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Cytochrome c oxidase (CcO), a membrane enzyme in the respira-
tory chain, catalyzes oxygen reduction by coupling electron and
proton transfer through the enzyme with a proton pump across
the membrane. In all crystals reported to date, bovine CcO exists
as a dimer with the same intermonomer contacts, whereas CcOs
and related enzymes from prokaryotes exist as monomers. Recent
structural analyses of the mitochondrial respiratory supercomplex
revealed that CcO monomer associates with complex | and com-
plex lll, indicating that the monomeric state is functionally impor-
tant. In this study, we prepared monomeric and dimeric bovine
CcO, stabilized using amphipol, and showed that the monomer
had high activity. In addition, using a newly synthesized deter-
gent, we determined the oxidized and reduced structures of
monomer with resolutions of 1.85 and 1.95 A, respectively. Struc-
tural comparison of the monomer and dimer revealed that a hy-
drogen bond network of water molecules is formed at the entry
surface of the proton transfer pathway, termed the K-pathway, in
monomeric CcO, whereas this network is altered in dimeric CcO.
Based on these results, we propose that the monomer is the acti-
vated form, whereas the dimer can be regarded as a physiological
standby form in the mitochondrial membrane. We also deter-
mined phospholipid structures based on electron density together
with the anomalous scattering effect of phosphorus atoms. Two
cardiolipins are found at the interface region of the supercomplex.
We discuss formation of the monomeric CcO, dimeric CcO, and
supercomplex, as well as their role in regulation of CcO activity.
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ytochrome ¢ oxidase (CcO), which resides in the inner

membrane of mitochondria, is the terminal enzyme of the
respiratory electron transport chain; it performs proton pumping
through coupling with reduction of dioxygen to water (1, 2). The
enzyme is a supramolecular complex composed of 3 subunits
encoded by mitochondrial genes (subunits I, II, and III), and 10
subunits derived from nuclear genes. Heme a, heme a3, and Cug
are the active centers of the transmembrane region of subunit I,
whereas Cuy, is localized in the hydrophilic domain on the mito-
chondrial intermembrane side of subunit II. Electrons received
from cytochrome ¢ bonded to the hydrophilic surface of subunit II
are transferred via Cu, and heme a, to the heme as—Cug site.
Dioxygen, the substrate, is transported from the transmembrane
surface of subunit III, via a hydrophobic cavity, to the heme
as—Cug site. Protons used in the oxygen reduction are transported
from the mitochondrial matrix side to the heme a;—Cug site via 2
hydrogen bond networks (K- and D-pathways) in the trans-
membrane region of subunit I. In CcO derived from the bovine
heart (bovine CcO), it has been proposed that pumped protons are
also transported via the H-pathway. Molecular phylogenetic and
structural analyses show that CcO has an evolutionary relationship
with the heme—copper oxygen reductases (HCORs) and nitric
oxide reductases (NORs) in the respiratory electron transport
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chain of prokaryotes; this group of enzymes is collectively referred
to as the HCOR superfamily (2, 3). Based on phylogenetic and
structural analysis of the HCOR superfamily, mitochondrial CcO is
classified in the A-type subfamily. Crystal structures of A-, B-, and
C-type HCORs and NORs have been reported previously (4-12).

In this study, we took the structural analysis of bovine CcO a
step further. Among all crystals reported thus far, CcO has existed
as a dimer with the same intermonomer contacts (13). Detailed
structural analysis of the dimer has revealed that subunits derived
from nuclear genes are involved in intermonomer contact (SI
Appendix, Fig. S1). In addition, clear electron density correspond-
ing to cholate, as well as a long, thin electron density corresponding
to the hydrocarbon chain of detergent, has been observed on the
transmembrane surface of CcO, which serves as the association
surface of the dimer, implying that these molecules are involved in
dimer formation (14). In addition, mass spectrometry analysis has
shown that the dimer, as well as the monomer, is present in sam-
ples of purified bovine CcO, suggesting that lipid molecules are
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involved in the intermolecular associations of CcO (15). However,
enzymes of the HCOR superfamily derived from prokaryotes exist
as monomers in all crystal structures reported to date (5-12). These
enzymes consist only of subunits corresponding to subunits I and II,
and in some cases III, of mitochondrial CcO. These structural
observations and allosteric ATP inhibition suggest that mitochon-
drial CcO is subjected to some functional control via dimerization
involving subunits encoded by nuclear genes (16, 17).

On the other hand, in the mitochondrial membrane, CcO also
associates with complex I (CI) and cytochrome bc; (complex IIT;
CIII), which are members of the respiratory electron trans-
port chain, and forms a supercomplex, i.e., an even higher-order
structure. In recent years, multiple studies have described these
structures (18-24). The supercomplex can be isolated when the
mitochondrial membrane is solubilized with digitonin. In the
supercomplex, CcO monomer associates with complex I and
complex III. If the membrane is solubilized with DDM, Triton
X-100, or similar detergents, most CcO is isolated as independent
monomers. Purified CcO consists of a mixture of monomers and
dimers, but monomerization proceeds due to a rise in pH or a drop
in protein concentration or phospholipid content (25). As indicated
above, it is possible that the monomeric state of mitochondrial CcO
is functionally important; previously, however, it was not possible to
strictly compare the activities of monomeric and dimeric enzymes.
Moreover, the high-resolution structure of the monomer and the
structural differences between the free monomer and the monomer
within dimeric CcO remain to be elucidated.

In our previous structural analysis of bovine CcO, we solubi-
lized the enzyme from the mitochondrial membrane using cho-
late, performed ammonium sulfate fractionation in the presence
of cholate, and then purified the enzyme by replacing the de-
tergent with n-decyl-p-p-maltoside (DM). Cholate and its analogs,
deoxycholate and 3-[(3-cholamidopropyl)dimethylammonio|pro-
panesulfonate (CHAPS) (SI Appendix, Fig. S2), induce dimeriza-
tion of monomeric CcO solubilized with DDM or phospholipid
(25, 26). Therefore, the fact that all CcO structures previously
determined by our group are dimers may depend on use of cholate
in CcO purification. By contrast, in this study, we first prepared
monomers and dimers stabilized using amphipol, and then showed
that the monomer exhibited high activity. In addition, we synthe-
sized a new detergent, 3-oxatridecyl-a-pD-mannoside (30M) and
used it for purification and crystallization. In this manner, we de-
termined the oxidized and reduced structures of bovine CcO in the
monomeric state with resolutions of 1.85 and 1.95 A, respectively.
These results indicate that monomeric CcO is the activated form
in the mitochondrial membrane.

Results and Discussion

Monomeric Bovine CcO. When bovine mitochondrial membrane was
solubilized with digitonin, CcO was present as an independent
monomer and as a monomer in the supercomplex (Fig. 14). CcO is
also present in the extremely thin band indicated by *, which based
on its size likely represents a dimer (19, 24). Because CcO is pre-
sent as a monomer in the supercomplex, it was previously thought
that in the mitochondrial membrane, almost all CcO functions as a
monomer. On the other hand, in previously determined crystal
structures, CcO forms a dimer. For this purpose, an enzyme is
solubilized from the mitochondrial membrane using cholate, and
then stabilized and crystallized using DM as a detergent. In a
preparation obtained by dissolving a microcrystal preparation
crystallized at pH 6.8 at a protein concentration of at least 15 mg/mL
and pH 6.8, the dimer almost always formed (Fig. 1C, lane 1).
However, when the protein concentration was reduced to 1/10 at
pH 6.8, a monomer was clearly evident (Fig. 1C, lane 2). To further
decrease the protein concentration, the dimeric enzyme was sub-
jected to gel filtration chromatography using Sephacryl S-300 resin
(GE Healthcare Life Sciences) with 100-mM Na-Pi buffer (pH 6.8)
containing 0.2% (wt/vol) DM as an elution buffer. The peak

19946 | www.pnas.org/cgi/doi/10.1073/pnas.1907183116

A B 12 3 C1 2 3 a4 D12
LILIV, —
I, —
v, | 720
11, —
4 480 — - — o — ———
Vi . 242 — - -
146
- 60 .
. 20
e ——
E 30
25
S 20
£
3 15
o L
2 10
=
=] 5 =
E -
= g
dimer monomer dimer monomer dimer monomer
pH 6.0 pH 6.8 pH 7.4

Fig. 1. Comparison of the ratio of monomeric vs. dimeric CcO by BN-PAGE
(A-D), and cytochrome c oxidation activity of monomeric and dimeric CcOs
stabilized with amphipol (E). (A) Supernatant obtained by solubilization of
bovine mitochondria in digitonin at 10 times the amount of protein (30 pg per
lane). Composition of the respiratory chain complex is shown to the side of
each band. The asterisk indicates the position of dimeric CcO. (B and C) 8 ug of
protein preparations for each condition was applied to each lane. (B) Lane 1:
marker proteins; lane 2: preparation stabilized with 30M (1.5 mg protein/mL in
40 mM sodium phosphate [Na-Pi] buffer [pH 6.4] containing 0.2% 30M); lane
3: preparation stabilized with DM (1.5 mg protein/mL in 40 mM Na-Pi buffer
[pH 6.8] containing 0.2% DM). (C) Preparations stabilized with DM under the
indicated conditions. Lane 1: 15 mg protein/mL in 40 mM Na-Pi buffer (pH 6.8)
containing 0.2% DM. Lane 2: 1.5 mg protein/mL in 40 mM Na-Pi buffer (pH 6.8)
containing 0.2% DM. When 8 pg of the sample was applied to the lane, the
sample could be diluted up to 10-fold (from 15 to 1.5 mg protein/mL). Lane 3:
1.5 mg protein/mL in 40 mM Na-Pi buffer (pH 8.5) containing 0.2% DM. Lane 4:
1.5 mg protein/mL in 40 mM Na-Pi buffer (pH 7.4) containing 0.2% DM. (D)
Preparations of dimer (lane 1) and monomer (lane 2) were stabilized with
amphipol, 10 pg each. (F) Activity measured at the indicated pH in the presence
of 10 pM reduced cytochrome c.

molecular mass was 210 kDa, almost the same mass as the
monomer (SI Appendix, Fig. S3). These findings indicate that di-
lution of the sample caused dissociation of the dimer to the
monomer. When the pH was raised to 7.4 or 8.5, the protein also
shifted from the dimer to the monomer (Fig. 1C, lanes 3 and 4).
These observations imply that in solution, CcO is in an equilibrium
state between the dimer and monomer.

Therefore, when using a preparation stabilized with DM, it is
not possible to compare the activities of monomeric and dimeric
CcO. We generated preparations consisting exclusively of the
monomeric or dimeric form using amphipol (Fig. 1D), an am-
phiphilic polymer as previously reported (19), and compared their
activities (Fig. 1E). At all pH values tested (6.0, 6.8, and 7.4),
monomeric CcO exhibited high activity. To confirm the stability of
the monomeric and dimeric forms, the samples diluted for the
activity measurements were concentrated again and subjected to
blue native polyacrylamide gel electrophoresis (BN-PAGE). Al-
most all CcO in the monomer sample maintained the monomeric
form, and more than 80% of CcO in the dimer sample maintained
the dimeric form. Using monomers and dimers stabilized with
amphipol, it became possible to rigorously compare the 2 forms.
As shown in Fig. 1E and SI Appendix, Fig. S4, the activities were all
lower than 100 pmol/s/umol, the typical activity measured in the
presence of DM at pH 6.0 using the enzyme stabilized with DM.

Shinzawa-Itoh et al.
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This is thought to be because in the presence of amphipol, an
enzyme is dissolved with its charged groups oriented toward the
solution, hindering CcO functions such as the electrostatic in-
teraction between cytochrome ¢ and CcO, electron transfer from
cytochrome ¢ to CcO, and uptake of ligand oxygen.

Under these conditions, the monomer exhibited higher activity.
Because almost all CcO in the mitochondrial membrane is present
as monomeric CcO, this implies that monomer represents the ac-
tivated form. To understand the difference in activity between the
monomer and dimer in terms of the molecular structure, it is of
interest to compare the crystal structures of the 2 forms regarding
which progress has been made thus far. Previously, we performed
crystallization using various detergents, but the enzyme formed
dimers in all crystals (13). Hence, we synthesized an even wider
variety of detergents, and then sought to achieve crystallization by
preparing CcO using the new detergents (SI Appendix, Fig. S2). We
obtained a prismatic crystal when 30OM was used as a detergent
(Fig. 24). This detergent differs greatly from detergents previously
used, in that an a-bond is formed between the acyl group and sugar.
Crystallization was obtained when 30OM was bound to mannose,
but not when the detergent was bound with maltose. At present,
these newly synthesized detergents are commercially available.

The purified sample generated using 30M was almost all mo-
nomeric at pH 6.4, the conditions under which crystallization was
carried out (Fig. 1B, lane 2). A band was present at the position
thought to represent dimeric CcO, but it had a somewhat higher
molecular weight than the corresponding band when DM was
used. As explained below, this may be because the dimerization
configuration is different, resulting in a difference in the amount of
detergent bound to the enzyme. The absorption spectra of purified
CcO dissolved in 30M were the same as those in DM (SI Ap-
pendix, Fig. S5 A and B). The activity of CcO with 30M at pH 6.0
was about 20% higher, not significantly higher, than that of the
enzyme with DM at pH 6.0. In the activity measurement, con-
centration of CcO is very low (about 0.5 nM). Because CcO with
DM is a monomer at low enzyme concentration (S Appendix, Fig.
S3), observed activities with both 30M and DM should be mainly
due to monomeric CcO.

Fig. 2. Crystals grown with 30M (A) and crystal packing of monomeric CcO
(B). Subunits I, I, 1ll, and other subunits in the 2 CcOs are shown in yellow,
blue, orange, and green, respectively. Other CcOs are shown in gray.

Shinzawa-Itoh et al.

Structure of Monomeric Bovine Cc0. X-ray diffraction data with a
resolution of 1.8 A was obtained from CcO in the resting oxidized
state, crystallized using 30M (SI Appendix, Table S1, PDB ID
code 6JY3) (27). Structural analysis revealed association of 2
monomers at the transmembrane surface; however, in contrast to
the previously reported dimeric CcO structure, the orientation of
the transmembrane helix was reversed (Fig. 2B). Because this as-
sociation does not reflect the physiological state, we concluded
that the crystal consisted of monomeric CcO.

When we made a comparison between the overall protein
structure of monomeric CcO determined in this study and the
monomeric structures present in previously reported dimeric CcO,
we noted a generally good match in the internal structures of
subunits I, II, and III, which carry out the functions of the enzyme
(81 Appendix, Fig. S6). However, structural changes were evident in
several regions. The most conspicuous of these were evident at the
transmembrane surface, which serves as the association interface.
Involved in the dimerization were helix II (helix II"*) of subunit II;
helix VII (helix VII'*) and helix VIII (helix VIII'*) of subunit I in
one monomer (monomer A); and helix I (helix IV*®) in subunit
VIa of the other monomer (monomer B) (SI Appendix, Fig. S7 A
and B). In the structure of dimeric CcO, there is a clear electron
density corresponding to cholate (CH2) between these helices (S7
Appendix, Fig. STB). CH2 is fixed through hydrogen bonding with
Glu62, Thr63 of helix IT"#, and Argl4 and Argl7 of helix IV"E,
In addition, the aromatic ring of CH2 interacts with the aromatic
ring of Trp275 in helix VII'* and Phe18 of helix IV"*® (SI Appendix,
Fig. S24). Together, these observations imply that these interactions
contribute to stabilization of the dimer. However, in the structure
of monomeric CcO (Fig. 34), CH2 was not bound to either subunit
II or subunit VIa, and the electron density derived from 30M was
not observed at this CH2-binding site (SI Appendix, Fig. STC). The
electron density for another cholate (CH1), located outside the
association interface, was clearly observed in both dimeric and
monomeric CcOs, as described in detail below, implying that the
binding affinity of CH2 is decreased by monomerization of CcO.
Furthermore, in monomeric CcO, the electron density of the seg-
ment containing Glu62 of helix II"* was markedly reduced (SI Ap-
pendix, Fig. S7C). When refinement calculation was performed, this
segment exhibited an extremely high temperature factor (SI Ap-
pendix, Fig. S84). This means that, in monomeric CcO, the helix
1" segment structure is very unstable. Moreover, a water mole-
cule (Wat2) was positioned in monomeric CcO at a location where
there is a Glu62"™ carboxyl group in dimeric CcO (Fig. 3 B and C).

In other regions, differences were observed in the structures of
monomeric CcO and dimeric CcO at the transmembrane helix of
subunits VIa and VlIc, as well as the domain where subunit VIb
protrudes into the intermembrane region. In these subunits, a
structural shift of 3 to 4 A was observed between monomeric CcO
and dimeric CcO (SI Appendix, Fig. S9). Subunits VIa and VIc act
as contact surfaces between monomeric CcO in the 30M crystal,
and this may cause the structure shift. In dimeric CcO, the domain
where subunit VIb protrudes acts as the contact surface between
monomers, and thus contributes to stabilization of the dimer
structure. Despite the structural shift, the conformation of this
domain was maintained even in monomeric CcO. These obser-
vations suggest that this domain plays a role in determining CcO
orientation at the time of dimerization.

Next, to characterize the relationship among the structural
changes accompanying dimerization, and to determine why the
monomer has higher activity than the dimer, we performed a
detailed comparison between monomeric and dimeric CcO, fo-
cusing on the structures of sites crucial for enzyme function (i.e.,
cytochrome c-binding site, heme a3;—Cug site, dioxygen transfer
pathway, and the K-, D-, and H-pathways for proton transfer). No
dimerization-associated structural changes were evident at sites
other than one near the entry point to the K-pathway, described in
detail below. In previous research, we conducted structural
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Fig. 3. Whole structure of monomeric bovine CcO (A), and structure of the
proton transfer K-pathway in monomeric (B) and dimeric (C) CcOs. Subunits
1, 11, 11, and other subunits in the 2 CcOs are shown in yellow, blue, orange,
and green, respectively. Hemes a and a3 are shown as pink and red sticks,
respectively. Copper, magnesium, sodium, and zinc ions are shown as blue,
orange, green, and gray spheres, respectively. Water molecules are shown as
small red spheres. (B) Heme as—Cug site and amino acid residues in the
K-pathway are shown as stick models. Water molecules are shown as small
red spheres. (C) Cholate molecule is shown as a black stick model.

analysis of dimeric CcO in the presence of substrate or inhibitor,
and determined several structures in which cytochrome ¢ was
bound to the hydrophilic surface of subunit II (28); an inhibitor
such as carbon monoxide or cyanide ions was bound to the heme
as—Cug site (29); the inhibitor N,N’-dicyclohexylcarbodiimide
(DCCD) was bound to the hydrophobic surface in the dioxygen
transfer pathway (14); or an inhibitory cadmium or zinc ion was
bound to the entrance of the D-pathway for proton transfer (30).
These experimental results imply that even when CcO is dimerized,
the substrate (electron donor, dioxygen, or proton) can access the
cytochrome c-binding site, heme a;—Cug site, dioxygen transfer
pathway, and D-pathways (i.e., these sites are functioning). More-
over, there is no conflict with the fact that, in this study, no
dimerization-associated structural change was evident at these sites.

On the other hand, the structure at the entry point of the K-
pathway differed between monomeric and dimeric CcOs. Wat2 in
the structure of monomeric CcO determined in this study is lo-
cated at the entry point of the K-pathway, and is within hydrogen
bonding distance of other water molecules (Watl and Wat3 in Fig.
3B), implying that a hydrogen bond network is formed from Wat4,
Wat3, Wat2, and Watl to M273 in the K-pathway. In dimeric CcO,
on the other hand, the carboxyl group of Glu62"™* is hydrogen
bonded with CH2 and Watl (Fig. 3C); thus, there is a break in the
hydrogen bond network connected with the K-pathway seen in
monomeric CcO. Consequently, in monomeric CcO, it is possible
to carry out proton transport via a hydrogen bond network of water
molecules, whereas in dimeric CcO, the CH2 bond can inhibit
proton uptake (31); i.e., structure of the hydrogen bond network in
the K-pathway changes due to the CH2 bond. As shown in S/
Appendix, Fig. S24, CH2 interacts with amino acid residues of both
monomers in dimeric CcO. Dissociation of dimer to monomers
decreases the number of these interactions, and likely decreases
the affinity of CH2 for the entry point of the K-pathway.

For the activity measurement, amphipol-stabilized monomeric
and dimeric CcOs were prepared from crystalline samples of di-
meric CcO containing CH2. Because monomerization of CcO re-
duces the affinity of CH2, as described above, the structural
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alteration at the entry point of the K-pathway caused by release of
CH2 is likely responsible for the differences in the activities of
monomeric and dimeric CcO. In other words, the monomeric form
determined in this study is likely to represent the activated structure
of CcO. It has long been known that cholate inhibits the activity of
bovine CcO (32, 33). The results of our structural analyses support
this idea. On the other hand, the lack of activity in the presence of
higher concentrations of cholate may be due to some additional
effect. In addition, it has been suggested that ATP, which has a
structure similar to cholate, can also associated with the CH2-
binding site (17, 34, 35), suggesting that under physiological con-
ditions, solutes such as ATP bind to the protein and regulate
its activity.

In structural terms, the K-pathway of monomeric bovine CcO
matches that of the Rhodobacter sphaeroides and Paracoccus
denitrificans enzymes (RsCcO and PdCcO, respectively), both of
which are A-type members of the HCOR superfamily. In the glu-
tamate residue variant at the entry point of the RsCcO K-pathway,
enzymatic activity increases in the presence of bile salts such as
cholate or amphipathic carboxylates and decreases in the presence
of cholesterol (36-38). In addition, in the structures of RsCcO and
PdCcO, helix IT of subunit I containing the K-pathway entry point
has a higher temperature factor than other parts (SI Appendix, Fig.
S8). In addition, in the structure of RsCcO, deoxycholate is bound
to the K-pathway entry point, and there is drop in temperature
factor in the helix part (37). On the basis of these observations, we
speculate that the flexibility of this segment structure is important
for taking up protons from the K-pathway, a feature shared with
A-type HCORs.

Structural analysis of the oxidized and reduced forms of dimeric
CcO revealed changes dependent on the redox state in 4 regions
inside subunits I and II: 1) the heme a;—Cug site in subunit I, 2)
the Val380-Met383 segment in helix X between hemes a and as,
3) the Gly49-Asn55 segment in the looE) of helices I-1II in subunit
I, and 4) the water cluster around Mg~ site between subunits I
and II (4, 39, 40). These structural changes may be involved in
expressing the function of this enzyme. To explore this idea, we
generated a crystal in which monomeric CcO was reduced (S/
Appendix, Fig. S5 C-E), and determined its structure at a resolu-
tion of 1.95 A (SI Appendix, Table S1, PDB ID code 6JY4) (41).
The structural changes observed for monomeric CcO were es-
sentially the same as those observed previously for dimeric CcO
(SI Appendix, Fig. S10). This fact indicates that these structural
changes are not dependent on crystal packing. In addition, the
difference in activity between monomeric and dimeric CcO does
not depend on the difference in redox-dependent structural
changes between monomeric and dimeric CcO, supporting the
idea that there is a difference in proton uptake function at the
entrance of the K-pathway.

Lipid Structures in Monomeric Bovine CcO. In the electron density
map of monomeric CcO determined in this study, we observed a
long, thin electron density that could indicate lipids or 30M. To
determine the structure of the phospholipid, we carried out X-ray
diffraction measurement at a wavelength of 1.75 A. This enabled
detection of the anomalous scattering effect of phosphorus atoms,
and allowed us to obtain an anomalous difference Fourier map
with 2.76-A resolution (SI Appendix, Table S1). On this map, we
observed 9 peaks corresponding to phosphorus atoms in the
phospholipid, in addition to peaks for sulfur atoms contained in
many Met and Cys residues (SI Appendix, Fig. S11). Combining
this result with the Fo—Fc difference electron density map, we
determined the structures of the 3 cardiolipins (CLs) in mono-
meric CcO (SI Appendix, Fig. S11 A-C). At the position of CLlI,
previously modeled in dimeric CcO, the electron density of
cardiolipin was not present in monomeric CcO. At the position of
CL2 modeled in dimeric CcO, the electron density of cardiolipin
was also observed in monomeric CcO. Two other electron
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densities for cardiolipins (CL3 and CL4) were detected in mono-
meric CcO. In a previous analysis of dimeric CcO, the lipids bound
at the CL3 and CLA4 positions were regarded as triglycerides. In
previous analyses, identification of phosphorus atoms using
anomalous difference Fourier map was not performed (14);
therefore, for dimeric CcO, the identification of phospholipids will
need to be reexamined.

CL2 bound to the matrix side of the transmembrane surface of
subunit III (Fig. 44), and of the 2 phosphate groups PA1 and PB2,
PA1 formed hydrogen bonds with NH, and N° of Arg63 in subunit
IIT. CL3 bound to the matrix side of the transmembrane surfaces
of subunit I and VIIc (Fig. 44), and PB2 formed hydrogen bonds
with the OH of Ser14 and the NH, of Arg20 in subunit VIIc. CL4
bound to the intermembrane side of the transmembrane surfaces
of subunit I, II, and VIc (Fig. 44), and PA1 formed hydrogen
bonds with the NH, of Arg43 of subunit I. As indicated above,
hydrogen bonds of phosphate groups play important role in the
binding stability of the 3 cardiolipins. In addition, of the 4 fatty
acid tails of CL2, CL3, and CL4, 1 or 2 were strongly bound to the
transmembrane helix via hydrophobic interactions. The electron
density of the remaining fatty acid tails was comparatively low, and
it is likely that these structures are unstable.

Phospholipids identified other than the CLs were 1 phosphati-
dylethanolamine (PE1) and 2 phosphatidylglycerols (PG1, PG2)
(SI Appendix, Fig. S11 D-F). All of these phospholipids were
bound in a hydrophobic cavity sandwiched in the transmem-
brane helices of subunit III (PE1 on the intermembrane side, and
PG1 and PG2 on the matrix side) (Fig. 4). All provided a clear
anomalous difference Fourier peak of phosphorus atoms, and
their phosphate groups formed hydrogen bonds with amino acid
residues. Except for a small region at the end of the fatty acid tail,
the electron density of the entire lipid was also clear. In addition,
even in a previous structural analysis of dimeric CcO, phospho-
lipids of the same types were identified at the positions of these
phospholipids (14). Aside from the 6 phospholipids described
above, a number of long, thin electron densities were observed,
likely representing the hydrophobic tails of lipids or 30M. Of
these 3, the electron density at the head of maltose could be clearly
observed and was therefore assigned as 30M (SI Appendix, Fig.

Fig. 4.

Lipid structures on monomeric CcO (A) and the contact surface for
formation of the respiratory supercomplex (B). The surfaces of subunits I, II, IlI,
and other subunits in CcO are shown in yellow, blue, orange, and green, re-
spectively. CLs are shown as magenta sphere models. PGs and PE, shown as
cyan sphere models, are in the cleft between the transmembrane helix bundles
of subunit lll. CcO is colored as in Fig. 1. (B) Complexes | and Ill from PDB ID
code 5J4Z (56) are shown as gray and pink models, respectively.
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S11 G-I); 30M was bound to the transmembrane surface of
subunit IIT and positioned in a layer on the opposite side of the
lipid bilayer from CL2 (Fig. 44). This region is thought to be the
entry point of the channel that transports substrate dioxygen from
subunit III to the heme a;—Cug site. Therefore, some lipid is
bound to what was originally the position of 30M, forming (along
with CL2) a hydrophobic environment at the surface of subunit III;
this arrangement may promote efficient uptake of dioxygen. A
long, thin electron density was also observed on the trans-
membrane surface that forms the cavity between the 2 monomers
of dimeric CcO, but it was difficult to determine whether this was
lipid or 30M. These electron densities were comparatively low,
implying that the lipids and 30M do not have high affinity for
these positions. Moreover, clear electron density corresponding to
cholate (CH1) was observed in this region (SI Appendix, Fig. S11J
and Fig. 4AP CHI1 was hydrogen bonded to Thr301", Trp99™’,
and His103", and to Asp298" and Thr301" via a water molecule.
CH1 was bonded in the same way with dimeric CcO, and was about
4 A from Leu127"™ in the monomer on the other side. The bonding
site of CH1 is separated from the functional sites of CcO; there-
fore, it is unlikely that CH1 binding is involved in enzyme activity.

Cardiolipin is involved in the stability of subunits associated with
the structure of bovine CcO, as well as in enzyme activity (42-45).
In addition, biochemical experiments and computer simulations
have revealed that cardiolipin is involved in the formation of the
mitochondrial respiratory supercomplex (46, 47). In recent years,
active progress has been made in structural analysis of super-
complexes using cryo-electron microscopy, leading to elucidation
of the structure of CcO in the supercomplex (Fig. 4B). Within the
structure of the supercomplex, space has been observed between
CcO and CI or CIII, suggesting that phospholipids are present in
this space and participate in crosslinking between complexes (20,
21). When we superposed the structure of monomeric CcO de-
termined in this study onto the supercomplex structure, we found
that CL3 is located between CcO and complex I, and CL2 is lo-
cated in the space between CcO and complex III (Fig. 4B).
Therefore, within the fatty acid tails of CL3 and CL2, the flexible
portions corresponding to regions of low electron density form
supercomplex through interactions with complex I and complex II1,
respectively, or with lipids bound to them. In addition, it has been
proposed that Higd1la, a membrane protein involved in regulation
of CcO activity, binds transmembrane surface near CL4 (48).
Therefore, the fatty acid tails of CL4 may be involved in the in-
teraction with Higd1la. In a CIII-CIV supercomplex derived from a
Mpycobacterium, recently determined by cryo-electron microscopy,
CLs were identified between CIII and CIV, and shown to interact
with specific residues (49, 50). It is therefore conceivable that CL
carries out supercomplex formation in a species-universal fashion.

At the mitochondrial inner membrane in the bovine heart, the
enzymes of the respiratory chain (CI, CIII, CcO [complex IV:
CIV], and ATP synthase [complex V: CV]) are present in the ratio
CI: CHI: CIV: CV = 1: 3: 6-7: 3-5, and it has been suggested that
they are organized as a higher order structure conforming to the
shape of cristae (51-53). CcO is present as a monomer in the
supercomplex, but in this structure, the region corresponding to
the association surface for dimerization faces outward; thus, for-
mation of dimeric CcO is possible through association of mono-
meric CcO. Therefore, it has been proposed that dimerization may
contribute to lining up the supercomplex with regularities in the
membrane. The structure of the megacomplex CI,CIII,CIV,, an
even higher-order structure, has recently been elucidated; in this
megacomplex, 2 CcO monomers associate with CI and CIII in the
monomeric state, but due to steric hindrance, it is impossible to
form dimeric CcO via the other CcO molecule (23). The CcO in
this megacomplex is unable to form a dimer, indicating that di-
merization is not an effective means to fit the supercomplex com-
pactly within the mitochondrial membrane, allowing it to function
efficiently at the membrane. As shown in Fig. 14, dimeric CcO is
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present in the mitochondrial membrane, although not as abundantly
as monomeric CcO and supercomplex. In addition, recent quanti-
tative analysis of the mitochondrial membrane has revealed the
presence of the dimer (54). Based on these results, we postulate that
CcO is present in the mitochondrial membrane in 3 states: inde-
pendent monomer, monomer within the supercomplex, and dimer.

The NDUFA4 protein bonds with CcO as a 14th subunit (55).
In the structure containing NDUFA4, CcO dimerization is im-
possible due to the occurrence of steric hindrance. Therefore, it is
thought that in the physiological environment, monomeric CcO is
stabilized when NDFUA4 bonding occurs. In addition, the dimeric
CcO structure may be stabilized by binding of physiological ligands
structurally similar to cholate, implying that the activity of dimeric
CcO is dependent on such ligands (e.g., ATP and cholesterol) in
the environment. Because the activity of the dimer in the physio-
logical environment is also expected to be lower than that of the
monomer, the monomer and dimer can be regarded as the active
form of CcO and the standby form for activation by monomer-
ization, respectively. Moreover, the equilibrium relationship
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among the 3 states containing CcO in the supercomplex may be
involved in regulation of CcO activity.

Materials and Methods

CcO was purified from bovine heart mitochondria as described in S/ Appendix,
Materials and Methods. Crystallization of CcO dissolved in 30M was performed
by the batch method at 277 K. CcO was mixed with a precipitant, polyethylene
glycol 4000. Cytochrome ¢ oxidation activity was measured at 20 °C by moni-
toring the decrease in absorbance at 550 nm as described in S/ Appendix,
Materials and Methods. Preparation of crystals for X-ray diffraction experi-
ments under cryogenic conditions is described in S/ Appendix, Materials and
Methods. X-ray diffraction measurements were performed at BL44XU of
SPring-8. Processing of X-ray diffraction data and structural analysis are de-
scribed in S/ Appendix, Materials and Methods.
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