table 3). According to this tech-
nique detergent-solubilized COX is added to a pre-
sonicated mixture of phospholipids (i.e. asolectin,
lipids from soybean) and a dialysible detergent, such

as sodium cholate. Slow detergent removal results in
the incorporation (‘reconstitution’) of COX into the
artificial phospholipid bilayer to yield the COV
preparation (cytochrome oxidase reconstituted into
vesicles). These preparations have been extensively
characterized (see Table 3 for a synopsis of molecu-
lar properties) in terms of lipid composition [218],
dimensions [219,220], sidedness of COX with re-
spect to the membrane [214,217], the aggregation
state of COX in the membrane [18,221], buffer power
[222] (which is a conditio sine qua non for the
correct estimate of the redox-linked protonic events,
and is unfortunately misregarded in the literature),
steady-state [223-231] and transient kinetic proper-
ties [106,232], proton translocation and respiratory
control (RCR) [4,17,212-214,229,230].

COX is a molecular machine since part of the
redox free energy is transduced into a proton electro-
chemical gradient (Afa,+). There are two reactions
by which COX contributes to the development and
maintenance of Ajiy-+. First of all, since the reduc-
tant of COX, namely ferrocytochrome ¢, reacts with
the protein on the cytoplasmic side of the mitochon-
drial membrane, the transmembrane charge transfer
leading to formation of H,O provides a physical
mechanism for the capacitative charging of the bi-
layer because protons are consumed from the matrix
[233]; thus transmembrane €T is associated per se to
the development of a membrane potential. If O,
reduction occurs in a space in protonic contact with

Table 3
Properties of vesicular cytochrome oxidase (COV)
Ref.

Phospholipid * composition % (w /w) PE: 37, PC: 36, DPG: 9, others: 18 [218]
Liposome dimensions (diameters) 14t037 nm ® [219,220]
COX particles pervesicle © 1(58),2(26), 3 (11), 4(5) [219]
Sideness 80-90% mithochondrial-like [214,217]
Aggregation state of COX dimer or functionally interacting monomers or monomers [18,221]
Buffer power outer leaflet: 0.26 mM - pH™! [222]

inner leaflet: 0.22 mM - pH ™! [222]
RCR 4-20 [214-217,229]
Observed H* /e~ 1 [17,230]
Sensitivity d C: poor, C + V: high, N: none, see text and [226,232]

to ionophores

N + V: high, V: high but time dependent

* PE = Phosphatidylethanolamine; PC = phosphatidylcholine; DPG = diphosphatidylglycerol.

The average diameters may be decreased by reconstitution in the presence of polyvinylalkanoate polymers, see [207].
° Numbers in parenthesis indicate the percentage of vesicles having particles.
dc= Carbonylcyanide-m-chlorophenylhydrazone; N = nigericin; V = valinomycin.
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Fig. 13. Kinetics of cytochrome ¢ oxidation by COV. 1.25 uM
COV are mixed in the stopped-flow apparatus against 20 uM
ferrocytochrome c. Suspending medium: 0.1 M Hepes buffer pH
7.3. Upper trace: the COV syringe contains either no ionophore or
5 pM nigericin; lower trace: the COV syringe contains 10 uM
valinomycin plus 10 uM carbonylcyanide-m-chlorophenylhy-
drazone. T = 20°C. RCR = 9.7. See text for details and [232].

the mitochondrial matrix (or vesicle lumen), a trans-
membrane pH difference will also be produced, the
inner space becoming more alkaline; with COV the
transmembrane pH difference would eventually van-
ish, because of back leak. Second, COX is a site for
energy transduction, because it mediates the redox-
linked vectorial transport of protons in a direction
opposite to the eT processes, this is the proton
pumping function of oxidases. This process is clearly
electrogenic as the charge must be translocated across
the membrane dielectric and at equilibrium an equiv-
alent amount must be back-transported to achieve
chemical and electrical neutrality, as demonstrated
by the counter-fluxes of Ca?* or K* ions [212,234].

The kinetics of cytochrome ¢ oxidation by COV
have been extensively studied by stopped-flow spec-
troscopy [106,225,226,232]. When COV are mixed
with ferrocytochrome c, in the presence of excess
0,, biphasic kinetics [232] are observed at wave-
lengths monitoring the redox state of cytochrome ¢
(Fig. 13). At this wavelength, the fast phase (whose
amplitude depends on the ratio of cytochrome c¢ to
COV) accounts for the oxidation of (at least) four
moles of ferrocytochrome ¢ per mole of COX. The
subsequent slower phase is essentially exponential
for the rest of the time course, and its first-order rate
constant reflects a property of the enzyme that is
populated during turnover. The respiratory control
(RCR) [214] is defined operationally as the ratio of

steady-state oxidation rates of ferrocytochrome ¢ in
the presence of ionophores (such as nigericin or
carbonylcyanide—m-chlorophenylhydrazone plus
valinomycin) to that in their absence, i.e. the ratio of
rates -observed under conditions in which the mem-
brane is totally leaky to ions relative to the situation
in which the intrinsic ion permeability of the mem-
brane is the eT-limiting factor, in the classical sense.
The RCR, as measured by the ratio of the rate
constants of the fast to the slow phases of cy-
tochrome ¢ oxidation in the absence of ionophores
(in Fig. 13), closely approximates the RCR measured
in two independent experiments following the oxida-
tion of cytochrome c¢?* in the presence and absence
of ionophores (the time course being in both cases an
exponential process in the turnover phase).

The classical interpretation of this observation is
that catalysis is rate-limited by the protonic back-leak
rate inside the vesicle lumen which is quite slow
even in the presence of a fully developed Af,- (ca.
0.15 s' and much lower, 0.02-0.04 s~ !, in the
presence of valinomycin, as measured by use of a
membrane impermeable pH indicator [232]). How-
ever the protonic back-leak rate is slower than cy-
tochrome ¢ oxidation in fully coupled COV. This
may be consistent with the higher efficiency of the
proton in dissipating Afey+ relative to other ions in
the steady-state regime, since proton transport inside
the vesicles collapses simultaneously both compo-
nents of Ajfi,+. Moreover, cytochrome ¢ oxidation
is largely insensitive to the effect of nigericin, which
exchanges protons for potassium ions electroneu-
trally, and consistently enhances the protonic trans-
membrane transfer. Under these conditions: (i) the
driving force is not changed, (ii) the chemical com-
ponent of Afiy-, i.e. ApH, is abolished, (iii) Ay
must increase to match the driving force (yet without
effect on the eT efficiency, an indication that after
completion of 1-2 enzyme turnovers static head is
already reached), and (iv) proton movements are
apparently not related to the catalytic efficiency of
COV. Finally, in going from resting to pulsed [88]
COV, the rate of cytochrome c¢ oxidation increases
by the same factor both in the presence and absence
of ionophores (i.e. the RCR is identical) [107] a fact
which may be difficult to explain if the turnover rate
in the absence of ionophores were limited by proton
back diffusion through the membrane.
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If the ApH is not influent as far as eT is con-
cerned (the effect being limited to the first few
turnovers {226]), the electrical component must exert
its influence on the observed €T kinetics. As a matter
of fact the electrogenic uniporter valinomycin greatly
increases the rate of oxidation of ferrocytochrome c,
approaching more than 80% of the observed RCR.
The lack of a complete effect may be due to chemi-
cal effects related to the number of protons in the
interior space [226] which, in the vesicles is quite
small (volume = ca. 4 X 1072! |, based on vesicle
diameter of 30 nm and a membrane thickness of 5
nm; in an unbuffered medium at pH = 3 this would
correspond to about 140,000 water molecules and 3
protons!); therefore: (i) the absolute amount of pro-
tons becomes limiting, also in a well buffered prepa-
ration, when many enzyme turnovers have been
completed and /or (ii) if the bilayer concentration of
valinomycin is small, the ionophore may not be
homogeneously partitioned between all the vesicles
or its concentration may even be higher in the aque-
ous bulk phase; therefore its membrane potential
quenching activity may become less efficient.

The observed kinetics of eT in COV appear to
underlie a saturation phenomenon [232,235], the en-
zyme responding to the build-up of the gradient in a
fashion similar to ligand binding, where the ‘ligand’
is represented by Ay. This interpretation is also
consistent with the predicted and observed increase
of the RCR, at constant driving force, as the vesicle
dimension is artificially decreased by incorporation
into the bilayer of synthetic polyvinylalkanoates
[220). Treatment of COV as spherical capacitors also
reproduces their kinetic properties [205].

Experimental evidence for the proton pumping
activity of COV has been obtained by two different
techniques (see [217] for the relevant methodology):
(a) potentiometric and (b) spectroscopic. Several
groups have successfully employed pH indicators
(e.g. phenol or neutral red) to measure redox-linked
acidification of the bulk during turnover. These have
the great advantage of a rapid response and have
proved uniquely valuable in measuring pH changes.
The drawbacks are that often artifacts are produced
and should be accounted for. The use of a glass
electrode, besides the obvious advantage of a direct
measurement of the proton activity, is bound to have
some shortcomings, apart from the obvious fact that

pH measurements are possible only in the bulk. The
intrinsically slow response of the glass electrode may
pose some problems of reliability of quantitative
estimates, especially for COV preparations which
display a high proton leak rate (i.e. low RCR).
Rapid-mixing techniques are, in this respect, clearly
superior since both early events (proton pumping)
are readily resolved from late events (leak).

The kinetics of proton pumping by COV have
been studied by sophisticated stopped-flow spec-
troscopy in our laboratory [213]. The time course of
proton extrusion into an aqueous bulk phase with no
buffer power other than that of the outer leaflet of
the phospholipid bilayer (see Table 3) has been
monitored by the changes in extinction of a suitable
pH indicator (phenol red, pK, = 7.6) and compared
to the time course of oxidation of ferrocytochrome c.
It must be recalled that the outer leaflet buffer power
is only transiently effective since at equilibrium and
due to the formation of Afiy-, also the inner leaflet
buffer power will come into play; thus the vectorial
and scalar H* /e~ stoichiometries are expected to
yield different pH-indicator-linked absorbance ampli-
tudes (larger in the former case [222]). The results
indicate that the vectorial and redox processes are
synchronous events up to a rate constant of 10 s,
provided that an efficient charge-compensating sys-
tem (valinomycin and K*) is present. More recently
[230], these experiments have been repeated by tak-
ing advantage of time-resolved photodiode array
spectroscopy used in conjunction with singular value
decomposition, which decomposes the absorbance—
wavelength—time data matrix into the product of
three matrices U X S X VT (see Henry and Hofrichter
[236] for details) and allows to: (i) remove random
noise from the data resulting in a significant increase
in the signal-to-noise ratio, (ii) to reduce the enor-
mous amount of data which is acquired (typically
spectra of 1024 wavelengths collected at 62 different
time points) from 10 ms on and, iii) under specific
conditions, to perform efficient chromophoric separa-
tion in the wavelength and time domains, a necessity
if quantitative evaluation of the apparent H* /e~
stoichiometry is desired. Fig. 14 shows one such
experiment in which the redox-linked vectorial events
are followed by time-resolved stopped-flow spec-
troscopy. The best estimate of the H* /e~ ratio from
these stopped-flow experiments (1.01 4+ 0.10) con-
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Fig. 14. Kinetics of proton pumping by COV. Upper: 62 time-re-
solved spectra obtained following mixing COV (1.25 M) con-
taining valinomycin (10 uM) and carbonylcyanide-m-chlorophen-
ylhydrazone (0.1 uM) with phenol red (60 uM) and ferrocy-
tochrome ¢ (20 uM). Buffer internal to COV was 0.1 M Hepes
pH 7.3; external buffer, 50 uM Hepes/43.6 mM KCl/46.1 mM
sucrose, pH 7.3. T = 20°C. Lower: time course of cytochrome ¢
oxidation (left panel, 550 nm) and proton pumping (right panel,
556.6 nm; downward deflection representing acidification of the
external medium) by COV containing 5 uM valinomycin and 0,
0.05, 0.15, 0.35 and 1.25 M carbonylcyanide-m-chlorophenylhy-
drazone (after mixing), after SVD analysis and spectral recon-
struction of the data shown in the upper part. Other conditions as
above. See [230] for the complete SVD analysis and for details.
Modified from [230] with permission.

firms the findings of other investigators obtained
using glass electrode potentiometry.

3.2. Models of proton pumping

In order to achieve proton translocation in COV
(as in any redox-linked proton pump), at least two
enzyme conformations must exist. See Wyman [237]
for a description of the general and relevant princi-
ples of linked functions. In the first conformation the
access of the proton on the protein must be on one
side of the membrane (the M side), while in the
second it must be on the opposite side. By the

principle of microscopic reversibility it follows, un-
less otherwise proved, that each conformation is
completely competent in the €T reactions which take
the electrons from cytochrome c to O,. If each redox
cycle were to be completed without any net vectori-
ally-linked conformational transition, then the pro-
tons bound at the relevant site(s) at certain stages of
the turnover would dissociate into the same aqueous
bulk phase from which they came from. Thus, no
matter which conformation is populated, proton
pumping will fail. Each thermodynamically and ki-
netically ‘isolated’ conformation would represent, by
definition, a slipping state, i.e. a condition which
determines decoupling of the driving reaction (eT)
from the driven reaction (proton translocation). It
follows that in order to couple the two reactions
there must be a transition between the two conforma-
tional states allowing for protonic binding/debind-
ing in two topologically distinct bulk phases; in other
words the vectorial event is made possible by a
periodic transition between two redox competent
slipping states. This type of coupling is referred to as
‘parallel’ coupling as opposed to ‘sequential’ cou-
pling, described below. A classical example of paral-
lel coupling is provided by trout hemoglobin [238]
which is capable of effectively ‘pumping’ O, against
its concentration gradient in the swim bladder of
several fishes. This important function is achieved by
the relaxed-tense (R /T) conformational transition of
hemoglobin, e.g. essentially a decrease in the O,
affinity, which is triggered by and linked to the
protonic activity in two separate compartments of the
fish.

In the case of ‘sequential’ coupling the redox-lin-
ked vectorial events are always coupled to a confor-
mational transition between input (proton binding
from one aqueous domain) and output (proton re-
lease from the trans side of the membrane) states.
However, the transition is by all purposes part of the
catalytic mechanism, and there is no way to decouple
the redox reaction from the H* transport process,
since the conformational change from input to output
state is an obligatory step in the overall reaction
coordinate pathway.

It is not a simple matter to discriminate between
the two extreme types of coupling pertinent to case
of COV. In the sequential type of coupling, a fixed
(direct) mechanistic H /e~ ratio is expected; in



F. Malatesta et al. / Biophysical Chemistry 54 (1995) 1-33 27

parallel (indirect) coupling both fixed and variable
H* /e~ stoichiometries are possible, depending on
the effect of parameters (such as the membrane
potential and/or the transmembrane pH difference
on the steady-state population of enzyme intermedi-
ates) which take to a decoupling or a pumping
pathway. Discrimination between these types of
schemes must clearly await for further experimenta-
tion. For additional details on the mechanisms of
proton translocation see the review of Chan and Li
[198].

As discussed in Sections 2.3-2.6, the first part of
the catalytic cycle of COX (reductive eT to the
oxidized binuclear site) is dramatically different from
the second (eT processes to bound O,; compare the
time scales of Figs. 11 and 12). If the cytochrome
a—a, intersite distance is not changed, then a struc-
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Fig. 15. Coupling of electron transfer and vectorial proton translo-
cation as described by a cubic model. The two lateral faces E; and
E, correspond to two different conformational states of cy-
tochrome oxidase. The digits in parentheses designate the four
redox centres in the order (from left to right): cytochrome a, Cu,,
Cuyg and cytochrome a,, O representing an oxidized metal and 1 a
reduced one. E; and E, are supposed to be fully competent in
electron transfer, as represented schematically along the four
edges limiting the lateral faces E; and E,. The square brackets
present in the upper part of the cube indicate the deprotonated
state, while the round brackets in the lower part of the cube
indicate a protonated state of the enzyme. Vectorial protons are
indicated by an arrow. In the bottom part of the figure the bold
arrows along the edges of the cubes indicate the prevailing
pathway covered by the enzyme in the presence (S state) or
absence (P state) of Ajfiy+.

tural rearrangement at the level of the binuclear site
is consistent with the increase in €T rate by more
than 3 orders of magnitude (10 vs. 10° s~ , respec-
tively). Wikstrom [197] has shown by reverse €T
experiments in mitochondria that of the four electron
transfer steps to the binuclear site only the last two,
i.e €T to the P and F species, are linked to the proton
translocation events, each vectorial event being ef-
fectively a 2 H* /e~ process. This experiment pre-
dicts that proton translocation will lag behind the eT
processes to the oxidized binuclear site since the
latter occurs only in the second half of the COX
reaction (see right part of Fig. 10). On the other hand
eT to the oxidized binuclear site (left hand of Fig.
10) in the absence of O, is quite slow. This may be
well suited for the activity of COX since the eT
processes may be limited by a conformational transi-
tion, preceded by or coupled to fast proton binding
processes, which shuttle the bound protons between
different sides of the membrane. The function of O,
would be then to bind and drive the otherwise un-
favourable equilibrium (see Scheme 2) in the translo-
cation direction by virtue of the essentially irre-
versible O,-reductive reactions (see Scheme 3). A
schematic model proposing a mechanism of coupling
between €T and vectorial proton uptake and release
is reported in Fig. 15.

3.3. Structural components of the pump

Despite intensive research and efforts, the mecha-
nism of proton pumping, the metal center(s) and
subunits directly or indirectly involved are still un-
known. It is clear, however, that a metal site must be
involved in the vectorial processes since these are
intimately linked to the redox activity of COX. It is
also apparent that since the metals are all bound to
subunits I (cytochrome 4, a; and Cug) and II (Cu,)
(see Section 1.7), these polypeptides, must provide
to some extent the molecular architecture allowing
for the transport of the proton across the bilayer via
membrane-spanning hydrogen-bonded chains of
aminoacids [239], in correct orientation, appropriate
environment and of proper chemical nature. The
site-directed mutagenesis experiments of the Fergu-
son-Miller and Gennis groups [99,100], which are
still under way may provide information concerning
the three-dimensional modelling of subunit I (see
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Fig. 7), and the role of other conserved residues not
involved in metal coordination but essential to the
vectorial protonic events.

At different times, all four metal centers have
been proposed as structural elements of the pump,
i.e. the metal whose redox cycling is coupled to the
vectorial proton transport. Cytochrome a has been
proposed on the basis of strengthening of hydrogen
bond between the formyl group of heme a and an
hitherto undefined protein residue, upon reduction of
the enzyme. This experiment [240], which was unique
in so far as it proposed a physical mechanism for
proton pumping, could not be followed up and sub-
stantiated by conclusive data. Cu, has also been
proposed, based on chemical modification of the
latter site with mercurials (see Sections 1.4 and 2.3)
which resulted in attenuation of the redox-linked
acidification amplitude [241]. From these experi-
ments it was also possible to propose a putative
mechanism for proton pumping based on a ligand
substitution reaction (a cysteine—tyrosine exchange)
in the coordination sphere of Cu,, triggered by
reduction of the metal and linked to net proton
transport [242]. The role of Cu, in energy transduc-
tion has become less leading, since the superfamily
of oxidases contains enzymes which are naturally
devoid of Cu, yet display the proton pumping func-
tion (i.e the quinol oxidases).

An important aspect of the coupling of eT to
proton translocation in COX is negative redox coop-
erativity, which is very much pronounced between
cytochrome a and cytochrome a,—Cug [3]. The
redox metal involved is Cug and control is exerted
thermodynamically: reduction of Cuy by intramolec-
ular €T processes disfavours reduction of cy-
tochrome a and vice versa. According to Babcock
and Wikstrom [97], the special function assigned to
the negative redox cooperativity in COX is to pre-
vent electron slip, i.e. movement of electrons without
the associated transport of the protons. This situation
may arise in the flow—flash experiments using fully
reduced COV. Namely, if re-reduction of Cug by
cytochrome a occurs on a time scale faster than the
input—output transition of the former metal, then
proton pumping will be effectively decoupled from
eT (recall that in some states oxidation of cy-
tochrome a may proceed as fast as 10° s !, see
Section 2.6). This may explain why lower H* /e~

ratios have been determined by flow-flash starting
from the fully reduced CO enzyme [192], which has
been proposed to be an ‘artificial’ species [97]. On
the other hand if reduction of cytochrome a is
prevented in the enzyme states which carry a cuprous
Cuy then the vectorial events may take place without
the short-circuiting reactions described above. This
proposal, which is essentially based on the neoclassi-
cal scheme for redox interactions in COX fails to
explain the known steady-state behavior of COV and
predicts that the dominant and relevant O,-binding
species during turnover will be the mixed valence
enzyme; a matter still controversial [201]; see also
[243] for a very stimulating discussion,

It may be worthwhile discussing, as a final re-
mark, some possible functional consequences of the
structural model of subunit I proposed by the groups
of Gennis and Ferguson-Miller [99,100] (see Section
1.7 and Fig. 7). The bulk of evidence suggests that
cytochrome a and a, are bound to opposite sides of
the same helix (X) via His coordination, with a
single intervening (totally conserved) Phe residue.
Therefore, if correct, the iron of the two hemes a
and a, are connected by 16 covalent bonds, which
may provide a pathway for eT. The group of
Woodruff and co-workers has proposed a very inter-
esting model based on time-resolved RR and FT-IR
experiments [109,244]. According to this model, the
binuclear site is labile in the coordination sphere of
Cuy and cytochrome a; as a consequence of exoge-
nous ligand entry and binding (including possibly
0,). Binding of CO to Cup, for example, causes the
release of a ligand from this metal and coordination
of CO to the distal side of reduced cytochrome a,.
Displacement of His (419) on helix X (see Fig. 6),
documented in some transient intermediates [109],
introduces a gap between cytochrome a and a,,
which is calculated to dramatically affect the eT rate
between the two metals (e.g. by 3 orders of magni-
tude), without a significant change in the donor—
acceptor distance. €T rates are dramatically different
when the binuclear site is oxidised relative to that
observed in the P and F states of COX (see Sections
2.5 and 2.6). This large difference may be explained
by an increase in the driving force term due to O,
binding, but also by ‘reorganization’ of the electron
transfer pathway connecting the relevant metal cen-
ters [175,245]; the latter hypothesis is (in our view)
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[246] more likely because in photolysed mixed-va-
lence COX (where CO has escaped to the bulk) there
is no exogenous ligand bound to the binuclear site,
yet eT is fast [153,154,166]. This opens a new way
of looking at the problem of modulation of eT in
COX via changes in the coordination sphere of
cytochrome a;, which may represent a molecular
mechanism for control of €T rates and coupling of
eT to H" pumping. Some elaborate, yet stimulating,
hypotheses for the involvement of the ligand-switch
in H* pumping have in fact been recently proposed
by Rousseau et al. [247] and Woodruff [109], and
represent a challenge for new experiments on the
mechanism of H* pumping by terminal oxidases.
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