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Abstract

A role for conformational change in the coupling mechanism of cytochrome c oxidase is the subject
of controversy. Relatively small conformational changes have been reported in comparisons of
reduced and oxidized crystal structures of bovine oxidase, but none in bacterial oxidases. Comparing
the x-ray crystal structures of the reduced (at 2.15 Å resolution) and oxidized forms of cytochrome
c oxidase from Rhodobacter sphaeroides, we observe a displacement of heme a3 involving both the
porphyrin ring and the hydroxyl farnesyl tail, accompanied by protein movements in nearby regions,
including the mid part of helix VIII of subunit I which harbors key residues of the K proton uptake
path, K362 and T359. The conformational changes in the reduced form are reversible upon
reoxidation. They result in an opening of the top of the K pathway and more ordered waters being
resolved in that region, suggesting an access path for protons into the active site. In all high resolution
structures of oxidized Rhodobacter sphaeroides cytochrome c oxidase, a water molecule is observed
in the hydrophobic region above the top of the D path, strategically positioned to facilitate the
connection of residue E286 of subunit I to the active site or to the proton pumping exit path. In the
reduced and reduced plus cyanide structures, this water molecule disappears, implying disruption of
proton conduction from the D path under conditions when the K path is open, thus providing a
mechanism for alternating access to the active site.

Cytochrome c oxidase (CcO)1, the terminal enzyme of the electron transfer chain, provides the
final electron sink by accepting electrons from reduced cytochrome c and passing them
sequentially through CuA, heme a and finally to its active site, composed of heme a3 and
CuB. Oxygen binds at this binuclear center, accepts the electrons and is reduced to water. The
energy released from oxygen reduction is utilized by CcO to translocate protons from the N
(negative)-side of the membrane to the P(positive)-side, to generate an transmembrane proton
electrochemical gradient, which is then used for ATP synthesis (for recent reviews, see ref.
(1–3)). Extensive kinetic and spectroscopic studies have identified intermediate states during
the chemical catalysis, yet the details of the oxygen reduction process are not entirely
understood. Even more elusive and controversial is the proton pumping mechanism.
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Two types of protons, termed pump and substrate protons, are taken up from the N-side of the
membrane. During each catalytic cycle, four pump protons are translocated to the P-side of the
membrane, while four substrate protons are used in the oxygen reduction to water. Previous
studies on bacterial CcO have identified two proton uptake pathways, D and K, within the
transmembrane portion of the enzyme (4, 5). They are named after key residues in each pathway,
D132I and K362I (Rhodobacter sphaeroides (Rs) CcO numbering, with the subscript
representing the subunit), respectively. These two pathways contain crystallographically
resolved water molecules which, together with polar residues, enable proton conduction (4, 6,
7).

The D path is considered to transport all of the pump protons, as well as at least two substrate
protons (8, 9). In the high resolution crystal structures of RsCcO, a clear chain of hydrogen
bonded water molecules are resolved in the vicinity of the D pathway, between D132I and
E286I (6, 7). The latter residue is considered to be the branching point beyond which a proton
is either translocated to the outside of the membrane via an unidentified route, or transported
to the binuclear center for oxygen reduction to water (10, 11).

Evidence suggests that the K path is used for transporting one to two substrate protons during
the reductive half of the oxygen chemistry cycle (O→R) (12, 13). The path is considered to start
with E101 of subunit II (14) (but see ref (15)), and involve key residues S299I, K362I and
T359I, the latter two located in the middle part of helix VIII of subunit I. The mutation of these
residues leads to a major loss of activity, up to 99.95% for K362M (5, 16). Compared with the
D path, there are very few water molecules resolved, only two in the available crystal structures
so far. One is hydrogen bonded to K362I and S299I, the other to T359I and the OH group of
heme a3 hydroxylfarnesyl tail (heme a3 farnesyl-OH) (6, 7). The latter group also forms a strong
hydrogen bond with the OH group of Y288I (Y288I-OH), which has a unique covalent bond
between the side chain atoms with the CuB ligand H284I in the active site. The strong hydrogen
bonding between Y288I-OH and heme a3 farnesyl-OH (O – O distance of 2.6 Å) is proposed
to function as a closed K path gate, since its presence prohibits proton transport via that path
to the active site (17, 18). This fits with the hypothesis that in the oxidized state, the K-path is
expected to be closed (19). No water molecules are resolved between Y288I and the binuclear
center in all the oxidized CcO crystal structures, even at high resolution.

In this communication, we report the structure of the dithionite reduced form of RsCcO, a
bacterial enzyme highly homologous to the mammalian mitochondrial CcO. The structure
shows a significant displacement of heme a3, leading to the loss of the strong hydrogen bond
between Y288-OH and heme a3 farnesyl-OH, the movement of the middle part of helix VIII
that contains key residues of the K path, and appearance of resolved water molecules leading
from the top of the K path into the binuclear center. These observed changes, along with the
loss of a water molecule above the D path, suggest conformational control of alternate opening
of the K and D paths for proton transport to the active site.

MATERIALS AND METHODS

Protein expression, purification and crystallization of RsCcO

In order to obtain I-II RsCcO crystals, Rs cells (strain 37Δ4 (7)) were grown and harvested,
and membrane samples prepared as described (20). The protein purification and crystallization
procedure were described earlier (7). In order to obtain four subunit RsCcO crystals, Rs strain
169 was generated by transferring plasmid pCH169 (7) into Rs strain YZ200 (20). The growth
and harvest of the cells and preparation of plasma membranes were described earlier (20). The
protein purification and crystallization procedure for four subunit RsCcO were described earlier
(21).
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Treatments of RsCcO crystals to produce the reduced form and the cyanide bound reduced

form

Prior to flashcooling, crystals of RsCcO were soaked in a stabilizing solution containing 91
mM MES, pH 6.3, 18.2 mM Tris, pH 8.0, 91 mM NaCl, 30 mM MgCl2, 2 mM CdCl2, 0.16%
decyl maltoside, 0.013% dodecyl maltoside, 4.4% 1,2,3-heptanetriol, 24% (v/v) PEG-400, and
supplemented with 10mM sodium dithionite. The crystals were soaked for 5 – 10 minutes at
4°C to reduce the crystals. The CcO crystals turned green within a few minutes and remained
green throughout the entire process. The surrounding solution was gradually exchanged into
the cryosolution that contained the same ingredients as in the stabilizing solution except for a
higher concentration (32%) of PEG-400, also supplemented with 10 mM sodium dithionite.
The crystals were then picked and flashcooled in liquid nitrogen.

To produce cyanide bound reduced RsCcO crystals, the crystals were first reduced as described
above by adding stabilizing solution supplemented with 10 mM dithionite. The surrounding
stabilizing solution was then exchanged into a new stabilizing solution supplemented with 10
mM dithionite and 20 mM cyanide. The crystals were soaked in this solution for another 5
minutes. The surrounding solution was then gradually exchanged into cryosolution with 32%
PEG-400, also supplemented with 10 mM dithionite and 20 mM cyanide. The cyanide bound
reduced crystals were then flashcooled in liquid nitrogen.

Removal of Cd from I-II RsCcO Crystals

Crystals of I-II RsCcO were soaked in stabilizing solution as described earlier, except that no
Cd was present, for 1 hour. The soaking solution was then exchanged into a fresh stabilizing
solution containing 10 mM dithionite, still without Cd, for another 45 minutes. The stabilizing
solution was then slowly exchanged into the Cd-free cryosolution supplemented with dithionite
as described earlier, prior to flashcooling in liquid nitrogen.

Reoxidation of reduced RsCcO crystal

Crystals of I-II RsCcO were reduced with 10 mM dithionite as described above. The soaking
solution was then exchanged into a stabilizing solution with no dithionite. The soaking solution
free of dithionite was then slowly exchanged into cryosolution containing 32% PEG-400, with
no dithionite and supplemented with 1 mM ferricyanide. The crystals turned from green to
brownish red during the exchanging process, which took approximately 5 minutes. The re-
oxidized crystals were soaked in the cryosolution with ferricyanide for another 5 minutes prior
to being flashcooled in liquid nitrogen.

X-ray crystallographic data collection and structural refinement

X-ray diffraction data of the dithionite reduced, as well as Cd-free reduced, I-II RsCcO crystals,
were collected at Station 23-ID-B, GM/CA-CAT, Advanced Photon Source, Argonne National
Laboratory. Diffraction data from the cyanide bound reduced form, as well as the reduced/
reoxidized form of I-II RsCcO crystals were collected at Station 21-ID-G, LS-CAT, Advanced
Photon Source, Argonne National Laboratory. The data were processed with HKL2000 (22),
and the structures were solved by molecular replacement using the oxidized I-II subunit
RsCcO (PDB entry 2GSM (7)) as the starting model, and refined by Refmac5 (23) from the
CCP4 program suite (24). Molecular visualization and model building were performed using
the program COOT (25). The refinement statistics for the final models of reduced and cyanide-
bound reduced I-II RsCcO are presented in Table 1. All figures with molecular models were
generated using the program PYMOL (DeLano Scientific, CA).

The diffraction data for reduced four subunit RsCcO crystal were collected at station 21-ID-
D, LS-CAT, Advanced Photon Source, Argonne National Laboratory. The crystal diffracted
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anisotropically to approximately 3.2 Å resolution. The structure was determined by molecular
replacement using the published oxidized four subunit RsCcO structure (PDB entry 1M56(6))
as the starting model and refined using CNS1.1 (26).

In order to confirm the loss of Cd at the E101II site for the Cd-free reduced I-II RsCcO crystal,
anomalous diffraction data were collected at station 23-ID-B, GM/CA-CAT, Advanced Photon
Source, Argonne National Laboratory. The wavelength of the X-ray was set at 1.984 Å, where
cadmium has a strong anomalous signal. The published oxidized two subunit RsCcO structure
(PDB entry 2GSM (7)) was used as the starting phasing model in a rigid body refinement, and
the anomalous difference Fourier map was calculated with the CCP4 program suite (24) using
the phases of the rigid-body refined structure. In order to minimize bias, all metals in the
structure were removed from the phase calculation.

Spectral studies of irradiated reduced RsCcO crystals

Optical absorption measurements in crystals were carried out using a fiber optics spectrometer
(model S2000, Ocean Optics, USA). One end of a 50 µm optical fiber was attached to the
spectrometer while the other end was fixed pointing upward (for detailed setup, see Figure S1
of the supporting materials). A short length of tubing was placed over the fiber termination
ferrule (3.2 mm diam.) forming a sample dish ~1 mm deep. Transmission light was provided
by tungsten lamp, which was offset from the optical fiber axis by 40° at a distance of approx.
50 cm. A paper diffuser (10 cm diam.) located 2 cm above the sample dish provided a uniform,
broad-angle light illumination source. Only the light scattered by the diffuser, but not the direct
light from the lamp, could be collected by the 25° (in the air) acceptance angle of the optical
fiber. No other light sources were present. The sample dish was filled with the cryoprotectant
buffer for reference measurements (150 sec). While the diffuser was removed, a previously
reduced and irradiated crystal from liquid nitrogen was placed in the buffer and a microscope
was used to position the crystal directly above the optical fiber. Sample measurements were
started immediately after repositioning the diffuser and spectra were recorded continuously
every 0.2 sec and averaged in 30 sec intervals throughout the experiment. Configuration with
a diffuse probe light showed little sensitivity to the loss of light due to refractivity and scattering
on crystal surfaces and protein aggregates.

On-line single-crystal micro-spectroscopy

The on-line single-crystal micro-spectrophotometer available at station 14-BM-C, BioCARS,
Advanced Photon Source, Argonne National Laboratory was used to record the spectrum of
CN-bound reduced I-II RsCcO frozen crystal. The assembly of the equipment is described in
detail elsewhere (27). Due to the anisotropic arrangements of chromophores in protein crystals,
which can lead to large spectral distortion depending upon the crystal orientation, the crystal
was carefully aligned so that the resulting spectrum resembles the isotropic solution spectrum.

Oxidase Activity Assay

Measurements of the rates of O2 reduction were performed at 25°C using an oxygen electrode.
For assay at pH 6.2, the reaction mixture (total volume 1.8 ml) contained 50 mM MES-KOH,
pH 6.2, 19 mM KCl, 2.8 mM ascorbate, 1.1 mM TMPD, 0.1% dodecyl maltoside, 6.7 nM
CcO, and 30 µM horse heart cytochrome c. For assay at pH 7.4, the reaction mixture contained
50 mM HEPES, pH 7.4, 24 mM KCl, 2.8 mM ascorbate, 1.1 mM TMPD, 0.1% dodecyl
maltoside, 6.7 nM CcO, and 30 µM horse heart cytochrome c.
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RESULTS

Displacement of heme a3 in the reduced RsCcO structure

The crystal structure of the dithionite reduced RsCcO was determined at 2.15 Å resolution (see
Table 1 for data collection and refinement statistics). The reduced RsCcO shows no significant
conformational changes in the overall structure of the enzyme except in regions near the active
site, most notably in the heme a3 moiety. In comparison to the oxidized structure (PDB entry
2GSM) (7), the heme a3 porphyrin ring rotates 6–8° about the carboxyl group of the A-ring
propionate, as seen from the direction of CuB (Figure 1(A) and (B)). This rotation is
accompanied by a subtle tilt of the plane of the porphyrin ring. The continuous electron density
between the two metals of the binuclear center in the oxidized structure (Figure 2(A)),
tentatively assigned to be a water and a OH− bound to Fe-a3 and CuB, respectively (7), is gone.
The absence of the bridging ligands was also observed in the reduced CcO structures from
Paracoccus denitrificans (Pd) (28), bovine (29), and Thermus thermophilus (30). Therefore, it
appears that in the fully reduced state (R state), the two product water molecules are no longer
bound to the binuclear center metals, consistent with results from the resonance Raman
spectroscopic studies which show the Fe-a3 is five coordinated in the reduced state (31). Due
to the missing bridging ligands in the binuclear center, the Fe2+ atom is more out of the plane
of the porphyrin ring, moved toward the His419I ligand, and the distance between Fe2+−a3 and
Cu1+

B becomes larger (5.4 Å in the reduced state compared to 4.9 Å in the oxidized state)
(Figure 2(B)) (Table S1 of the supporting information). Besides the movement of the porphyrin
ring, the hydroxylfarnesyl tail undergoes significant rotational movement, which widens the
distance between the heme a3 farnesyl -OH and Y288I-OH from a tight hydrogen bonding
distance of 2.6 Å in the oxidized structure (Figure 2(A)) to approximately 4.1 Å in the reduced
(Figure 2(B))(Table S1 of the supporting information).

Moreover, compared with the oxidized structure (Figure 2(A)), there are four more water
molecules clearly resolved in the region, including one that sits between the now separated
Y288I-OH and heme a3 farnesyl-OH, as shown in Figure 2(B). These additional water
molecules provide a hydrogen bonded water chain, connecting the upper part of the K path to
the binuclear center.

Movements in the protein in the reduced RsCcO structure

The conformational change in heme a3 is accompanied by significant movement of the protein
in nearby regions, especially the mid part of helix VIII (shown in Figure 1(A)), involving
residues 355–364 of subunit I (Figure 1(A) and (B)). On the distal side of the heme a3 plane,
in the angle between the porphyrin rings of heme a and a3, additional movement of the protein
is observed involving residues 423–426 of helix X (Figure 1(B)). The conformational change
of S425I is the most striking: not only is the main chain C-α atom moved 2.9Å in the reduced
structure, its side-chain OH group points in the opposite direction from that in the oxidized
form. Similar movements in these residues were also seen in the reduced bovine CcO structure
(see Discussion). Not seen in the bovine CcO, a few residues on the other side of heme a3 are
moved, in helix IX of RsCcO centered on Ile399I, accommodating the heme a3 ring and tail
displacement towards them.

Structure of the cyanide-bound reduced RsCcO

Cyanide binds at the active site of cytochrome oxidase and prevents oxygen binding, hence its
potent toxic effect on cellular metabolism (32). The structure of the CN-bound, reduced
RsCcO was solved at 2.2 Å resolution (see Table 1 for data collection and structural refinement
statistics). The binding of CN to reduced RsCcO was confirmed by the absorption spectrum of
the frozen crystal before x-ray irradiation (Figure 3), obtained at station 14-BM-C, BioCARS,
Advanced Photon Source, Argonne National Laboratory, using their custom-built on-line
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single-crystal microspectrometer setup as described (27). The spectrum shows the expected
broadened α peak in the 590–606 region (33) (in contrast to the reduced CcO spectrum, Figure
6) . Compared with the reduced active site with no bridging ligand (Figure 2(B), the CN
molecule was clearly resolved between the two metals, shown in Figure 2(C). It is noteworthy
that although previous studies on bovine CcO have suggested two CN binding interactions at
the binuclear center (34), our crystal structure of CN-bound RsCcO only reveals one binding
geometry, likely representing only the predominant form under our experimental conditions.
The same displacement of the porphyrin ring of heme a3, together with the movement of the
mid part of helix VIII seen in reduced structure without CN, is also observed in the CN-bound,
reduced structure. However, due to strong interaction between the carbon ion of CN and Fe-
a3, the Fe2+ has moved back towards the plane of the porphyrin ring and the distance between
CuB and Fe-a3 is approximately 5.0 Å, similar to that in the oxidized structure. Moreover, there
are only three, rather than four, additional waters resolved between the top of the K path and
the active site, with the one closest to the active site missing (Figure 2(B) and (C)).

Structure of the D pathway in the reduced state

In contrast to the structure of the K path, there are no major protein conformational changes
observed in the D path in the reduced vs. oxidized state. As shown in Figure 4, there is no
difference in the ordered, hydrogen-bonded water network connecting the vicinity of D132I to
the vicinity of E286I, or in the aligning residues. The only significant change in the D path
region between the reduced and oxidized structure is in the hydrophobic area between E286I
and the active site. In the oxidized structure, there is a water molecule (W301) resolved in this
location. This water disappears in the reduced structure and in the reduced CN-bound form.
The potential significance of this change is further elaborated later (see Discussion).

Structure of reduced RsCcO with no Cd bound to E101II at K path entrance

Cadmium is an essential ingredient in our crystallization experiments because it mediates
intermolecular crystal contacts (7). Similar to Zn, it is also an known inhibitor of CcO (35,
36). One of the inhibitory binding sites is at the entrance of the K path, E101II (21). In fact,
cadmium is found bound to E101II and H96II in our I-II subunit RsCcO structures in both
oxidized and reduced forms. It is conceivable that the structural changes observed in this work
are somehow related to the fact that the enzyme is inhibited in the K path during dithionite
reduction. In order to test this possibility, a number of crystals were soaked in a Cd-free
stabilizing solution for different periods of time, followed by dithionite reduction. The data
collection on these crystals was performed at the selected wavelength of 1.974 Å (6250 eV)
where Cd has a strong anomalous signal, and the presence of Cd at the E101II site was checked
by an anomalous difference Fourier map. Soaking in Cd-free solution led to Cd dissociation
both at the E101II site and at the crystal contact region; the diffraction limit of these reduced
crystals deteriorated significantly to only 3.3 Å. Nevertheless, it was found that a 1-hour
soaking in Cd-free stabilizing solution followed by a 45-minutes soaking with stabilizing
solution supplemented with dithionite, completely removed the Cd binding at the E101II site,
as evidenced by the disappearance of the intense peak in the anomalous difference Fourier
map. The CcO crystal structure with no Cd at E101II site still showed the displacement of heme
a3 and regions in helix VIII, as described earlier. Due to the lower diffraction resolution limit,
we were unable to confirm the presence of the additional water molecules between T359I and
the binuclear center; however, it is reasonable to conclude that the conformational changes we
see in this study are not a result of the inhibitory binding of Cd at E101II site.

This conclusion is reinforced by studies with the 4-subunit crystal that is produced in the
absence of Cd. This crystal form diffracts to lower resolution than the two-subunit enzyme
crystal; the reduced state was solved at a resolution of 3.2 Å. Although the structure is not of
the resolution to reveal all atomic details, it still clearly shows the key findings of this work,
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including the displacement of heme a3, as evidenced by the widening of the distance between
Y288I-OH and heme a3 farnesyl-OH (Table S1 of the supporting information), as well as the
main chain movement of the mid part of helix VIII. The result confirms that neither the presence
of Cd, nor the absence of subunit III is responsible for the observed conformational changes.

Reversibility of the conformational changes in reduced RsCcO

In order to test whether the conformational changes in the reduced structure were reversible,
a reduced I-II RsCcO crystal was subject to reoxidation by ferricyanide, and the structure of
the reoxidized crystal was determined. The reduced, then reoxidized structure is essentially the
same as that of the oxidized, with all the conformational changes in the heme a3 group, as well
as in the protein moiety returned to the oxidized state (Table S1 of the supporting information).

Biochemical characterization of redissolved, reduced I-II RsCcO crystals

The redissolved reduced crystals of I-II RsCcO have a normal UV-Visible spectrum, as shown
in Figure 5(A), as well as normal oxidase activity measured using an oxygen electrode, as
shown in Figure 5(B). The redissolved reduced I-II RsCcO crystals show suicide inactivation,
typical for CcO lacking subunit III (37), which can be rescued by lower pH (37) (Figure 5(B)).
This effect is also seen in the redissolved oxidized crystals (7). The results show that no
irreversible structural change has been caused by the conditions of crystallization or reduction.

Spectral characterization of RsCcO crystals after x-ray irradiation

It is well known that exposure to x-ray irradiation can have damaging effects on crystals. In
the case of metalloproteins, there are additional concerns about maintenance of the redox state
of the original crystal (27). By using a microspectrophotometer, we were able to investigate
the spectral properties of single, reduced RsCcO crystals after irradiation and the results are
shown in Figure 6. (Note that due to the optical density of the crystals, the Soret peak could
not be reliably recorded in all the spectral studies, and all the spectra are presented in the range
of 465–850nm.) A normal reduced CcO spectrum was observed for crystals after data
collection. Moreover, given time and fresh oxygenated soaking solution, the reduced crystal
reoxidized and displayed a normal oxidized CcO spectrum.

DISCUSSION

It is still a major question in the field of cytochrome oxidase as to the mechanism of coupling
of proton translocation to electron transport. A role for short or long range conformational
changes has been proposed, linking the oxygen chemistry and redox changes in the metal
centers to pK changes in proton transfer or loading sites, and altered proton conducting water
pathways (8, 18, 38–41). Trapping intermediates in catalytic reactions is difficult
crystallographically, given the tendency of crystallization to favor the most stable
conformation. Yet redox-dependent protein conformational changes have been directly
observed in many heme proteins. In the classic example of hemoglobin, binding of oxygen to
the reduced form, or allosteric effectors, elicits long range changes in neighboring subunits
(42). In bacterial nitrite reductase (cytochrome cd1), the reduction of the active site heme d1
leads to significant domain movement of the protein, as well as displacements of the heme c
and heme d1 groups (43). It is certainly the case that redox energy can be harnessed by protein
conformational changes for chemical catalysis (44).

Redox –dependent conformational changes have also been observed in CcO. In the bovine
mitochondrial CcO structure, unlike the RsCcO, a change in position of Asp51 (bovine
numbering; not conserved in Rs) was noted, along with rotation of the OH group of the hydroxyl
farnesyl tail of the low spin heme a some 110° away from its original hydrogen bonding partner,
Ser382I (bovine numbering; Rs, Ser425I). This altered position is accompanied by a

Qin et al. Page 7

Biochemistry. Author manuscript; available in PMC 2010 June 16.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



conformational change in a small patch of residues involving 380–382 (bovine numbering;
Rs, 423–425) of subunit I (45). The movement of this latter patch of residues was also observed
in the reduced structure of RsCcO, as shown in Figure 1. However, the hydrogen bond between
heme a farnesyl-OH and S382I-OH that is broken in bovine CcO is not present in the RsCcO
oxidized structure, due to a different orientation of the heme a farnesyl tail that is not affected
by the redox state.

Heme a, and its precursor heme o, both have long hydroxyl farnesyl tails, and are always found
in the active site of A-type heme copper terminal oxidases, such as the aa3 and bo3 oxidases.
Therefore, it is likely that hemes A and O serve more purposes than merely binding the Fe ion
to facilitate electron transfer, given the extra synthetic investment. One possible functional role
could be to transmit conformational changes driven by the reduction of the Fe ion in the
porphyrin ring, to extend its impact to nearby residues and facilitate proton transfer. Indeed,
in two bacterial quinol oxidases, replacement of high spin heme a or heme o with heme b lead
to loss of enzymatic activity (46, 47), while similar replacement of the low spin heme apparently
yields a functional enzyme (48).

Differences between the reduced RsCcO structure and other reduced oxidases

The major redox-dependent changes we observed here, the displacement of heme a3, the
movement of nearby residues in helix VIII, and the new water molecules resolved between
T359I and the binuclear center, have not been reported previously in CcO structures from other
sources, including the bovine aa3 oxidase (29, 38), the P. denitrificans aa3 oxidase (28), and the
thermophilic bacterial ba3 oxidase (30). Although the structure of the closely related bacterial
aa3 oxidase from Pd in the reduced state was reported to have no corresponding changes (28),
the coordinates are not available in the PDB for direct comparison.

In the reduced bovine CcO structure, the distinctive redox dependent conformational changes
in residue D51 of subunit I (bovine numbering) and in the region of heme a led to a proposed
new proton path (H path), and to a proton pumping mechanism that is centered on heme a and
bypasses the heme-copper binuclear center (29, 38). This mechanism has been supported by
mutational analysis in mammalian cells (49), but neither mutagenesis studies with bacterial
CcOs (50) nor the conformational changes reported here, support the proposed bovine
mechanism. The bovine and bacterial aa3 type CcO share considerable sequence and structural
homology, suggesting, but by no means proving, a similar mechanism for proton pumping.
More studies will be required to understand the similarities and differences between these
intricate energy conserving machines.

It is important to recognize that changes in crystal structures, or lack thereof, may be misleading
since different conditions of crystallization may mask or favor certain conformational states.
In either case, the true nature or extent of structural change may not be revealed. In this regard,
the crystallization and reduction of bovine CcO crystals were performed at 4°C, while bovine
CcO is designed to work at a cow’s body temperature of 40°C. On the other hand, RsCcO is
designed to function well over a broader temperature range (10°C to 40°C). Studies with
enzymes from the thermophilic bacteria show that there is a significant difference in their
conformational flexibility at suboptimal temperatures compared to orthologous proteins from
mesophilic organisms (51). In crystallography, the temperature is usually low and the ionic
strength high, conditions that may favor a “ground state” conformation rather than a transient
intermediate. This has been documented in the case of reduced and oxidized cytochrome c
(52, 53).

The changes observed in our study are not seen in reduced structures of the ba3 oxidase from
Thermus thermophilis (30). Aside from the likely difference in flexibility due to a 70°C
temperature optimum, this enzyme has been reported to lack a D path (54). If so, the mechanism
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and regulation of proton uptake may be different from that of the A-type oxidase, and may not
involve similar conformational changes.

The route of proton uptake through the K path

Previous studies indicate that the K path is responsible for the transport of one to two protons
to the binuclear center during the initial metal reduction half of the catalytic cycle (O→R) (8,
12, 55). During the oxygen reduction phase of the cycle, the K path is expected to be closed
(19) since evidence suggests that the D path alone is providing the protons during the P→F→O
reactions (8, 9, 56). A conformational change of the K362I residue was proposed to break the
hydrogen bonded network that transports protons to the active site when oxygen binds at the
reduced binuclear center (12). Although only two water molecules, bonded to K362I and to
T359I, are resolved in the K path (6, 7), computational MD analysis predicts the presence of
more water in this channel, with the ability to form a hydrogen bonded network (57).

In a molecular dynamics study of RsCcO in the reduced state, a rotation of T359I was necessary
to facilitate the formation of a hydrogen bonded water chain from the K362I–S299I region to
heme a3 farnesyl-OH (57). Interestingly, a bridging water molecule was also observed for an
extended period of time between Y288I-OH and heme a3 farnesyl-OH, as observed in this
study. Additional fixed water molecules were seen in the MD study leading from Y288I-OH
to the binuclear center itself, an observation also consistent with our crystal structure, albeit
the exact positions of the water molecules in the two studies are different.

In another model (18), the strong hydrogen bond between the Y288I-OH and heme a3 farnesyl-
OH is envisioned to be a gate controlling proton uptake through the K path. In the oxidized
enzyme, the average distance between the two OH groups is 2.6 Å in the high resolution crystal
structures of bovine and RsCcO, indicating that the gate is closed. During the initial reductive
phase of the cycle, the covalently crosslinked Y288I/H284I ligand of CuB is proposed to be
transiently released from CuB, and to undergo a conformational change that weakens the OH-
OH hydrogen bond and opens the gate (18). In line with this prediction, one could postulate
that the trigger for the conformational changes seen in the reduced crystal structure is the
rearrangement of the His-Tyr CuB ligand, resulting in a loss of the OH-OH bond.

The observed conformational flexibility of helix VIII is also consistent with H/D exchange
studies, which identify this region as largely solvent inaccessible in the oxidized state, but
becoming solvent accessible in the reduced state (19). In addition, computer modeling studies
using the ProFlex program (58) suggest that this part of helix VIII is a relatively flexible region
(Buhrow L. and Kuhn, L., unpublished work).

The coordination between the D path and the K path

H/D exchange studies of RsCcO in various intermediate states show little solvent accessibility
for the majority of D path residues during the catalytic cycle (19). It is therefore perhaps not
surprising that the hydrogen bonded water chain connecting D132I to E286I is highly stable in
many crystal structures, with the exception of mutants that are known to affect proton uptake,
such as D132AI (Liu et al, unpublished results). Indeed, we observe no change in the D path
water chain between the oxidized and reduced states of the wild type RsCcO.

E286I, a key residue in the D path buried in the center of the membrane, was suggested by
experimental and modeling studies to undergo conformational changes during the cycle, from
a down-position connected to the D path, to an up-position connected to the active site or to
the D-propionate region above heme a3 via newly formed water chains (11, 59, 60). This
conformational change is suggested to be a D path gate (61). None of the crystal structures of
CcO available so far have revealed the postulated additional water chains in this largely
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hydrophobic area. However, in the crystal structure of the two-subunit RsCcO in the oxidized
state, one water molecule is resolved in a position that could be part of such a chain (7) (Figure
4). The position of this additional water molecule is unique: it forms hydrogen bonds with the
main chain carbonyl oxygen of G283I, as well as the CuB ligand OH−. Interestingly, this
additional water is also within hydrogen bonding distance of the carboxyl oxygen of E286I
when it is in one of its possible up-conformations, making this water a candidate for bridging
between the D path and the active site. This water could also connect to a proton exit route,
via crystallographically unresolved water molecules. It is seen in a number of high resolution
RsCcO structures in the oxidized state, including the deoxycholate bound structure (PDB entry
3DTU)(62), as well as several structures of mutant forms (Liu et al, unpublished work).

However, this water disappears completely in the reduced structure, partly because one of its
hydrogen bonding ligands, the OH− bound to CuB, is lost from the binuclear center. The
disappearance suggests that the D path connection to the binuclear center is disrupted, at the
same time as the K path connection is open. This implies a coordinated change in connectivity
to the binuclear center with access controlled by the metal chemistry to prevent proton short
circuiting between the two pathways.

Other possible explanations for the observed structural changes in the reduced RsCcO

Suicide inactivation is a typical behavior observed in CcO lacking subunit III. It is characterized
by spontaneous and irreversible loss of activity during catalytic turnover (37). The underlying
mechanism of suicide inactivation is not entirely understood at present, but it occurs when
proton uptake through the D path (but not the K path) is impaired and not compensated for by
proton backflow (63). As expected, the redissolved I-II subunit RsCcO crystal exhibits suicide
inactivation during steady state turnover (7). It is reasonable to speculate that the observed
structural changes in the reduced I-II subunit CcO could represent a form of the enzyme that
is already inactivated, or an intermediate en route to inactivation. However, when the reduced
crystals are redissolved, they exhibit normal spectrum and oxidase activity (Figure 5). When
the reduced crystals were reoxidized with ferricyanide, the displacement of heme a3 and residue
movements in helix VIII returned to normal. Most importantly, these structural changes were
also seen in the reduced structure of the four-subunit RsCcO, which does not show suicide
inactivation. These lines of evidence demonstrate that this structure is not an artifact of the two
subunit enzyme. Similarly, as described in Results, the changes in conformation associated
with reduction are not due to the inhibitory binding of Cd at the E101II site.

It should also be noted that reduction was carried out on crystals that were formed in the
oxidized state. Thus it is possible that the changes seen are restricted by the crystal packing,
which may limit the longer distance transmission of conformational effects.

In conclusion the crystal structure of the RsCcO in the fully reduced form shows novel
structural changes compared to the oxidized form, which could simulate a physiological
intermediate during the catalytic cycle. The major changes in the region of heme a3 and helix
VIII have not been reported in reduced structures of CcO from other sources, but are consistent
with evidence from computational and H/D exchange approaches. The observed changes
minimally indicate significant flexibility in the region of heme a3, and suggest a specific
mechanism for gating of the K path and for alternating access to the D and K pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CcO, cytochrome c oxidase
Rs, Rhodobacter sphaeroides

I–II RsCcO, the form of RsCcO containing the catalytic core subunits I and II
Pd, Paracoccus denitrificans

PDB, Protein Data Bank
ATP, adenosine triphosphate
PEG-400, polyethylene glycol with an average molecular weight of 400
MES, 2-(N-morpholino)ethanesulfonic acid
HEPES, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
TMPD, N,N,N′,N′-tetramethyl-p-phenylenediamine
MD, molecular dynamics. Unless otherwise noted, the amino acid numbering of cytochrome
c oxidase in this article is from Rhodobacter sphaeroides, with the subscript representing the
subunit number
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Figure 1.

Comparison of RsCcO structure between the reduced and oxidized states. (A). Overall structure
of I-II subunit RsCcO. In the reduced structure, the protein backbone is displayed in cartoon
and colored by different subunits (subunit I: green; subunit II: cyan), and the heme groups, a
and a3, are shown in sticks and colored by atom type (C: magenta; O: red; N: blue). The metals
in the reduced structure are displayed in spheres and colored differently (Fe: orange; Cu: wheat;
Mg: blue). In the oxidized structure, the protein subunits are colored yellow, and the heme
groups and metals are colored gray. Two patches of peptides in the reduced structure, where
significant conformational changes are observed compared with those in the oxidized structure,
are shown in deep salmon. (B). Structure at the active site region. The reduced structure is
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colored in the same manner as in (A), while that of the oxidized structure is colored yellow.
The (2Fo-Fc) difference Fourier map contoured at 1.0 σ level is colored light blue. Several key
residues in the structures are displayed in sticks, and colored by atom type in the reduced
structure and yellow in the oxidized structure.
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Figure 2.

Structural comparison of the active site in the oxidized (A), reduced (B) and cyanide-bound
reduced (C) states of RsCcO. (A). In the oxidized structure, the protein backbone is colored
yellow, heme a3 and several key residues in the active site region are displayed as sticks and
colored by atom type (C: yellow; O: red, N: blue). The metals Fe-a3 and CuB are displayed as
spheres and colored orange and wheat, respectively. The two bridging ligands between CuB
and Fe-a3, temporarily assigned as an OH− ligated to CuB and a water ligated to Fe, are
displayed as small red spheres. The water molecule (W301) resolved in the hydrophobic region
near the binuclear center between the top of the D path and the binuclear center is displayed
as a cyan sphere. (2Fo-Fc) difference Fourier map contoured at 1.0 σ is colored blue. (B). In
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the reduced structure, the protein backbone is colored green, several key residues in the active
site region is colored by atom type (C: green; O: red; N: blue), and heme a3 is colored by a
different color scheme (C: magenta; O: red; N: blue). The metals are displayed in the same
manner as in (A), and additionally resolved water molecules in the reduced structure are
displayed in small red spheres. (2Fo-Fc) difference Fourier map surrounding the binuclear
center, contoured at 1.0 σ, is colored blue; and that surrounding the additionally resolved water
molecules is colored red. (C). In the cyanide-bound reduced structure, the protein backbone is
colored cyan, several key residues in the active site region is colored by atom type (C: cyan;
O: red; N: blue), and heme a3 is colored by a different color scheme (C: salmon; O: red; N:
blue). The metals and additionally resolved water molecules in the reduced structure are
displayed in the same manner as in (B). The cyanide molecule is displayed as sticks and colored
by atom type (C: gray; N: blue). (2Fo-Fc) difference Fourier map is displayed in the same
manner as in (B). In all structures, the O-O distance between the Y288I-OH and the OH group
of the heme a3 hydroxyl farnesyl tail is represented by the brown dashed line and labeled.
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Figure 3.

Spectrum of CN-bound reduced RsCcO crystal. The spectrum was taken of the frozen crystal
before irradiation at 100K at beamline 14-BM-C, BioCARS, Advanced Photon Source as
described in Materials and Methods.
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Figure 4.

Comparison of the reduced vs. oxidized structures in the D path. In the reduced structure, the
amino acid residues are displayed in sticks and colored by atom type (C: green; O: red, N:
blue), and heme a3 also displayed as sticks and colored by atom type (C: magenta; O: red; N:
blue). Water molecules resolved in the D path are displayed as small red spheres. In this view,
the CuB center is deep in the background and hardly visible, and its presence is highlighted by
a brown dashed circle. (2Fo-Fc) difference Fourier electron density map, contoured at 1.0 σ,
is colored dark red for regions surrounding the D path waters, and blue for everywhere else.
The oxidized structure is displayed in the same style as in the reduced structure and is colored
yellow, except that the extra water (W301) resolved between the top of the D path and the
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binuclear center is shown as a cyan sphere. One of the ligands of W301 in the oxidized structure,
temporarily assigned as an OH− ligated to CuB, is not clearly visible in this view and its presence
is highlighted by a yellow circle and is labeled as CuB ligand in the figure.
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Figure 5.

(A). Optical spectrum of redissolved reduced crystals of I-II RsCcO. The spectrum is obtained
by dissolving previously reduced crystals in buffer with added dithionite, showing native
CcO characteristics. (B). Activity assays of redissolved reduced I-II RsCcO crystals. Suicide
inactivation of CcO is observed at pH 7.4 (red trace), with an initial velocity of 1067 e−/sec;
this suicide inactivation is alleviated by lowering pH (pH 6.2, blue trace), with an initial velocity
of 1680 e−/sec.
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Figure 6.

Spectral studies of irradiated reduced crystals. The blue spectrum was taken immediately after
the irradiated, reduced crystal was transferred from liquid nitrogen into the soaking buffer that
contained a small amount of dithionite to remove oxygen and prevent oxidation. The magenta
spectrum was taken approximately two minutes after the crystal was soaked in the cryosolution
supplemented with dithionite. The dark green spectrum was taken approximately 10 minutes
after the soaking buffer was exchanged into fresh oxygenated buffer. The spectra that were
recorded show normal characteristics of the native enzyme.
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Table 1

Data collection and refinement statistics of reduced and cyanide-bound reduced RsCcO.

Dithionite reduced Cyanide-bound dithionite reduced

A. Unit Cell Parameters

Space Group P 212121 P 212121

Cell dimensions (Å) a=124.6 b=131.5 c=176.2 a=124.3 b=131.9 c=176.2

Molecules per asym. unit 2 2

B. Data Collection

Resolution range (Å)   50 – 2.15 (2.15 – 2.206)a  50 – 2.2 (2.20 – 2.257) a

Completeness (%) 99.1    (92.7) a 96.2   (73.5) a

No. of unique reflections 151,414   (10,311) a 137,425   (7,652) a

Redundancy 4.6      (4.0) a 6.7     (3.7) a

Rmerge (%) 6.5    (60.6) a 7.2    (52.0) a

I / σ 20.8    (1.8) a 20.3   (1.9) a

C. Structural Refinement

No. of refined atoms 13615 13605

R-factor / R free (%) 19.6 / 22.1 (27.4 / 29.5) a 19.4 / 21.9 (25.5 / 30.1) a

Average B-factor 45.8 44.0

R.m.s.d. bond length (Å) 0.012 0.011

R.m.s.d bond angle (o) 1.227 1.155

Rmerge = ∑ | Ih - <Ih> | / ∑ Ih over all h, where Ih is the intensity of reflection h.

R-factor= ∑ | |Fo| – |Fc| | / ∑ |Fo|; where Fo and Fc are the observed and calculated structure factors, respectively. A randomly selected subset of the data
(3%, approximately 4000 reflections) was used to calculate Rfree

a
highest resolution shell
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