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1. Introduction

The research on the proton translocation mecha-
nism by the haem—copper oxidases has been contro-
versial ever since the report [1] that cytochrome c
oxidase is a proton pump was disputed for 8 years
[2-5]. Recently, Michel [6] has strongly criticised the
conclusions made from titrations of oxidase reaction
intermediates with phosphorylation potential in iso-
lated mitochondria [7], and proposed a proton pump
mechanism that, albeit more detailed, is related to a
scheme suggested earlier by Artzatbanov et al. [8].
Our recent experimental observations, indicating
the existence of a metastable ‘energy-rich’ form of
the enzyme’s binuclear haem a;—Cug centre [9], are
inconsistent with Michel’s mechanism, and appear to
break the paradigm that all proton translocation

Abbreviations: Cup, copper ion pair in subunit II donating
electrons to Fe,; Cug, copper ion of binuclear oxygen binding
site; Ey, midpoint or standard redox potential; €T, electron
transfer; Fe,, low-spin haem; Fe,3;, oxygen-binding haem; FR,
fully reduced enzyme (4e~); MV, mixed valence enzyme (2¢™ in
the binuclear site); N-side, negatively charged side of the mem-
brane; P-side, positively charged side of the membrane; q, elec-
trical charge equivalent; RT, room temperature
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I Amino acid residues are numbered according to the subunit I

structure of cytochrome aa; from bovine heart mitochondria.

takes place simultaneously with the oxidative phase
of the catalytic cycle where the reduced enzyme is
oxidised by O,. This paradigm was the simplest in-
terpretation of the equilibrium titrations, which indi-
cated that all proton translocation is linked thermo-
dynamically to the oxidative phase [7].

Here 1 will briefly outline the principles of a new
proton translocation mechanism of the haem-copper
oxidases that has the virtue of being consistent both
with our recent findings [9], as well as with the earlier
observations [7]. A key feature of this mechanism is
that a histidine ligand of Cug is intimately involved
in proton translocation, as proposed earlier [10]. For
comprehensive reviews of the structure and function
of haem-copper oxidases, see Ferguson-Miller et al.
and Gennis et al. (this issue).

2. Basic assumptions and mechanism

The following key postulates will be referred to by
their respective Roman numerals.

(1) The histidine

One of the histidine ligands of Cug (probably His-
291; Fig. 1) becomes weakly bound in the reduced
binuclear Fe,;—Cug site [18,19], and dissociates from
the metal when the site reacts with CO [19]. The
transient binding of O, to Cug, before binding to
Fe,3 [20,21], may do the same by lowering the barrier
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for histidine dissociation. This triggers the proton-
pumping events in which the dissociated histidine is
the key residue [10]. The histidine can attain three
conformations: (1) bound to Cug; (2) dissociated
input state where it can accept a proton from Glu-
242; and (3) dissociated output state where it can
release a proton (Fig. 1). In the two latter states, it
can be either protonated (ImHHT™) or deprotonated
(ImH). There is a barrier for return of the histidine
to bind Cug so that the dissociated histidine has a
discrete life time. This may explain why it appears to
be bound to Cugp in the crystal structure of the re-
duced, CO-coordinated enzyme [12].

(II) The glutamic acid and the D-channel

Glu-242 is essential for functioning of the proton
pump [22]. It can attain a protonic input state where
it is in contact with water molecules leading to the D-
channel, or an output state where it delivers a proton
either to the dissociated histidine (input state) or,
when the histidine is in its output position, to the
binuclear site, in both cases via two to three water
molecules (Fig. 1; [14,16]).

(11l) The hydrophilic cluster

The ring-D propionate of haem a; is connected
protonically to a hydrophilic cluster of amino acid
residues, relatively static water molecules, and haem
propionate groups (Fig. 1; [12,13]), which collec-
tively share a net negative charge in the ground state
of the enzyme (A~ in Fig. 2A,B). However, the clus-
ter can store one proton, the release of which to the
P-side is associated with a high barrier. The ‘collec-
tive’ pK, of the cluster rises when the binuclear site
has excess negative charge, and perhaps also when
Fe, is reduced [23]. However, the pK, of the cluster
is always higher than the pK, of the protonated his-
tidine ImHH™) in its output position.

(1V) Charge separation

In the input state of the dissociated histidine, the
pK, of the imidazolium cation (ImHHT) is raised by
a m-cation interaction with Trp-236 at van der Waal’s
distance [24], and is higher than the pK, of Glu-242.
Glu-242 in its output state thus donates a proton to
the imidazole to form a carboxylate-ImHH™ charge
pair. €T to the binuclear site increases its negative
charge, which may force the charge pair apart in
two ways. First, by repulsion of the carboxylate
charge forcing the Glu-242 side chain to an input
position where it contacts the D-channel and accepts
a proton. Secondly, by attracting the ImnHH™, which
swings out to its output position in contact with the
D-ring propionate of haem a;. Here the interaction
with Trp-236 is diminished, and the pK, decreases
below that of the hydrophilic cluster. The output
conformation of ImHH™ allows rearrangement of
the water molecules to form a proton-conducting
path from Glu-242 (output) to the binuclear site.
This rearrangement requires that the protonated
Glu-242 is in its output conformer [16].

It is noteworthy, however, that isomerisation of
the Glu-242 side chain may not always be required.
This is due to an ‘output’ conformer than can bridge
between the water molecules on each side of the res-
idue [16]. Hence, the output protonated state may be
reformed very fast by protonating the bridging con-
former from the D-channel. On the other hand, if the
deprotonated side chain isomerises to its input con-
former, it must reisomerise after protonation to re-
turn to the output state [16]. These subtle dynamics
of the Glu-242 side chain can determine the order of
events during the H" translocation process.

(V) Proton translocation

Case A: if the cluster is unprotonated it receives a

-

Fig. 1. Proton transfer in cytochrome ¢ oxidase (adapted from [11]). The view of part of the subunit I structure is in the plane of the
membrane. Key residues in the D- and K-channels, and in the exit channel (hydrophilic cluster) are shown. Water molecules seen in
the crystallographic models [12,13] and/or predicted by calculations [14,15] are shown as red circles. The D ring of haem a3 is indi-
cated, as is the hydroxyethyl group of the haem’s long side chain. A hydrophobic cavity links the D-channel to Glu-242 in an input
position via three water molecules [14]. A switch of the side chain (arrow) puts Glu-242 in contact with a chain of two to three water
molecules [14,16]. The latter can constitute a proton transfer path to His-291 when dissociated from Cug. His-291 is depicted in three
positions-bound to Cug, dissociated input position where a proton can be accepted from Glu-242, and dissociated output position in
contact with the D-ring propionate of Fe,3 to which a proton may be delivered (arrow). The propionate brings the proton to the hy-
drophilic cluster above the haems, which constitutes the exit channel of the proton pump [17]. The K-channel can deliver protons
from the N-side to the hydroxyethyl group and possibly to the hydroxo ligand of Cug. The covalent link between Tyr-244 and His-
240 [12,13] is not drawn. The picture is based on the crystal structure of the mitochondrial enzyme [12].
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Fig. 2. Proposed reaction cycle of cytochrome ¢ oxidase. (A) Cycle initiated from the mixed valence (2-electron-reduced) enzyme. (B)
cycle initiated from the fully reduced (4e™) enzyme. The binuclear haem—copper domain is depicted inside the box, which also includes
the residue Glu-242 (EH). The circled number in the lower left corner is the state number. The number in the upper right corner is
the formal electrical charge of the domain within the box, which should be used only for comparison between states. Only the 6th ax-
ial ligand of Fe,3 is shown. Some states are named with a letter code on the right-hand side outside the box. P stands for a state
with the characteristic 607-nm optical absorption band, F for a state with the characteristic 580-nm band (see Addendum). H stands
for a state with a hydroxo ligand on ferric Fe,; (see [32]). H~ is an occluded ‘high-energy’ state with potential for proton transloca-
tion (see text). O is the oxidised site, R the reduced site and A is the dioxygen adduct. The Fe above the box depicts the redox state
of Fe,. Note that in Fig. 2B Fe, has been re-reduced by Cuy, in state F, and that a total of four electrons are required to reform the
R state. The A above the box is a collective denotation of the hydrophilic cluster of residues on the P-side of the haem groups (see
text). Cup has three histidine ligands, and one OH™ ligand in state O [33]. One histidine (His-240, not shown) is covalently bonded to
Tyr-244 [12,13,34]. This is indicated by a crossbar from Cu to YOH, where YOH is the tyrosine, which is suggested to form the neu-
tral radical Y* in some states [13,35,36]. A second histidine is only depicted as a bond from Cu, and a third as the neutral imidazole
(ImH). The latter can dissociate from the copper and be protonated to the imidazolium cation (ImHH™"). When dissociated, the imi-
dazole can attain protonic input and output states (see text). Proton uptake from the N-side is shown from the inside of the scheme
and proton release to the P-side on the outside. Protons coloured black are destined for consumption in the O, reduction chemistry.
Blue protons are pumped. All protons taken up from the N-side, except when labelled (K), are taken up via the D-channel. Note that
for reasonable brevity, some intermediate reaction steps have been omitted.
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Fig. 2 (continued)

proton from ImHHT™, and the neutral imidazole re-
turns to its input state. Note, that this may occur
before or after Glu-242 has reached its protonated
output conformer. Only if Glu-242 is quickly repro-
tonated (see above), will there be time for a proton
path to be formed to the binuclear site. Case B: If
the cluster is protonated, it cannot accept the proton
from ImHH™, which cannot return to its input con-
former until the excess negative charge in the binu-
clear site has been neutralised. Hence, the side chain
of Glu-242 (input) has time to isomerise to its output
conformer, which helps the water molecules to rear-
range to provide a proton transfer path directly into
the binuclear centre. This is not possible unless the

histidine is in its output position. Proton transfer
from Glu-242 now neutralises the binuclear site.
This decreases the pK, of both ImHH™ (output)
and the cluster (AH), but the pK, of the latter re-
mains higher. The cluster donates its proton to the P-
side of the membrane, and is reprotonated by Im-
HH™. The Glu-242 anion returns and is reprotonated
from the D-channel. The cluster can retain the pro-
ton for a long time, relative to the turnover rate, due
to the high barrier for its release.

(V1) K-channel

This proton-conduction path (Fig. 1) connects to
the binuclear site when the D-channel is closed, but
proton transfer may be intrinsically slow as com-



M. Wikstrom | Biochimica et Biophysica Acta 1458 (2000) 188-198 193

pared to that through the D-channel. Proton transfer
via the K-channel occurs specifically when the oxi-
dised ferric/cupric binuclear site (state O) is reduced
to the ferrous/cuprous state R (see [25]), a reaction
that is associated with net uptake of two protons
[26].

(VII) The high-potential Cup

After dissociation of the histidine ligand from
Cug, converting it to a trigonal structure, the E,
of the cupric/cuprous redox pair is raised by >0.5
V due to the large difference in binding energy for
the fourth ligand in these two oxidation states (see
e.g. [27]). A priori, this increases the electron affinity
of the trigonal Cug above that of the oxoferryl haem
as so that Cug will be reduced by the incoming elec-
tron. However, neutralisation of the hydrophilic clus-
ter, rogether with ImHH™ in its output state (but not
each alone), elevates the E, of the oxoferryl iron
above that of Cug, which is necessary to allow eT
from the high-potential Cug to the oxoferryl haem
iron.

(VIII) Fully reduced and mixed valence enzyme

The reactions of fully reduced (FR) and mixed
valence (MV) enzyme with O, are different. While
both these states first form the O, adduct, compound
A, in about 8 us (see [28]), the FR enzyme continues
by fast electron transfer from Fe, to the binuclear
site [21,29], which forms the intermediate Pr [30],
followed by other intermediates, and ultimately the
fully oxidised enzyme. In contrast, with no electron
available at Fe,, the MV enzyme relaxes in ca. 200 ps
to intermediate Py [28], which appears relatively sta-
ble.

3. Reaction cycle

When the reduced site (R) reacts with O, the oxy-
gen adduct, compound A, is formed (see [28]) with
release of the histidine ligand of Cug (I). One Cug
ligand is ‘missing’ in this state (Fig. 2), and this
might be a CI™ ion, as recently observed [19]. With
no electron available at Fe,, compound A relaxes in
200 us to Py (Fig. 2A, state 4). A hydroxoperoxide
state is an unstable intermediate in this O-O bond
splitting reaction [31]. The ‘extra’ proton shown in
states R, A and Py is bound to the hydroxyethyl
group of the hydroxyethyl-farnesyl side chain of

haem a3, in close vicinity to the oxygen atom of
Tyr-244. This hydroxyethyl group is basic when the
haem iron is in the ferrous or oxoferryl state, and the
bound proton is essential for lowering the barrier for
0O-0 bond scission [31].

Michel [6] proposed that the Py state relaxes spon-
taneously to an F-like state with the pumping of one
proton, but this is very unlikely because of the
known stability of Py. Indeed, the formal charge
of the binuclear site is +2, as it is in the relaxed state
O (Fig. 2A). The potential energy of the Py, state lies
in its three highly oxidising redox centres that were
generated by the O-O bond splitting reaction [31],
and becomes available only upon electron transfer.

Electron transfer into Py (Fig. 2A) triggers the
charge separation event (IV), and proton transloca-
tion occurs (V, case A). The proton in ImHH™ is
deposited in the hydrophilic cluster, and the imida-
zole side chain returns to its input state before repro-
tonation of Glu-242 and formation of a proton con-
duction path to the binuclear site has time to occur.
It is possible that the reduction of Fe, in Py already
induces the charge separation, which might account
for the fast return of the imidazole. This is the first
proton-pumping step, although without net proton
release on the P-side. Reduction of the high-potential
tyrosine radical attracts the nearby proton at the
hydroxyethyl group, neutralising the tyrosine.

In contrast, if an electron is available from the
beginning at Fe, (FR enzyme, Fig. 2B), the Py state
is by-passed in a fast 30 us electron transfer step that
forms Pgr directly [28-30]. The first proton-translo-
cating step fails to occur, and the hydrophilic cluster
retains its delocalised negative charge (Fig. 2B, state
5). One reason for this bypass might be that, in the
fully reduced enzyme, the 30 ps eT from Fe, to the
binuclear site after binding of O, is too fast to allow
for proton translocation. Interestingly, the by-pass of
an early proton-pumping step when starting the O,
reaction from the fully reduced enzyme was already
suspected earlier [28], but was later neglected.

The Pr state is metastable [30] due to excessive
negative charge in the binuclear site (+1). If the clus-
ter is already neutralised (Fig. 2A, state 5), charge
separation is followed by fast reprotonation of Glu-
242 from the N-side, and transfer of the proton to
the binuclear site to form an aquo ligand on Cug (V,
case B). This causes release of the proton in the
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cluster to the P-side, but it is immediately repro-
tonated by the ImHH™ cation, and the cluster re-
mains protonated (III; Fig. 2A, state 6).

If the cluster is deprotonated in Pr (Fig. 2B),
charge separation (IV) occurs followed by protona-
tion of the cluster (V; case A). Reprotonation of
Glu-242 is fast and proton transfer into the binuclear
site has time to occur, converting the hydroxo ligand
of Cug into water. This again pushes the proton in
the cluster across its barrier into the P-side of the
membrane by electrostatic repulsion, but this time
the cluster cannot be reprotonated. Such electrostatic
repulsion by uptake of the proton required in the O,
reduction chemistry has been suggested earlier as one
of the basic principles of driving proton translocation
[8,10,37], and was also adopted in Michel’s mecha-
nism [6]. Finally, Glu-242 is reprotonated and a ‘re-
laxed” F state is formed with the cluster depro-
tonated (Fig. 2B, state 6).

Electron transfer into the F state reduces Cug, the
E,, of which initially exceeds that of the oxoferryl
haem (VII). If the cluster is unprotonated (Fig.
2B), it must first receive a proton from ImHH™ after
charge separation, as before (not shown), with up-
take of a proton from the N-side into Glu-242. The
Fr state is metastable (charge +1) but eT from Cug
to Fe,; 1is still thermodynamically unfavourable
(VII). Charge separation (shown in state 7, Fig.
2B) with formation of ImnHH™ compensates for the
deficient positive charge in the binuclear site, and
now raises the FE, of the oxoferryl haem above
that of Cug. eT takes place within the binuclear
site coupled to translocation of one proton.

In the case where the cluster is already protonated
in F (Fig. 2A, state 6), electron transfer into Cug and
the following charge separation (state 7) are alone
sufficient to reach the transition state for eT within
the site, which relaxes with translocation of one pro-
ton, as before. Note that when the F state is ‘relaxed’
with the cluster unprotonated (as in Fig. 2B), two
proton-translocating events are required to achieve
eT within the centre, whereas one such event suffices
when the cluster is ‘charged’ (pre-protonated).

An ‘occluded’ metastable state is now reached
(H~, Fig. 2A,B) with potential for proton translo-
cation, but with no proton transfer path [9]. In this
state, the proton in the cluster is held by electrostatic
attraction to the excess negative charge in the binu-

clear site (+1). The H~ state was originally called
O~ [9], but the new name is due to our suggestion
that it contains Fe,; with a hydroxo ligand, as was
already considered by Rousseau [32]. H~ relaxes
spontaneously to the oxidised state O with a time
constant of ca. 1-2 s ([9] and unpublished data).
However, if the next electron arrives before this re-
laxation, charge separation occurs (IV) followed by
the uptake of two protons from the N-side and re-
lease of two protons to the P-side (V, case B), as
observed [9]. A relaxed O state is reached with an
electron at Fe, (state 1; however, see below).

The precise way by which electron transfer into the
H~ state causes its relaxation is not known. Two
major scenarios may be considered: eT into Fe,
might suffice, or reduction of Cug might be required.
H~ 1is basically a metastable state (charge +1),
which in Py, for example, was in itself sufficient to
spontaneously initiate proton translocation. This dif-
ference might be related to the much slower time
domain in which the F—H ~ transition occurs (1-
3 ms), as compared to P—F (100 us), so that the
histidine ligand may have time to return to bind to
Cug (I). Reduction of Cug might be required to ini-
tiate relaxation, which would be linked to uptake of
three protons from the N-side (and release of two to
the P-side), the additional one to protonate the hy-
droxo ligand of Cup (not shown). However, as
drawn in Fig. 2, we presently favour the scenario
where reduction of Fe, is sufficient to trigger charge
separation. Admittedly, the role — if any — of Fe, in
proton translocation remains enigmatic. The loss of
the positive charge at Fe, upon its reduction might
be sufficient to favour charge separation and subse-
quent proton translocation especially when the binu-
clear site has excessive negative charge.

In Fig. 2A,B, the reduction of the binuclear site
metals to create the R state is coupled to the uptake
of two protons [26], one to make an aquo ligand at
the reduced Cup site, and another to bind to the
hydroxyethyl group of Fe,;. At least the latter pro-
ton transfer step, but possibly both, will occur via
the K-channel.

4. Comparison to experimental data

It is interesting that on the phenomenological lev-
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Fig. 3. Simplified schematic comparison of the catalytic cycles initiated from mixed valence (left) and fully reduced enzyme (right).
The states of the binuclear site are named as in Fig. 2. Black protons are consumed in the oxygen reduction chemistry. Blue protons
are taken up from the N-side to be pumped across the dielectric, to be released as red protons on the P-side. A red proton inside the
state box denotes protonation of the hydrophilic cluster above the haem groups, i.e. it has essentially crossed the dielectric barrier (see

the text).

el, at which no mechanism is specified (Fig. 3), this
model agrees with the equilibrium data from 1989 [7]
as well as with the recent dynamic results [9]. There is
a particularly striking agreement with the ingenious
steady-state experiments of Vygodina et al. [39],
which show translocation of four protons in the ‘per-
oxidase half reaction’, where H,O, converts the O
state into Py, which is reduced back to O by a
high-potential electron source. The observed rate of

turnover (0.26 s~ !; [38]) is consistent with relaxation
of H~ to O in the cycle. The model also agrees with
the electrometric data for the fully reduced enzyme
reacting with O, [39], but it is not at first sight con-
sistent with the charge separation measured upon
electron injection into the F [40] or Py states [41].
In both cases, the initial reduction of Fe, leads to
subsequent slower charge translocation, the ampli-
tude of which is 4-5 times the amplitude during eT
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to Fe,. Recently, we have shown that eT between
Cup and Fe, takes place across 0.32 of the dielectric
[9], which means that only ca. 1.3-1.6 q would be
translocated in the steps Pyy = F and F— O, in con-
trast to the present model (Fig. 3, left). In these ex-
periments, the Py state is made by H,O, or CO+0O,
treatment of the oxidised enzyme, and the F state is
produced with excess H,O;. In the present model,
the reaction of the O state with H,O, is indeed ex-
pected to yield Py via an unstable ferric hydroperoxy
state. The reduction of the site by CO in the presence
of O, will produce Py in a similar fashion. The two
protons released in this reaction will bind to the hy-
droxo ligand of Cup and the hydroxyethyl group of
Fe,3, respectively.

In these procedures, there is ample time for the
dissociated histidine to cross the barrier and ligate
back to Cug (I). The Py state may thus be expected
to relax to a state with a tetragonal, low potential
Cug. Injection of an electron will quickly reduce the
tyrosine radical, but without charge separation, and
thus the first proton translocation step may be by-
passed. The dynamics of the histidine dissociation
from Cug and its rebinding may indeed be an essen-
tial feature of the proposed pump mechanism.

Injection of an electron into the F state is expected
to yield translocation of either 1 (Fig. 3, left) or 2
(Fig. 3, right) charges, depending on the protonation
state of the hydrophilic cluster in F. The observation
of ca. 1.6 q translocated in this reaction [40], using
our value for the relative dielectric depth of Fe, (see
above), could thus mean that the cluster in the F
state has been protonated to ca. 50%. In the
steady-state procedure of making F by reacting the
O state with excess H,O,, Py is formed first, but
immediately reduced to F by a second peroxide mol-
ecule. Thus, a 50/50 population of F states may well
form with the hydrophilic cluster protonated and
deprotonated.

Equilibrium titrations of the O — F transition with
phosphorylation potential in intact mitochondria [7]
indicated a total of 2.8-3.0 translocated charges (q)
for this step at neutral pH. Fig. 3 (left) shows that
this step leads to translocation of about 3 q, includ-
ing moving one proton towards the N-side from the
binuclear site, and moving one electron out of Fe,, in
reasonable agreement with the data in [7]. This is
because in F, one of the protons taken up from the

P-side in the reverse reaction will remain bound to
the hydrophilic cluster on that side. Clearly, we must
assume that the O state reverses to H~ at high
protonmotive force, which favours the possibility
that it is eT into Fe, and not into Cup that dis-
charges this state in the forward reaction (cf. above).

At alkaline pH, the number of charges translo-
cated in the O —F step was found to be reduced to
ca. 2.2 [7]. The reason for this might simply be that
at high pH one proton is pulled out via the D-chan-
nel from the binuclear site to yield an H state, which
is indistinguishable from O by optical spectroscopy.
Although such an event may be expected to be slow
on a turnover time scale, it may well occur in an
equilibrium situation. From our knowledge of the
relative dielectric depth of the binuclear site [9],
such deprotonation will occur across ca. 0.68 of the
dielectric barrier, which when subtracted from 2.8—
3.0 q, yields 2.1-2.3 q, in good agreement with the
experimental result [7].

The total number of charges translocated between
the F and Py states at high protonmotive force was
estimated to be 3.6-4.0 [7]. In Fig. 3 (left panel) only
3.0 q are predicted, including the electron transfer
out of Fe,. However, considering the structure of
Py (Fig. 2A, state 4), it is conceivable that the pro-
ton bound to the hydroxyethyl group is pulled out to
the N-side via the K-channel at high protonmotive
force (ca. 0.68 q). In addition, protonation of the
hydrophilic cluster from the P-side may occur.
Hence, it is easily possible that close to one addi-
tional charge equivalent is effectively translocated
across the dielectric at high protonmotive force, in
line with the observation in [7].

5. Epilogue

It must be emphasised that the mechanism pre-
sented here is still at a working stage, and that it
will need considerable refinement and specification
of the key events from new experimental informa-
tion. This proposal has been driven by the desire to
test a relatively directly coupled mechanism for pro-
ton translocation, i.e. one that does not in its most
fundamental events require large conformational
changes and that, therefore, can be more easily re-
futed by experiment. Though the mechanism includes
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specified conformational changes, these are restricted
to isomerisations of amino acid side chains and re-
organisation of water molecules. However, it is per-
haps even likely that further changes in conforma-
tion may be necessary, e.g. to control the water
structure and proton transfer in the hydrophobic
cavity surrounding Glu-242.
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Addendum. The optical spectral difference between the
P and F structures

The optical spectra of P and F are very different in
the o/p region [42], and these spectra derive primarily
from the Fe,; group. In the past, this made us re-
luctant to accept the notion that the O-O bond has
been broken in both species, and particularly that
both could have the same oxyferryl haem structure.
As pointed out before [43], the difference spectrum of
P with its sharp peak at 607 nm with high molar
absorptivity is reminiscent of the properties of low
spin ferrous haem A (cf. ferrous minus ferric Fe,
absorbing at 605 nm). Also in the Soret, there is a
red shift from the ferric form, but the absorptivity is
far less than for a ferrous haem [43]. In contrast, F
has a broad absorption band at 580 nm with reduced
intensity, while the Soret band is almost the same as
for P. In fact, the spectrum of F is reminiscent of a
low spin ferric haem A (cf. Fe;3—CN complex).

Gennis [36] suggested that the P spectrum may
derive from H-bonding on the distal side of Fe,s.
This was put more explicitly by Michel [6], who pro-
posed that the unique P spectrum may be due to a
strong H-bond between the oxo group of Fe,; and
the hydroxo ligand of Cug. This would mean, implic-

itly, that when the hydroxo ligand is protonated to
water in the F state, this water molecule leaves the
site and the loss of hydrogen bonding to the oxo
group is responsible for the spectral change. In con-
trast, as Proshlyakov et al. [35] pointed out by com-
parison with myeloperoxidase data [44], an F-like
spectrum may be expected when there is stronger
H-bonding to the oxoferryl group and a P-like spec-
trum with weaker H-bonding. They also considered
that the tyrosine radical in P might contribute to the
difference, but this is in contrast to the observation
[30] that the spectrum of Pr (without tyrosine radi-
cal) is identical to that of Py;.

Oxoferryl haems are known to have optical spectra
quite similar to the corresponding ferrous low spin
haems, which is why the oxoferryl structure was
early considered for the P state [43]. In fact, as
pointed out by Graham Palmer (personal communi-
cation), the shape and extinction of the P spectrum
in the o/B-band is closely reminiscent of the spectra
of the ferrous Fe,; centre complexed with CO or O,,
albeit red-shifted by some 15 nm. This may not be
surprising considering that the isolated ferryl oxo
group has very little partial charge [45]. Hence, the
haem macrocycle becomes essentially electroneutral,
as it is in ferrohaem. Therefore, in P there may be
only weak H-bonding to the oxo group [46]. In con-
trast, if the Cug retains the aquo ligand in the F state
(Fig. 2), there may be stronger H-bonding to the oxo
group. Electron donation to Fe,; diminishes, and the
haem may be more symmetrical. The former tends to
increase the energy of the o-band (blue shift relative
to P), and the latter would decrease the intensity of
the absorption. It is concluded that the present oxo-
ferryl structures of the P and F states can account for
the observed difference in optical spectra.
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