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Complex IV in the respiratory chain of mitochondria and bacteria
catalyzes reduction of molecular oxygen to water, and conserves
much of the liberated free energy as an electrochemical proton
gradient, which is used for the synthesis of ATP. Photochemical
electron injection experiments have shown that reduction of the
ferric/cupric state of the enzyme’s binuclear heme a3/Cug center is
coupled to proton pumping across the membrane, but only if ox-
idation of the reduced enzyme by O, immediately precedes elec-
tron injection. In contrast, reduction of the binuclear center in the
"as-isolated” ferric/cupric enzyme is sluggish and without linkage
to proton translocation. During turnover, the binuclear center ap-
parently shuttles via a metastable but activated ferric/cupric state
(Oy), which may decay into a more stable catalytically incompetent
form (O) in the absence of electron donors. The structural basis for
the difference between these two states has remained elusive,
and is addressed here using computational methodology. The
results support the notion that Cuglll] is either three-coordinated
in the Oy state or shares an OH™ ligand with heme a; in a strained
p-hydroxo structure. Relaxation to state O is initiated by hydration
of the binuclear site. The redox potential of Cug is expected, and
found by density functional theory calculations, to be substantially
higher in the Oy state than in state O. Our calculations also sug-
gest that the neutral radical form of the cross-linked tyrosine in
the binuclear site may be more significant in the catalytic cycle
than suspected so far.

oxygen reduction | electron transfer

he respiratory chain in the mitochondria of all eukaryotes
and many prokaryotes terminates in cytochrome ¢ oxidase
(CcO), which conserves free energy from the reduction of O, to
water by linking it to proton pumping across the mitochondrial
or bacterial membrane (1, 2). Oxygen reduction takes place at
a binuclear center (BNC) consisting of a heme iron (heme a3)
and a copper ion (Cug) (Fig. 1 A and B) (1-4). Electrons from
cytochrome c are supplied to this site in succession via two other
metal sites, Cus and heme a (1, 2). Protons for consumption at
the BNC, or to be pumped across the membrane, are taken from
the negatively charged N-side of the membrane via the proton
transfer pathways D and K, named after conserved aspartate and
lysine residues, respectively (1-4). The D pathway has been
proposed to be responsible for transferring all of the pumped
protons, plus 2-3 “chemical” protons for consumption in O,
reduction, whereas the K pathway is suggested to carry the
remaining 1-2 chemical protons to the BNC (5). The D pathway
terminates at a highly conserved glutamic acid residue in subunit
I, E242 (numbering based on the bovine heart enzyme). From
here the protons to be pumped across the membrane are sug-
gested first to be carried to a pump site (also called a proton-
loading site, PLS) in a redox-dependent manner (6-10). The
proton at the PLS is generally agreed to be ejected to the posi-
tively charged P side of the membrane by electrostatic repulsion
from uptake of a chemical proton into the BNC, as suggested
independently by Morgan et al. (11) and Rich (12).
The main features of the catalytic cycle of CcO are fairly well
established (Fig. 1C). Low-temperature work by Chance et al.
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(13) identified the O, adduct of heme a3 (compound A), and
partial reversal of the catalytic reaction in mitochondria (14)
helped to establish the subsequent intermediates P and F, both
of which turned out to have heme a; in the ferryl state (1, 2, 15,
16). A conserved tyrosine in the BNC is covalently bonded to one
of the three histidine ligands of Cug, and forms a neutral tyrosine
radical in state Py (Fig. 1 4 and C) (2). The Py state differs from
Py in having one more electron in the BNC (Fig. 1C and Fig. 2).
P is formed directly after state A when the fully reduced (thus
the R subscript) enzyme reacts with O,, and its structure may
formally be written as shown in Fig. 1C (2, 17, 18). The next state
of the BNC, called F (or Fy here, Fig. 1C), differs from Pg only
by an additional proton, by which the unusual electron para-
magnetic resonance (EPR) characteristics of the Py state are lost
(2, 19, 20). Recent infrared experiments have suggested that the
cross-linked tyrosine in the BNC is anionic in both states Pg and
F (21), on which basis we concluded that the extra proton in the
F state is used to form water from the OH™ ligand of Cug (2, 17).
Consequently, this water molecule is often formally drawn as
a ligand of Cug in state F (17), but it may well dissociate from the
copper (in which case we call it state Fg here; Fig. 2), which is
one of the issues analyzed in the current work.

The Metastable 0, State

Further transfer of one electron and one proton to the BNC in
the ferryl/cupric state F leads, in addition to translocation of one
proton across the membrane (2), to formation of the ferric/cu-
pric state. The ferric/cupric form of the BNC of “as-isolated”
CcO (often called O, for oxidized) cannot be a true catalytic
intermediate for several independent reasons (see below in this
section), and must therefore be preceded by a metastable acti-
vated form of the ferric/cupric site (22, 23), which is denoted Oy
here. Further reduction of state O is sluggish and not coupled to
proton translocation (24, 25), whereas the catalytically relevant
one-electron reduction of the activated Oy state is much faster,
and at least 2-3 orders of magnitude faster than the decay of Oy
into O (24, 25). Two more observations show that state O cannot
be the catalytically active form. First, electron transfer from
cytochrome ¢ (E, 7 ~ 270 mV) to the BNC during reduction of
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Fig. 1.

(A and B) The BNC of CcO from Bos taurus (PDB ID code 1V54). The T-shaped three-coordinate structure (A) and near planarity (B) of the Cug center

are shown. The copper, its histidine ligands, heme, and cross-linked tyrosine are displayed in orange, blue, gray, and green, respectively. (C) The proposed
catalytic cycle is drawn clockwise. The oxidation states of Fe, Cug, and the cross-linked tyrosine in the BNC are shown, along with protonation states of the
cross-linked tyrosine and metal ligands. The name of each state is shown in the upper right corner of each yellow rectangle. Blue arrows show proton
pumping, whereas electrons and protons consumed at the BNC are shown in red and black, respectively. O, binds to the BNC in the R—A transition.

the O state could hardly be coupled to effective translocation
of 2 charges/e™ against a proton electrochemical gradient of at
least 0.15 V across the membrane due to the low redox potential
(Em7<0.4 V) of state O (2, 26). Second, the sum of the individual
free energy changes of the partial reactions of the catalytic cycle,
determined at equilibrium, falls considerably short of the overall
free energy change of the net reaction, viz. that of O, reduction
to water (2, 26). Again, this shortfall is due to the low E,, ; values
of the O—E and E—R transitions found in equilibrium titrations.
All these observations suggest involvement of a metastable ac-
tivated form of the BNC (Og) during turnover that has a high
E. 7 and that decays into a lower energy state O when an
electron donor is lacking (e.g., during enzyme isolation).

It has turned out to be difficult to trap the metastable Oy state
to study its structure, lifetime, and how it differs from state O

this is the rationale for the subscript H (but see footnote in Table
1). The half-life of the 450 cm™ species was ~1 ms (31), which is
too short for the Oy state. However, this short lifetime may only
be apparent, because of exchange of the isotopically labeled
hydroxide ligand with water (31). Preliminary data by Han et al.
(31) indicated that the ferric hydroxide species was no longer
present on a seconds time scale, which would considerably re-
duce the upper lifetime limit for Oy if identical to the ferric
hydroxide species, and also tends to exclude a hydroxide ligand
of heme iron in the O state. Early spectroscopic data indicated
that heme a3 iron is six-coordinated high-spin ferric in state O
(32), which suggests that the distal ligand is water.

(27, 28). However, electron photo-injection experiments indeed P Fy 0,
showed that Cug has a raised redox potential in the Oy state: the

En 7 is at least 100 mV higher than the corresponding potentials ||v N\ IW N | e+H Im R
of hemes a and a; (25, 29). This observation is interesting, be- Fe=O" Cu 7T> Fe=O0" Cu ——> [ Fe-0---Cu
cause according to anaerobic redox titrations the Ey, ; values of || “Ho” \ | 4 | HoN
heme a, Cug, and ferric/ferrous heme a; for adding the first YO~ H H0 | 'yo- Yo~
electron to enzyme in state O are all similar, and do not exceed !

0.4 V (30)(see also ref. 2). It matches the expectation that the Oy o Hzo\ll

state has a raised redox potential and suggests that this is due to

Cug. The lifetime of the Oy state (in the absence of an electron Im \ Im \

) X H I - 2
donor) can be estimated from such experiments, but not very Fe—0|_| Cu” | «—— |Fe-0 Cu
accurately due to technical difficulties, giving a range from 0.2 s I o’ \ I H Hoﬁ \
to 5 min. YO~ YO

Resonance Raman spectroscopy studies by Rousseau and co-
workers (31) have established an intermediate beyond the F
state, but before state O. The observed stretching frequency at
450 cm™! is indicative of a distal heme iron-bound hydroxide that
is strongly hydrogen-bonded. The data also showed that the
ferric heme iron is high spin in this state, which is consistent with
the strongly hydrogen-bonded distal hydroxide. A state with
hydroxide-liganded high-spin ferric heme aj; is therefore a possi-
ble candidate for state Oy (17), as concluded originally (31), and
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Fig. 2. Sequence of events leading to the formation of states Oy and O. The
protonation of the —OH ligand of Cug in Pg leads to the formation of an
activated state Fy, in which Cu is three-coordinated. Subsequent reduction
and protonation of the BNC forms state Oy, which has a strained p-hydroxo—
bridged structure (dashed line indicates a weak bonding between Cug and
the -OH ligand of Fe; Table S2). Diffusion of a water molecule toward Cug,
structural relaxation (expansion) of the active site, and hydrogen bonding
rearrangements (all depicted as a dashed vertical arrow) would lead to the
formation of O from Oy.
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Table 1. Energies (E) of various model systems in different spin
states (in kcal/mol)

Models E Models E
o), * 16.1 o' 0.2
(o} 28.2 o? 0
o} 19.4 o? 3.8
Fi/? 5.0 F1/2 0
F/? 5.0 F3/2 0
F/? 17.8 F5/2 14.71
o2 6.9 o}? 0
o}2 29.2 oy’ 25.1
o2 13.8 0;/? 9.2
Fiig 25 Fx 1.7
Far 14.6 F2 24.3
Fir 47.8 P 0

The energies (E) reported in the table are obtained at the B3LYP (Becke,
three-parameter, Lee-Yang-Parr)/def2-TZVP (triple zeta valence plus polari-
zation)/dielectric constant ¢ = 4 level of theory. The energies of all Oy and O,
Fy ,and F, Oy r and Og, and Fyr and Fg spin states are relative to the corre-
sponding lowest energy O, F, Og, and Fg states (i.e., 02 F"2, 0%, and F}).
*The H subscript in Oy state denotes the hydroxyl ligand of heme as Fe (see
The Metastable Oy State). For all other states, subscript H is retained for
consistency and to distinguish them from “inactivated” four-coordinated
states (O, F, Og, and Fg).

Rationale

Taken together, the experimental evidence suggests that the
BNC in the catalytically relevant Oy state may have high-spin
ferric heme a3 with a strongly hydrogen-bonded distal hydroxide
ligand, and cupric Cug with a raised redox potential. The cross-
linked tyrosine is unprotonated (21) so that the cupric Cug will
have either a water molecule as the fourth ligand or no fourth
ligand at all. The reason for this is that the oxidation of the fully
reduced enzyme is coupled to net uptake of no more than two
protons, which occurs in the steps P—F and F—O (Fig. 1C). The
current work was spurred by the observation of a near-planar
T-shaped geometry for Cug (Fig. 1 A and B) with its three ni-
trogenous histidine ligands (3, 4), by the known rather T-shaped
tris-histidyl copper (Cuy) coordination in the enzyme peptidyl-
glycine a-hydroxylating monooxygenase (33), and by the recog-
nition of the fact that inorganic cuprous complexes prefer
a three-coordinated planar geometry, whereas cupric complexes
prefer a higher coordination number (34-36). Due to this pref-
erence, a near-planar three-coordinated form of Cug[II] would
be expected to have a much higher E,, 7 than the four-coordinated
variant, a prediction that is reminiscent of an earlier “rack” hy-
pothesis (36). If so, the requirements of a raised E,, 7 of the Oy
state and the experimental observation of an elevated E,, 7 of Cug
in that state would all be satisfied. We therefore decided to test
this hypothesis using computational methodologies.

Results

Based on the above rationale, the Ogy/O difference might simply
relate to the absence/presence of a fourth oxygenous ligand of
Cug. To test this possibility we constructed model systems cor-
responding to the two states (Og and O), and their precursors Fyg
and F, as described in Methods (SI Methods). We then system-
atically compared the properties of the binuclear site structures
in these states. In addition, we calculated redox potentials—that
is, we gathered information on the relative electron affinities of
these states by analyzing the corresponding structures with an
additional electron (i.e., Fg, Or vs. Fygr, Ognr), but before
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subsequent protonation. These latter states may be considered
putative intermediates between states F(Fg) and O(Og), and
between O(Oy) and E(Eg), in the catalytic cycle (Fig. 1C). The
total charge and spin of the model systems tested are listed in
Table S1, and Table 1 lists the calculated energies.

The constructed Oy states are consistently found to be 12-19
kcal/mol higher in energy than the corresponding O states (Table
1). Neglecting zero-point vibrational contributions, and assuming
an entropy loss of 3 kcal/mol upon binding of a water molecule to
Cug[II] (37) in state O (Fig. 2 and Fig. S1), the Oy state is still 9—
17 kcal/mol higher in free energy than the O state.

Geometric analysis of the optimized structures of the different
redox states (Table S2) shows a root mean square deviation of
<0.7 A after superposition, which suggests high overall structural
similarity. In most of the states where Cug lacks a fourth oxy-
genous ligand (Oy, Fu, Onr, Fu,r), the copper attains near-
planar geometry with the dihedral angle NO&iso44—Nemisro1—
Nepis290—Cup approaching 10°, which is about 10° smaller than
what is observed in the four-coordinate O, F, Og, and Fy states
(Table S2). The Fe-O bond lengths in the O and Oy states, and
in the F and Fy states (Table S2), are also in agreement with
previously reported bond lengths in similar systems (38-40).

Redox potentials calculated for the lowest energy states are
listed in Table 2. Even though such density functional theory
(DFT) calculations are challenging (41, 42), our data systemat-
ically suggests a higher redox potential of the BNC in the acti-
vated Oy and Fy states relative to the corresponding O and F
states. It is noteworthy that this effect is much larger for the
0/Oy—Og/Oy,r transitions (~0.43 V) than for the correspond-
ing transitions of states F/Fy into Fg/Fy g (~0.18 V). Analysis of
the optimized geometries of the O states provides additional
reasons for their lower redox potential. In the low energy O and
0? states, the hydrogen on the water molecule ligating the Cug
ion (H2) shifts toward the distal hydroxyl ligand of Fe,; (Fig. S1,
see also Table S2) in such a way that the formal structure should

Table 2. Redox potentials (E°) of different redox couples (in
volts)

Redox couple* ot

0},/0;/ 0.037
0/,/0\( 0.338
0; /0 0.180
0; /0 0.481
0'/07? —0.452
o'/0}? -0.053
0?/03* ~0.460
0?/0}? —0.060
0°/07? -0.293
0*/0}? 0.105
Fi2 /g 0.144
F3/2/Fl 0.146
F'/2/F} -0.037
F*/2/F} -0.036
F'2/F3 0.034
F2 /R 0.036

*Redox potentials (E°) are evaluated for the low energy spin states of re-
duced/oxidized forms in Table 1.

"Energies used in evaluating the redox potentials are calculated at the
B3LYP/def2-TZVP/e = 4 level of theory. It is especially noteworthy that these
are the midpoint redox potentials without charge-compensating protonation.
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be described as Fe[IlI]-OH,, Cug[II] -OH™. The OH™ ligand of
Cug is the likely cause for the lowered redox potentials (Table 2).
Such a scenario is not possible in the Oy states, where no water
molecule ligates the Cug ion, which thereby maintains planarity
and a high redox potential (but see below in this section). In
support of our computational results, elevated Cu(II)/Cu(I) re-
dox potentials, >0.7 V vs. normal hydrogen electrode (NHE), are
in fact known for rare examples where synthetic coordination
complexes with copper ion are found to be ligated by three
neutral nitrogenous ligand donors in a three-coordinate near-
planar coordination geometry (35, 43, 44).

Analysis of the electronic structures of the Oy and O states
also reveals critical differences. The extensive delocalized spin
density on the cross-linked tyrosine in the Oy states is markedly
different from the near absence of such spin density on the same
moiety in the O states (Fig. S2 and Table S3). Consequently
(although not shown in Fig. 1C), the Cug system in the Oy state
may have significant characteristics of a cuprous/neutral tyrosyl
radical state, which may contribute to its higher free energy and
higher redox potential. Overall, analyses of energies (Table 1),
redox potentials (Table 2), and geometrical data (Table S2) to-
gether suggest that the likely reasons for the higher free energy
and higher redox potential of the Oy state relative to state O are
geometrical as well as electronic in nature.

To understand why the metastable Oy state would preferen-
tially form in the catalytic cycle, instead of the lower energy O
state, we also analyzed the preceding F state of the catalytic
cycle, as well as its one-electron reduced derivative (Fg). In
contrast to the large energy differences obtained between the Og
and O states, the difference between the F and Fy states is much
smaller, ca. 5 kcal/mol (Table 1), and only around 2-3 kcal/mol
when entropic effects are included (37). Due to near degeneracy
of the Fy and F states, they would be equally favored from
a thermodynamic viewpoint. However, the higher redox poten-
tial of the Fy state (Table 2), and hence the higher driving force,
may render it kinetically more competent than F in accepting the
electron. Geometric analysis (Table S2) suggests that the water
molecule is indeed weakly bonded to the Cug ion in different
spin states of F, with d(Cu-O) ~ 2.2 A (45, 46). In contrast, in
forming the O state, the copper-bound water is effectively sta-
bilized as a strongly bonded hydroxide ligand due to proton
transfer to the distal OH™ ligand of iron, as depicted in Fig. 2,
Fig. S1, and Table S2.

The spin density analysis of the O/F and Oy/Fy states and
their one-electron-reduced counterparts, Og/Fr and Oy r/Fu g,
revealed some further interesting details. Upon one-electron
reduction of Oy to Og,g, the electron transfer primarily occurs to
the neutral tyrosine radical, whereas it takes place to Cug[lI]
in the case of reduction of state O (Table S3). This is likely one
of the reasons for the large redox potential difference observed
between the redox couples Oy/Og,r and O/Og (Table 2). Simi-
larly, there is more spin density on the active site tyrosine in the
two low-energy Fy states, relative to the corresponding spin
states of F (Table S3). Hence, Fy may at least in part be char-
acterized as Fe[IV] = O Cu[I], Tyr-O*, where the copper is re-
duced and the tyrosine is in the form of the neutral radical.
When this state receives an electron to yield Fyg, the lowest
energy states all have contributions from Cu[I] and Tyr-O7, in-
dicating that a significant part of this process has been the
transfer of the electron to the tyrosine (Table S3). In contrast,
the lowest energy Fy state is one where part of the reduction has
occurred on the heme iron (Fe[III]-OH™ Cu[lI] -OH™, TyrO"),
allowing local protonation of the oxo ligand by the water ligand
of the copper.

The above results are in good agreement with the expected
structure of state Oy, but a detailed structural analysis yields an
unexpected result. In the Oy’ state the heme iron is slightly
pulled out of the heme plane in the distal direction, and the
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copper is also pulled toward the iron, so that a weak bond may be
formed between the ferric OH ligand and the copper (Fig. 2 and
Table S2). Such a p-hydroxo bridge between iron and copper has
been anticipated in the past for the BNC, and model compounds
of this kind have been produced (47, 48). Note that this state no
longer conforms to the idea of three-coordinate cupric copper,
nor to a planar copper geometry, and that the distance between
the proximal histidine nitrogen and heme iron has lengthened
considerably (Table S2 and Discussion).

The above analysis does not address the issue pertaining to the
lifetime of the Oy state. To be coupled to proton translocation,
the Oy state must receive an electron to form Egy before it
relaxes to the O state. The Og—O relaxation would hence have
to have an activation energy barrier of at least ~16 kcal/mol at
310 K. According to our model of Oy, the relaxation barrier
would comprise at the least hydrogen-bonding rearrangements
as well as diffusion of a water molecule (49) toward Cug,
Structural rearrangements (50) may further be required, and the
calculated optimum structure of the Oy state indeed exhibits
a much tighter BNC than those found in the crystal structures
(3, 4, 51), the Fe—Cu distance being only 4.01 A (Table S2). The
thermodynamic costs associated with the H-bonding and struc-
tural rearrangements are likely to contribute to the lifetime of
Ox (SI Methods), which would be significantly longer if a water
molecule is recruited from outside the catalytic cavity (49). Fi-
nally, when considering the lifetime of the Oy state and its re-
laxation to state O, it should be noted that the latter could be
a catalytically relevant state in which the proton-translocating
efficiency is reduced, for example under conditions of a high
protonmotive force (8).

Discussion

The structural basis of the heterogeneity of the oxidized CcO,
especially the difference between the form encountered imme-
diately after oxidation of the reduced enzyme by O, (Og) and the
as-isolated form (0O), has so far escaped recognition. A previous
spectroscopic study on the bovine heart enzyme revealed no
difference between the two states (27). However, in that study
the observed rate of reduction of the BNC in the presumed Oy
state was much slower than reported in ref. 52 for the bovine and
in ref. 29 for the Paracoccus enzyme.

Based on the known chemistry of inorganic copper complexes
and the available experimental observations, we have here con-
sidered the simple hypothesis that state Oz may be a dehydrated
form of state O such that Cugl[II] is three-coordinated planar in
the former case, but has a fourth oxygenous ligand in the latter.
This hypothesis was tested by DFT calculations.

With the exception of unlikely S = 0 states, and after correc-
tion for an entropy change due to water dissociation, the cal-
culated free energy of the Ogy states lies ca. 9-17 kcal/mol higher
than for states O (Table 1), in good agreement with Oy being an
“activated” metastable form of the ferric/cupric center. More-
over, due to trigonal near-planar geometry of Cug, the cuprous
form is favored over the cupric, and the redox potential of the
Ou/Oy,r couple is much higher than for the four-coordinated
O/Og couple (Table 2). It is important to note that these calcu-
lated redox potentials differ substantially from the experimen-
tally determined values (26) due to the fact that the latter are
equilibrium potentials where charge compensation by pro-
tonation has occurred. The calculated On/Og,r Tedox potentials
are consistently ~0.4 V higher than for the O/Og redox couples,
which is in accord with the experimental observations of an el-
evated redox potential of Cug in the Og state (29, 52). The 0.4 V
higher redox potential of the activated form solves the dilemma,
at least in part, of an apparently far too low redox potential of
the O—E transition to be consistent with proton pumping, and
with the overall energetics of the catalytic cycle (2) (see The
Metastable Oy State).
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The notion of a trigonal near-planar Cug in the Fy and Oy
states has additional interesting corollaries. Electron transfer to
the BNC in the Py state is primarily expected to yield Pg (Fig.
1C), even though this has not been explicitly shown in experi-
ments (2, 17). Instead, Pg is known to form directly from in-
termediate A in experiments where the fully reduced enzyme
reacts with O, (opening paragraphs); at the same time, the PLS
is loaded by an internal proton transfer from E242 (2) (not
shown in Fig. 1C). The notion of a neutral radical form of the
cross-linked tyrosine is strong for state Py (17), and the electron
transfer to this state reduces the radical to the tyrosinate anion in
Pr: Resonance Raman, EPR, and infrared spectroscopic data
prove that P has ferryl heme iron, cupric copper, and tyrosinate,
respectively (see references in refs. 2, 17). Py is well known to be
followed by proton uptake from the solution to form state F.
Here, our DFT calculations suggest that if the water molecule
formed in this reaction dissociates from Cug (forming Fy; Figs.
1C and 2), the tyrosine tends once again to have some charac-
teristics of a neutral radical (Table S3). The next electron input
would in part occur to this radical (to yield Fy r), followed by net
proton uptake to yield the Oy state. Even in state Oy at least
part of the population seems to have reduced Cug and a neutral
tyrosine radical (Table S3). Hence, the Oy state may differ from
O, not only with regard to the coordination of Cug but also with
respect to the redox nature of the tyrosine and copper. Altogether,
our results suggest a more central role in catalysis of the neutral
radical state of the cross-linked tyrosine than previously expected.

FTIR data (21) suggested that the cross-linked tyrosine is
a deprotonated tyrosinate in both the F and O states. The proton
taken up into the BNC upon reduction of state F is thus likely to
form a ferric heme a3 hydroxide (Fig. 2), which agrees very well
with the resonance Raman data of Han et al. (31), according to
which the hydroxide ligand is strongly hydrogen-bonded to yield
the Raman resonance at 450 cm™' and a high-spin ferric heme
(8 =5/2). We assume that the hydrogen bonding is to one or two
water molecules between the hydroxide and the tyrosinate (51)
(Fig. S1). Interestingly, the most likely states corresponding to
our view of Oy have high-spin ferric heme iron (S = 5/2) and
Cugl[II] (S = 1/2), for which we have calculated the ferromagneti-
cally coupled form (S = 3; Table S3), but the antiferromagneti-
cally coupled form (S = 2) is likely to have very similar energetics
and structural properties (Table S4). Unexpectedly, this form of
Oy appears to be a p-hydroxo-bridged compound with a very
compact BNC. Thus, Cug actually has a weak fourth ligand that
it shares with the high-spin heme iron, the copper geometry is no
longer planar, the iron is pulled out of the heme plane on the
distal side, and the distance between Fe and the proximal histi-
dine nitrogen is very long (Table S2). In this case our original
hypothesis of a three-coordinated Cug in the Oy state fails, and
this state is instead “strained” with a very short distance between
Fe and Cu. The heme iron appears to be five-coordinated as
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anticipated from p-hydroxo-bridged models of the BNC (47, 48).
However, the Raman bands typical of five-coordinated high-spin
hemes (53) are not observed in the spectra of the ferric heme a3
hydroxide intermediate described by Han et al. (31), which
suggest six-coordination in that state. The true structure of state
Oy may thus be a compromise where the bond still persists be-
tween the iron and the proximal histidine nitrogen.

The calculations presented here do not address the existence
of a similar activated E state. The experimental evidence for Ey
is not as strong as for Oy (24, 25), and part of the driving force
for the proton pumping E/Eg—R reaction is likely to emerge
from the exergonic R—Py; transition (~-10 kcal/mol based on
ref. 54).

In summary, the primary finding here is that a subtle change in
the hydration of the BNC could account for the difference be-
tween the metastable catalytically active Oy state and its low-
energy counterpart, state O. The high energy of Oy and high
redox potential of Cug in that state may stem from a three-
coordinated near-planar geometry of Cug[Il]. Alternatively, the
BNC may be compact in state Oy with a very short Fe—Cu dis-
tance, a p-hydroxo ligand bridging the two metals, and Cu pulled
out from the plane of its nitrogen ligands. Finally, our DFT data
suggest that a contributing reason for the high redox potential of
the Fy and Oy states may be that the tyrosine has some char-
acteristics of the neutral free radical, and that this state of the
cross-linked tyrosine is more important than considered pre-
viously. Validation or falsification of our hypothesis requires
further spectroscopic studies of the Oy state. It may be of par-
ticular interest to search for Raman evidence for a lengthened Fe—
N bond to the proximal histidine, to test whether the lifetime of
the ferric heme a3-hydroxide species (31) extends beyond the 100
ms domain, and whether a partial tyrosine radical/cuprous copper
feature can be distinguished by EPR. An extended X-ray ab-
sorption fine structure (EXAFS) study of the ligands of Cug would
also be of interest, but would require a heme-copper oxidase
variant in which the Cu, center is lacking.

Methods

The details of DFT calculations are presented in S/ Methods. Figures in
Supporting Information show DFT-optimized structures and spin-density
distribution in relevant redox states. Tables in Supporting Information
comprise description of model systems, their energies, geometric data and
spin-density analysis.
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