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A new hypothetical type of redox loop is described, which translocates hydroxide ions instead of protons.

Conventional protonmotive redox loops use carriers of protons with electrons (e.g. QH,/Q systems) to cou-

ple electron transfer to the translocation of protons. The putative hydroxidemotive redox loop uses carriers -

of hydroxide ions against electrons (e.g. transition-metal centres) to couple electron transfer to the translo-

cation of hydroxide ions. This simple idea leads to the proposal of a hydroxidemotive Cu loop mechanism

that may possibly be applicable to the Cuy or Cug centre of cytochrome oxidase, and might thus account
for the coupling of electron transfer to net proton translocation in that osmoenzyme.

Cytochrome oxidase; Cu center; Hydroxidemotive redox loop; Cu loop mechanism; Chemiosmotic coupling;
Hydroxide-ion translocation

1. INTRODUCTION

It was persuasively argued by Wikstrom and col-
leagues (see e.g. [1], p.11) that the protonmotive
action of cytochrome oxidase cannot be explained
by a directly coupled redox loop type of formality,
for the simple reason that the oxidase contains on-
ly formal electron carriers. The conclusion was
widely drawn that proton pumping in cytochrome
oxidase must occur by the indirectly coupled
redox-linked type of mechanism described by
Wikstrom and Krab [2,3], which generally uses
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“such a broadly based concept of conformational

energy transduction [1-6] that it is very difficult to
test experimentally. However, there is good
evidence that, in protonmotive QH; dehydro-
genases containing only formal electron carriers,
the quinone substrate functions as the trans-
osmotic-barrier conductor of hydrogen according
to Q loop and Q cycle mechanisms [7-9]. It
follows that, in cytochrome oxidase, the substrate
oxygen might likewise function as the conductor of
hydrogen according to a protonmotive O loop or
O cycle mechanism [10}; and these suggestions are
being actively developed and explored [11]. How-
ever, efforts to establish the existence of the second
oxygen-reducing centre, required by the O loop
and O cycle mechanisms, have not so far yielded
encouraging results. Consequently, I have thought
it wise to continue to prospect for conceivable
direct mechanisms of coupling between electron
transfer and net proton translocation in cyto-

00145793/87/$3.50 © 1987 Federation of European Biochemical Societies 235



Volume 222, number 2

chrome oxidase, giving a stoichiometry of one
proton translocated per electron transferred as
originally observed by Wikstrém (see [1,11-14]),
in case a more promising mechanistic hypothesis
might be found.

In the first part of this paper, I describe a new
hypothetical class of redox loop designed to
translocate hydroxide ions instead of protons. In
the conventional protonmotive redox loop, elec-
tron transfer is coupled to proton translocation by
a trans-osmotic-barrier system (such as a QH,/Q
system) that catalyses sym-coupled electron-proton
transfer or hydrogen transfer [7,15]. In the
hydroxidemotive redox loop, electron transfer is
supposed to be coupled to hydroxide-ion
translocation by a trans-osmotic-barrier system
(such as a transition-metal centre) that catalyses
anti-coupled electron/hydroxide-ion  transfer,
which corresponds to sym-coupled electron-
hole—hydroxide-ion transfer or hydroxyl transfer.
In a sym-coupled (or symfer) system, input of the
one species (¢.g. electron or electron-hole) induces
input of the other (e.g. proton or hydroxide ion,
respectively), whereas in an anti-coupled (or an-
tifer) system, input of the one induces output of
the other. The use of the electron-hole concept
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allows electron/hydroxide antifer to be conceived
as electron-hole—hydroxide symfer.

The definitions of symfer and antifer [16] are
broader than the definitions of symport and an-
tiport. In symfer and antifer, the coupling of the
motions of the two species does not necessarily re-
quire them to move along parallel pathways, and
may require only one of the species (e.g. hydroxide
ion) to pass through the osmotic barrier domain of
the osmoenzyme [16].

These simple considerations lead to the proposal
of a hypothetical hydroxidemotive Cu loop
mechanism in which it is suggested that the Cu, or
Cug centre may catalyse anti-coupling between the
translocation of hydroxide ions through the
osmotic barrier domain in cytochrome oxidase and
the transfer of electrons from cytochrome c¢ to the
haem group of the haem a3;-Cugp binuclear centre
(leaving open the question of the position of Cua
relative to haem a and to amother Cu centre
[17,18], described here as Cux, that may par-
ticipate in the process of electron transfer).

The general principle of the hydroxidemotive Cu
loop mechanism was briefly outlined in the Croo-
nian Lecture, delivered at the Royal Society, Lon-
don, in May 1987 [19].
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Fig.1. Conventional protonmotive redox loops (A) compared with hydroxidemotive redox loops (B). Further
explanations are in the text.
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2. HYDROXIDEMOTIVE REDOX LOOPS

2.1.General conceptual principles

The net effect of hydroxide-ion translocation is,
of course, practically indistinguishable from that
of proton translocation in a chemiosmotic system,
because coupling membranes have a relatively high
permeability to H>O [20], and the deprotonation
of H;O is fast and reversible in aqueous media.

Fig.1 compares the conventional protonmotive
redox loop (panels A) with the hydroxidemotive
redox loop {panels B). The upper and lower links
of each loop represent trans-osmotic-barrier
pathways of ligand-specific conduction between
centres of effective protonic input (i) and output
(0) that equilibrate protonically with the agueous
media at low and high protonic potentials (N and
P, respectively) on either side of the coupling mem-
brane. Panels 1 show formal ligand flow. Panels 2
show the mode of electron:proton or elec-
tron : hydroxide-ion coupling (whether symport or
antiport) in the upper link of each loop. Panels 3
indicate possible mechanisms of ligand conduction
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in the upper link of each loop, discussed in more
detail below. The lower link of all the loops simply
returns electrons through the osmotic barrier, so
that there is no net (trans-osmotic-barrier) electron
translocation in the loop formality, which is
designed to represent the coupling of electron
transfer to proton or hydroxide-ion translocation.

In the conventional A3 loop, R represents a
group (such as a p-quinone oxygen) that carries a
proton when in the electronated state (RH), and
returns in the de-electronated state (R). In the
hypothetical B3 loop, M represents a metal centre
that carries a hydroxide ion when in the de-
electronated state (M2*OH~, equivalent to
M*OH), and returns in the electronated state
™M*).

The formal analogies that can be traced between
the conventional type of redox loop and the new
hypothetical one suggest that the latter may be
feasible in general principle. However, in the
known protonmotive Q link systems, the QH,/Q
couple (corresponding to RH/R in the upper link
of fig.1, A3) is highly mobile in the fluid hydrocar-
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Fig.2. Ligand-conduction diagrams of hypothetical hydroxidemotive systems using transition-metal centres (M or Cu)

to catalyse net proton translocation. Panel A shows a purely hypothetical Cu loop system. Panel B shows a

corresponding Cu loop mechanism applied to the Cua or Cug centre of cytochrome oxidase, where X and Y represent

the electron-conducting components leading to and from the protonmotive Cu centre. Note that the ligands shown on

either side of the Cu atom are supposed to be bound, not simultaneously, but alternately during the cyclic process of
hydroxide translocation. Further explanations are in the text.
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bon osmotic barrier domain, and can readily move
between the i and o sites through which the elec-
trons drive the protons [9,11]. By contrast, the
mobility of the metal centre M in the polypeptide
osmotic barrier domain of a putative hydrox-
idemotive metalloprotein would presumably be
relatively restricted; and to enable the centre to act
as a mobile carrier [21], the bonds around the
metal atom would have to be sufficiently mobile to
facilitate the specific translocation of hydroxide
ions through the centre between the o and 1 sites in
concert with the transfer of electrons from donor
to acceptor. Accordingly, I suggest that, although
not impossible at an iron-porphyrin centre, such as
haem a, the hydroxidemotive mechanism may be
more readily applicable to a copper centre, such as
Cua or Cug.

2.2. Some corollaries of hydroxide-ion
translocation

The ligand-conduction diagram in fig.2A shows
the upper link of the hypothetical hydroxidemotive
system of panel B3 in fig.1, developed in more
detail. In this diagram, the i and o centres are
shown embedded in the osmotic barrier domain of
an osmoenzyme polypeptide system, and they are
assumed to be connected to their respective N and
P aqueous domains by proton conductors (PrC)
[15,16,22-25]. The electron/hydroxide-ion antifer
{or electron-hole-hydroxide-ion symfer) is re-
presented formally by the circulation of ligands
around the metal centre M between i and o con-
figurations, in which electrons are reversibly ac-
cepted from a donor site o and donated to an
acceptor site w. The mutually exclusive hydroxi-
dated and electronated states of the metal centre
are shown as (OH™)-M and M-(e™), respectively.
In this type of system, it is evident that H2O would
have to be produced at the i centre and consumed
at the o centre, and the HO would move in the op-
posite net direction to the hydroxide ion, and in the
same net direction as the electronated state of the
metal centre. Tight coupling between electron
transfer and proton translocation would depend
on the channelling of ligand conduction as
represented in the diagrams and not generally
otherwise [26]. For example, uncoupling would oc-
cur if a significant quantity of M-(e™,OH™) were
produced and were mobile between the i and o con-
figurations of M.
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3. POSSIBLE MECHANISMS OF
HYDROXIDEMOTIVE Cu LOOPS

3.1. General ligand-conduction diagrams

The ligand-conduction diagram in fig.2B shows
the (¢7)/(OH™) antifer system of diagram A ap-
plied to cytochrome oxidase, with the hydrox-
idemotive function of M attributed to Cu, or Cug.
This diagram is meant to describe the required
topological connectedness of the components,
catalysing electron transfer from cytochrome ¢ to
the binuclear O»-reducing centre a;-Cug, and
facilitating proton transfer between the P and N
aqueous media and the appropriate 0 and i centres.
But, this diagram is not meant to show the actual
positions of the centres and conducting pathways,
or the shape of the cytochrome oxidase molecule,

3.2. Conceivable Cu loop molecular mechanisms

The description of local hydroxide-ion
translocation and net proton translocation by the
putative Cu loop system is largely formal in fig.2B.
Nevertheless, this diagram is instructive with
respect to some of the general principles governing
the possible development of more detailed
molecular mechanisms that might be applicable to
the Cua or Cug centre of cytochrome oxidase. In
view of the major uncertainties concerning the Cu
centres, summarised below, it would be premature
to attempt to provide a specific detailed
mechanistic diagram of the possible Cu loop
system in the present paper. But I will develop,
somewhat further, the set of general principles by
means of which one may explore some of the
possibilities.

Much of the experimental evidence concerning
the geometry and ligation at the Cu centres in
cytochrome oxidase has been discussed by
Malmstrém [27,28], Chan and colleagues [29-33},
and Scott and co-workers [34,35]. Since the Cus
centre is normally EPR silent, and the contribu-
tions by Cuy and Cup to the X-ray signals given by
the oxidase cannot be unequivocally distinguished
in the native oxidase [33,35], it was inferred that all
three of the ligands at Cug may be N or O,
although the possibility of one Cu-S interaction at
Cug could not be completely ruled out [35]. From
the anomalous EPR signal of Cuys [36—38], taken
in conjunction with ENDOR [31] and X-ray ab-
sorption studies [34,35,39], it was inferred that two
S and one N may be ligands at Cua.
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New uncertainties about the Cuy ligand system
were recently introduced by observations of Buse
and colleagues [17] and Kadenbach et al. [18],
which imply that cytochrome oxidase from most
sources may be a three-copper two-haem g protein.
The careful work of Buse’s group, using inductive-
ly coupled plasma atomic emission spectroscopy,
indicated that Paracoccus dernitrificans and ox
heart oxidases, which contain subunits 1 and II,
have 3 copper atoms per molecule, whereas Ther-
mus thermophilus oxidase, in which subunit II is
replaced by a cytochrome ¢; subunit, has only 2
copper atoms per molecule [17]. They suggested
that, in cytochrome oxidase from most sources,
subunit I may contain the generally accepted cen-
tres, haem a, Cua, haem a3 and Cug, and that
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Fig.3. Suggested type of mechanism for coupling
electron transfer to hvdroxide translocation at the Cua
or Cup centre of cytochrome oxidase. R;, Rs and R;
represent amino acid ligands in the osmotic barrier
domain of the oxidase, the i site being above the plane
of these ligands, and the o site being below it, Diagrams
A-F represent the sequence of states in the working
configurational cycle. In passing back from the i to the
o site at the Cu centre, the H»O may or may not travel
in close proximity to the copper atom, as indicated by
the question marks in diagrams D, E and F. The circle
round Cu does not represent the size of the Cu atom.
Further explanations are in the text.

FEBS LETTERS

October 1987

subunit [T may contain an additional copper centre
(described here as Cuy). The conclusion of Buse's
group that the ratio of Cu to Fe is 3:2 in
cytochrome oxidases from most sources was con-
firmed by Kadenbach’s group, using a proton-
induced X-ray emission method on cytochrome ox-
idases isolated from various mammalian species
and tissues [18].

In summary, on the basis that cytochrome ox-
idase contained only 2 copper centres, Cua and
Cus, the experimental evidence was interpreted to
show that the ligation of Cu,a involved 1 or 2
histidine nitrogens, possibly 1 oxygen, and 1 or 2
cysteine sulphurs [33,35]. But, if the existence of
Cux [17,18] were to be confirmed, and if, as seems
just possible, Cux is ligated to cysteine sulphurs in
subunit I1 [40-42], the ligation of both Cu, and
Cug in subunit I might involve only nitrogen and
oxygen, like the type 2 copper in laccase [43—45].
This could be important in the context of the pro-
posed hydroxidemotive redox loop mechanism,
because hydroxide ligands to Cu are known to be
favoured by soft ligands such as N, but not by hard
ligands such as S. For that reason also, one might
consider Cug to be the more likely centre for the
hydroxidemotive mechanism.

Incidentally, the evidence from proton and "0
magnetic resonance relaxation studies of the ox-
idised type 2 copper centre in laccase by Pecht and
colleagues [45] has shown that it is possible for a
copper centre to show very slow exchange of
hydroxide ions and water with the aqueous media,
and vet for hydroxide, bound at the centre, to be
readily accessible to protons, presumably through
one or more specifically praoton-conducting
pathways. This is particularly noteworthy, because
copper generally exhibits very fast ligand ex-
change, and practically the only way for the rapid-
ly exchanging hydroxide ligand to be prevented
from equilibrating with the aqueous media would
be by enclosure of the copper ligand system in a
non-polar domain impermeable to hydroxide ions
and water, as suggested by Pecht et al. [45].

3.3. Possible mechanisms of hydroxide-ion
translocation around the copper atom at the

Cu,4 centre
Comparisons of the Cu, centre in cytochrome
oxidase with the metal centres in other copper pro-
teins, notably laccase, azurin and plastocyanin,
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have suggested that the orbital containing the un-
paired electron at the Cua centre in the oxidised
state may be a copper 3d orbital hybridised with
copper 4p and 4s orbitals, and that the coordina-
tion shell at Cus may be distorted from a square
planar to a near tetrahedral configuration by the
ligand positions in the surrounding polypeptide
system [27,28,31,33]. This is obviously an in-
teresting suggestion from our point of view,
because it offers a possible mechanism for the
mobility that is presumably required to enable the
hydroxide ion to be conducted around the Cu cen-
tre in concert with the redox cycle. Chan and col-
leagues recently invoked a cyclic change at the Cua
centre, between a distorted tetrahedral configura-
tion in the oxidised state, and a planar trigonal
configuration in the reduced state, in a mechanism
proposed for conducting protons across the Cu
atorn between a tyrosine phenolate ligand on one
side and a thiolate ligand on the other [33]. In that
proposal the proton was not, of course, considered
to be bonded to the Cu atom, and the chemical and
physical facilities required to transport the proton
past the Cu atom were not as strictly defined as
those that may be available to enable a hydroxide
ion bonded to the Cu atom to pass around it from
one side to the other, as proposed here.
Assuming a coordination number of 4, and us-
ing the valence bond formality of Pauling, the
translocation of the hydroxide ion around the cop-
per atom at the oxidised Cus or Cug centre could
be facilitated by hybridisation between the copper
3d orbital and the copper 4p and 4s orbitals. If, as
illustrated in fig.3, the Cu centre were bound by
three amino acid ligands R, Rz, and R; in the
hydrophobic osmotic barrier domain of the
polypeptide system of the oxidase, with centres i
and o respectively above and below the plane of
these ligands (cf. fig.2B), rotational motion and in-
version of the hydroxide ligand might presumably
occur by transition of the copper ligand geometry
from a tetrahedral sp® configuration (fig.3, state
A), with the hydroxide ligand on the (downward)
o side, through a square planar dsp? configuration
(state B), with the hydroxide ligand in the plane of
the other three ligands, and on to an inverted
tetrahedral sp® configuration (state C), with the
hydroxide ligand on the (upward) i side. The con-
figurational cycle would be completed by elec-
tronation and protonation (state D), movement of
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the copper atom back through the plane of the
amino acid ligands (state E), and de-clectronation
and deprotonation (state F). The assumed reversi-
ble lengthening of the Cu—O bond, and possible
dissociation of the water ligand, at D and F, are
based on the principle that reduction generally
causes loss of coordination in metal complexes.
During the configurational cycle, making
reasonable assumptions about the bond lengths
and angles of the copper ligands, the oxygen atom
of the hydroxide ligand, would move about 5 A, or
possibly more, through the plane of the three
amino acid ligands in the osmotic barrier domain,
assumed to intervene between the i and o centres;
and the copper atom would also move a distance
approaching 2 A.

If the coordination number of the copper atom
at the oxidised Cu centre is 5 or 6, rather than 4,
the mechanism of hydroxide translocation could
be essentially similar to that suggested in fig.3, the
general principle of which corresponds to a Berry
pseudorotation mechanism (see [46], pp.247—249),
originally applied to the interchange of axial and
equatorial ligands. In such mechanisms a given
ligand may swing only partially around the centre
to which it is bonded, and that could apply to the
process of hydroxide translocation at the Cu, cen-
tre. 1 must therefore emphasise that the diagrams
of fig.3 should be taken only to illustrate the
general principle of hydroxide translocation
around the Cu centre.

At all events, the proposition that the hydroxide
ion (and perhaps the H>O molecule) might swing
around the copper atom, as indicated in fig.2, ap-
pears to be more realistic, and less purely formal,
than one might have expected.

3.4, Possible mechanisms of water translocation
Jfrom one side of the Cu centre to the other
The translocation of water from the i to the o
site, shown in fig.2B, would not necessarily require
the H>O molecules to swing around the copper
atom in close proximity to it (by contrast with
hydroxide translocation), but H,QO translocation
might possibly occur by equilibration of H>O (but
not of OH™) at the i and o sites with more remote
domains on either side of the osmotic barrier do-
main in which the Cu centre is supposed to be
situated.
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1.5. Coupling between eleciron transfer and
hydroxide translocation in the Cu loop
mechanism

The ligand-conduction diagrams of the Cu loop
mechanism in fig.2B can conveniently be con-
sidered to describe continuous sets of states with
corresponding configurations through which the
system passes in a catalytic configurational cycle.
We can readily recognise four main configurations
(as indicated in fig.2B), and four transitional con-
figurations. There is one reduced and one oxidised
configuration in which the hydroxide ligand and
water may equilibrate protonically via the proton
conductor (PrC) connected to the i site, and one
reduced and one oxidised configuration in which
the hydroxide ligand and water may equilibrate
protonically via the proton conductor connected to
the o site. The four transitional configurations cor-
respond to the transitions between neighbouring
pairs of these main configurations. Two of the
transitions correspond to translocations and two
correspond to electron transfer and corresponding
hydroxide antifer. The efficient operation of the
net protonmotive action of the oxidase indicates
that each of the transitions between neighbouring
states might be freely reversible with respect to the
Cu centre, even though the acceptance and transfer
of electrons through the oxygen-reducing a;-Cup
centre is known to be only partially reversible
[47,48].

Electron transfer could be most simply coupled
to hydroxide-ion translocation (fig.2B) if the i to o
transition of the electronated Cu centre could not
occur without dehydroxidation at the i site, the o
to i transition could not occur without hydroxida-
tion at the o site, and if electronic equilibration,
either with the electron donor or with the electron
acceptor, were restricted to the i and o configura-
tions, respectively. In that case protonation of the
hydroxide ligand and its conversion to H:O at the
i site would be linked to electron acceptance from
cytochrome ¢ and deprotonation of H:O and its
conversion to hydroxide at the o site would be link-
ed to electron donation to the haem group of the
haem a@3-Cug centre, The required specificity of the
translocation of (HO)-Cu and Cu-(e”) or Cu-
(e7)H>0 around the copper atom (and thus,
through the osmotic barrier) would be ensured by
the virtual non-existence of -Cu and Cu-(e”,OH™).
Thus, the conditions that would have to be met by
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the Cu centre in a feasible well-coupled Cu loop
mechanism might be relatively straightforward.
The electrical repulsion between the electron and
the hydroxide ion, and the expected increase in the
copper coordination number by oxidation, would
tend to work in favour of the appropriate
deprotonation and protonation of H;O and OH™
at the o and i sites, respectively, during the redox
cycle; and tight channelling of the catalytic con-
figurational cycle could be strongly assisted by
electrostatic  energy minimisation in the
presumably low-dielectric-strength environment of
the Cu centre.

The requirement that electronic contact between
the Cu centre and the electron donor and acceptor
systems should be established only in the ap-
propriate i and o configurations would presumably
depend on the position of the copper atom, of the
components of the participating HxO/OH™ cou-
ple, and on other related configurational cir-
cumstances requiring a more detailed description
of the Cu centre than it is possible to give at pre-
sent. But I suggest that the required configuration-
dependent ligand conduction might be partly
dependent on the involvement of histidine
nitrogen, cysteine sulphur, and/or other ligands at
the Cu centre, both in electron transfer and in the
reversible protolytic actions assumed to be
associated with  hydroxide binding and
translocation. '

3.6. Midpoint reduction potential pH dependence

In the Cu loop mechanism of fig.2B, the mid-
point reduction potential of the Cua cenire might
decrease with increasing pH, because electronation
would be coupled to net protonation. However, in
an equilibrium redox titration of the oxidase, the
reduction of the oxidised Cu centre would be ac-
companied by net protonation (and the midpoint
reduction potential would be pH dependent) only
inasmuch as the oxidised and reduced populations
of the centre were dominated by the species shown
in fig.2B. In other words, the midpoint reduction
potentials would be pH independent if oxidised
and reduced configurations that were equally pro-
tonated were the predominant species in
equilibrium redox titrations. This would corre-
spond to cases in which the translocational state
transitions were relatively fast, so that the ap-
propriate equally protonated states could ac-
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cumulate without failure of the kinetic competence
of the system. Analogous relationships were con-
sidered in [26], and have been discussed by Chan
et al. [49]. The pH dependence or independence of
the midpoint reduction potentials could, of course,
also be affected by linked-function redox-
dependent protolytic actions, manifested at sites in
the Cu centre {(perhaps involving amino acid
ligands), or at peripheral sites in the protein, and
not shown in fig.2.

As indicated above (and see [49]), the widely
held view that redox couples involved in net proton
translocation must have pH-dependent midpoint
reduction potentials is mistaken. Experimental
studies, in which the midpoint reduction potentials
of Cu, and Cug have been found to be only slightly
affected by pH in the range 6.0-8.5 [50-52], are
not, therefore, inconsistent with the Cu loop
mechanism suggested in this paper.

3.7. The driving force on the catalytic
configurational cycle in the Cu loop
mechanism

In the Cu loop mechanism, the driving force on

the catalytic configurational cycle would be given
by the total free-energy decrease of the Cu, centre
system, following electronation and de-
electronation. Thus, if they were to occur with
equal probability in the catalytic cycle, the con-
figurations of the Cu centre, following electron ac-
ceptance from the donor system and electron
donation to the acceptor system, would represent
states of increasing stability. The electrostatic
energy of the Cu centre would be expected to play
a major part in driving the catalytic cycle. But
changes of stress in the coordination sphere of the
copper atom at the Cu centre, associated with elec-
tron transfer and changes of geometry during the
ligand rearrangements associated with hydroxide-
ion translocation, might also be expected to con-
tribute significantly to the driving and energetic
stabilisation of the set of states that make up the
catalytic configurational cycle, and enable electron
transfer to be tightly and reversibly coupled to net
proton translocation.

4. DISCUSSION

In previous schemes designed to explain the net
protonmotive function of cytochrome oxidase, at-
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tention has been focused on the proton as the
chemical species supposed to be primarily
translocated by the action of electron transfer
[1-6,29,33,49]. For example, in the original
proton-pump mechanism proposed by Chan and
colleagues, clectronation and de-electronation of
the Cua centre were supposed to drive the entry
and exit of protons via the protonation and
deprotonation of one of the sulphur ligands [29].
In a new and more detailed proton-pump model,
Chan and co-workers [33,49] proposed that the
protons are translocated across the Cu, centre by
a redox-driven ligand-substitution mechanism,
with associated bond-orientational changes, in-
volving the alternate protonation and Cu ligation
of a cysteine thiolate ligand and a tyrosine
phenolate ligand on opposite sides of the Cua cen-
tre. In their view, ‘“‘the directionality of the cou-
pled electron and proton flows in cytochrome ¢
oxidase makes the mechanism of proton transloca-
tion by this enzyme fundamentally different from
the ‘redox loop’ mechanism. . .’ [49]. For applica-
tion to cvtochrome oxidase, they developed a
general kinetic protonmotive rationale, including
leak pathways [49], which was much the same in
general principle as a multi-channel ligand-
conduction rationale used to describe the tightness
of coupling in symport and antiport processes ([26]
and see [15,16]). But it was evidently difficult to
apply this rationale strictly to their new proton-
pump model [33], since, as in their earlier model
[29], thev did not fully explain how electron
transfer would drive the protons vectorially
through the proposed proton-carrying ligand
system.

My main object in the present paper has been to
consider the possibility that the net protonmotive
function of cytochrome oxidase might be more
easily and explicitly described if we were to focus
attention on the hydroxide ion, instead of the pro-
ton, as the chemical species that may be primarily
translocated by the action of electron transfer. As
indicated in the first part of this paper, this idea
arises from general redox-loop considerations,
which suggest that transition-metal centres, such as
the Cua or Cugp centre of cytochrome oxidase,
would be better adapted chemically to translocate
hydroxide ions than to translocate protons.

As shown in fig.2, the enclosure of the metal
centre in the osmotic barrier domain of an os-
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moenzyme polypeptide system, with the i and o
sites connected to their respective N and P aqueous
domains by proton conductors, would give rise to
the participation of H,O as proton carrier in the
type of net protonmotive system postulated here,
which depends on the primary translocation of
hydroxide ions. This is an interesting aspect of my
proposals for two reasons. First, the proposed par-
ticipation of the protons at the i and o sites of the
putative hydroxidemotive metal centre allows
some mechanistic subtleties that would not other-
wise be available. Second, the return movement of
the water that would be induced by the primary
translocation of hydroxide ions either might be
confined to the locality of the transition-metal cen-
tre catalysing hydroxide translocation, or might
occur generally through the hydrocarbon domain
of the coupling membrane, which is known to be
fairly permeable to water [20]. If the latter were the
case, the role of H2O as a distributed carrier of
protons (with hydroxide ions) through the mem-
brane hydrocarbon in the putative hydrox-
idemotive function of cytochrome oxidase would
be somewhat analogous to the role of ubiquinol
and plastoquinol as distributed carriers of protons
(with electrons) through the membrane hydrocar-
bon in the protonmotive function of cytochrome ¢
and plastocyanin reductases.

The anion-carrying properties of some artificial
organometallic and organic cationic compounds
may be relevant to the general concept of the
hydroxidemotive redox loop. Triethyltin and other
organotin compounds, and diphenyleneiodonium
and derivatives, have been shown to catalyse fairly
tightly coupled hydroxide/chloride antiport
through lipid membranes [53-57). More in-
terestingly, the benzyl viologen cation radical
(BV™*) is a good carrier of nitrate through lipid
membranes, whereas oxidised benzyl viologen
(BV>") is not [58]; and it has been suggested that
benzyl viologen may function both as an electron
carrier and as an ionophore while catalysing the
dithionite : nitrate oxidoreductase reaction in P.
denitrificans [58). However, the carriers involved
in these artificial reactions are known to be
relatively mobile in the hydrocarbon domain of the
membrane. Thus, although they indicate the
general feasibility of hydroxide translocation by
cationic centres, they are not relevant in the con-
text of the very specific mobility and accessibility
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postulated for the Cu loop mechanism of hydrox-
ide translocation in cytochrome oxidase.

It is noteworthy that in laccase, one of the
ligands of the type 2 copper centre appears to be
hydroxide or water, and the presence of the
hydroxide ligand at the centre in the oxidised state
may inhibit electronation of the centre under cer-
tain conditions [27,43—45]. These interesting
observations suggest that electronation of the type
2 copper centre may be coupled to protonation of
the hydroxide ligand, and that the alternative
binding of OH™ or H20 may be associated with a
local protolytic action [45], as postulated here for
the Cup or Cug centre of cytochrome oxidase.

The Cu loop mechanism, although inevitably
speculative in the present state of knowledge, is
nevertheless useful because it suggests new ex-
periments. The proposed participation of hydrox-
ide as a ligand at the Cus or Cug centre of
cytochrome oxidase may be susceptible to ex-
perimental investigation by electromagnetic
methods; and more detailed structural information
about the oxidase would obviously help to bring
experimental criticism to bear on this type of
model.

Like earlier suggestions that the Cu, centre
couples electron transfer to net proton transloca-
tion [29,33], the Cu loop mechanism involving
either Cu, or Cup implies that the application of a
protonmotive potential difference across the mem-
brane, positive on the P side, should reverse elec-
tron transfer between ¢cytochrome ¢ and haem a3 in
the presence of oxygen. Hinkle and colleagues [59]
observed that, in aerobic suspensions of liposomes
inlaid with cytochrome oxidase, a steady-state pro-
tonic potential difference, positive on the P side,
induced reduction of haem a relative to haem a3,
but not relative to cytochrome c¢. This would be
compatible with a net proton-translocating func-
tion of Cu,, haem a, or Cusg. It should be possible
to determine which of these centres was proton-
motive by determining the effects of independently
varying the protonic potentials of the P and N
aqueous media on the redox poises of Cua, Cug
and haem a, in cytochrome oxidase liposomes, or
in other cytochrome oxidase preparations designed
to study the partial redox and protolytic actions
characteristic of the o and i aspects of the oxidase.

1 have not included Cuyx as a possible candidate
for the net protonmotive function of the oxidase in
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this discussion, because the oxidase of T. ther-
mophilus lacks Cux but nevertheless exhibits nor-
mal protonmotive activity [60].

5. CONCLUSIONS

There are two crucial requirements for tight
coupling of net proton translocation to electron
transfer in the putative Cu loop mechanism. The
transition between the i and o configurations of the
H,O/OH" ligand system at the Cu centre would
have to correspond to HO/OH™ antiport (or H*
uniport) through the asmotic barrier. Electron ex-
change with the normal donor and acceptor
systems would have to be open alternately and ex-
clusively when the H>O/OH™ ligand system at the
Cu centre is in the appropriate alternative i and o
proton-exchange configurations.

If the Cua or Cup centre does not have a net
proton-translocating function in cytochrome ox-
idase, or if it does have such a function but does
not operate by a hydroxidemotive redox loop type
of mechanism, it should be fairly straightforward
to design experiments capable of revealing those
facts. Meanwhile, the knowledge and ideas review-
ed in this paper suggest that the mechanism of net
proton translocation by cytochrome oxidase may
not necessarily be fundamentally different from
the ‘redox loop’ mechanism.

The conceptual invention of the hydrox-
idemotive redox loop may turn out to have been a
fruitful theoretical departure in a broader context
than that of cytochrome oxidase action.
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