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Cytochrome c oxidase (CcO), a terminal oxidase in
the respiratory chain, catalyzes the reduction of O2 to
water coupled with the proton pump across the
membrane. Mitochondrial CcO exists in monomeric
and dimeric forms, and as a monomer as part of the
respiratory supercomplex, although the enzymatic reac‐
tion proceeds in the CcO monomer. Recent biochemical
and crystallographic studies of monomeric and dimeric
CcOs have revealed functional and structural differ‐
ences among them. In solubilized mitochondrial
membrane, the monomeric form is dominant, and a
small amount of dimer is observed. The activity of the
monomeric CcO is higher than that of the dimer,
suggesting that the monomer is the active form. In the
structure of monomeric CcO, a hydrogen bond network
of water molecules is formed at the entrance of the
proton transfer K-pathway, and in dimeric CcO, this
network is altered by a cholate molecule binding
between monomers. The specific binding of the cholate
molecule at the dimer interface suggests that the
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binding of physiological ligands similar in size or shape
to cholate could also trigger dimer formation as a
physiological standby form. Because the dimer interface
also contains weak interactions of nonspecifically bound
lipid molecules, hydrophobic interactions between the
transmembrane helices, and a Met–Met interaction
between the extramembrane regions, these interactions
could support the stabilization of the standby form.
Structural analyses also suggest that hydrophobic
interactions of cardiolipins bound to the trans‐
membrane surface of CcO are involved in forming
the supercomplex.
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Introduction
Cellular respiration is a fundamental process that

generates energy in organisms. The process includes several
redox reactions catalyzed by membrane proteins to oxidize
the reduced electron carriers, such as NADH. This series of
the proteins and carriers is called the electron transport
chain or the respiratory chain. Many organisms, including
humans, use the oxidation power of O2 as the final oxidant
in aerobic respiration. Aerobic respiration consumes most

Structural analyses of mitochondrial CcO have been based on the crystal structure of dimeric form. However, recent studies have revealed the
structures of the monomeric form and of the monomer in the respiratory supercomplex. Characterization of the three states of CcO (the
independent monomer, the monomer in the supercomplex, and the dimer) and structural and functional comparison of monomeric and dimeric
CcOs suggest the mechanism of dimerization and supercomplex formation, and imply that the three states are in equilibrium and transition
among these states regulates respiratory electron transport activity.
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of the O2 taken into the organism. In some bacteria,
NO3

–, SO4
2–, or CO2 are used as oxidants instead of O2 in

anaerobic respiration. The electron transport in respiration
is coupled with active proton transport across the biological
membrane, generating the proton gradient (the proton-
motive force). This electro-chemical potential energy drives
ATP synthesis using ADP and inorganic phosphate via
oxidative phosphorylation. In many eukaryotes, respiratory
electron transport and oxidative phosphorylation occur in
the inner membranes of mitochondria, which are the power
plants of the cell (Fig. 1A). The respiratory chain in
mitochondria consists of large membrane protein complexes,
complex I, complex III, complex IV, and complex V, which
is ATP synthase. These complexes have been characterized
in many structural and functional studies.

Respiratory complex IV, also known as cytochrome c
oxidase (CcO), catalyzes the reduction of O2 to water
coupled with the proton pump across the membrane.
Mitochondrial CcO consists of core subunits I, II, and III
coded by mitochondrial genes, and several peripheral
subunits coded by nuclear genes. Figure 1B shows the

whole structure of bovine mitochondrial CcO, in which 10
nuclear-coded subunits (IV, Va, Vb, VIa, VIb, VIc, VIIa,
VIIb, VIIc, and VIII) are associated with the core subunits.
Since the first crystal structure was determined at 2.8 Å
resolution in 1996 [1], the resolution of bovine CcO
structure has been improved to 1.3 Å [2]. The
transmembrane region of subunit I contains two hemes
(hemes a and a3) and a copper atom (CuB), and heme a3 and
CuB form the O2 reduction site [3–5]. The extramembrane
domain of subunit II contains the dinuclear copper (CuA)
site. The electrons are transferred from ferrocytochrome c,
which is bound to the hydrophilic surface of subunit II, to
the O2 reduction site through CuA and heme a [6]. The
protons used for the O2 reduction are transferred from the
matrix region of mitochondria through two hydrogen bond
networks (K- and D-pathways) in the transmembrane
region of subunit I [7,8]. Substrate O2 is transferred from
the membrane region through the hydrophobic channel in
the transmembrane region of subunits III and I [9]. Product
water molecules may be transferred out via a route other
than the O2 channel [10]. The proton pump from the matrix

Figure 1 (A) Mitochondrial respiratory chain. Complex I: NADH-ubiquinone oxidoreductase or NADH dehydrogenase. Complex III:
ubiquinol-cytochrome c oxidoreductase or cytochrome bc1 complex. Complex IV: ferrocytochrome c-O2 oxidoreductase or CcO. Complex V:
F-type ATP synthase. e– and H+ are electrons and protons, respectively. (B) Structure of CcO. Subunits I, II, III, and other subunits are shown in
gray, light blue, light orange, and green, respectively.
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region to the inter-membrane region occurs through subunit
I. Another hydrogen bond network (H-pathway) has been
proposed for the proton pump in bovine CcO [11,12],
although the D-pathway is thought to be used in yeast
mitochondrial CcO [13].

Mitochondrial CcO is a member of the heme-copper
oxygen reductase (HCOR) superfamily, which is
subdivided into A-type, B-type, and C-type oxygen
reductases used in aerobic and microaerobic respiration,
and nitric oxide reductases (NORs) used in anaerobic
respiration [14,15]. A-type HCORs are present in bacteria,
archaea, and eukaryota, B-type HCORs and NORs are
present in bacteria and archaea, and C-type HCORs are
only found in bacteria. The functional unit of all known
HCORs is a monomer, whereas there is also a dimeric form
in bacterial quinol-dependent NORs [16,17]. Bovine CcO
exists as monomeric and dimeric forms [18,19], although
only the monomeric forms are known for other A-type
HCOR members. Structural analysis by cryo-electron
microscopy has revealed the supercomplex forms of CcO
from mammals, yeast, and bacteria [20–24], in which
monomeric CcO is associated with complexes I and III or
with complex III alone. Accordingly, each of monomeric,
dimeric, and supercomplex states of CcO may play a
functional role in the physiological environment [25–30];
however, functional differences in CcO among these states
based on the structure remain to be elucidated. In this
review article, we describe the biochemical analysis of the
transition between monomeric and dimeric states, and the
structural and functional comparison of the monomeric and
dimeric forms of bovine CcO.

Biochemical characterization of monomeric and
dimeric CcO

For structural and functional analysis, it is necessary to
prepare CcO samples with high purity and yield. We have
been improving the method of purifying CcO from the
mitochondria of bovine heart muscle for many years. The
purification method consists of three main processes. (1)
Preparation of Keilin–Hartree submitochondrial particles
(KHPs) from the muscle cell homogenate by acid
precipitation. (2) Solubilization of KHPs using cholate and
fractionation by ammonium sulfate (AS) precipitation. (3)
Replacement of cholate with alkyl glycoside detergents and
sample washing by dialysis and ultrafiltration. Each step in
these processes causes the transition of CcO between
monomeric and dimeric states depending on the
concentrations of CcO, cholate, and detergent, and on the
pH of the solution. The relation between each purification
step, CcO state, and cholate amount is summarized as
follows (details of purification methods are described in
[2,8]). During the following processes, 100 mM sodium
phosphate (Na-Pi), pH 7.4 is used for a solvent buffer
unless otherwise noted, and the temperature is maintained
at 0–4°C as far as possible.

Bovine heart muscle from which fat and connective
tissues are removed, is minced and 1100 g is suspended in
20 mM Na-Pi. After homogenization by blade
homogenizer, mitochondria are broken into KHPs. The
KHPs are collected in the supernatant after centrifuging,
and then are aggregated by acetic acid treatment to
decrease the pH to 5.15. The precipitated KHPs are
centrifuged and suspended in 576 mL buffer before being
stored. During the characterization of CcO in KHPs, when
the KHPs are solubilized using detergents, digitonin (Fig. 2A,
lane 1), and n-decyl-β-D-maltoside (DM) (Fig. 2A, lane 2),
these solutions contain substantial amounts of CcO

Figure 2 Blue native PAGE technique, developed by Schägger and von Jagow that uses Coomassie G-250 as a charge-shift molecule [31],
can be used to determine native protein masses and oligomeric states and to identify physiological protein–protein interactions. (A) Solubilized
mitochondrial membrane samples. (B) Samples from the CcO purification process. Panels A and B reproduced from [2]. (C) CcO samples
purified under different conditions. (D) CcO samples stabilized with amphipols. Panels C and D reproduced from [8]. The experimental conditions
for each lane are described in the text. Super: supercomplex consisting of I1, III2, and IV1, which are complex I monomer, complex III dimer, and
CcO monomer, respectively. Each of these is a functional unit.
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monomer, the complexes I, III dimer, and V, but little of the
CcO dimer. The solutions with digitonin and LMNG also
contain the supercomplex, in which the CcO monomer and
complexes I and III dimer are associated with each other.

To purify CcO for crystallization, the KHP homogenate
is solubilized by using 3.8% (w/v) sodium cholate.
Subsequently, CcO was fractionated by AS precipitation
first with cholate four times and then with alkyl glycoside
detergent three times. In the first fractionation, immediately
after solubilization, AS is added to 33% saturation at
pH 7.3–7.4 while stirring for 30 min, followed by
centrifugation. AS is added to the supernatant to 50%
saturation, and the centrifuge precipitate is dissolved in
220 mL buffer with 0.5% (w/v) sodium cholate. The
solution contains large amounts of CcO dimer, complexes I,
III dimer, and V, but a small amount of CcO monomer
(Fig. 2B, lane 1). The solution is dialyzed against 40 mM
Na-Pi for 90 min, followed by ultra-centrifugation. The
precipitates are re-solubilized in 200 mL buffer with 2.0%
(w/v) sodium cholate. Complex V is excluded from the
sample, whereas most of the CcO remains as the dimer
(Fig. 2B, lane 2). In the second fractionation, AS is added
to 25% saturation at pH 7.3–7.4 with stirring for 20 min,
followed by centrifugation. AS is added to the supernatant
to 45% saturation, and the centrifuge precipitates are
dissolved in 200 mL buffer with 0.5% (w/v) sodium
cholate. Complex III is excluded from the solution, whereas
most of the CcO remains as the dimer (Fig. 2B, lane 3). In
the third fractionation, AS precipitation is performed from
25% to 40% saturation. The precipitates are dissolved in
130 mL buffer with 0.5% (w/v) sodium cholate. Complex I
is excluded from the sample, and the sample solution
contains dimeric CcO and more than 1000 cholate
molecules per CcO molecule (Fig. 2B, lane 4; Table 1,
line 1). In the fourth fractionation, AS precipitation is
performed from 25% to 35% saturation. The precipitates
are then dissolved in 200 mL buffer with 0.34% (w/v) DM
or 0.2% (w/v) 3-oxatridecyl-α-D-mannoside (3OM). In the
fifth fractionation, AS precipitation without stirring is
performed from 40% to 60% saturation with DM, or from
35% to 55% saturation with 3OM. In the DM sample, the
amount of cholate decreases to about 400 molecules/CcO
(Table 1, line 2), and the quantitative ratio of monomeric
CcO increases (Fig. 2B, lane 5). The precipitates are
dissolved in 100 mL buffer with 0.2% (w/v) DM or 3OM,
and stored. In the sixth fractionation, after adjusting the
volume to 220 mL, AS precipitation is performed from
50% to 70% saturation with DM, or from 40% to 60%
saturation with 3OM. The precipitates are dissolved in 200
mL buffer with 0.2% (w/v) DM or 3OM. In the seventh
fractionation, AS precipitation is performed from 55% to
70% saturation with DM, or from 45% to 70% saturation
with 3OM. The CcO precipitates are dissolved in 10–15 mL
buffer with 0.2% (w/v) DM or 15–20 mL buffer with 0.2%

(w/v) 3OM. After the fractionation, the DM and 3OM
samples are dialyzed against 10 mM Na-Pi buffer (pH 7.4)
and 50 mM Na-Pi buffer (pH 6.2), respectively. About
800 mg of purified CcO is obtained from 1100 g of bovine
heart. In the DM sample, the amount of cholate is
decreased to about 30 molecules/CcO (Table 1, line 3),
and almost all the CcO molecules are monomers (Fig. 2B,
lane 6).

For crystallization with 3OM, the sample is concentrated
to 80–90 mg protein/mL by ultrafiltration, and PEG 4000 is
added as a precipitant. Crystallization is performed by the
batch method, and the solution is placed on a concave
microscope slide covered with a coverslip. Monomeric
CcO crystals grow within 1–2 weeks. For crystallization
with DM, the sample is washed (ultrafiltration and dilution)
four times. In the first wash, the sample is diluted with
20 mM Na-Pi buffer (pH 7.4) containing 0.2% (w/v) DM.
In the second to fourth washes, the sample is diluted by
40 mM Na-Pi buffer (pH 6.8) with 0.2% (w/v) DM. Finally,
the sample is concentrated to 140 mg protein/mL or higher.
In this sample, CcO forms a dimer again (Fig. 2B, lane 7),
and dimeric CcO microcrystals grow (Fig. 2B, lane 8). The
amount of cholate in the microcrystals is 14 molecules/CcO
(Table 1, line 4). After addition of PEG 4000 as a
precipitant, crystallization is performed by the batch
method, and the solution is placed on a concave microscope
slide covered with a coverslip. Dimeric CcO crystals grow
within 2–5 days.

Further properties of the dimerization/monomerization of
the DM sample are shown in Figure 2C. The CcO dimer is
stable in the microcrystal solution at a concentration of at
least 15 mg/mL and pH 6.8 (Fig. 2C, lane 1); however, the
CcO monomer appears when the CcO concentration is
reduced to 1.5 mg/mL at pH 6.8, (Fig. 2C, lane 2). Gel
filtration chromatography shows that monomerization
happens due to a further decrease in CcO concentration [8].
Monomerization of 1.5 mg/mL CcO sample occurs when
the pH is raised to 8.5 (Fig. 2C, lane 3) or 7.4 (Fig. 2C,
lane 4). These results suggest that CcO in the DM sample is
in an equilibrium state between the dimer and monomer.
The properties of purified CcO can be evaluated by

cytochrome c oxidation activity. However, because the
activity measurement is usually performed at a low CcO

Table 1 Change in the number of cholate molecules per CcO
molecule during purification

Purification step Cholate/CcO (mol/mol)

Third fractionation 1050.2
Fifth fractionation 382.6

After dialysis 32.5
Microcrystals 14.1

Data are from [2].
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concentration, only monomeric CcO is present, and thus it
has been difficult to compare the CcO activity between
monomeric and dimeric states. This problem was solved by
using a new type of sample, in which an amphipol
stabilizes each CcO dimer (Fig. 2D, lane 1) and CcO
monomer (Fig. 2D, lane 2). The sample is prepared as
follows (details of preparation methods are described in
[8]). Amphipol is added to the CcO dimer solution with
DM or to the CcO monomer solution with octyl
glucopyranoside. The detergents are removed from the
sample using cyclodextrin, and the CcO monomer and
dimer are collected by sucrose density gradient
centrifugation without DM. Figure 3 shows that the activity
of the amphipol-stabilized CcO monomer is higher than
that of the dimer, indicating that the monomeric form is the
physiologically active form. The pH dependence of the
activity is essentially the same as that of detergent
solubilized CcO. The CcO monomer and dimer are still
stable after the measurement.

Crystallographic analysis of monomeric and
dimeric CcO

To understand the transition mechanism and the activity
difference between monomeric and dimeric CcO based on
the molecular structure, crystallographic analyses have
been performed using crystals consisting of CcO monomer
with 3OM at 1.85 Å resolution (Fig. 4A) [8], and CcO
dimer with DM at 1.3 Å resolution (Fig. 4B) [2]. Structural
comparison shows that the core region (subunits I, II, and
III) is similar in the monomeric and dimeric structures;
however, there are major differences in the peripheral
regions involved in monomer-monomer association in the
dimer and in the crystal packing between the monomeric
and dimeric structures (Fig. 4C).

Figure 5A shows part of the dimer interface consisting of
the transmembrane helices of subunits I and II in one
monomer and the transmembrane helix of subunit VIa in
the other monomer, where the clear electron density of the
cholate molecule (CH2) is observed. In contrast, CH2 is

completely absent from the monomeric form. CH2 is
stabilized by two hydrogen bonds with Glu62II and Thr63II

and one hydrophobic interaction with Trp275I in one
monomer, and four hydrogen bonds with Arg14VIa and
Arg17VIa and one hydrophobic interaction with Phe18VIa in
the other monomer. Together with biochemical evidence of
the effect of cholate on the dimerization shown in Figure 2,
these findings imply that the binding of CH2 triggers
dimerization. This is consistent with previous biochemical
reports, in which cholate and its analogues, deoxy‐
cholate and 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), induced dimerization of
monomeric CcO solubilized with DDM or a phospholipid
[34,35]. The electron density of the segment containing
Glu62II is reduced in monomeric CcO, meaning that this
segment structure is unstable in the monomer compared
with the dimer. Moreover, a water molecule (Wat2) is
positioned in monomeric CcO where there is a Glu62II

carboxyl group in dimeric CcO (Fig. 5B). In monomeric
CcO, Wat2 forms part of a hydrogen bond network of water
molecules (Wat1–Wat4) and Met273I in the K-pathway.
However, in dimeric CcO, this hydrogen bond network is
broken, because Wat2 is replaced by a Glu62II carboxyl
group that is hydrogen bonded to Wat1 and CH2 (Fig. 5C).
These structural differences suggest that the hydrogen bond
network in the monomeric structure enables the uptake of
protons, whereas CH2 binding in the dimeric structure
inhibits proton uptake. Accordingly, the difference in
activity between monomeric and dimeric CcO may be due
to the structural difference of hydrogen bond network in the
K-pathway caused by binding of CH2. This is consistent
with the known inhibition of bovine CcO activity by
cholate [36,37].

Besides the K-pathway entrance, monomeric and dimeric
structure show no major differences in other functionally
important sites (i.e., cytochrome c–binding site, heme
a3–CuB site, O2-transfer channel, and the D- and H-
pathways for proton transfer). Previously determined
structures indicate that even when CcO is dimerized, each
of these sites can be accessed with a specific substrate

Figure 3 Ferrocytochrome c oxidation activity at 20°C. The concentrations of ferrocytochrome c and CcO are 10 μM and 4.8 nM,
respectively. Figure reproduced from [8].
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(electron donor, O2, or proton), implying that these sites
function in both monomeric and dimeric forms. Previous
structural analyses of dimeric CcO have revealed that
several regions in subunits I and II change their
conformation depending on the redox state of CcO
[10,38,39]. These structural changes may be involved in the
enzymatic function. The same redox-dependent changes are
observed in monomeric CcO, indicating that the activity

Figure 4 Detergents, CcO crystals, and crystal structures.
Subunits I and II, and other subunits in CcO in the central position are
shown in gray, light blue, and green, respectively. (A) 3OM,
monomeric CcO crystals with 3OM, and crystal structure from
[PDB ID: 6JY3] [32]. Picture of crystals reproduced from [8]. (B)
DM, dimeric CcO crystals with DM, and crystal structure from [PDB
ID: 7COH] [33]. (C) Stereo view of the superposition of the
monomeric CcO structure (magenta) and one monomer structure of
dimeric CcO (gray). difference between monomeric and dimeric CcO does not

depend on these structural changes. These results indicate
that a difference in proton uptake function at the entrance of
the K-pathway is the sole difference affecting the activity
between the monomer and dimer, and the monomeric
structure shown here is an active form of CcO.

In the 1.3 Å resolution structure of dimeric CcO, there
are many long, thin electron densities on the trans‐
membrane surface, although most of the densities are low.
Among these electron densities, 13 hydrocarbon tail
fragments of unidentified lipids and seven DMs have been

Figure 5 (A) Structure of the CcO dimer interface [PDB ID:
7COH] [33]. The molecular surfaces of the two monomers in dimeric
CcO are shown in gray and green. The amino acid residues involved
in the dimerization are shown as stick models, in which the carbon
atoms are cyan. (B, C) Proton transfer K-pathways in (B) the
monomeric CcO structure [PDB ID: 6JY3] [32] and (C) one monomer
structure of dimeric CcO [PDB ID: 7COH] [33]. The molecular
surfaces of subunits I and II, and other subunits are shown in gray,
light blue, and cyan, respectively. The amino acid residues and water
molecules in the K-pathway are shown as stick and ball models,
respectively. Each water molecule is numbered from 1 to 4.
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modeled at the dimer interface (Figs. 6A and 6B). No clear
electron density for the phospholipid head group or the
difference electron density for the phosphorus atom is
observed at the dimer interface. Therefore, part of the dimer
interface consists of non-specifically bound lipids that can
be replaced by detergent. In addition to these lipid
fragments and detergents, the electron density for another
cholate molecule (CH1) is clearly visible at the dimer
interface (Fig. 6B). CH1 is stabilized by five hydrogen
bonds with one monomer and one hydrophobic interaction
(3.7 Å distance) with the other monomer, meaning that
CH1 is more tightly bound to one monomer than the other.
Some of these electron densities are also observed on the
surface of monomeric CcO, although the resolution at 1.85
Å is not sufficient for modeling, except for CH1. CH1 is
stabilized in monomeric CcO in the same manner as in one
monomer of dimeric CcO. On the opposite side of the
dimer interface, the anomalous difference electron densities
of phosphorus atoms are observed in both monomeric and
dimeric CcO structures. Based on the electron density
shapes and anomalous peak positions, these phosphorus
atoms are identified as elements of three cardiolipins (CLs;
CL2, CL3, and CL4) bound to the transmembrane surface.
Both monomeric and dimeric CcOs show similar electron
density properties at the tails of the CLs, where electron
density is low in several terminal segments. Current
monomeric and dimeric CcO models contain eight 3OM
binding sites and 17 DM binding sites, respectively, in
which five sites are common for 3OM and DM (Fig. 6B).
Four DMs and three 3OMs are observed on the
transmembrane surface of subunit III, where the entrance of
the O2 transfer channel is formed.

Formation of the monomer, dimer, and
supercomplex

Based on the comparison of the monomeric and dimeric
structures, the following three factors are crucial for the
dimerization: cholate binding, especially CH2 between the
transmembrane helices at the dimer interface near the K-
pathway; hydrophobic interactions of the lipid (detergent)
tails sandwiched between monomers in the dimer; and
peptide-peptide interactions between the transmembrane
helices and between the extramembrane regions. The CH2
binding site is formed with several hydrogen bonds,
implying that this site is specific for binding cholate.
Therefore, the binding of physiological ligands that are a
similar molecular size or shape to cholate could also trigger
dimerization in the mitochondrial membrane. We have
examined the effect of ATP, ADP, or cholesterol on the
mitochondrial fractions solubilized with LMNG or DM;
however, we did not observe an obvious effect indicating
dimerization [2]. The hydrophobic interactions of the lipid
(detergent) tails are not strong because their electron

densities are weak. In a physiological environment, non-
specifically bound lipids could support the stabilization of
the dimeric form. The peptide-peptide interactions between

Figure 6 (A) Whole structure of dimeric CcO [PDB ID: 7COH]
[33]. The molecular surfaces of the two monomers in dimeric CcO are
shown in gray and green. The lipid, DM, and cholate (black)
molecules are shown as stick models. The carbon atoms in CLs, other
lipids, and DMs are shown in magenta, yellow, and orange,
respectively. (B) Structure of one monomer in dimeric CcO [PDB ID:
7COH] [33]. Molecular surfaces of subunits I and II, and other
subunits are shown in gray, light blue, and cyan, respectively. 3OM
molecules from [PDB ID: 6JY3] [32], in which the carbon atoms are
shown in cyan, are superposed. (C) Close-up view of the upper part of
dimeric CcO in panel A. The VIb subunits in each monomer are
shown as cartoon models. Met43 in each subunit VIb is shown as a
stick model.
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the transmembrane helices involve four leucine residues of
subunit VIa (Leu37, Leu33, Leu30, and Leu23) and residues
of subunits I and II (Leu78II, Ile74II, Ile311I, and Phe282I)
in another monomer (Fig. 5A). These hydrophobic interac‐
tions may be stabilized by CH2 binding, and a hydrogen
bond between Thr15VIa and Tyr179I in another monomer.
The peptide-peptide interactions in the extramembrane
region involve the VIb subunits of each monomer
(Fig. 6C). The interface consists of parallel backbones of
the loop segments of (Lys46–Gly47–Gly48–Asp49)VIb, and
a Met–Met interaction between the Met43 in each subunit
VIb. These interactions are weak relative to a typical
hydrogen bond interaction, but may play a role in
correcting the orientation of the two monomers.
The comparison of monomeric and supercomplex

structures suggests that CLs are involved in the association
of CcO in the supercomplex. When our CcO structure is
superposed onto the supercomplex structure determined by
cryo-electron microscopy, CL3 is located between CcO and
complex I, and CL2 is located between CcO and complex
III (Fig. 7). The terminal segments of these CL tails show
low electron densities, implying conformational flexibility;
therefore, these segments could interact with the
transmembrane regions of complexes I and III, and play a
role in stabilizing the supercomplex. This is consistent with
the findings of biochemical studies and computer
simulations for mitochondrial enzymes, and cryo-electron
microscopy structural analysis for mycobacterium

enzymes, in which cardiolipin is involved in the
supercomplex formation [23,24,41,42]. Therefore, it is
expected that CL-mediated supercomplex formation is
universal across species. In the bovine mitochondrial
membrane, complexes I and III and CcO are present in the
ratio 1:3:6–7. This implies that not all CcOs are involved in
forming the supercomplex, in which the ratio of complexes
I and III, and CcO is 1:2:1. Other CcOs should be present
in monomeric or dimeric form, as shown by mass
spectroscopic analysis [19]. When the mitochondrial
membrane is solubilized, the amount of monomer is much
larger than that of the dimer, whereas dimerization depends
on the cholate and enzyme concentrations and pH (Fig. 2).
Dimerization is also caused by the addition of cholate
analogs [34,35], or by reconstitution of CcO into mixed-
lipid liposomes [18]. Based on these results, we postulate
that in the mitochondrial membrane, CcO is in equilibrium
between the independent monomer, the monomer in the
supercomplex, and the dimer. The activity of CcO may be
regulated by the transition among these states that is trigged
by some physiological ligands or conditions.
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