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Cytochrome c oxidase (CcO) is the terminal enzyme in the
electron transfer chain in the inner membrane of mitochon-
dria. It contains four metal redox centers, two of which, CuB
and heme a3, form the binuclear center (BNC), where dioxygen
is reduced to water. Crystal structures of CcO in various forms
have been reported, from which ligand-binding states of the
BNC and conformations of the protein matrix surrounding it
have been deduced to elucidate the mechanism by which the
oxygen reduction chemistry is coupled to proton translocation.
However, metal centers in proteins can be susceptible to X-ray-
induced radiation damage, raising questions about the reli-
ability of conclusions drawn from these studies. Here, we used
microspectroscopy-coupled X-ray crystallography to interro-
gate how the structural integrity of bovine CcO in the fully
oxidized state (O) is modulated by synchrotron radiation.
Spectroscopic data showed that, upon X-ray exposure, O was
converted to a hybrid O* state where all the four metal centers
were reduced, but the protein matrix was trapped in the
genuine O conformation and the ligands in the BNC remained
intact. Annealing the O* crystal above the glass transition
temperature induced relaxation of the O* structure to a new R*
structure, wherein the protein matrix converted to the fully
reduced R conformation with the exception of helix X, which
partly remained in the O conformation because of incomplete
dissociation of the ligands from the BNC. We conclude from
these data that reevaluation of reported CcO structures ob-
tained with synchrotron light sources is merited.

Cytochrome c oxidase (CcO) is the terminal enzyme of the
electron transport chain in the inner mitochondrial membrane
in eukaryotes and the plasma membrane in prokaryotes (1–3).
It catalyzes the four-electron reduction of dioxygen to two
water molecules and harnesses the redox energy to pump four
protons across the membrane against an electrochemical
proton concentration gradient (2, 4).
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Crystal structures of bovine heartCcO(bCcO) show that it is a
homodimer (5) with each monomer comprised of 13 subunits
and four redox sites: CuA, heme a, CuB, and heme a3 (Fig. 1A).
CuB and heme a3 constitute the so-called binuclear center
(BNC), where dioxygen is reduced to water. During the reduc-
tion reaction, four electrons are sequentially passed from cyto-
chrome c viaCuA and heme a to the dioxygen bound to heme a3
in the BNC; at the same time, four protons (the “substrate
protons”) are taken up from the negative side of the mito-
chondrial membrane to generate two water molecules. Coupled
with the dioxygen reduction chemistry, four additional protons
(the “pumped protons”) are translocated from the negative to
the positive side of the mitochondrial membrane (2).

Time-resolved studies showed that the oxygen reduction re-
action follows a biphasic mechanism (Fig. 1B) (6–10). In the
oxidative phase, the fully reduced enzyme (R) binds O2 to form
the O2 complex (A), which then converts to the fully oxidized
enzyme (OH) via the P and F intermediates, during which two
electrons and two substrate protons (blue) are loaded into the
BNC and two pumped protons (green) are translocated through
the protein matrix to the positive side of the membrane. In the
ensuing reductive phase,OH converts back to theR state via the
putativeEH intermediate, during which two additional electrons
and two substrate protons (blue) are transferred into the BNC; at
the same time, two water molecules are released, and two pump
protons (green) are translocated. All the oxygen intermediates,
except EH, have been identified spectroscopically (8–11).

The OH intermediate produced at the end of the oxidative
phase is redox equivalent to the resting oxidized O state, but if
OH is allowed to relax to O, its subsequent reduction to R is
unable to drive proton translocation (6), indicating that OH is
structurally distinct from the resting O state. To identify the
molecular origin enabling the OH state, but not the O state, to
translocate protons, it is important to fully understand the
identity of the ligand(s) in the BNC and the conformations of
the two heme groups, as well as the protein environment
surrounding them in the two states. The crystal structures of
bCcO, as well as several bacterial CcOs, in their resting O state
have been reported (12–15). However, the identity of the li-
gand(s) in the BNC remains elusive. In bCcO (12), as well as in
Paracoccus denitrificans CcO (14), the ligand was assigned as a
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Figure 1. Structure of the metal centers in subunits I and II. In bCcO (A) and the proposed biphasic sequential mechanism (B). A, shows the locations of
the four redox centers, CuA, heme a, CuB, and heme a3, with respect to helix X and loop I–II in bCcO. The structure is from Protein Data Bank (ID: 7TIE). The
Mg atom and the E198 from subunit II that links Mg to CuA are also shown as indicated. B, shows the proposed dioxygen reduction mechanism depicting
the correlation of the changes in the oxidation and ligation states of the BNC with the entry of four electrons and four substrate protons (in blue) into the
BNC and the translocation of four pumped protons (in green) (see the full description in the main text). If OH produced at the end of the oxidative phase is
allowed to relax to the resting O state, its reduction to R does not support proton translocation. bCcO, bovine heart CcO; BNC, binuclear center.

X-ray-induced reduction of cytochrome c oxidase
peroxide bridging the heme a3 iron and CuB, but this assign-
ment has been questioned (16, 17). Similar ambiguity exists in
other bacterial CcOs, where the ligand density was modeled by
a water coordinated to heme a3 and a hydroxide ion coordi-
nated to CuB (13) or a single hydroxide ion, or water, bridging
the two metal centers (18, 19).

Thecharacterizationof the ligand identity in theBNCofCcOis
complicated by X-ray-induced radiation damage (16, 20, 21). X-
ray-induced radiation damage to protein crystals has been
extensively studied (22, 23).Anupper dose limit of 30,000kGy for
typical proteins has been established by Owen et al. (24). This
dose limit is much lower for metalloproteins, �3 kGy, as metal
centers in proteins are susceptible to photoinduced reduction
and/or ligand dissociation (21, 25–28). Radiation-induced metal
reduction in the oxidized forms of CcO crystals has been recog-
nized based on optical spectra acquired followingX-ray exposure
(12, 18, 29–31), which raises an important question: do the
structures solved by synchrotron light sources reflect the genuine
forms of CcO? To address this question, here we sought to use
microspectroscopy-coupled X-ray crystallography at the BL9-2
beamline at Stanford Synchrotron Radiation Lightsource
(SSRL) to systematically interrogate the effects of synchrotron
radiation on the structural properties of bCcO in the fully
oxidized O state. As a comparison, a set of O and R structures
wereobtained at Sector 31of theAdvancedPhotonSource (APS).
Results and discussion

X-ray-induced reduction of redox centers

We crystalized bCcO in the fully oxidized state, O, and
acquired its diffraction data at 100 K with an X-ray exposure of
�161 kGy at the BL9-2 beamline at SSRL. The structure was
2 J. Biol. Chem. (2022) 298(4) 101799
refined to a resolution of 2.35 Å (Protein Data Bank [PDB] ID:
7TIH, Table S1). It is similar to a higher resolution structure
obtained at the APS (PDB ID: 7TIE, Table S1) and other re-
ported structures of fully oxidized bCcO obtained with syn-
chrotron light sources (32, 33). Prior to the diffraction
measurement, an optical absorption spectrum of the crystal
was acquired in situ with a microspectrometer equipped at the
beamline. The spectrum has a Soret and visible band at 424
and �593 nm, respectively (Fig. 2A, spectrum a). It is in good
agreement with that of the O state obtained in free solution
(Fig. 2B, spectrum a, see the supporting information for the
assignment of the bands). However, following the diffraction
measurement, the crystal exhibited a new spectrum with (i) the
appearance of a Soret band at 440 nm, at the expense of the
424 nm band (Fig. 2A, spectrum b), (ii) the development of a
sharp visible band at �600 nm, and the concomitant reduction
of the broad 593 nm band, and (iii) the growth of a small
shoulder at �583 nm and two weak bands in the 500 to
560 nm region. We assign the spectral component with the
440 and 600 nm bands to a low-spin ferrous heme a, whereas
the remaining component with the 424 and 593 nm bands to a
low-spin ferrous heme a3 with a sixth ligand coordinated to its
iron (34, 35). The latter assignment is supported by the simi-
larity of the visible bands to those of CO-bound reduced
bCcO, where the ferrous heme a3 is coordinated by the CO
ligand (Fig. 2B, spectrum c). Associated with the changes in the
heme-associated bands, the broad band at �900 nm, which is
characteristic of the cupric CuA, disappeared (see the upper
inset in Fig. 2A), indicating that CuA is reduced. Taken
together, the spectral data suggest that all the four redox
centers in bCcO are completely reduced by the X-ray beam,
but the ligation state of the BNC is distinct from that in the
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Figure 2. Absorption spectra of the fully oxidized bCcO crystal studied. In this work (A) versus those of bCcO obtained in free solution (B). A, spectra a
and b were obtained before and after the first X-ray exposure, respectively; spectra c and d were obtained from the same crystal following annealing before
and after the second X-ray exposure, respectively. Spectrum e is a reference spectrum of a fully reduced ligand-free crystal. The upper right inset displays an
expanded view of spectrum a (top) and b (bottom) showing the presence of the broad band at �900 nm associated with CuA in the cupric state in spectrum
a, which is absent in spectrum b. bCcO, bovine heart CcO.

X-ray-induced reduction of cytochrome c oxidase
fully reduced R state (spectrum b in Fig. 2), which is free of
ligands. Structural comparison indicates that the protein
structure is analogous to the authentic O structure obtained
with serial femtosecond crystallography (PDB ID: 6NMP),
where radiation damage is minimized (36), instead of the R
structure (PDB ID: 7THU, Table S1), indicating that X-ray
exposure during the diffraction measurement induces com-
plete reduction of the four redox centers, but the protein
matrix is locked in the fully oxidized O state. This hybrid state
is referred to as O* hereinafter.

Annealing-induced protein conformational relaxation

We proposed that the O* state is stabilized at the cryogenic
temperature because of limited protein motion. To allow the
relaxation of the protein matrix, we annealed the O* crystal to
above the protein glass transition temperature (�200 K) for 2 s
and then lowered the temperature back down to 100 K and
acquired a new set of diffraction data at the same irradiated
spot. In parallel, we obtained the in-crystal spectra before and
after the diffraction measurement to identify potential changes
in the redox and/or ligand coordination states of the metal
centers.

As shown in spectrum c in Figure 2A, after annealing, the
Soret band at 440 nm became somewhat sharper and shifted
slightly to 437 nm, whereas the 424 nm band was slightly
weakened. At the same time, the visible band at 600 nm was
sharpened and the shoulders at 583 and 593 nm were
diminished. These spectral features suggest the development
of a new ligand-free ferrous heme a3 component and small
adjustment in the heme a conformation. Following the
second diffraction measurement, only minor modifications
in the spectrum were identified (spectrum d), which possibly
reflect small fine-tuning in the protein matrix surrounding
the redox centers. The data indicate that the second X-ray
exposure did not lead to additional reduction of the redox
centers, consistent with the view that the redox centers had
been fully reduced by the first X-ray exposure. In general,
the spectral data indicate that the annealing following the
first X-ray exposure induced partial dissociation of the heme
a3 ligand as well as the relaxation of the heme a confor-
mation and the protein matrix surrounding the redox cen-
ters. The fact that spectrum c and d are distinct from that of
the fully reduced R species (spectrum e) indicates that the
annealing treatment is insufficient to drive the full conver-
sion of O* to R.

The structure of bCcO acquired following the annealing was
solved to a resolution of 2.45 Å (PDB ID: 7TII, Table S1). This
unique structure, referred to as R* hereinafter, is significantly
different from the O* structure obtained prior to the anneal-
ing, in particular, in three structural regions, heme a, loop I–II,
and helix X, where large differences were identified in the
resting oxidized O versus the fully reduced R structures
(Figs. S1 and S2). In the R* structure, the farnesyl side chain of
heme a rotated by 120� with respect to that in the O* struc-
ture, such that the OH group forms a new H-bond with S34
instead of S382 (Fig. 3A, green versus blue structure), a hall-
mark of the reduced heme a (36). Likewise, loop I–II in the
R* structure was best modeled with the conformation char-
acteristic of the R structure, whereas that in the O* structure
was best modeled with the conformation characteristic of the
O structure (Fig. 3B, green versus blue structure). These data
indicate that the annealing induces structural transitions in
heme a and loop I–II from their oxidized conformations to
their reduced conformations.

In contrast to heme a and loop I–II, the annealing-induced
structural transition in the helix X region was more compli-
cated. Helix X is a key structural element of bCcO, as it hosts
the aforementioned S382 residue, as well as the proximal
J. Biol. Chem. (2022) 298(4) 101799 3
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X-ray-induced reduction of cytochrome c oxidase
ligands of heme a and heme a3 (H378 and H376, respectively).
Our previous studies showed that the conformation of helix X
is sensitive to the ligand-binding state of heme a3, regardless of
its oxidation state (21) (Fig. S2). In the ligand-free ferrous state,
it adopts a normal α-helical structure (referred to as the closed
conformer [CC] hereinafter), but when a ligand binds to heme
a3, the helical structure of the [380–385] fragment is disrupted
(21) (referred to as the open conformer [OC], hereinafter). The
[380–385] fragment in theO* structure could be modeled with
the OC without detectable features in the FO–FC difference
map, indicating the presence of a ligand coordinated to the
ferrous heme a3. In contrast, when the same fragment in the
R* structure was modeled with the CC, unusually high
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B-factor values were detected in the 382-residue region
(Fig. 4B, trace b); in addition, in the FO–FC difference map,
significant positive features coinciding with those expected for
the OC were identified (Fig. 4A, panel a), suggesting the
coexistence of the CC and OC. This scenario is in good
agreement with the spectral data shown in Figure 2A, indi-
cating partial dissociation of the heme a3 ligand upon
annealing. It is important to note that annealing-induced
ligand dissociation following X-ray-induced reduction is not
unprecedented. It has been documented in bacterial CcOs
(18, 30) and in several ferric hemeprotein systems (27, 37),
which share a common feature that the heme iron ligands
(either a water or a hydroxide) are constrained in the heme
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X-ray-induced reduction of cytochrome c oxidase
pockets when the metal centers were reduced and were unable
to dissociate unless the temperature of the crystals was raised
above the protein glass transition temperature.

To determine the relative contributions of the two con-
formers, we employed a B-factor analysis method (38). The
R* structure was modeled with x[OC] + (1 − x)[CC], where the
parameter “x” represents the fractional occupancy of the OC.
We varied “x” and recorded ΔB, defined as the average back-
bone B-factor of the CC minus that of the OC in the [379–386]
residue range. The average B-factors of the two conformers are
predicted to be comparable; hence, ΔB is expected to be zero.
Based on this analysis, we found that the R* structure was best
modeled with a mixture of a 55% OC and a 45% CC (see the
right inset in Fig. 4B). This structure assignment is supported
by the observation that there are no detectable features in the
FO–FC difference map when the R* structure was modeled
with the mixed conformer (structure c, Fig. 4A), and that the
B-factor plot of the final refined structure with the mixed
conformer (trace c, Fig. 4B) is comparable with that of the
O* structure (trace a).
Ligand-binding state of the BNC

To determine how the protein conformational relaxation
correlates with the ligand-binding state of the BNC, we
examined the electron density in the BNC of the O* and
R* states. Strong ligand density was identified in the FO–FC
difference map in the O* state when the ligand(s) were not
modeled (Fig. 5A). In the R* state, the electron density was
significantly reduced (Fig. 5B), but not entirely eliminated,
consistent with the view that the ligand(s) are only partially
dissociated from the BNC.
Figure 5. Ligand-binding state of the BNC in the O* versus R*. A and B, sho
7.00 and 1.50 σ, respectively, of the O* and R* states without the ligand mod
ligands in the BNC. C and D, show the polder maps of the ligands in the BNC
sponding 2FO–FC electron density maps with the ligands modeled with a hydro
occupancies are estimated to be 86 and 80%, respectively, for O* and 63 and
the associated FO–FC density maps contoured at 3.0 σ (not shown), supportin
What is the identity of the ligand(s) in the BNC of the
O* and R* states? As the O* and R* states are formed by X-ray
exposure to the O state, [O→ O*→ R*], it is important to first
consider the structure of the O state. It has been proposed that
the heme a3 and CuB in the resting oxidized O state are
bridged by a peroxide, with the [Fe3+–O−–O−–CuB

2+]
configuration (12, 39). However, it is unclear how the peroxide
is formed in the BNC and what prevents the peroxide from
spontaneous O–O bond scission. Moreover, modeling the
ligand density with an unrestrained O–O bond leads to a
structure with an excessively long O–O bond distance
(1.75–1.9 Å) (12, 39). Here, we hypothesize that, in the resting
O state, heme a3 and CuB are coordinated by a hydroxide ion
and a water molecule, respectively [Fe3+–OH−…H2O–CuB

2+],
as that originally proposed for the structure of OH based on
spectroscopic studies conducted in free solutions (9) and that
proposed for a comparable O structure of a bacterial aa3 type
of CcO (13). In addition, we assume that X-ray-induced metal
reduction does not affect the nature of the ligands, whereas
annealing allows partial dissociation of the ligands from the
BNC. Accordingly, we modeled the ligand density in O* and
R* with OH− and H2O coordinated to heme a3 and CuB,
respectively.

As shown in Figure 5C, the ligand density in the O* state
can be nicely accounted for by a OH− ion that is coordinated
to heme a3 and a H2O molecule that is 2.35 Å away from CuB.
Although with the current resolution, H2O and OH− are
indistinguishable, the presence of two oxygen-containing li-
gands in the BNC is evident (see the polder map (40) on the
left panel). With two other water molecules in the vicinity of
the BNC as an internal standard (assuming both water mole-
cules have full occupancy) (Fig. S3), the occupancy of the
w the FO–FC maps (left panels) and 2FO–FC maps (right panels), contoured at
eled. The green density shown in the FO–FC maps highlight the unmodeled
of the O* and R* states, respectively (contoured at 4.5 σ), and the corre-
xide ion and a water molecule in the BNC (contoured at 1.00 σ). The ligand
35%, respectively, for R*. No positive or negative features are identifiable in
g the reliability of the modeling. BNC, binuclear center.

J. Biol. Chem. (2022) 298(4) 101799 5
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OH− and H2O ligands was estimated to be 86 and 80%,
respectively (Table S2). Similar results were obtained on a
comparable oxidized enzyme (PDB ID: 7TIE, Fig. S4) obtained
at the APS (although absorption spectra before and after X-ray
exposure were not obtained). Likewise, the ligand density in
the R* structure can be nicely accounted by OH− and H2O,
with the occupancy of the OH− ligand slightly reduced to 63%,
whereas that of the H2O ligand dramatically reduced to 35%
(Fig. 5D, left panel). The 2FO–FC maps resulting from the
modeling are shown in the right panels of Figure 5, C and D;
the absence of detectable features in the corresponding FO–FC
difference maps supports the reliability of the fitting.

The O–O distance between the OH− and the H2O ligands in
the O* structure is 1.95 Å, somewhat shorter than a typical
H-bond. It is conceivable that the reduction of the metal centers
in the BNC in theO* state leads to a high-energy configuration,
[Fe2+–OH−...H2O–CuB

1+], where the two oxygen ligands are
pushed together. It is notable that short O–Odistances between
the two oxygen ligands in the BNCof the oxidized forms ofCcOs
from Thermus thermophilus (TtCcO) have been reported.
Specifically, crystallographic studies of caa3 TtCcO carried out
by Lyons et al. (41) showed that the ligand density was best
modeled with a water molecule on heme a3 and a hydroxide on
CuB with an O–O separation of 2.3 Å. Similarly, density func-
tional theory calculations of ba3 TtCcO carried out by Du et al.
(42) showed that when the ligands were modeled with a hy-
droxide coordinated to heme a3 and a water coordinated to CuB,
the O–O distance was 2.45 Å.

Conclusions

X-ray-induced reduction of metal centers can be problem-
atic in structural determination of metalloproteins. Here, we
demonstrated that X-ray exposure to the oxidized bCcO
crystal during the diffraction measurements led to an
O* structure, where the four redox centers were fully reduced,
but its protein matrix was locked in the resting O structure at
the cryogenic temperature employed. Although the reduction
of the metal centers did not affect the polypeptide structure,
the hydroxide and water ligands in the BNC were pushed
together by the reduced heme a3 iron and CuB. Annealing of
the O* crystal to above the glass transition temperature
enabled the relaxation of the protein to a new R* structure,
where the polypeptide adopted the fully reduced R structure,
except that the helix X partially remained in the O confor-
mation as the ligands in the BNC were only partially dissoci-
ated. The incomplete transition of the O* structure to the fully
reduced R structure upon annealing suggests a high-energy
barrier for ligand dissociation from the BNC during the O →
R transition in the oxygen reduction cycle.

Experimental procedures

Sample preparation

CcO was isolated and purified from bovine hearts by stan-
dard procedures (43, 44). The protein was further purified by
concentrating it in an Amicon apparatus with a 200 kD mo-
lecular weight cutoff filter, where it was crystallized as
6 J. Biol. Chem. (2022) 298(4) 101799
microcrystals. The microcrystals were harvested and redis-
solved in pH 6.8 phosphate buffer (40 mM) containing 0.2%
decylmaltoside to generate the crystallization protein stock.
This as-prepared resting oxidized enzyme has a Soret ab-
sorption peak at 424 nm, characteristic of the “fast” enzyme
(45, 46) (Fig. 2). The crystals were grown in pH 6.8 phosphate
buffer (40 mM) with 0.2% decylmaltoside and 2.5% PEG4000,
using an under-oil batch method. Nanocrystal seeds were
included in the crystallization solution to ensure the repro-
ducibly of the crystals. To produce the seeding solution, large
crystals were crashed and sonicated in the mother solution.
The large plate-like crystals, with a typical size of 400 × 400 ×
80 μm, were harvested and cryoprotected by 45% ethylene
glycol using a stepwise soaking protocol. The crystals were
then flash frozen in liquid nitrogen.

Diffraction and optical absorption measurements

The before and after annealing diffraction data were ob-
tained at a cryogenic temperature (100 K) at the beamline
BL9-2 at the SSRL. The X-ray beam size was 100 × 60 μm, and
the photon flux was 4.3 × 1010 (photons/s). We first acquired
an absorption spectrum of the fully oxidized crystal to ensure
its integrity. We then collected the first set of diffraction data
to determine its structure. After the diffraction measurement,
we acquired another absorption spectrum to examine X-ray-
induced changes to the redox centers. We next blocked the
cold nitrogen stream, which maintained the temperature of the
crystal at 100 K, for 2 s until the temperature of the crystal was
raised above the protein glass transition temperature (�200 K),
to promote the relaxation of the protein matrix. We then ac-
quired a new set of diffraction data to determine the structural
impact of the annealing. We acquired the absorption spectra of
the crystal before and after the second diffraction measure-
ment to examine the annealing-induced structural changes
and the impact of the second X-ray exposure.

All the absorption spectra were obtained in situ with a
microspectrometer equipped at the beamline BL9-2. The light
beam, coinciding with the X-ray beam, was directed to the
sample along the shortest axis of the plate-like crystal, to
ensure that the whole spectrum in the 400 to 1000 nm region
could be measured without saturation problems. The spot size
of the light beam (�50 × 50 μm) was much smaller than that of
the X-ray beam (�100 × 60 μm), which ensured that only the
X-ray-irradiated area was probed.

The X-ray diffraction data of the resting oxidized O and
fully reduced R crystals were acquired at the APS at the
Argonne National Laboratory as references. The X-ray beam
size was 110 × 80 μm, the photon flux was 3.6 × 1012 (pho-
tons/s). The fully reduced R crystal was prepared by soaking
the O crystal with dithionite under anaerobic conditions. The
complete reduction of the crystal was confirmed by optical
absorption measurements.

Diffraction data analysis

The diffraction images were indexed, integrated, and scaled
with XDS (47) and AIMLESS (48). Molecular replacement was
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conducted with Phaser (49, 50) through the CCP4i graphic
interface (51). Further model building was performed using
COOT (52). Structure refinements were performed using
Refmac5 (51, 53, 54). Data processing and refinement statistics
are summarized in Table S1. The structural models were
displayed with CCP4MG (55).
Data availability

The atomic parameters and structure factors (PDB IDs:
7TIH, 7TII, 7TIE, and 7THU) have been deposited in the PDB
(https://www.rcsb.org/). All other data are contained within
the article and can be shared upon request.
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