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The X-ray structure of bovine heart cytochrome c oxidase

solved for orthorhombic crystals showed a dimeric structure

stabilized by four subunit±subunit contacts, namely, subunit

Vb±subunit Vb on the matrix side, subunit I±subunit VIa,

subunit VIa±subunit I in the transmembrane region and

subunit VIb±subunit VIb on the intermembrane side. The

same intermonomer contacts as in the orthorhombic crystals

were observed in both hexagonal and tetragonal crystals, the

X-ray structures of which were determined by the molecular-

replacement method. These results suggest that the dimeric

structure also exists under physiological conditions. These

contacts, especially the subunit IVa±subunit I contact, in which

the N-terminal portion of subunit IVa is placed on the surface

of subunit I near the dioxygen-reduction site, indicate that the

function of the bovine heart enzyme is likely to be controlled

by perturbation of the monomer±monomer association.
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1. Introduction

Bovine heart cytochrome c oxidase is a multisubunit

membrane protein in the mitochondorial respiratory chain

that is involved in dioxygen reduction coupled with proton

translocation across the mitochondrial membrane (Ferguson-

Miller & Babcock, 1996). The crystal and molecular structures

of the enzyme have been determined at 2.8 AÊ resolution

(Tsukihara et al., 1995, 1996; Tomizaki et al., 1999) and re®ned

to 2.3 AÊ resolution (Yoshikawa et al., 1998) in our laboratories.

The X-ray structure has showed 13 different subunits as in

Fig. 1 (three mitochondrially coded subunits and ten nuclear-

coded subunits).

It has been proposed that puri®ed bovine heart cytochrome

c oxidase was in either a monomeric or dimeric state

depending on the coexisting detergent species and/or phos-

pholipids (Finel & WikstroÈ m, 1986; Capaldi & Zhang, 1986;

Hakvoort et al., 1987; Estey & Prochaska, 1993). However, the

nature and the physiological signi®cance of the dimerization is

still controversial.

This paper presents the detailed dimeric structure of bovine

heart cytochrome c oxidase stabilized by nuclear-coded sub-

units. The dimeric state was not in¯uenced by signi®cant

changes in crystal packing.

2. Experimental and structural determination

2.1. Crystallization and intensity data acquisition

Bovine heart cytochrome c oxidase can be crystallized in

hexagonal, tetragonal and orthorhombic forms under

different crystallization conditions, as described previously
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(Yoshikawa et al., 1991, 1992; Shinzawa-Itoh et al., 1992, 1995).

By soaking in such heavy-atom reagents as tetra-

kis(acetoxymercuri)methane, the tetragonal crystal could be

transformed into a different phase of the same tetragonal

system. The intensity data for these crystals were collected at

the Photon Factory, Institute for High Energy Physics,

Tsukuba, Japan by the oscillation method, using a Weissen-

berg camera equipped with an imaging plate designed by

Sakabe (1983) for macromolecules with large unit-cell

dimensions. Diffraction images were processed using the

program WEIS (Higashi, 1989) and observed re¯ections were

scaled by the method of Hamilton et al. (1965).

2.2. Crystal structure determination

The molecular-replacement method (Rossmann & Blow,

1962) was used for structure determination of the hexagonal

and tetragonal crystals. The initial phases of the hexagonal

crystal were obtained by locating the 13 subunit monomeric

structures of the orthorhombic form determined at 2.8 AÊ

resolution (Tsukihara et al., 1995, 1996; Tomizaki et al., 1999).

The crystal structure was re®ned by the rigid-body re®nement

method using a constrained monomeric structure in an

asymmetric unit. The program X-PLOR v.3.1 (BruÈ nger et al.,

1987) was employed for the crystal structure determination of

the hexagonal crystal.

The low-resolution form of the tetragonal crystal, with unit-

cell parameters a = b = 273.1, c = 170.9 AÊ , was used for the

structure determination. Molecular-replacement analysis was

performed using the program AMoRe (Navaza, 1994) from

the CCP4 suite (Collaborative Computational Project,

Number 4, 1994).

Crystal structural analyses were monitored by evaluating

the correlation coef®cient C =
P

(|Fo| ÿ h|Fo|i)(|Fc| ÿ h|Fc|i)/P
[(|Fo| ÿ h|Fo|i)2(|Fc| ÿ h|Fc|i)2]1/2 and the R factor

R =
P��|Fo| ÿ |Fc|

��/P|Fo|. Abnormal overlapping among

molecules in each crystal candidate structure was inspected to

select an appropriate crystal structure.

3. Results

3.1. Crystal data

The intensity and crystal data of the hexagonal and the

tetragonal crystals are given in Table 1. Another tetragonal

crystal with unit-cell parameters a = b = 253.2, c = 507.1 AÊ

diffracted X-rays to as high as 5 AÊ resolution and diffraction

spots were systematically weak for l = 3n + 1 and 3n + 2

re¯ections at low resolution. The speci®c intensity distribution

indicates that the crystal structure has a pseudo one-third

translation symmetry along the c axis of the unit cell. By

soaking in such heavy-atom reagents as tetrakis(acetoxy-

mercuri)methane, the crystal was transformed into a different

phase of the same tetragonal system with unit-cell parameters

a = b = 273.1, c = 170.9 AÊ , whose c axis was one-third that of

Table 1
Intensity data collection for hexagonal and tetragonal crystals.

Tetragonal

Hexagonal I II

Experimental conditions
Wavelength (AÊ ) 1.48 1.48 1.00
Exposure time (s) 84.0 84.0 84.0
Oscillation range (�) 4.2 5.5 4.2
Camera radius (mm) 429.8 429.8 573.0

Crystal data
Space group P62 I4122 I4122
Unit-cell parameters

a = b (AÊ ) 208.7 (6) 273.1 (6) 253.2 (4)
c (AÊ ) 282.3 (12) 170.9 (6) 507.1 (6)
� = � (�) 90 90 90

 (�) 120 90 90

Z² 6 8 24
VM³ (AÊ 3 Daÿ1) 8.61 7.74 6.76
Solvent content³ (%) 85.7 84.1 81.8

Intensity data
Resolution (AÊ ) 100.0±7.0 70.0±15.0 100.0±6.0
Re¯ections [F > 2�(F)]

No. observed 32758 3236 15096
No. independent 7026 531 9511

Rmerge§ 0.095 0.046 0.095

² Z is the number of enzyme complexes consisting of 13 subunits in the unit cell. ³ VM

and solvent content were determined according to Matthews (1968). § Rmerge =PP jhI�hkl�i ÿ Ii�hkl�j=PP
Ii�hkl�.

Figure 1
13 subunit structures of bovine heart cytochrome c oxidase are depicted
by C� trace: view of the transmembrane surface. The intermembrane side
is at the top. Each subunit is shown in a different colour. Polypeptides in
the transmembrane region fold in �-helices. Subunits I, II and III encoded
by mitochondrial genes form a core, while the other subunits surrounding
the core subunits are encoded by nuclear genes.



the original. The crystal diffracted X-rays at best to 15 AÊ and

was isomorphous to the original crystal at low resolution

judging from the intensity distribution. Thus, both tetragonal

crystals were similar to each other in molecular packing.

3.2. Validity of crystal structures

Rigid-body re®nement of the hexagonal crystal using a

constrained monomeric structure in the asymmetric unit

reduced the R factor to 0.314 at 9 AÊ resolution. The monomer

in the asymmetric unit was transferred in one unit cell by

crystallographic symmetry operations. Six monomers packed

well without any molecular overlap in a unit cell of the crystal.

The low-resolution form of the tetragonal crystal with unit-

cell parameters a = b = 273.1, c = 170.9 AÊ was used for the

structural determination. Molecular-replacement analysis

produced the ®rst crystal structure candidate, with C = 0.739

and R = 0.416. The second candidate with C = 0.676 and

R = 0.451, and the third candidate with C = 0.653 and R = 0.482

were rejected because of abnormal overlapping among 16

monomers in the unit cell. The ®rst candidate showed

reasonably satisfactory packing in the crystal. Both the criteria

C and R for the ®rst candidate deviate signi®cantly from those

of top 300 candidates, which had averaged values of 0.568

(� 0.035) for C and 0.514 (� 0.017) for R. Consequently, the

®rst candidate appeared to represent the crystal structure

of the tetragonal form. The crystal structure of the high-

resolution form of the tetragonal crystal was not solved

because of a problem with pseudo-translation symmetry.

3.3. Dimeric structures in hexagonal and tetragonal crystals

The crystal structures of the hexagonal and tetragonal

crystals are schematically shown in Figs. 2(a) and 2(b),

respectively. Two monomers around a crystallographic

twofold axis at (1/2, 1/2, z) in the hexagonal crystal face each

other to form a dimeric structure (Fig. 2a). A dimeric structure

is formed around a crystallographic twofold axis at (1/4, y, 3/8)

in the tetragonal unit cell (Fig. 2b). The orthorhombic crystal

contains a dimer around a non-crystallographic twofold axis in

the asymmetric unit, as shown in Fig. 3(a). Although the

crystal structures of the hexagonal and the tetragonal forms

were determined using the monomeric model of the ortho-

rhombic form, dimeric structures appeared in the hexagonal

and tetragonal crystals as shown in Figs. 3(b) and 3(c),

respectively. The three dimeric structures in the hexagonal,

tetragonal and orthorhombic crystals were compared by

superposing one on another. Least-squares ®ttings for all the

C� atoms were executed among the three dimeric structures

using the program X-PLOR (BruÈ nger et al., 1987). The r.m.s

displacements were 0.30 AÊ between the dimers of the

orthorhombic and hexagonal crystals, 0.98 AÊ between those of

the orthorhombic and tetragonal crystals and 1.01 AÊ between

those of the hexagonal and tetragonal crystals. The reason for

the relatively high r.m.s. values against the tetragonal dimer is

related to the low-resolution analysis at 15 AÊ . However, these

r.m.s. values are low enough to conclude that assembly of the

two monomers is identical irrespective of the crystal packing.

This suggests that a characteristic property of the bovine heart

cytochrome c oxidase is to form the dimeric structure. It

should be noted that these low-resolution X-ray diffraction

data provide signi®cantly accurate information about the

monomer±monomer assembly.
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Figure 2
Schematic drawings of the crystal structures of bovine heart cytochrome c
oxidase. (a) Molecules in the hexagonal unit cell are projected onto an ab
plane. Each monomer, consisting of 13 different protein subunits, is
represented by a half circle. A dimeric structure is identi®ed at each
crystallographic twofold axis. (b) Monomers, depicted by an oval shape in
the tetragonal unit cell, are shown on an ab plane. Each asymmetric unit
contains one monomer. Two monomers around a crystallographic twofold
axis form a dimer.
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3.4. Intermonomer interactions in a dimeric structure

Three regions for protein±protein interaction between

monomers were identi®ed by calculating intermonomer

interatomic distances in the X-ray structure of the ortho-

Figure 3
Dimeric structures of bovine heart cytochrome c oxidase obtained in three crystal forms are shown by C� tracings. Each asymmetric unit is labelled by a
capital letter representing a symmetry operation. Projected structures similar to those in an orthorhombic crystal are detected in both the hexagonal and
tetragonal crystals. (a) Two monomers related by a local twofold axis nearly parallel to the c axis form a dimer in the orthorhombic crystal. An
asymmetric unit contains a dimer coloured in red. Symmetry operations are as follows: A, (x, y, z); B, (3/2 ÿ x, ÿy, 1/2 + z); C, (1/2 ÿ x, 1/2 + y, 1/2ÿ z);
D, (3/2 ÿ x, ÿy, ÿ1/2 + z); E, (1/2 ÿ x, 1/2 + y, ÿ1/2 ÿ z). A dimer in an unit cell transferred by a symmetry operation of (1 ÿ x, 1/2 + y, 1/2 ÿ z) is not
shown to avoid confusion. (b) Molecules are shown in a hexagonal unit cell. Symmetry operations are as follows: A in red, (x, y, z); B, (1ÿ x, 1ÿ y, z); C,
(y, y ÿ x, ÿ1/3 + z); D, (1 ÿ y, x ÿ y, ÿ1/3 + z); E, (y, 1 + y, ÿ1/3 + z); F, (1 ÿ y, 1 + x ÿ y, ÿ1/3 + z); G, (1 + x ÿ y, x, ÿ2/3 + z); H, (1 + y ÿ x, 1 ÿ x,
ÿ2/3 + z); I, (xÿ y, x,ÿ2/3 + z); J, (yÿ x, 1ÿ x,ÿ2/3 + z). (c) Molecules are shown in a tetragonal unit cell. Symmetry operations are as follows: A in red,
(x, y, z); B, (x, 1/2ÿ y, 1/4ÿ z); C, (x, 1/2ÿ y, 5/4ÿ z); D, (x, y, 1 + z); E, (3/2ÿ x, y, 3/4ÿ z); F, (3/2ÿ x, 1/2ÿ y, 1/2 + z); G, (ÿ1 + x,1/2ÿ y, 1/4ÿ z); H,
(ÿ1 + x, y, z); I, (ÿ1 + x, 1/2 ÿ y, 5/4 ÿ z); J, (ÿ1 + x, y, 1 + z); K in light brown, (1/2 + y, 1 ÿ x, 1/4 + z); L in blue, (1/2 ÿ y, ÿ1 + x, ÿ1/4 ÿ z).

rhombic crystals. Lys46, Asp49, Ser51 and Val52 of subunit

VIb of one monomer are in contact with Val52, Ser51, Asp49

and Lys46, respectively, of subunit VIb of the other monomer

around a local twofold axis, as shown in yellow in Figs. 4(a)

and 4(b). The second interaction is between subunits I and

VIa of two different monomers and is shown in pink in

Figs. 4(a) and 4(b). Subunit VIa exhibits a hook-shaped

conformation at the N-terminal end. The ten N-terminal

residues of subunit VIa extend into the transmembrane region

and ®t well into the cleft between helices Vand VII of subunit I

of the other monomer, as shown in Fig. 5. 14 residues of

subunit VIa in the hook-shaped region, Ala1±Gly9, Arg14,

Thr15, Phe18, Gly22 and Leu30, and 17 residues of subunit I,

Ile169, Gln178, Tyr179, Met189, Ile190, Val193, Leu194,

Leu197, Phe237, Met271, Trp275, Met278, Gly281, Phe282,

Phe285, Ile286 and Ile311, are involved in the intermonomer

hydrophobic interaction with interatomic distances of less

than 4 AÊ . In addition to the hydrophobic interactions, two

hydrogen bonds between subunits I and VIa, O� (Tyr179 of

subunit I)±O
1 (Thr15 of subunit VIa) and N"1 (Trp275 of



subunit I)±O (Gly22 of subunit VIa), contribute to stabiliza-

tion of the dimeric structure. The side chains of Lys5, Asp7,

His8 and Arg14 of subunit VIa are surrounded by polarized

atoms such as carbonyl O atoms of subunit I. The third

interaction between subunit Vb of one monomer and subunit

Vb of the other monomer is shown in red in Figs. 4(a) and

4(b). The amino-terminal domain of subunit Vb of one

monomer extends to the carboxyl-terminal domain of subunit

Vb of the other monomer to make the close contacts Ala1±

Glu64 and Ser2±Asp65 between the two monomers. The

prominent interactions between subunits VIa and I are in the

inner membrane region, while the interactions between

subunits VIbs and between subunits Vbs are in the inter-

membrane and matrix spaces, respectively. The dimeric

structure is strengthened to a high degree of stability by the

wide range of intermolecular interactions.

3.5. Crystal packing and the quality of diffraction data

Crystal packing features of bovine cytochrome c oxidase are

shown for three crystal forms in Fig. 6. Three crystals have

interactions only in the hydrophilic part of the molecule. Of

the three crystal forms, the orthorhombic crystal has the

largest contact surface. In the orthorhombic crystal, the

cytosolic site of one dimer makes contact with the matrix site

of the other. One molecule of a dimer is related to the other by

a local twofold axis parallel to the c axis. A total of 194 pairs of

atomic contacts shorter than 4 AÊ were detected in interdimer

interactions, subunit I±subunit IV, subunit II±subunit VIIc,

subunit II±subunit VIII, subunit IV±subunit VIc, subunit Va±

subunit VIc, subunit Vb±subunitVIIb, subunit VIc±subunit

VIc, subunit VIc±subunitVIIc, subunit VIIa±subunitVIIb and

subunit VIIb±subunitVIIc, in the crystal. Molecular inter-

actions in the hexagonal crystal also occur along the c axis, but

one dimer rotates about 120� against the other dimer. In this

packing, the contact surface is signi®cantly narrower than in

the orthorhombic crystal. The major interaction is between

subunit IV at the matrix site and subunit III at the cytosolic

site. The crystal packing features of the tetragonal form are

clearly different from both the above two crystals. As shown in

Fig. 6, each tetragonal crystal has two interaction sites. These

packing features are different from those of orthorhombic or

hexagonal forms. The ®rst site is between the cytosolic sites of

subunit IV and subunit VIIb in one monomer of a dimer and

the cytosolic sites of subunit IV and subunit VIIb in one

monomer of another dimer. The second is between the matrix

sites of subunit IV of one dimer and the matrix sites of subunit

IV of another dimer.

4. Discussion

As stated above, the X-ray structures of the tetragonal and

hexagonal crystals determined by the molecular-replacement

method using the monomer model show dimeric structures

identical to that of the orthorhombic crystals at 2.8 AÊ reso-

lution. On the other hand, the dimer±dimer interaction is

signi®cantly different depending on the crystal packing. These

two results indicate quite a strong interaction between the two

monomers within the dimer.

The fairly hydrophilic N-terminal region of subunit VIa,

including ten amino acids, is buried in the transmembrane

region and three glycine residues are at the turning point in

the hook-shaped conformation in the N-terminal region of

subunit VIa. Thus, once the dimer is dissociated into two
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Figure 4
Monomer±monomer interaction in a dimeric structure. Subunits included
in the intermonomer interaction are depicted by ribbon drawings. The
subunits involved in intermonomer contacts are illustrated by ribbon
models. The remaining subunits of the dimer are shown by wire models of
C� atoms. The yellow, pink and green structures denote subunits Vb, VIa
and VIb, respectively. (a) Side view of the dimer. (b) Top view of the
dimer from the matrix side.
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monomers, the N-terminal region of subunit VIa will undergo

a large conformational change resulting an extended confor-

mation protruding into the matrix space. The hydrophilic

nature of the N-terminal region would signi®cantly inhibit the

reverse conformational change from the extended conforma-

tion in the matrix space to the hook-shaped conformation in

the hydrophobic transmembrane region. On the other hand,

the conformation of the N-terminal region of subunit VIa, in

addition to the two interactions in the extramembrane regions,

strongly suggests that the intermonomer interactions are

strong enough to prevent the dimer from spontaneous disso-

ciation to two monomers. Thus, the dimeric state is likely to be

dominant in mitochondrial membrane, although the possibi-

lity of the presence of the monomeric state cannot be excluded

at present. The N-terminal portion of subunit VIa makes tight

contacts with the surface of subunit I near the dioxygen-

reduction site, suggesting that subunit VIa could

control the function of the dioxygen-reduction

site. On the other hand, Kadenbach's group

proposed that a nucleotide binding to subunit

VIa controls the ef®ciency of the proton-

pumping function of this enzyme (Anthony et

al., 1993) and the nucleotide binding to subunit

VIa has been con®rmed by X-ray structure

(Tsukihara et al., 1996). These results suggest a

regulatory function for subunit VIa in the

dimeric state. The dimer formation observed in

bovine heart cytochrome c oxidase is unlikely to

occur in bacterial enzymes, which do not contain

subunits corresponding to the nuclear-coded

subunits (Iwata et al., 1995).
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