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The O2 reduction site of cytochrome c oxidase (CcO), comprising
iron (Fea3) and copper (CuB) ions, is probed by x-ray structural ana-
lyses of CO, NO, and CN− derivatives to investigate the mechanism
of the complete reduction of O2. Formation of the Fe2þa3 -CN

− deri-
vative contributes to the trigonal planar coordination of Cu1þ

B and
displaces one of its three coordinated imidazole groups while a
water molecule becomes hydrogen bonded to both the CN− ligand
and the hydroxyl group of Tyr244. When O2 is bound to Fe2þa3 , it is
negatively polarized (O−

2 ), and expected to induce the same
structural change induced by CN−. This structural change allows
O−

2 to receive three electron equivalents nonsequentially from
Cu1þ

B , Fe3þa3 , and Tyr-OH, providing complete reduction of O2 with
minimization of production of active oxygen species. The
proton-pumping pathway of bovine CcO comprises a hydrogen-
bond network and a water channel which extend to the positive
and negative side surfaces, respectively. Protons transferred
through the water channel are pumped through the hydrogen-
bond network electrostatically with positive charge created at
the Fea center by electron donation to the O2 reduction site. Bind-
ing of CO or NO to Fe2þa3 induces significant narrowing of a section
of the water channel near the hydrogen-bond network junction,
which prevents access of water molecules to the network. In a
similar manner, O2 binding to Fe2þa3 is expected to prevent access
of water molecules to the hydrogen-bond network. This blocks
proton back-leak from the network and provides an efficient gate
for proton-pumping.
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Cytochrome c oxidase (CcO) is the terminal oxidase of cellular
respiration, which reductively converts molecular oxygen

(O2) to two water molecules coupled to a proton-pumping
process. CcO contains four redox active metal sites, heme a,
heme a3, CuA, and CuB. Heme a3 and CuB together form the
O2 reduction site. Electrons for O2 reduction are transferred
from cytochrome c in the positive side space to the O2 reduction
site via CuA and heme a (1).

Time-resolved resonance Raman spectroscopy shows that in
the process of complete reduction of O2 either by fully reduced
CcO or by the mixed valence CcO which contains only two redu-
cing equivalents, the initial intermediate assignable as the
O2-bound form (Fe2þa3 -O2) is observed at 571 cm−1 (2–4) and
the second intermediate assignable as the oxide-bound form
(Fea3 ¼ O2−) has a band at 804 cm−1 (5 and 6). A more detailed
description of the identification of the second intermediate by
resonance Raman spectroscopy is provided in SI Text.

The fact that the O2-bound form is detectable as the initial
intermediate is an indication that the bound O2 is unexpectedly
stable in the O2 reduction site. The two redox active metals of the
O2 reduction sites would readily reduce O2 to the peroxide
level. The structure of the second intermediate (which has a
resonance Raman band at 804 cm−1) strongly suggests that O2

has received four electron equivalents to form two oxide species
(Fea3 ¼ O2− and CuB-OH−) in this intermediate. It has been
proposed that one electron equivalent, in addition to the two
equivalents from Fe2þa3 and one equivalent from Cu1þB , is supplied
from the hydroxyl group of Tyr244 (7). The electron donation to
O2 at Fea3 with appropriate timing is needed for O2 reduction
without release of active oxygen species. For example, a delay
in donation of the electron equivalent for complete O2 reduction
would increase production and release of hydroxide radicals (or
oxide radical anions) from the O2 reduction site.

The resonance Raman Fe-O2 stretch spectrum of the initial
intermediate is closely similar to the Fe-O2 stretch spectrum
of hemoglobins and myoglobins (2–4) in which the bound O2

is essentially in the one-electron reduced (Fe3þ-O−
2 ) state (8).

Thus, the transition from the initial intermediate to the second
intermediate could be called a nonsequential three electron re-
duction process. Furthermore, the Raman band positions of the
intermediate species are not influenced by the overall oxidation
state of CcO before the initiation of the O2 reduction as described
above. Electron transfer from the CuA/heme a sites is not in-
volved in this O2 reduction process. These observations indicate
that upstream electron pressure does not influence the mecha-
nism of complete O2 reduction to the oxide level (2O2−).

An appropriate structural basis has not been established to
rationalize the stability of the O2-bound form and to describe
how the nonsequential three electron reduction of O−

2 at Fea3
is facilitated. The x-ray structural analyses have shown that
Cu1þB has trigonal planar coordination geometry, suggesting that
Cu1þB is a poor electron donor as well as a poor ligand acceptor
(9). Tyr244, which is covalently bound to one of the three histidine
ligands to CuB, is a possible electron/proton donor to O2 at Fea3.
However, the relative location of the Fea3 and the OH group of
Tyr244 shown in the high resolution x-ray structure of the fully
reduced CcO indicates that the O2 molecule which is bound
to Fea3 would not readily form a direct hydrogen bond with
the Tyr244-OH group. Furthermore, the imidazole group of
His240, which is covalently linked to Tyr244, strongly restricts
movement of the phenol group towards the Fea3 site. These
x-ray results are consistent with the unexpectedly stable
O2-bound form demonstrated by resonance Raman analyses
(2–4). Furthermore, x-ray structural analyses of the O2-bound
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form are desirable in order to test this proposal, since it is impos-
sible to predict the influence of ligand binding on the structure of
the O2 reduction site by only examining the x-ray structure of the
ligand-free CcO. Unfortunately, the O2-bound form is too un-
stable to capture by crystallization. Intermediate species between
Fe2þa3 -O2 and Fea3 ¼ O2− are not detectable in the O2 reduction
process under normal enzymatic turnover conditions, as des-
cribed above (5). Therefore, structural and functional analyses
of the O2 reduction site using O2 analogues such as CO, NO,
and CN− as probes are needed to provide insights into the
mechanism of O2 reduction catalyzed by CcO.

It has been well established that the proton-pumping process is
not coupled to the O2 reduction process (from [Fe2þa3 -O2, Cu1þB ]
to [Fe4þa3 ¼ O2−, Cu2þB -OH−, Tyr244 radical]). Instead, it is
coupled to each of the four electron-transfer steps (from
[Fe4þa3 ¼ O2−, Cu2þB -OH−, Tyr244 radical] to [Fe2þa3 , Cu

1þ
B ]) from

CuA/heme a sites to the O2 reduction site after completion of the
O2 reduction (10). These results indicate that the free energy
associated with the activation of the metal centers is stored to
provide high electron affinity at the metal sites and to preserve
the Tyr244 radical species.

CcO has three possible proton-transfer pathways, which are
known as the K-, D- and H-pathways (9, 11–13). X-ray structural
and mutational analyses of bovine heart CcO strongly suggest
that H-pathway pumps protons (14 and 15). The pathway
includes a hydrogen-bond network and a water channel which ex-

tend to the positive and negative side surfaces, respectively. A
peptide bond is located near the positive side end for blocking
proton back-leakage from the positive side space (16 and 17).
However, an appropriate structure has not yet been identified
which would provide unidirectionality to the proton transfer from
the negative side up to the peptide bond.

We report on the effects of the respiratory inhibitors, CO, NO,
and CN− on the x-ray structure of the fully reduced CcO. These
investigations identify critical roles for the O2 reduction site in
stabilizing the O2-bound form, facilitating a complete reduction
of O2 with minimal production of active oxygen species, and
providing a gate for effective proton pumping.

Results
Statistics of the x-ray structural analyses and values of the coor-
dination geometry parameters of the heme a3-CuB site deter-
mined in the x-ray structures are summarized in Table S1 and
Table S2.

CO and NO Derivatives of the Fully Reduced CcO. X-ray structural
analyses of the fully reduced CO- and NO-bound CcO (with
CO and NO bound to Fe2þa3 ) were performed at 280 K and
100 K, respectively. The essentially perpendicular coordination
structure (164 degree in the Fe-C-O angle) and the bent end-
on coordination structure (131 degree in the Fe-N-O angle) were
obtained for CO at 280 K and for NO at 100 K, respectively (Fig. 1
A and C). The distance between the Fe2þa3 -ligands and Cu1þB are
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Fig. 1. The x-ray structures of the O2 reduction sites of the CO-, NO-, and CN−-bound forms of fully reduced CcO. The ligand-binding structures are shown in
FO-FC maps. The digits without letters in the FO-FC maps indicate numbering of fixed water molecules. The structural characteristics are indicated in schematic
representations. (A) The CO-bound form at 280 K. (B) The CO-bound form at 100 K. (C) The NO-bound form at 100 K. (D) A stereo view of the NO-bound form.
(E) The CN−-bound form at 100 K. (F) A stereo view of the CN−-bound form.
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2.5–2.7 Å. This distance indicates that direct interactions
between Cu1þB and the Fe2þa3 -ligands are unlikely. Furthermore,
interactions between the Tyr244-OH group and the bound ligands
are strongly restricted by the covalent linkage of Tyr244 to the
imidazole of His240. These x-ray structures of the O2-analogue
derivatives indicate the structural factors which contribute to the
stability of the Fe2þa3 -O2 species inferred from Resonance Raman
analyses (2–4).

The x-ray structure of the CO derivative determined at 100 K
(Fig. 1B) indicates that CO is bound to Cu1þB in a side-on fashion
after being photo-dissociated from Fe2þa3 . The metal-to-carbon
and metal-to-oxygen atom distances of 2.4 and 2.7 Å indicate that
the CuB-CO bond is rather weak. The 3.0 Å distance between CO
and Fe2þa3 suggests that no significant bonding interaction exists
between CO and Fe2þa3 . (In SI Text and Fig. S1, the CO-binding
function of CuB is discussed in detail with a comparison of the
present results with existing spectroscopic data.) The weak
CO-binding structure suggests that the CuB site is suitable for
reversible O2 binding. The COmolecule bound to Cu1þB is located
3.0 Å from Fe2þa3 : This is an indication that Cu1þB controls the
supply of O2 molecules to Fe2þa3 without forming the μ-peroxide
intermediate species (Fe3þ-O-O-Cu2þ), which could produce
active oxygen species.

The structure of the O2 reduction site with CO at CuB at100 K
indicates that there is enough space for migration of the CO
molecule from CuB to Fea3. The stable CuB-CO structure sug-
gests that migration of CO (and thus O2) from Cu1þB to Fe2þa3
is controlled by certain protein movements which would be essen-
tially “frozen” at 100 K. Similar conformational freezing is detect-
able in the process of reduction of the fully oxidized CcO by
hydrated electrons in the experiments conducted at SPring-8 (18).

CN− Derivatives of the Fully Reduced CcO. The FO-FC map of the
O2 reduction site of the fully reduced CN−-bound form at
2.05 Å resolution indicates that CN− is located roughly equidi-
stant (2.3 Å) from Fe2þa3 and Cu1þB (Fig. 1E). It has been esta-
blished by infrared spectroscopy that CN− but not hydrogen cy-
anide (HCN), binds to the fully reduced enzyme (19 and 20).
His290 is one of the three histidine imidazoles which are ligated
to Cu1þB in a trigonal planar coordination structure. Upon binding
of CN− to Cu1þB , His290 is displaced andmoves to a location 2.8 Å
away from Cu1þB , a distance which prevents it from coordinating
to Cu1þB . In this arrangement, the cyanide nitrogen atom and the
two imidazole nitrogen atoms form a new trigonal planar cuprous
structure which is roughly perpendicular to the heme a3 plane
(Fig. 1F) in contrast to the trigonal planar structure in the
NO-bound form which is parallel to the heme plane (Fig. 1D).
In addition, a water molecule (Water 510) enters the site and
becomes hydrogen bonded to both CN− and Tyr244 (Fig. 1E).
Tyr244, which is covalently bonded to His240, is located at the
end of the K-pathway. The bound CN− induces a small but sig-
nificant translational shift of the plane of heme a3 (∼0.4 Å),
which is coupled to shifts of the helices VIII and IX as shown
in Fig. S2A. The translational shift is necessary for formation
of the hydrogen bond between Water 510 and the bound CN−.
Water 510 which appears upon binding of CN− is likely to be sup-
plied from a water storage site located 7.1 Å away fromWater 510
site (as shown in Fig. S2B). Thus, Water 510 is unlikely to repre-
sent the water molecule produced by the O2 reduction reaction.

The electron density maps in Fig. 1 A, B, C, and E are
contoured at 7.5, 5.5, 6.4, and 5.8σ levels, respectively, in which
essentially the same cage size of Water 272 is obtained.

Effects of Inhibitor Bindings and Oxidation States on the Conforma-
tion of the H-Pathway. The proton-pumping system of bovine
CcO includes the H-pathway. This pathway is composed of a hy-
drogen-bond network and a water channel which extend to the

positive and negative side surfaces respectively, as schematically
shown in Fig. 2B. The water channel located near helix X has four
cavities in the fully reduced state, each of which is large enough to
contain one to three water molecules (Fig. 2B, right illustration).
Fig. 2A shows top views (from the positive side) of the portion of
helix X extending from Val380 to Met383 in the fully reduced
(blue), fully oxidized (red) and fully reduced CO-bound (yellow)
forms. These views include heme a, heme a3, and cavities indi-
cated by the dotted surfaces. The portion which is located one
turn closer to the positive side surface than the portion shown
in Fig. 2A includes His376 and His378 which are the ligands
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of hemes a3 and a, respectively. A side view and a top stereo view
of this region are shown in Fig. S3 A and B, respectively.

Upon binding of CO to the fully reduced CcO, a portion of
helix X (from Val380 to Ser382) undergoes a significant confor-
mational change which is identical to the change that occurs upon
oxidation as previously reported (14). The conformational
change driven by the ligand binding eliminates the cavity which
is detectable in the fully reduced state (shown with a blue dotted
surface in Fig. 2A). The structural details related to the movement
of the main chain of helix X are shown in Fig. S3C. A similar
conformational change in helix X is also obtained upon binding
of NO. On the other hand, binding of CN− to the fully reduced
CcO did not induce a significant conformational change in
helix X. It has been shown that the carboxyl group of Asp51
and the hydroxyfarnesylethyl group of heme a both undergo
redox-coupled conformational changes (9 and 14). However, li-
gand binding did not induce any significant conformational
changes of the two functional groups. The observed conforma-
tional changes are schematically summarized in Fig. 2B. These
results strongly suggest that the conformation of helix X is con-
trolled by the oxidation and ligand-binding states of heme a3,
while those of Asp51 and the hydroxyfarnesylethyl group of heme
a are controlled by the oxidation state of heme a.

Discussion
Complete O2 Reduction with Minimization of Active Oxygen Species.
As described above, the O2 molecule bound to Fe2þa3 is negatively
polarized like CN−. Therefore, it is reasonable to predict that the
structural changes which would occur at the O2 reduction site
upon O2 binding are similar to those which occur upon CN−

binding (Fig. 1E and Fig. S2A). The resulting O2-bound structure
suggests that three electron equivalents can be transferred non-
sequentially from Cu1þB , the hydroxyl group of Tyr244, and Fe3þa3
to O−

2 at Fe3þa3 for complete reduction of O−
2 . The negative charge

of the CN− ligand appears to be critical for inducing these struc-
tural changes, since CO and NO do not significantly influence the
structure of the O2 reduction site, as shown in Fig. 1 A–C.

Before the introduction of the water molecule, the coordina-
tion geometry of O2 must be similar to the geometry of the
O2-bound forms of hemoglobins and myoglobins, as has been
suggested by data acquired from time-resolved resonance Raman
spectroscopy (2–4). The stability of the Fe3þa3 -O

−
2 form indicates

the absence of any direct electron transfer from CuB to the bound
O2 before introduction of Water 510. The direct electron transfer
would provide a peroxide-bound form, Fe3þa3 -O-O-Cu2þB , which
could produce active oxygen species. For example, homolytic
cleavage of the O-O bond would give Fe4þa3 ¼ O2− and release
an oxide radical. Thus, the relative location of Fea3 and CuB is
also critical for the nonsequential three electron reduction to
minimize the production of active oxygen species.

The absence of Water 510 also stabilizes the globin-type
O2-bound form, since it is not possible for Tyr244OH to interact
with the bound O−

2 . Water 510 triggers all of the structural
rearrangements observed upon CN− binding. All of these struc-
tural rearrangements must be concerted in order for the non-
sequential three electron donation to the O−

2 bound at Fe3þa3 .
Water 510 is supplied from the water site located 7.1 Å away from
the Tyr244-OH group. The water transfer rate corresponds to the
decay rate of the initial intermediate (Fe3þa3 -O

−
2 ). The second in-

termediate (P form) receives electrons from heme a coupled with
proton pumping as described in the introduction section (10).

O2 reduction without release of active oxygen species was pre-
viously proposed on the basis of resonance Raman measurements
to occur via nonsequential three electron reduction of O−

2 at Fe3þa3
(21). This proposal was made without the benefit of structural
data. The x-ray structural results presented herein provide a pos-
sible structural basis for the O2 reduction mechanism shown in
Fig. 3 as follows: O2 transferred through the O2 path in subunits
III and I (22) is trapped by Cu1þB (Fig. 3B). With appropriate tim-
ing (vide infra), O2 is transferred to Fe2þa3 to form the O2-bound
species (Fe3þa3 -O

−
2 ) (Fig. 3C). The rearrangement of the O2 reduc-

tion site after entry of the water molecule enables the facile non-
sequential three electron reduction of O−

2 , from Fe3þa3 , Cu
1þ
B , and

the Tyr244-OH group (Fig. 3D) to provide the second intermedi-
ate, known as the P form (Fig. 3E). Although the OH group of
Tyr244 seems most likely to be the donor of one of the three elec-
tron equivalents for the complete O−

2 reduction as described
above, other candidates such as penta-valent iron (Fe5þa3 ) and
trivalent copper (Cu3þB ) cannot be excluded from consideration
(23 and 24). Identification of the electron donor site remains
a challenging research subject. (An additional discussion of the
structure of the P form is provided in SI Text).

Since O2 is a strong ligand, the resulting structure is expected
to be somewhat different from that of the CN−-bound form
shown in Fig. 1E. For example, the ligand-Fea3 distance would
be shorter and the conformation of helix X would be similar
to the conformation observed when strong ligands are bound.
However, it is likely that the negatively-charged O2 introduces
structural changes which are similar to the structural changes
occurring upon CN− binding. It is equally possible that after
the water molecule is introduced, a superoxide molecule, O−

2 ,
is released from the Fe2þa3 -O

−
2 species and trapped by Cu1þB , Water

510, and Fe3þa3 . The Fe3þa3 species causes the conformation of
helix X to be retained in the same state prior to release of
O−

2 . In either case, O−
2 receives three electrons nonsequentially

and helix X eliminates the large water cavity in the water channel.
The x-ray structure of the fully reduced CN−-bound form of

Rhodobacter sphaeroides CcO (Rs CcO) at 2.2 Å resolution
has been published recently (25). The Protein Data Bank
(PDB) structure (3FYI) shows that the analogous histidine resi-
due corresponding to bovine His290 is released from CuB, as it is
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in the case of bovine CcO, although the conformational change of
the imidazole group induced by CN− is not mentioned specifically
in the report (25). (Further comparisons of the report with the
present results are given in SI Text. A possible function of
His290 (in bovine number) in bacterial quinol oxidase is discussed
in SI Text.)

Conformational Changes in Helix X as a Gate for Proton Pumping in
the H-Pathway. It has been proposed that during the process of
proton pumping by bovine CcO, protons are transferred by ther-
mal motion of water molecules throughout the water channel
from the negative side space to the Arg38 residue which is located
at the negative side end of the hydrogen-bond network in the H-
pathway. The proton-pumping (proton-active transport) process
of CcO is then driven by electrostatic repulsion between the net
positive charge created upon oxidation of heme a and the protons
located in the hydrogen-bond network in the H-pathway (14).

The present results show that the conformation of helix X is
controlled by heme a3. Upon oxidation or strong ligand binding
to heme a3, the water channel is significantly narrowed by elimi-
nation of one of the cavities near its junction point to the hydro-
gen-bond network as shown in Fig. 2. The conformational change
would significantly obstruct the proton transfer driven by move-
ment of the water molecules to essentially close the channel with-
in the timescale of enzymatic turnover (closed state). Preliminary
results suggest that helix X of the P and F forms, which appear
during the enzymatic turnover as the second and third intermedi-
ates, adopts the same conformation as that of the fully oxidized
form (Fig. S4). The water channel of the O2-bound form is also
likely to be in the closed state since O2 is a strong ligand to Fe2þa3 .
Therefore, under normal enzymatic turnover, water molecules in
the negative side space are expected to be readily accessible to
Arg38 (or the channel is in the open state) only when heme
a3 is in the ligand-free reduced state.

The roles of the water channel in the proton pumping through
H-pathway may be summarized as follows: When both metal sites
(Fea3 and CuB) are reduced, the channel is in the open state and
collects protons from the negative side space. O2 is transferred
through the O2 transfer pathway in subunits III and I (22) and
trapped at Cu1þB in a side-on fashion as described above. This
arrangement is maintained until the proton collection is com-
pleted in the hydrogen-bond network. Upon transfer of O2 from
Cu1þB to Fe2þa3 , the channel is closed to block the proton back-leak-
age from the hydrogen-bond network. These protein movements
controlling the CO migration from CuB to Fea3, as described
above, are expected to contribute to the coupling between the
CuB site and the proton collection area. After the nonsequential
three electron reduction of O−

2 at the O2 reduction site which gen-
erates the P form, four electrons are transferred sequentially
from heme a to the O2 reduction site, forming sequentially F
(one electron equivalent lower oxidation state than P), O (fully
oxidized form under turnover conditions), E (one electron-
reduced form of O), and R (both Fea3 and CuB are reduced)
forms. Each electron-transfer step is coupled with the process
of proton pumping through the H-pathway. During these four
electron-transfer steps, the water channel is retained in the closed
state to prevent back-leakage of protons. To obtain a measure of
overall energy coupling efficiency (pumping proton/electron
ratio) of unity (10), approximately four equivalents of protons
should be incorporated from the negative side space to the area
accessible to Arg38 (and to one of the propionate groups of
heme a) during the opening of the water channel.

In the open state of the water channel, Arg38 is in proton equi-
librium with the negative space, since protons are transferred by
thermal motion of water molecules through the water channel. In
the closed state, the portion of the H-pathway between the closed
water cavity and the peptide bond near the positive side end of
the hydrogen-bond network (which includes Arg38 and the heme

a propionate) is isolated from the negative side space. This
portion of the H-pathway includes many proton-accepting or do-
nating groups, such as the guanidino group of Arg38, the propio-
nate of heme a, serine OH groups, and water molecules (Fig. 3B).
It is well known that the effective proton affinities of these groups
are subject to sensitive influence by their local environments with-
in the protein matrix. Therefore, this section of the H-pathway is
expected to have the capacity to accept four-proton equivalents
or more. When four electron equivalents are transferred to the
P-state to form the (Fe2þa3 , Cu

1þ
B ) state, in which each electron

transfer is coupled with one equivalent of proton pumping, the
section of the H-pathway is in a four-proton-depleted state.
When the channel is opened, the four-proton-depleted sites
are protonated by protons transferred by the thermal motion
of water molecules in the water channel to obtain the original
protonation state, which is in equilibrium with the negative
side space.

The free-energy change required for the active transport of
each proton equivalent up to the peptide bond during the cata-
lytic cycle is likely to be dependent on the location and the
stability of the protonated group in the section of the H-pathway.
On the other hand, the free-energy change in each of the four
downhill electron transfers from heme a to the O2 reduction site
is dependent on the oxidation state and ligand-binding environ-
ment of the O2 reduction site. These factors would cooperate in
providing roughly equal proton-pumping efficiency in each of the
four steps of the proton transfer coupled electron transfer from
heme a to the O2 reduction site. Further structural and functional
studies on the O2 reduction site and H-pathway are required for
elucidation of the coupling mechanism between the proton-active
transport and the electron transfer for the O2 reduction site.

The hydrogen-bond network in the H-pathway is equipped
with two functional systems, the peptide bond and the water
channel. These systems prevent the back-leakage of protons at
each end of the hydrogen-bond network. The coexistence of these
two systems is likely to cooperatively contribute to increasing the
overall gating efficiency. Thus, the O2 reduction site is not only
the site for the O2 reduction (or the electron sink) but also
functions to control the proton gating function.

It has been established that the decay of the initial intermedi-
ate (Fe3þa3 -O

−
2 ) is one order of magnitude faster in the fully

reduced CcO than in the mixed valence CcO, although the
Raman band positions of the initial two intermediate species
are not influenced by the overall oxidation state (26). These re-
sults suggest that oxidation state of heme a influences the decay
rate without affecting the O2 reduction mechanism. On the other
hand it has been reported that an appropriate overall electron-
transfer rate is required in order to obtain the maximal proton-
pumping efficiency (Hþ∕e−) (27). Therefore, the fully reduced
CcO is unlikely to provide the maximal proton-pumping
efficiency upon oxidation. However, the fact that the resonance
Raman bands of the initial and second intermediates are not in-
fluenced by the oxidation state of the heme a∕CuA site suggests
that the structures of the O2 reduction site of these intermediate
state are not influenced significantly by the oxidation state of the
heme a∕CuA site. Furthermore, the oxidation state change of
heme a induces only small conformational changes near the water
channel as shown in Fig. 2, Fig. S3 A and B. Thus, the open/closed
transition in the water channel induced by the conformational
changes in helix X upon various ligand bindings to Fe2þa3 would
not be influenced by the oxidation state of the heme a∕CuA site.
That is, the water channel is closed upon O2 binding to Fe2þa3 also
in the mixed valence CcO which could exert the maximal proton-
pumping efficiency. As described above, the oxidation state of
heme a∕CuA site affects the kinetics of the O2 reduction. Thus,
O2 transfer from Cu1þB to Fe2þa3 is also likely to be faster under
higher electron pressure (or in the fully reduced state). Then,
the water channel may be closed before completion of the proton
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collection to the hydrogen-bond network in H-pathway, which
lowers the proton-pumping efficiency.

It has been proposed for the bacterial CcO that the D-pathway,
one of the proton-transfer pathways from the negative side space
to the O2 reduction site, transfers protons for pumping as well as
for production of water molecules. Structural evidence for parti-
cipation of the D-pathway in the proton-pumping process in
bovine CcO has not been obtained thus far.

Materials and Methods
All absorption spectral measurements and x-ray diffraction experiments were
performed at 100 K, unless otherwise noted, using crystals of bovine heart

CcO prepared as previously described (28) including crystallization as the final
step. The present purification method provides the oxidized “fast” form
characterized by the Soret maximum and the CN−-binding rate (28).

Other details related to sample preparation, x-ray structural analyses, and
absorption spectral measurements are provided in SI Text and Fig. S1A–I.
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