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Crystal structures of bovine heart cytochrome c oxidase in the fully oxidized, fully 
reduced, azide-bound, and carbon monoxide-bound states were determined at 2.30, 
2.35,2.9, and 2.8 angstrom resolution, respectively. An aspartate residue apart from the 
0, reduction site exchanges its effective accessibility to the matrix aqueous phase for 
one to the cytosolic phase concomitantly with a significant decrease in the pK of its 
carboxyl group, on reduction of the metal sites. The movement indicates the aspartate 
as the proton pumping site. A tyrosine acidified by a covalently linked imidazole nitrogen 
is a possible proton donor for the 0, reduction by the enzyme. 

Cytochrolne c oxidase, a key enzyme in 
cell respiration,, catalyzes the reduction of 
O2  to water at the site involving heme a, 
and CLI, (heme a,-Cu, site hereafter) by 
means of vrotons extracted from the matrix 
side of the inner mitochondria1 membrane 
and electrons iron1 cvtochrome c, in a re- 
action that is coupled'with proton pumping 
( 1  ). The crvstal structures of a eukarvotic 
and a prokaryotic cytochzome c oxidase 
previously reported at 2.8 A resolution ush- 
ered in a new era for cytochro~ne c oxidase 
research 12-4). , , 

For the proton pumping function of cy- 
tochrome c oxidase driven bv the 0, reduc- 
tion, an acidic group in the protein must be 
accessible only to one of the two bulk water 
phases on boih sides of the mitochondria1 
membrane in a certain oxidation state of 
the enzyme, and the accessible side must be 
switched to the other side bv a change in 
the oxidation state, concolnjtantly \Gth a 
significant change in the pK of the acidic 
group. The changes in accessibility and pK 
can be induced bv very small conformation- 
a1 changes in the p'otein. Thus, caref~ll 
co~noarison of the crvstal structure in vari- 
ous oxidation and ligand-binding states at 
high resolution is indispensable for under- 
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standing the mechanism of proton pumping 
by this enzyme. 

Crystallization conditions have been im- 
proved to provide crystals that diffract x- 
rays up to 1.9 A resolution (5).  Crystals of 
the fully oxidized, fully reduced, fully re- 
duced CO-bound, and fullv oxidized azide- 
bound forms were prepared from the crystals 
of the fullv oxidized form (5).  Intensitv data , , 

and phase'determinations of these statis are 
su~ntnarized in Table 1. The crvstal struc- 
tures were refined with the program 
XPLOR (6). The statistics of the structural , , 

refinement of these crystals are given in 
Table 2. 

Structure of the heme a -CuB site. The 
electron density for  is"' and TvrZ4' of 
subunit I given as an (Fo F,) difference 
Fourier mav 17) at 2.3 A resolution in- 

k , ,  

dicates the presence of a covalent bond 
between N E ~  of HisZ" imidazole group and 
CE, of Tyr24"henol group (Fig. 1A). This 
covalent linkage is also apparent in the 
electron density distrib~;tion of the fully 
reduced enzyme at 2.35 A resolution and is 
consistent with the electron density maps of 
the fully reduced CO-bound form and the 
fully oxidized azide-bound form. The cova- 
lent linkage has been proposed also for the 
fillly oxidize? Paracocc~~s cytochrome c ox- 
idase at 2.7 resolution (8). The covalent 
linkage suggests that the pK of the TyrOH 
is significantly lov,ier than that of free 
TyrOH. Thus, a significant fractiol~ of OH 
grouo of TyrZ" may be in the denrotonated 
u 
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residual electron density in the heme a,- 
Cu, site of the fully oxidized fornl (Fig. 1A 
and Table 3)  is a peroxide ligand bridging 
the two metals (9). The Fe,,-0 distance is 
significantly longer than that found in 
Fe3+-OH co~npoullds and is consistent 
with the high-spin heme a, present on the 
oxidize4 form ( 1  0). The 0-0 bond length 
(1.62 A )  is slightly longer than that of 
H Z 0 2  One hydroxide ion and one water 
have been proposed for the ligands of the 
heme a3-Cu, site in the fully oxidizgd bac- 
terial cytochrome c oxidase at 2.7 A reso- 
lution (8). However, this model provides 
significantly higher residual density in an 
(F, - Fc) difference map than the peroxide 
model, that is, the bridgipg peroxide fits the 
electron density at 2.3 A resolution signif- 
icantly better than the hydroxide/\vater 
model. 

The fully oxidized form given here is the 
enzyme preparation as purified from the 
tissue under aerobic conditions. In analogy 
to hemerythrin, in which the peroxide form 
is the stable oxygenated form ( 1  I ) ,  the 
bridging peroxide structure is consistent 
with the stability of the fully oxidized en- 
zyme (12). The effect of x-ray irradiation 
under the present experimental conditions 
is negligible ( 1  3). The enzyme form is char- 
acterized by much slower reduction of heme 
a, (14) and much slo\ver cyanide binding, 
compared with the enzyme under turnover 
conditions (15). Thus, the form may not 
directly participate in the catalytic turno17er 
(16) and is called alternatively the resting 
oxidized form (17). The fully oxidized form 
directly Involved in the catalytic turnover is 
called the oxygen pulsed form (1 8). 

No ligand is detectable between Fe,, and 
Cu, in the ~nultiple isomorphous replace- 
ment and density tnodification (MIR/DM) 
map and the (F, - Fc) differepce map of 
the fully reduced form at 2.35 A resolution 
(not sho\vn). The three histidine imidazoles 
form a triangle with the CU, on the triangle 
plane. Such a Cul+ coordination IS usually 
very stable (19). Thus, the CuB1- is likely 
to be a poor ligand acceptor as well as a 
poor electron donor. This property may in- 
hibit rapid formation of bridging O2 be- 
t\veen Fe,, and CU, (Fea3Z+-O=O-CuB1+), 
as has been proposed (1 ). 

Inspection of interatomic contacts of the 
O2 within the O2  reduction slte of the fiilly 
reduced enzyme shows that the hydroxyl 
group of Tyr2" is located close enough to 
form a hydrogen bond to the bound 0: at 
Fe,,'+ (not shown). This hydrogen bond 
would stabilize the oxygenated form. Fur- 
thermore, TyrN4', acidified by the covalent 
linkage to the imidazole nitrogen, donates, 
effectively, protons to the dioxygen reduc- 
tion site through the hydrogen bond net- 
work connecting TyrB4 with the matrix 
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surface (4). The proxllnltv of heme a to 
heme a3, sho~ivn In the crystal structures of 
bov~ne  heart and bacter~al enzymes, sug- 
pests that heme a serves as an effect~ve 
electron donor to heme a,, consistent with 
a resonance Rarnan result (20) confir~ned , , 

by the absorption spectral change (21). 
Thus, reduction of 0: at heme a3, which is 
hydrogen-bonded to Tyr'44, may be trig- 

gered hy electron transfer from heme a to 
heme a, to produce a hydroperoxo adduct 
hound at  (Fig. 1B). 

After formation of the hydroperoxo spe- 
cies (Fig. lB) ,  the third electron from CuB, 
via H i ~ ~ ~ " T v r ' ~ ~  linkage, and the second " ,  

proton from the matrix side, via Tpr2"jnay 
be donated effectivelv to the bound hv- 
droperoxide to form a ferryloxo species 

(Fe4+=O) and a \\rater. However, the stable 
CLI~ '+ ,  as descr~bed above, ma) not donate 
the e lec t~on  equ~valent to the hvdroperoxo 
adduct. but to Fe5+=0 formed aftel H,O 1s 
released from the hpdroperoxo adduct as 
suggested (22). In either mechanism, the 
life time of this hpdroperoxo inter~nediate 
could he too short to detect consistentlv 
with the resonance R a ~ n a n  results (22). Ad- 

Table 1, Intensity data and statistics of phase determlnatlon for the fully bound forms. Each structure was determined by mutple ~somorphous re- 
oxldzed, fully reduced, fully reduced CO-bound, and fully oxidized azlde- placement (MR) (37). 

Native Derivative 

Oxidized 
form 

Reduced 
form CO form Azide 

form 

Resolution 
(4' 

Obsewed 
reflectlons 

Independent 
reflectons 

//ail) 

Averaged 
redundancy? 

Completeness$ 

RmergeE 

Oxidized form 
R,SOll 

R,",l,,~ 

Phaslng power= 

R e d u c e d  form 
RIS, I 

R,"ll,,¶ 

Phaslng power= 

CO form 
RISOI 

RCUll,,~ 

Phaslng power= 

R,,Ol 

RC"ll,,¶ 

Phaslng power= 

A z ~ d e  form 
0.118 0.154 0.205 
(0.243) (0.377) (0.378) 
0.92 0.92 0.85 

(; ,001 (0.98) (0.97) 
0.72 0.63 1 .OO 
(0.32) (0.26) (0.43) 

"Numbers r paren~heses are gven for the hghest resolut~on shells. ?Redundancy IS the number of obsenjed refect~ons for each Independent reflecton. ZCompeteness 
n a percentage of Independent reflecr~ons obsenfed s'R,,,,,,: Z , q Z , / ( h . ~ ) - ( / ( h i ) , , ~ , 2 , i ( h , ~ ) ,  where i j h ,~ )  IS the nrenslty \value of the ~ t h  measurement of h and (/(h)) 
IS rhe correspordng mean value 02i(h) for a I measurements; the summaron IS over the refectons w rh  ilu! larger than 1.0 ,,R,,; 2 ,  F,, - Fp iZFsH where FpH and F, are 
the dervat\!e and the natve structure factor amptudes, respectvey, ¶R,,.,,,,. Z 1 F,, - F, - FH(cac) 111 FFt - F, , where F,(Cac) IS the calculated heavy-atom structure 
factor The summaton s over the centrc refectons only. =Phas ng power IS rms ~somorphous dfference dvded  by rms r e s d ~ a l  lack of closure. 
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dition of another three equivalents of elec- 
trons and protons to the hydroperoxo spe- 
cies drives the catalytic process, including 
the oxygen pulsed state (18), to reproduce 
the original reduced species (Fig. 1B). 

The fully oxidized resting form may be 
formed from the enzyme species with TyP' 
in the de~rotonated state as described 
above. The deprotonated tyrosine cannot 

form a hydrogen bond to the bound 02. In 
this case, the bound O2 may form a bridging 
0, between Fed2+ and CuB1+ to form 
Fed3+-0-O€uB2+ (Fig. 1B) as the resting 
oxidized form. A possible physiological role 
of the fully oxidized resting form is to pre- 
vent the potentially very reactive O2 reduc- 
tion site from producing radical species with 
accidental contacts of 0, to the site in the 

Table 2. Statistics of structural refinements of oxidized, reduced, CO-bound, and azide-bound forms. 
Each structure was refined by simulated annealing followed by positional and 6 factor refinements with 
XPLOR (6). 

State Oxidized Reduced CO-bound Azide-bound 

Resolution (A) 15.0-2.3 15.0-2.35 7.0-2.8 7.0-2.9 
ff 0.220 0.21 1 0.213 0.193 
Rmt 0.253 0.251 0.255 0.255 

(4 0.01 5 0.01 5 0.01 4 0.01 6 
2.1 2.1 2.1 2.1 
0.30 0.30 0.32 0.33 

'R is a conventional crystallographic R factor, Z I F0 - F, I /2 1 F0 1 ,  where Fo and F, are the observed and a calculated 
structure factor, respectively. tR,, is a free Rfactor of XPLOR refinement (36) evaluated for the 5% of reflections 
that are excluded from the refinement. Srms is a m t  mean square error of atomic coordinates estimated by the 
Luzatti plots (38). 

A 

Fig. 1. Crystal structure of Fen,- B 
Cu, site of the fully oxidized form-& 
2.3 A resolution and a possible role 
of Tyr244 in the mechanism of 0, 
reduction. (A) The (F, - F j  differ- 
ence Fourier map of the oxidized 
form calculated by omitting HisZ4O, 
TyrZM, and any ligand between 
Fe,, and Cu, from the F, calcula- 
tion. Contours are drawn at 7u level 
(lu = 0.0456 e-/A3). (B) A possible 
mechanism for formations of the 
hydroperoxide intermediate and of 
the resting oxidized form. Protons 
(H*) are from the hydrogen bond 
network and electrons (e-) from 
heme a. Only the 0, reduction site 
is shown. OH and 0- denoteTy~'~~ 
and its deprotonated form. 

i I 

fully oxidized 
C 
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absence of sufficient amount of reducing 
equivalent in the enzyme molecule. 

The distance between Fe, andoCuB in 
the refined crystal structure is 4.9 A in the 
fully oxidized state 5.2 A in the fully re- 
duced state, 5.3 A in the filly oxidized 
azide-bound state, and 5.3 A in the fully 
reduced CO-bound state. These four crystal 
structures indicate that the position of CuB 
depends on either the oxidation state of the 
metal sites or ligand binding to Fed, where- 
as Fe, is fixed. Fed2+ in the fully reduced 
form without any ligand (in a five-coordi- 
nated ferrous high-spin state) is significant- 
ly closer to the porphyrin plane of heme a, 
than in the case of deoxy myoglobins (23). 

CO coordinates to Fe, in a bent end-on 
manner (Fig. 2A and Table 3). The oxygen 
atom of CO is 2.5 A away from Cu, and 
forms a distorted nigonal pyramid with the 
three imidazole nitrogen atoms in the base 
and the oxygen at the apex. This long bond 
length as a coordination bond suggests a 
very weak interaction between CuB and the 
CO bound at Fe,, which is consistent with 
the infrared results (24). The refined struc- 
ture of the azide-bound form at 2.9 A reso- 
lution shows that azide forms a bridge be- 
tween Fe, and Cu, (Fig. 2B). One end of 
the azide and three histidine imidazoles pro- 
vide a distorted square planar coordination 
to Cu, in a manner similar to the peroxide 
binding in the fully oxidized form. The 
coordination structure of Cu,, which in- 
cludes three imidazole ligands, is in contrast 
to the reported structure of the azide-bound 
form of the bacterial enzyme in which one 
of the histidine imidazoles is missing (3). 

Other metal sites. An electron density 
peak with a nigonal bipyramidal coordina- 
tion that includes peptide carbon~ls of 
Gluw, Gld5, and SerM1, a water, and the 
side chain carboxyl of Gluw (a counterion) 
is reasonably assigned to a Na+ site (Fig. 
2C). The thermal factor for the metal site as 
a Na+ site supports this assignment (25). 
However, Ca2+ ion can be accommodated 
at the site by a small conformational change 
in the ligands nearby. This finding is con- 
sistent with the recent report for competi- 
tion between Na+ and Ca2+ for binding to 
a common site (26). The metal site is ap- 
parent in all the crystal structures presented 
here. A corresponding metal site in the 
bacterial cytochrome c oxidase involves 
two counter ion ligands out of five ligands 
(8). The structure difference between bo- 
vine and bacterial enzymes could induce 
the dependency of the Ca2+ effect on the 
biological species, recently reported (26). 

The difference maps at 2.3 A resolution 
show a structure of Mg2+ coordinated by 
G ~ u ' ~ ~  of subunit 11, His368 and Asp369 of 
subunit I, and three water molecules (Fig. 
2D). Two out of three water molecules were 



Fig. 2. Crystal structures 
of the Fea3-Cu, site in 
the fully reduced CO- 
bound and fully oxidized 
azide-bound states and 
those of the Na+/Ca2+ 
and Mg2+ sites. (F, - FJ 
difference Fourier maps 
for CO bound at Fea3 at 
30 level (A) and azide 
bridging between Fe, 
and Cu, at 2.21~ level 
(B) are given where the 
bound ligands and fixed 
waters are not included 
in the F, calculation. The 
difference electron den- 
sity maps at + level (1 u 
= 0.0436e-/A3) for the 
Na+/Ca2+ site (C) and 
for the Mg2+ site (D). Vi- 
olet, purple, and blue 

Fee- 

balls are the positions of 
Na+, Mg2+, and water, E40' 

respectively. The colors 
of the electron densities 
denote the crystals from 
whlch the densities are 
obtained: purple (A), 
from CO derivative crys- 
tal at 2.8 A resolution; 
cyan (B), from azide de- 
rivative crystal at 2.9 A resolution; and green (C and D), from the fully oxidlzed form crystal at 2.3 A resolution. 

not shown in the cry:tal structures previ- Redox-coupled conformational change oxidized enzyme (Fig. 3). One of the amino 
ously reported at 2.8 A resolution (2). in the protein moiety. A segment from Gly49 acid residues in the segment, Asp5', in the 

Neither the ligand binding nor oxidation to Asn55 moxes toward the cytosolic surface fully oxidized state is completely buried in- 
states induced any detectable conformation- by about 4.5 A at the position of the carbox- side the protein (Fig. 3). One of the oxygen 
a1 change in the Na+/Ca2+ and Mg2+ sites. yl group of AspS1 on reduction of the fully atoms of the carboxyl group of Asps1, which 

is completely buried inside the protein in the 
fully oxidized state and does not contribute 
t~ the accessible surface calculated with a 1.4 
A probe, contributes to the accessible surface 
in the fully reduced state (Fig. 3) (27). No 
other significant conformational change is 
detectable in the electron density distribu- 
tion of the protein moiety. 

Asps1, in the fully oxidized state, is con- 
nected with the matrix surface by a network 
that includes a peptide unit, hydrogen 
bonds, a cavity, and a water path (Fig. 4A). 
The peptide bond connecting Asp5' and 
Tyr54 with hydrogen bonds on both ends 
can act as a unidirectional proton transfer 
path from TyrS4 to Asps1, because it is in an 
equilibrium state between the two tau- 
tomers, €0-NH- and -C(OH)=N-, 
where the former is much more abundant 
than the latter. Tyr54, a propionate group of 
heme a, Ty2'l, a fixed water, and Arg38 are 
connected by hydrogen bonds. Arg38 is on 
the boundary of a large cavity that lacks any 
detectable electron density but is large 

Fig. 3. Redox-coupled conformational change in the segment from Gly49 to The conformation of "main oriented Or 

the segment in the fully oxidized form is stereoscopically shown in red, and that in the fully reduced form mobile water ~~-~olecules. R e  cavity is con- 
in green. The yellow structure denotes subunit I I  with no redox-coupled conformational change. The nected with the matrix surface by a water 
accessible surface for the fully oxidized state (35) is indicated by dots. ~ a t h ,  which includes some h~drophilic ami- 
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A lntemembrane space 

Interior of subunit I 
P 

c - / g  
11 

Hz0 

reduction o/ 
I 

I 
tautomerism 

H+ 

iv 

oxidation , 
-\ 

Matrix space 

- 
proton transfer 

Fig. 4. Schematic representations of the structure of the proton pumping vla a water fixed on the boundary of the cavity. The porphyrn plane is a part 
system and a possible function of Asp5' In the proton pumpng by cyto- of the boundary of the cavlty. The formyl group IS hydrogen-bonded to Argja, 
chrome c oxidase. (A) The hydrogen bond network from Asp5' to the matrix and one of the propionate groups IS hydrogen-bonded to Tyrs7' and Tyr54. 
surface. Dotted Ines denote hydrogen bonds. The small, dark circles indicate The Na- site is also shown. (B) A possible mechanism for a unidrectonal 
flxed waters. A thick stck denotes a side view of the porphyrin plane of heme proton transfer by AspS'. Dotted lines denote hydrogen bonds. Drecton of 
a .  and thln sticks (from top to bottom) are the side chans, proponates, the movement of Asp" ssde chain is shown by arrows. Deprotonated car- 
formyl, and hydroxyl farnesylethyl. The hydroxyl farnesylethyl group is In the boxyl groups are shown by broken lines. 
water path bvlth its hydroxyl group hydrogen bonded to Ser4G' and Thr424 

no acid side chains of helices XI and XI1 of 
subunit I (4) and the hydrophobic farnesyl 
group of heme a. The diameter of the tube 
at the narrowest point is approximately 
three-quarters the size of water. However, 
molecular dynamics calculations have 
shown that small molecules can travel 
through spaces much smaller than their row 
radii in static models (28). Thus, AspS1 in 
the fully oxidized state can take up protons 
only from the matrix side but is inaccessible 
to the cytosolic side. The  above hydrogen 
bond network was not described in (2) ,  
because Asp5' at the cytosolic end of the 

network is inaccessible to the hulk water 
without inoveinent of the ueutide hackhone 

form shows the conforillation identical to 
that of the f ~ ~ l l v  oxidized form, and the fullv . . 

(29). This network interacts with heme a at 
several points (Fig. 4A) ,  suggesting a func- 
tion of the network under redox control. 

O n  reduction of this enzyme, the hydro- 
gen bond between the peptide amide of 
Ser"' and the carboxyl group of Asp5' is 
broken, and AspS1 loses its accessibility to 
the matrix side through the hydrogen hoild 
network. The conformation of the segment 
from Gly4' to Asnj5 seems to be determined 
onlr h r  the oxidation state of the metal 

reduced CO-hound form provides the con- 
forination of the fully reduced form. These 
properties strongly suggest that Cu, does 
not control the conformation of Asp5' and 
that the conforination of the Asp5' segment 
of the resting oxidized forin, which is not 
involved in the catalytic turnover (1 6, 17)) 
is identical to that of the oxygen pulsed 
state, which is active under turnover con- 
ditions ( 1 8 ) .  

The  above results suggest the following 
1 ,  

sites, hecause the f~111y oxidized azide-hound redox-coupled proton pumping mechanism 
(Fig. 4B). Asp5', in the fully oxidized state, 
is hydrogen-bonded with Ser'" of subunit 
I1 and Ser4" of subunit I each at both its 

Table 3. Structures of the 0, reducton s te  In four different states. Postonal and 6-factor refnement 
was applied for each structure determ~nation of 0, reduction site with the program XPLOR (6. 39). 

hydroxyl group and its peptide amide. The 
protonated carboxyl group (-COOH) of 
Asps1 in the fully oxidized state become 
accessible to the bulk water to release Dro- 

Bridging Distance (A)" 
gand Fe,,-Cu, Feas-X.I Cu,-Yi 

State 

tons on reduction. Meanwhile, the carboxyl 
group breaks three hydrogen bonds out of 
four, leaving the one to the hydroxyl of 
Ser"', A water inolecule is fixed with 11~'- 

[FeaS3+ CuB2-] 
Fully oxldized 
Azde bound 
[FeasP-, CuB+] 
Fully reduced 
CO bound 

drogen bonds to Ser'" at both its hydroxyl 
and peptide amide and to the peptide car- 
honyl of Serm": O n  reoxidation of the en- 
zyme, the fixed water is replaced hy the 

'Averaged dstances of two independent molecules n tPe crystal are gven ?A sho-i interatomic dstance between 
Fe,, and a Iigand atorr and i iha t  beiween Cu, and anotPer g a n d  atom. 
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deprotonated carboxyl group ( -COOp)  of 
Asp5'. T h e  -COOp extracts a proton of the  
peptide amide and creates a deprotonated 
peptide. T h e  peptide is reprotonated readily 
by Tyr5" which is hydrogen bonded to the  
carbonyl group of the  peptide providing the  
-C(OH)  =N-form. Transition to  the  stable , , 

tautomer of the  peptide and reprotonation 
of Tvr5' bv means of a Droton from the  
matrix sidejgive the  original structure of the  
fully oxidized state (Fig. 4B). 

T h e  redox transition of heme a,  which 
interacts with the  hvdroeen bond network , " 

between Asp5' and the  matrix surface as 
describedabove, is likely to contribute to 
driving t6e  active transpdrt of protons. T h e  
~nechanism bv which Drotons are released 
o n  oxidation of the  enzyme, in  contrast to 
the  one presented in Fig. 4B, is also possible 
(30) ,  consistent with biochemical results 
131 ). 

T h e  present results suggest a proton 
pumping site apart from the  heme a3-CuB 
site, in contrast to the  direct coupling 
mechanism for the  proton pumping in  
which one of the  histidines liganded to  CuB 
serves as a proton carrier (32).  T h e  latter 
mechanism is s~ipported by the  crystal struc- 
ture of the  azide-inhibited bacterial enzyme 
that lacks the  electron density of one of the  
histidines coordinated to CLI* (3 ) .  Iwata 
and colleagues proposed a possible proton 
transfer path to  the  proton pumping site, 
H ~ ~ D C  (in  the  numbering of bovine heart 

enzyme), from Asp9' via Glu"' (3) .  O n  the  
other hand,  the  crvstal structure of bovine 
heart enzyme sho1i.s the  electron density 
distribution for Hisz9%e\,en in the  azide- 
bound fillly oxidized form as described 
above. In anv forms of bovine heart enzvme. , , 

the  hydrogen bond network from Asp9' 
ends at Glu"'. N o  possible proton transfer 
path is detectable from Glui" to  His2" ~n 
the  crystal structures of bovine heart en- 
zyme. Furthermore, no  flxed water connect- 
me  the  two ammo a c ~ d s  1s detectable even - 
in  the  crystal structures of bovine h e a a  
cvtochrome c oxidase a t  2.30 to 2.35 A 
resolution. Thus, any crystal structure of 
bovine heart cr-tochrorne c oxidase avail- 
able a t  present ioes  not  support the  propos- 
al (33)  for the  proton transfer from Glu"' 
t o  HisDC or to Hisz9'. 

Gluis%s hydrogen bonded to the  sylfur 
atoms of Ivlet'', S y - 0  distance of 3.2 A, in  
any crystal structure given here, indicating 
that the  carbonyl group is in COOH form, 
regardless of the  oxidation and ligand-bind- 
ing states, which is consistent with the  re- 
cent infrared investigation (33).  

If the  proton pumping pathway includes 
the  0' reduction site ( the  heme a,-CuB 
site), protons to  be pumped must be sorted 
effectively from those for ~nak ing  water as 
suggested (32, 34) .  Otherwise, the  protons 

to be pumped are used for making H 2 0  at  
the  O2 reduction site. However, the  crystal 
structure of bovine enzyme shows n o  struc- 
ture suggesting such a function. 

All  the  amino acids in the  network con- 
nected to Aspi' in  bovine heart enzyme are 
conserved in animals from human to sea 
urchin. However, Aspi' and Tyris are not  
conserved in  olant and bacterial enzymes. 
These differelices suggest a n  evolutidn in  
the  proton pumping pathway. 
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