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Two azide ions were identi®ed, one between the Fe and Cu

atoms in the O2-reduction site and the other at the

transmembrane surface of the enzyme, in the crystal structure

of the azide-bound form of bovine heart cytochrome c oxidase

at 2.9 AÊ resolution. Two geometries, a �-1,3 type geometry

between the Fe and Cu atoms and a terminal geometry on the

Fe atom, are equally possible for an azide ion in the

O2-reduction site. The other azide molecule was hydrogen

bonded to an amide group of an asparagine and a hydroxyl

group of tyrosine in a �-1,1 type geometry. The antisymmetric

infrared bands arising from these azide ions, which show

essentially identical intensity [Yoshikawa & Caughey (1992),

J. Biol. Chem. 267, 9757±9766], strongly suggest terminal

binding of the azide to Fe. The electron density of all three

imidazole ligands to CuB was clearly seen in the electron-

density map of the azide-bound form of bovine heart enzyme,

in contrast to the crystal structure of the azide-bound form of

the bacterial enzyme [Iwata et al. (1995), Nature (London),

376, 660±669], which lacks one of the three imidazole ligands

to CuB.
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PDB Reference: cytochrome c

oxidase, 1ocz.

1. Introduction

Cytochrome c oxidase is the terminal enzyme in the respira-

tory chain of most aerobic organisms. It contains two haems

and two copper sites as the redox-active metal sites. The two

metal sites, haem a3 and CuB, form the O2-reduction site

(Ferguson-Miller & Babcock, 1996). Electrons from cyto-

chrome c are transferred to the O2-reduction site through the

other two metal sites, CuA and haem a (Ferguson-Miller &

Babcock, 1996). Bovine heart cytochrome c oxidase is the

largest terminal oxidase, composed of 13 different protein

subunits with a molecular mass of about 210 kDa (Kadenbach

et al., 1983; Tsukihara et al., 1996). Because of its physiological

importance and intriguing catalytic reaction, the enzyme has

been studied extensively since its discovery (Warburg, 1924).

Iwata et al. (1995) have determined the crystal structure of

the bacterial enzyme in the azide-bound fully oxidized state.

They found that one of the three imidazole ligands to CuB

lacks electron density, suggesting a mobile structure in the

imidazole ligand. Before the crystal structure appeared, a

mechanism (the `histidine cycle') had been proposed for

proton pumping of cytochrome c oxidase, in which one of the

imidazole ligands to CuB changes its conformation and

protonation state depending on the oxidation state of the

O2-reduction site (WikstroÈ m et al., 1994). Thus, the mobile

structure of His325 (His290 in bovine heart enzyme) led to the

proposal that this histidine is the site of proton pumping

(Iwata et al., 1995). On the other hand, the crystal structure of
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the fully oxidized bovine heart cytochrome c oxidase free from

azide (Tsukihara et al., 1995) has three imidazole ligands to

CuB. Therefore, we have determined the crystal structure of

the azide-bound fully oxidized enzyme isolated from bovine

heart at 2.9 AÊ resolution. In contrast to the bacterial enzyme,

all three histidine ligands to CuB are present in the crystal

structure. Part of the results given here have been published in

a preliminary form (Yoshikawa et al., 1998).

2. Experimental and structure determination

2.1. Preparation of crystals

Single crystals of the azide-bound fully oxidized form were

prepared by soaking single crystals of the fully oxidized form,

prepared as described previously (Yoshikawa et al., 1998), for

4 d at 277 K in 5 mM sodium azide, 40 mM sodium phosphate

buffer pH 6.8 containing 0.2%(w/v) n-decyl-�-d-maltoside and

5%(w/v) polyoxyethylene glycol 4000 (Sigma).

2.2. Intensity data acquisition

X-ray diffraction data were collected at 285 � 2 K using a

Weissenberg camera for macromolecules (Sakabe, 1983) with

monochromated X-rays of wavelength 1.0 AÊ at the Photon

Factory, Tsukuba, Japan. 1� oscillation frames were taken at a

crystal-to-camera distance of 429.7 mm. The exposure time of

each frame was 180 s. The diffraction beam path to the

detector was ®lled with helium gas in order to reduce the

X-ray absorption by air and the background arising from

X-ray scattering by air. Diffraction data were recorded on

400 � 200 mm imaging plates (Fuji). Each imaging plate was

read by a Fuji BASS-2000 system in 100 mm steps.

128 oscillation frames, obtained from three crystals, were

processed with the program DENZO (Otwinowski & Minor,

1997). They were then scaled using the program SCALE-

PACK (Otwinowski & Minor, 1997). The intensity data

obtained are summarized in Table 1, together with three

heavy-atom derivative data sets used for the crystal structure

analysis of the oxidized form. A total of 133 922 independent

re¯ections were obtained at 2.9 AÊ resolution from 561 728

observed re¯ections, with an Rmerge of 0.078, an averaged

redundancy of 4.2 and a completeness of 85.7%.

2.3. Crystal structure determination

A Patterson map was calculated with |Fo|2 coef®cients in

order to inspect the translational symmetry within the asym-

metric unit.

Three heavy-atom derivatives of the fully oxidized form

were used for phase determination of the azide-bound form

using the multiple isomorphous replacement (MIR) method

(Green et al., 1954). The initial heavy-atom sites of each

derivative were determined by calculating a (FPH ÿ FP)2

difference Patterson map. Re®nement of the heavy-atom

parameters with the program MLPHARE (Otwinowski, 1991)

from the CCP4 program suite (Collaborative Computational

Project, Number 4, 1994) and difference Fourier synthesis

were alternated repeatedly to search for minor peaks and to

improve the initial estimates of the heavy-atom parameters.

Solvent ¯attening (Wang, 1985) coupled with histogram

matching (Zhang & Main, 1990) and non-crystallographic

symmetry (NCS) averaging (Buehner et al., 1974; Argos &

Rossmann, 1976) by means of the program DM from the

CCP4 program suite were applied to extend the MIR phases.

In order to incorporate NCS averaging into the density-

modi®cation procedure, a molecular envelope was generated

for each monomer manually, as it was very dif®cult to deter-

mine the interface between the two monomers automatically.

A correlation coef®cient, {
P

(�1 ÿ h�1i)(�2 ÿ h�2i)
�P

[(�1 ÿ h�1i)2(�2 ÿ h�2i)2]1/2}, was calculated at each step of

NCS averaging in order to monitor the structural similarity of

two independent monomers in the electron-density distribu-

tion, where h�ii is the averaged electron density of monomer i.

The resultant map of the density-modi®cation procedure is

referred to as the MIR/DM map.

The initial model for the X-PLOR re®nement (BruÈ nger et

al., 1987) was derived from the structure of the oxidized form

and was re®ned by simulated annealing, positional re®nement

and B-factor re®nement. The re®ned structure was manually

revised in the MIR/DM map after each cycle of X-PLOR

re®nement. The structure was con®rmed by using (2Fo ÿ Fc)

omit maps at the ®nal stage of the re®nement. The restraint

parameters used in X-PLOR were the stereochemical para-

meters of Engh & Huber (1991). NCS restraints were included

Table 1
Data-collection statistics.

Intensity data collection.

Compound Native IrCl6 (I) IrCl6 (II) CH3HgCl

Resolution (AÊ ) 100.0±2.9 100.0±3.0 100.0±3.0 100.0±3.0
Re¯ections

Observed 561728 319358 381828 328484
Independent 133932 119549 111957 107859

Competeness (%) 85.7 86.3 93.0 88.3
Merging R² 0.078 0.090 0.062 0.085
Riso³ 0.073 0.057 0.090
RCullis§ 0.86 0.86 0.79
Phasing power} 0.63 0.57 0.86

Completeness of native data in each resolution range.

Resolution range (AÊ ) Completeness (%)

6.25±4.96 96.9
4.96±4.33 97.2
4.33±3.94 94.9
3.94±3.65 92.1
3.65±3.44 86.9
3.44±3.27 80.1
3.27±3.12 75.7
3.12±3.00 70.2
3.00±2.90 66.3

² Merging R =
P

h

P
i |I(h,i) ÿ hI(h)i|/Ph

P
iI(h,i), where I(h,i) is the intensity value of

the ith measurement of h and hI(h)i is the corresponding mean value of I(h) for all
measurements; the summation is over the re¯ections with I/�(I) > 1.0. ³ Riso =P

|FPH ÿ FP|/
P

FPH, where FPH and FP are the derivative and the native structure-factor
amplitudes, respectively. § RCullis =

P��|FPH ÿ FP| ÿ FH(calc)
��/P|FPH ÿ FP|, where

FH(calc) is the calculated heavy-atom structure factor. The summation is over the centric
re¯ections only. } Phasing power is the r.m.s. isomorphous difference divided by the
r.m.s. residual lack of closure.



in the re®nement process. The manual rebuilding of the model

was repeated according to the MIR/DM map and/or the

(2Fo ÿ Fc) map calculated with Fourier coef®cients of

(2Fo ÿ Fc)exp(i�c), where �c was a calculated phase angle

from the structural model. Some amino-acid residues which

did not ®t well to the MIR/DM map were rebuilt successfully

in the (2Fo ÿ Fc) map.

3. Results

3.1. Crystal and intensity data

The crystals of the azide-bound enzyme belonged to the

orthorhombic space group P212121, with unit-cell parameters

a = 189.2 (6), b = 210.6 (5), c = 178.5 (6) AÊ . The crystal-

lographic asymmetric unit contained one dimer, with a

molecular weight of 420 kDa, a Vm of 4.4 AÊ 3 Daÿ1 and a

solvent content of about 72% according to Matthews' equa-

tion (Matthews, 1968).

3.2. Crystal structure determination

The Patterson map calculated with |Fo|2 coef®cients had a

prominent peak in the asymmetric unit which was attributed

to a pseudo-twofold axis parallel to the c axis. The peak

position in the Patterson map representing a vector between

two pseudo-twofold axes related by a crystallographic 21

symmetry was in the same position as that of the oxidized

enzyme. Consequently, the isomorphism between the azide-

bound and the fully oxidized forms was con®rmed. Nine

heavy-atom sites for the Ir (I) derivative, one for the Ir (II)

derivative and 27 for the Hg derivative were determined by

the difference Patterson method coupled with MLPHARE

re®nement. The ®nal statistics of the MIR phasing are given in

Table 1. After the density-modi®cation procedure coupled

with NCS averaging, the correlation coef®cient was improved

from 0.547 to 0.879 and the free R factor (BruÈ nger, 1992) for

5% of the re¯ections in each shell was reduced from 0.523 to

0.271. Membrane proteins often produce crystals containing

large amounts of solvent molecules, as is the case in bovine

heart cytochrome c oxidase. Therefore, solvent ¯attening

should be very useful in phase re®nement of the X-ray

diffraction data from many membrane proteins. NCS

averaging was also powerful in improving the quality of the

electron-density map.

An R factor of 0.193 and a free R factor of 0.255 were

obtained after 15 cycles of X-PLOR re®nement for 133 932

independent re¯ections at 2.9 AÊ resolution. Most of the 3560

amino-acid residues, two haems a, two haems a3, six Cu atoms,

two Zn atoms, two Mg atoms, 16 phospholipids, six phospha-

tidyl glycerols, four cholic acids and two decyl maltosides were

located in the crystallographic asymmetric unit and were fully

consistent with the crystal structure of the fully oxidized

enzyme. The root-mean-square deviations from ideal values

were 0.015 AÊ for bond lengths and 2.2 � for bond angles. Of the

3058 non-glycine and non-proline residues, 98.9% were in the

most favourable and favourable regions (Morris et al., 1992) of

the ®nal Ramachandran (',  ) plot (Ramachandran &

Sasisekharan, 1968) and only 0.3% were in the disallowed

region. These criteria indicate that the re®nement was

successful.

3.3. Overall structure

The azide-bound fully oxidized cytochrome oxidase was in a

dimeric state related by a pseudo-twofold axis in the asym-

metric unit of dimensions 90 � 150 � 115 AÊ . Each monomer

of the azide form could be superposed on the corresponding

monomer of the fully oxidized form, with an averaged r.m.s.

displacement of 0.66 AÊ for C� atoms. The distances between

metal centres, CuAÐFea of 20.7 AÊ , CuAÐFea3 of 23.2 AÊ ,

FeaÐFea3 of 13.4 AÊ and CuAÐZn of 65.2 AÊ , coincided with

those of the oxidized form within estimated errors (Tsukihara

et al., 1996). Therefore, azide binding to the fully oxidized

form did not affect the overall three-dimensional structure at

this resolution.

3.4. Structure of the O2-reduction site

In contrast to the bacterial enzyme (Iwata et al., 1995), the

electron density for all three histidine ligands to CuB (His240,

His290 and His291) was clearly seen in our MIR/DM map of

the azide-bound fully oxidized enzyme from bovine heart, as

shown in Fig. 1. The MIR/DM electron density of His240 and

Tyr244 was consistent with that of the fully oxidized enzyme at

2.3 AÊ resolution (Yoshikawa et al., 1998), in which a covalent

linkage between an imidazole N atom of His240 and an ortho-

phenol C atom of Tyr244 was detectable.

In the azide form, continuous electron density between CuB

and Fea3 was obvious in the MIR/DM electron density map at

2.9 AÊ resolution. A difference Fourier map calculated with

(Fo ÿ Fc)exp(i�c) coef®cients also showed a large peak

between CuB and Fea3 (Fig. 2). Three trial structures for an

azide molecule at the O2-reduction site were re®ned under

different restraining conditions, as shown in Table 2. A

re®nement under the restraining conditions of 2.07 AÊ for the

Fea3ÐN1 distance and 1.90 AÊ for the CuBÐN3 distance

converged to give the azide as a bridging structure with typical

coordination bonds at both ends of the molecule. Another

re®nement under the restraining conditions of 2.07 AÊ for the

Fea3ÐN1 distance converged with the azide as a bridging

structure, with a typical coordination bond Fea3ÐN1 and a

weak interatomic interaction between CuB and N3. These

re®nements generated no signi®cant residual density at the

O2-reduction site in (Fo ÿ Fc) maps. That is, the two resultant

structures are equally possible at 2.9 AÊ resolution. The third

re®nement, under the restraining condition of 1.90 AÊ for the

CuBÐN3 distance, provided a structure in which N1 was far

from Fea3 and bulky residual density higher than 2� occurred

between Fea3 and N1 in the (Fo ÿ Fc) map. Consequently, this

third structure was unlikely. The above analysis indicated that

terminal bonding to Fea3 and bridging bonding between Fea3

and CuB were equally possible. The distance between CuB and

Fea3 was 5.2 AÊ , compared with 4.9 AÊ in the fully oxidized form

(Yoshikawa et al., 1998). The position of CuB is affected by the
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ligand binding as well as the oxidation state of the metal sites,

whereas the position of Fea3 is essentially insensitive.

3.5. An azide on the transmembrane surface

An azide bound to the protein on a non-metal site was

identi®ed with the two difference Fourier maps calculated with

(Fazi ÿ Foxi)exp(i�oxi) and (Fazi ÿ Fc)exp(i�c), where F and �
are the structure amplitude and phase angle, and the suf®xes

`azi' and `oxi' represent the azide and oxidized forms,

respectively. An atomic model of azide ®tted well to the

difference densities, with higher than 4� density at the mole-

cular surface in the middle of the transmembrane part, as

shown in Fig. 3. At one end the azide was hydrogen bonded to

an amide group of Asn422 and a hydroxyl group of Tyr379.

3.6. Conformation of a polypeptide segment from Gly49 to
Asn55 in subunit I

The atomic model of the Gly49±Asn55 segment of the fully

oxidized form was used as an initial model in the re®nement of

the structure of the Gly49±Asn55 segment of the azide-bound

fully oxidized form. After re®nement with X-PLOR, the

model was superposed on the MIR/DM map of azide-bound

fully oxidized cytochrome c oxidase. The resulting atomic

model indicates the conformation of the Gly49±Asn55

segment to be identical to that of the fully oxidized form.

When the model of the fully reduced form was used as an

initial structure in simulated-annealing re®nement coupled

with positional re®nement and B-factor re®nement using

X-PLOR, the initial model was converted to a model identical

to that of the oxidized form within experimental accuracy. This

indicates that the electron density of the azide-bound fully

oxidized form is accurate enough to differentiate the confor-

mation of the Gly49±Asn55 segment in the fully oxidized form

from that in the fully reduced form.

4. Discussion

Azide is a potent inhibitor of cytochrome c oxidase. The

effects of this reagent on the enzyme have been studied for

almost 60 years since the pioneering work of Keilin & Hartree

(1939). Both cyanide and azide are considered to bind to haem

a3 in the oxidized state (Ferguson-Miller & Babcock, 1996;

Keilin & Hartree, 1939). A very small but fairly rapid change

in the visible±Soret absorption spectrum of the fully oxidized

enzyme is induced by azide (Wever et al., 1973; Yoshikawa &

Caughey, 1992; Li & Palmer, 1993), while cyanide induces a

marked change in the absorption spectrum at very slow rate

(Yoshikawa & Orii, 1973; Van Buuren et al., 1972).

Infrared studies have revealed many unique features of the

azide's reaction with the enzyme (Yoshikawa & Caughey,

1992; Li & Palmer, 1993). Azide produces two sharp infrared

bands at 2051 and 2041 cmÿ1 for the fully oxidized enzyme.

The 2041 cmÿ1 band splits into two bands at 2035 and

2024 cmÿ1 on replacing 14NÐ14NÐ14N with 15NÐ14NÐ14N,

Table 2
Restraining conditions of X-PLOR re®nement and re®ned structures of
azide molecule at the O2-binding site.

Restraints Re®ned structures

Models
Fea3ÐN1²
(AÊ )

CuBÐN3²
(AÊ )

Fea3ÐN1²
(AÊ )

CuBÐN3²
(AÊ )

Fea3ÐCuB

(AÊ )

I 2.07³ 1.90³ 2.02 1.87 5.22
II 2.07 1.98 2.44 5.18
III 1.90 2.79 1.75 5.13

² N1 and N3 are the terminal N atoms of an azide molecule. ³ These distances are the
distances in the analogous structures in myoglobin azide (Mattevi et al., 1991) and in an
azide derivative of ascorbate oxidase (Messerschmidt et al., 1993).

Figure 2
A difference electron-density map for the azide bound at the
O2-reduction site. The electron-density cage is drawn at the 4� level.
Haem a3 and CuB are depicted by red sticks and red spheres, respectively.
The two structural models of azide obtained by the re®nement are also
shown in the electron-density cage. Models I and II given in Table 2 are
colored light blue and dark blue, respectively.

Figure 1
A 2.9 AÊ MIR/DM electron-density map of the CuB site drawn at the 2�
level. Three histidine residues and a covalent bond between Tyr244 and
His240 are superposed on the map.



while the 2051 cmÿ1 band is shifted to 2039 cmÿ1 without band

splitting by the isotopic replacement. Thus, the azide binding

giving the 2051 cmÿ1 band seems signi®cantly less speci®c than

that giving the 2041 cmÿ1 band. However, both bands were

removed by cyanide (Yoshikawa & Caughey, 1992). The effect

of pH on the inhibitory effect of azide indicates that HN3, not

Nÿ3 , reacts with the enzyme to inhibit the enzymatic activity

(Stannard & Horecker, 1948). The azide molecule, HN3,

should give an infrared band around 2140 cmÿ1 (McCoy &

Caughey, 1970). Therefore, both the 2051 and 2041 cmÿ1

bands must arise from Nÿ3 . In other words, HN3 molecules bind

to the enzyme to form Nÿ3 compounds. Therefore, proton-

accepting sites are likely to be near the azide-binding sites.

The present crystallographic results improve the under-

standing of the reaction of azide with the enzyme in the fully

oxidized state. The 2051 cmÿ1 band, which provides a single

isotopically shifted band at 2039 cmÿ1 for 15NÐ14NÐ14N, is

likely to arise from the azide interacting with Asn422 and

Tyr379. These interactions (hydrogen bonding) could be too

weak to split the isotopically shifted azide band. The band

position is close to that arising from free azide anion in

solution at 2047 cmÿ1, but the band width is much narrower

than that of the free azide anion (Yoshikawa & Caughey,

1992). This infrared property seems to be consistent with the

hydrogen-bonding interactions of azide with Asn422 and

Tyr379. The sharp 2041 cmÿ1 band must arise from the azide

ion bound at Fe3�
a3 . At the present resolution, both bridging

and terminal binding geometries are equally possible, as

described above. Azide bridged between two different metals

is unlikely to be in a symmetric coordination. Therefore, both

geometries would provide a splitting isotopic shift for
15NÐ14NÐ14N. The 2041 cmÿ1 band is as intense as the

2051 cmÿ1 band (Yoshikawa & Caughey, 1992). This result

strongly suggests the terminal coordination geometry for the

2041 cmÿ1 band, since �-1,3 coordination is likely to provide a

much less intense infrared band than terminal coordination. In

other words, the infrared results are de®nitely more consistent

with terminal coordination than �-1,3 coordination.

Li & Palmer (1993) carefully examined the small absor-

bance changes induced by azide, showing two azide-binding

sites with Kd values of 64 mM and 20 mM at pH 8.0, respec-

tively. Under the present conditions for preparation of crystals

of the azide-bound enzyme (5 mM azide at pH 6.8), both

binding sites are likely to be occupied, since azide binding is

greatly enhanced at lower pH. The infrared results of Li &

Palmer (1993) indicate that azide at the high-af®nity site has

an infrared band at 2051 cmÿ1. The azide binding to Fe3�
a3

giving the 2041 cmÿ1 band may be in¯uenced strongly by pH,

so that Kd for the 2041 cmÿ1 band is larger than that for the

2051 cmÿ1 band at pH 8.0 under the conditions of Li & Palmer

(1993). The azide ion at the non-metal site seems to in¯uence

the absorption spectrum of the haems, although very weakly.

The azide-binding site on the transmembrane surface

(Tyr379 and Asn422) is covered with detergent molecules.

Therefore, HN3 approaches the site much more readily than

Nÿ3 . His429 near the non-metal site for azide binding could

serve as a proton-accepting site for HN3. The proton-accepting

site for the azide bound at haem a3 could be Tyr244 or the

imidazole of His290 or His291. His240 is unable to accept

protons because of its covalent bond to Tyr244.

Infrared results indicated that only one equivalent of

cyanide binds quantitatively to the fully oxidized enzyme

(Yoshikawa & Caughey, 1992). One equivalent of cyanide, as

stated above, removes both the 2051 cmÿ1 band and the

2041 cmÿ1 band (Yoshikawa & Caughey, 1992). The cyanide-

binding site is very likely to be Fe3�
a3 . Thus, cyanide binding at

Fe3�
a3 anticooperatively removes the azide at the site composed

of Asn422 and Tyr379 in the transmembrane surface. These

two amino acids and His429, the possible proton-accepting

site, are highly conserved among mitochondrial cytochrome c

oxidases (Bairoch & Apweiler, 1999). Therefore, this azide-

binding site could provide a regulatory mechanism by a

negatively charged substance.

The cross-linked structure between His240 and Tyr244 is

detectable in all crystal structures of bovine heart cytochrome

c oxidase so far obtained (Yoshikawa et al., 1998). Further-

more, the cross-linked structure has not been in¯uenced by

the time and conditions of storage of the crystals. Therefore,

the cross linking is likely to be produced by a physiologically

programmed post-translational modi®cation.

The conformation of Asp51 seems to be determined by the

oxidation state of the metal sites and not by the ligand-binding

state, since both azide and CO do not in¯uence the confor-

mation (Yoshikawa et al., 1998). The results suggest that the

O2-reduction site does not control the conformation of Asp51.

Thus, the oxidation states of CuA and haem a may control the

conformation. It has been suggested that protons are pumped

by the conformational change in Asp51 (Yoshikawa et al.,

1998). Redox changes in CuA and haem a should therefore be

coupled to the proton pumping in this enzyme. Coupling of the

oxidation state of haem a with proton pumping has been

proposed (Capitanio et al., 1997). However, different

mechanisms may be possible for controlling the conforma-

tional change in Asp51 in other oxidation and ligand-binding

states of the O2-reduction sites, such as in the ferryl state of

Fea3 during catalytic turnover.

The fully oxidized bovine heart cytochrome c oxidase as

isolated is alternatively known as the resting oxidized form,

since it is not involved in the enzymic cycle (Antonini et al.,

1977). Both electron transfer (Antonini et al., 1977) and

cyanide binding (Yoshikawa & Orii, 1974; Jones et al., 1984) to

haem a3 in the fully oxidized form under turnover conditions

are much faster than in the resting oxidized form, suggesting a

difference in the ligand-binding structure at the O2-reduction

site. However, the conformation of Asp51 in the fully oxidized

enzyme under turnover conditions is likely to be the same as

that in the resting oxidized form, since the difference between

the two forms is in the ligand-binding structure at the

O2-reduction site.

According to Iwata et al. (1995), bacterial cytochrome c

oxidase in the fully oxidized azide-bound form lacks one of the

imidazole ligands of CuB. However, our azide-bound form

clearly shows all the three imidazoles in the CuB site. That is, it

does not support the histidine-cycle mechanism. This discre-
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pancy must indicate an evolution in the conformational

stability of one of the imidazole ligands of CuB.
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site. The structures of Tyr379, Asn422 and His429 are shown in purple
and the backbone of subunit I is shown in green.
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