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The Whole Structure of the 
13-Subunit Oxidized 

Cytochrome c Oxidase at 2.8 A 
Tomitake Tsukihara, Hiroshi Aoyama, Eiki Yamashita, 

Takashi Tomizaki, Hiroshi Yamaguchi, Kyoko Shinzawa-ltoh, 
Ryosuke Nakashima, Rieko Yaono, Shinya Yoshikawa* 

The crystal structure of bovine heart cytochrome c oxidase at 2.8 a resolution with an R 
value of 19.9 percent reveals 13 subunits, each different from the other, five phosphatidyl 
ethanolamines, three phosphatidyl glycerols and two cholates, two hemes A, and three 
copper, one magnesium, and one zinc. Of 3606 amino acid residues in the dimer, 3560 have 
been converged to a reasonable structure by refinement. A hydrogen-bonded system, 
including a propionate of a heme A (heme a), part of peptide backbone, and an imidazole 
ligand of Cu,, could provide an electron transfer pathway between Cu, and heme a. Two 
possible proton pathways for pumping, each spanning from the matrix to the cytosolic 
surfaces, were identified, including hydrogen bonds, internal cavities likely to contain water 
molecules, and structures that could form hydrogen bonds with small possible confor- 
mational change of amino acid side chains. Possible channels for chemical protons to 
produce H,O, for removing the produced water, and for O,, respectively, were identified. 

Cytochrome c oxidase is the terminal ox- pumping protons from the matrix side of 
idase of cell respiration, a process that re- the mitochondrial membrane toward the 
duces molecular oxygen to water with the cytosolic side (intermembrane space) ( I ) .  
electrons from cytochrome c, coupled to This enzyme contains two iron sites and 

two copper sites (Fe,, Fea3, CuA, and Cue) 
in addition to zinc and magnesium sites ( I ) .  
The protein moiety is composed of 13 dif- 
ferent polypeptide subunits ( 2 ) ,  three en- 
coded by mitochondrial genes and ten by 
nuclear genes (3). Because of its physiolog- 
ical importance and the intriguing reaction 
catalyzed, this enzyme has been studied as 
one of the most im~ortant subiects in 
bioenergetics since its discovery (4). How- 
ever, the difficulty in purification and crys- 
tallization of the large multicomponent 
membrane protein ( 5 )  has prevented deter- 
mination of the cwstal structure at an 
atomic resolution that could lead to the 
elucidation of the reaction mechanism. 

Crystals of cytochrome c oxidase isolat- 
ed from beef heart muscle have been ob- 
tained and the thre$-dimensional structure 
was solved at 2.8 A resolution (6). These 
structures of metal sites confirmed earlier 
proposals that were based on mutagenesis 
and spectrophotometric data on, for exam- 
ple, ligand binding residues for hemes a and 
a, and Cue, the binuclear structure of CuA, 
and the relative locations of Fe,, Fea3, and 
Cue. Unexpectedly, no direct bridging li- 
gand from amino acids was observed be- 
tween Fea3 and Cue. We now describe the 
structure of the protein moiety and nonpro- 
tein constituents other than metals, which 

Fig. 1. The Ca-backbone trace of dimer of bovine heart cytochrome c bond length and angles for the refined structure were 0.012 A and 1.73", 
oxidase. Crystallization, intensity data collection, phase determination and respectively. Each monomer consists of 13 different subunits. (A) A view to 
a procedure of density modification (20) have been described (6). Positional the transmembrane surface and (B) a view from the cytosolic side. Both 
refinement followed by temperature factor refinement with program X- figures contain hemes a and a, and two Cu atoms of the Cu, site (red). Each 
PLOR (27) reduced the R factor to 0.1 99 and the R,,,, to 0.252 at 2.8 A subunit has a different color with the subunit name in the color of the subunit 
resolution. The root mean square (rms) deviations from standard values of (Brookhaven Protein Data Bank number, 1 OCC). 
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sl~o\v possible proton, ivater, anii Q chan- 
nels as well as a possillle structure for the 
facile electron transfer hetween Cu., anci 
heme a. T h e  structure of the  related hacte- 
rial el-tochrome c oxiilase has heen ile- 
scriheil, anti its three major conlnlon suh- 
units show man\- str(ict~rra1 s i m l l ~ . '  i I I ~ I ~ S  ti3 
the hovinc en:\-me (7). 

Overall protein structure. T h e  asym- 
lnctric unit of the unit cell, sho~l-n \\-1t11 C ,  
hackbones (Fig. 1, A a n ~ l  R), i.; compoiccl of 
taro monomers, each c o n t a ~ n ~ n g  13 differ- 
ent  polypeptide s ~ ~ l l ~ ~ n ~ t s  in the  protein 
moiety. Of 3606 alllino acid residues ~n a n  
as\-mmetr~c unlt cornposed of a d ine r ,  struc- 
tural models of 3560 residues as well as 
those of metal centers \\,ere s ~ ~ c c e s f u l l ~  
built into the  electron Llensitv man. In  ad- , L 

dition to these components, e ~ g h t  liplds and 
two cholic acids \Yere found in the  electron 
density map. T h e  molecular Illass ot the 
monomer calculated for the  protein moiety 
1s 204,005 kD and that for the other con- 
stltuents (except for the cholic acld) d e n -  
t i t i~c~i so far 111 the  electron density map is 
6998. Polar alnino acid residc~es occur chieti- 
I\- at the top and hottom of the molecule, an 
~ndlcat ion that the  middle el or ti on, arhlch is 
c o ~ n p o x J  of 28 a helices per monc)mer, is 
the  trans~ucmhrane part o t  the molecule. A 
vle\v from the cytosi~lic siile (Fig. 1B) s11L1n-s 
that the  two monomers are facing each 
other aro~rnil a qrrasl-tai~fol~i sy~lxnetric 
axis. T h e  surface of each monomer faci~lg 
the other is c o n c a ~ ~ e ,  fi~rming a large open- 
ine hetween them. 

All the peptiilcs in the transmemhranc 
region iiefined as above, except for the 10 
alnino acid residues in the NHI-terminal of 
subunit VIa and two segments of the inter- 
h e l ~ x  regions from G1yl" to Tyrl'" and ti-om 
ya1:s; to Met'" of s~lllunlt I are In a n  
a-helical conformation. Comparison of our 
data on the translllenlbrane helices \vith 
those preilictcd fc~r subunit.; I ,  11, and I11 
from the alnlno a c d  sequences (3,  8) (Fig. 
2) ~n~ l l ca tes  that the numlxr of transmen- 
hrane a helices were correctly predicted. 
Howe\.er, most of the real helis reglons Arc 
longer than preiiicted, and a n  ~ n t e r h e l ~ s  re- 
gion b e t ~ e e n  Val'"', and Met'" 111 subunit 
I,  incl~~i l ing two Cut, ligands, HIS'"" aanii 
His291 , \\as preiiicted to be part of a trans- 
~ n e ~ n h r a n e  a l l c l ~ s  regLon. T h e  presence of 
transmemhrane a helix has been successfi~l- 
Iy preillcted for the nuclear-coded suhunits 
from the analys~s of the location of the NHI-  
and COOH-terminals, that is, seven of ten 

T Tsultihala, H Aoyama, E Yarnashita. T Tomzak~. H. 
Yamagucli are a; the I ns i t ~~ te fo r  Proteri Researcli. Osa- 
ka Universiy, 3-2 Yarnada-oka. Suta 565 Japan 
K Shnza~va-toh, R. Naltashma, R Yaono. S. Yoshka~va 
are at the Departnieni of L~fe Science, Hrneji Iristituie of 
Teclinoloq~, Kamlqotir: Altoli, H\~oqo 676-1 2.  Jauall. 

-To whorn corresuondence should be addressed 

suhunits have trans~nelllhrane regii~ns ( 3 )  
(Fig. 2).  

Subunits encoded by mitochondria1 
genes. Suhunit I ,  located mainl\- in the  
transnle~nhrane domain, consists of 12 
transmcml~rane helices, w~t l lout  any large 
e s t m m c m b r ~ n e  part (Fig. 3 A ) .  T h ~ s  suliun~t 
is cyl~n~lr ical  and is i>rie~lted perpcnd~cular- 
1y to the ~l le~l lhrane s~lrface. Thrce scmicir- 
c~rlar arrangenlents of transme~uhrane hell- 
cei, each comlx~seci of four helices, form a 
"v\h~rlpool" \vith a q~~as~- th rec fo ld  axis ot 
symmetry (Fig. 4, \,ie~ved from the top). 
T\vo of the three scrnic~rclca hold he~lles a 

and a:, respccti\.cly, \vhich are p c r p e n d ~ c ~ ~ .  
lar to the  n le~nhra~ le  plane. T h e  t~visted 
hyilroxyl farncs\-lctlh\-l group of heme a; 
intersects the sc~llicircle between hel~ccs  
VIII and IX. These structures are f~llly con- 
sistent with those of bacterial enzyme (7). 
T h e  helices of subunit I are not conlpletel\- 
Cerlien~licular to the  memhrane surface 
plane, hut one end of each h e l ~ x  is placed 
on the top left and the  other enti on the 
hottom right (angles of 20" to 35' against 
the  \.ertical line from the  me~uhrane plane) 
\vhen the cytosolic surface of suh~unit I is 
"up". T h e  extralnemhranc portion in the  

I 
I I I 80 

~ ~ F S T ~ ~ ~ K D I G T L Y L L F G A ~ ~ ! A G I ~ J G T A L S L L I X ~ ~ G Q P G T L L G ~ O I Y I \ ~ ' V L T T A H A F ~ X I F F ~ ~ P ~ ~ ~ ~ ~ G G F G N  
I11 IV 160 

~IGAPD~G.~PRP~N~~SF!~:LLPPSFLLLLASST~~~~EAGAGTG!~:TVYPPLAGNLAXA&SVDLT~FSLHLAGVSS~LG 
V 240 

A I N F I T T I I ~ ~ ~ : K P P ~ ~ ~ S Q Y Q T ~ F V ~ ' ! S V P ~ ~ I T A V L L L L ~ F F G H  

VI VI I VIII 320 
PEVYILILPGFGMISHIVTY~~GKKEPF~~~IGT~~.PJ~SIGFLGFI~~~~AHHMFTVGM~~DTX~YFTSATMIIAIPTGVKV 

7 ., A n n  

Via I 8 0 
AS~:~GDHGGT~RT'~RFLTFGLALPSVALCTLNS~LSGHRERPAFIPYHFLRIRTKPFSP!GDG~HTFF~UPR~PLPT 

8 4 

GYEX 

VIC I -'3 
STALAKPQMRC&<K~Y~SMKDFEEMR~GIFQSAK 

VIIb I 5 6 

~HQK~P@HDKYGNAVLASGATFCVAV~~VK~LAT&GIEI.~PSPVGRVTPKE!L'REQ 

VIIC I 4 

~EYEEGPGKNIPFSVEI\~~P!RLL.~~TLFFGSGF.?_~PFFIVRHQL~:~:~ 

VIII I 46 
ITAKPAKTPTS/P:~EQAIGLSVTFLSFLLPAG~~~L~LDNYK:<SSAA 

Fig. 2. Helix regions of subunlts conta~ntrg transmembrane moieties. Rectangles denote a-hecal 
regions as determined from the crystal structure: underscoring denotes the a-hecal reglons predicted 
from the amino acid sequences. Bold and paln Roman numerals denote subunlt name and number oi 
transmembrane helix. Rectangles without a Roman numeral are a heces  found in the extramembrane 
region. No predction for transmembrane helix regon has yet been reported ior the nuclear coded 
subunits. The number of alnlno acds  missng In the crystal structure are as iolows: three resdues from 
the NH,-termlnal oi subunit IV, ten residues from the NH,-term~nal of subunit Vlb, five resdues and two 
yesldues irom the NH,- and COOH-tern-inals oi subunlt VIb, respectvely, and three resdues irom the 
COOH-termna oi subunt VIII Abbreviations ior the amino acid residues are. A, Ala, C. Cys: D, Asp, E,  
Glu; F. Phe. G. Giy; H, HIS; I ,  lie. K ,  Lys; L, Leu; l id. Met: N ,  Asn: P, Pro; Q. Gin; R, Arg, S ,  Ser: T. Thr. V. 
Val; VV. Trp: and Y ,  Tyr. 
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NHz-terminal region contains a two-turn a 
helix. The starting and ending points of the 
12 helices are essentially at the membrane 
surface to provide a flat top and bottom 
surface to the subunit I cylinder. The NH,- 
and COOH-terminals of subunit I are on 
the matrix side. An extramembrane helix 
between the transmembrane helices IX and 
X is at the membrane surface, as in the case 
of bacterial enzyme (7). However, a seg- 
ment between helices 111 and IV is in a 
nonhelical loop, in contrast to the reported 
a-helical conformation of this region of the 
bacterial enzyme (7). 

Subunits I1 and 111 associate with the 
transmembrane region of subunit I without 
any direct contact with each other (Figs. 3A 
and 4). The two transrnembrane helices I 
and I1 of subunit I1 are near helices IX and 
VIII of subunit I, respectively, with antipa- 
rallel interactions (Fig. 4 and Table 1). The 
large extramembrane domain of subunit I1 is 

above the cytosolic surface of subunit I and 
has a 10-strand Po barrel structure that holds 
the Cu, site 7 A from the nearest surface 
atom. The location of the Cu, indicates the 
cytosolic side of the enzyme molecule. Both 
NH2- and COOH-terminals of subunit I1 
are located on the cytosolic side. 

Contact between subunit I and subunit 
I11 is made by helices 111 and IV of subunit 
I with helix I of subunit 111, and helices IV 
and V of subunit I with helix I11 of subunit 
I11 (Fig. 4 and Table 1). Not all helices are 
parallel to each other. Helix I of subunit 111 
is at an angle of 20" to helices I11 and IV of 
subunit I. Similarly, helix I11 of subunit 111 
is at an angle of 50" to helices IV and V of 
subunit I, and also with helix 111 of subunit 
111. Subunit 111 contains seven transmem- 
brane helices with no extensive extramem- 
brane domain (Fig. 3A). The NH2-terminal 
is on the matrix side. A big V-shaped cleft 
is formed between a bundle of helices I and 

Fig. 3. Stereoscopic drawings of C,-backbone trace for the 13 different subunits in separate figures. (A) 
Subunits I (yellow), I I  (blue), and I l l  (green); (B) subunits IV (purple), subunits Va (blue), Vb (dark yellow), Vla 
(pale reddish violet), Vlb (blue green), Vlc (gray), Vlla (lavender), Vllb (beige), Vllc (pink), and Vlll (indigo). A 
red ball in subunit Vb denotes the zinc atom. Each subunit has the same color as in Figs. 1 and 3. Red 
models and balls in subunits I and I I ,  respectively, denote hemes and Cu atoms in Cu,. Subunits I ,  I I ,  and 
Il l  are shown by yellow thin stick models in (B). 

I1 and the other bundle including helix I11 
and the other helices in a four-helix bundle 
structure (9) (Fig. 4). One side of the cleft 
is formed by helices IV and V of subunit I 
(Fig. 4) and the extramembrane domain of 
subunit VIa overlays it (Fig. 3B). The bot- 
tom side of the cleft, much narrower than 
the top side, is sealed with an extramem- 
brane a helix of subunit VIIa in the NH2- 
terminal region (Fig. 3B). However, the 
other side of the transmembrane surface is 
exposed to the external medium (Fig. 4). 

Nuclear coded subunits, each with a 
transmembrane helix. Subunit IV looks 
like a dumbbell with a transmembrane helix 
in the middle with two extramembrane do- 
mains on both ends (Fig. 3B). The cytosolic 
domain contains two a helices with four 
turns and only one turn, respectively, with 
the matrix domain having two a helices, 
each with three turns. The transmembrane 
helix contacts diagonally to helices XI and 
XI1 of subunit I (Figs. 3B and 4) with an 
angle of 50". The transmembrane helix of 
the subunit IV associates with subunits VIIb 
and VIII as well as subunit I. The trans- 
membrane helix of subunit IV is sand- 
wiched between helix XI1 of subunit I and 
the subunit VIIb helix. Subunit VIIb has an 
extended structure on the cytosolic side but 
no extra domain on the matrix side (Fig. 
3B). Subunit VIII with an NH2-terminal 
short extended structure on the matrix side 
is adjacent to and in parallel with the trans- 
membrane helix of subunit IV, with close 
diagonal contacts to helices I and XI1 of 
subunit I in the upper and lower transmem- 
brane regions, respectively (Figs. 3B and 4). 
A part of the NHz-terminal segment of 
subunit VIII, from ThrZ to Lys4, forms an 
antiparallel P structure with the COOH- 
terminal segment of subunit I, from Glu4'l 
to Thr484 on the matrix side. Adjacent to 
subunit VIII on the surface of subunit I, 
subunit VIIc, with a NH2-terminal small 
extramembrane moiety in a irregular con- 
formation (Fig. 3B), is placed also with 
close diagonal packings to helices I and XI1 
of subunit I (Fig. 4). Subunits VIIb, IV, 
VIII, and VIIc are side by side in that order 
from left to right (when viewed from the 
side) with the cytosolic side up and subunit 
I11 on the right. To the right of subunit VIIc 
is subunit VIIa, with an extramembrane 
region on the matrix side on the surface of 
subunit 111 with cross-interactions to its he- 
lices I and I1 (Figs. 3B and 4 and Table 1). 
The transmembrane helix of this subunit is 
against subunit 111 with the COOH-termi- 
nal on the cytosolic side near the COOH- 
terminals of subunit VIIc (Figs. 3B and 4). 
The three-turn a helix in the NH2-terminal 
of subunit VIIa is in plane of the membrane 
surface on the matrix side, giving a rectan- 
gular turn at the membrane surface (Fig. 
3B). Subunit VIc is also a dumbbell 
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type subunit with a transmembrane helix 
with contact to helix I of subunit 11. an 
extended peptide segment on the matrix 
side and a four-turn cx helix on the cvtosolic 
side parallel to the membrane surface as in 
the case of the extramembrane cx helix of 
subunit VIIa on the matrix side (Figs. 3B 
and 4). The transmembrane helix of sub- 
unit VIa interacts with helix IV of subunit 
111 on the opposite side of the attachment 
point of subunit I11 to subunit I and making 
contact with the other monomer (Figs. 3B 
and 4). Ten residues of the NH2-terminal 
are in an extended conformation in the 
transmembrane region in contact with he- 
lices V and VII of subunit I of the other 
monomer (Fig. 4). These contacts seem 
likely to stabilize the dimeric structure. The 
electron density distribution for the ten 
NH,-terminal residues of subunit VIa is 
unexplainably less clear than that for the 
other part of the protein moiety. 

As stated above, most of the transmem- 
brane helices are not vertical to the mem- 
brane plane and usually are not parallel to 
each other. Any one of a pair of the nearest- 
neighbor helices in our crystal structure 
crosses with the other in any one of three 
types of stable helix-helix interactions, 
namely, crossings at one of three angles, 
approximately, 0°, 20°, or 50' (Table 1) 
(10). These stable packings contribute to 
the stability of the enzyme molecule, which 
could be critical, particularly for crystals. 

Extramembrane subunits. All three ex- 
tramembrane subunits are encoded bv nu- 
clear genes. Subunit Va, which is on the 
matrix side below subunit I. contains five cx 
helices, each with four to five turns, form- 
ing a right-handed superhelix (Fig. 3B) 
(I  1 ). Subunit Va is held without any direct 
contact to subunit I by the matrix domain 
of subunit IV and the extramembrane seg- 
ment of subunit VIc. The shortest distance 
between two atoms of subunits I and Va is 
6.5 h;, indicating that bulk water enters 
freely into the interspace between them. 

Subunit Vb is below subunits I and 111, 
adjacent to subunit Va and toward the ex- 
tramembrane domain of subunit IV, but 
without direct contact to subunits IV and 
Va (Fig. 3B). The subunit attaches tightly 
to the bottom surfaces of subunits I and 111. 
The COOH-terminal domain of subunit Vb 
forms a p-barrel structure, involving an ex- 
tended segment of subunit I, in which a 
tetrahedral zinc site with four cysteine li- 
gands is located. The NH2-terminal region 
of this subunit is in an extended conforma- 
tion interacting with subunit 111. A four- 
turn cx helix seement links the two domains. - 
The subunit folds in an abnormally extend- 
ed conformation. which is stable onlv in the 
subunit assembly. This subunit has a zinc 
site (6) with four cysteines and a zinc finger 
motif (12) in the amino acid sequence be- 

.ESEAKCH ARTICLES 

Table 1. Geometries of interaction between two adjacent transmembrane a helices. 

Inclination 
degree Orientation Adjacent helices* 

Antiparallel 
Parallel 

Antiparallel 

ll(1)-lll(l), Vl(1)-VlI(l), X(1)-XI(l), lX(1)-l(ll) 
l(l)-lll(l), ll(1)-lV(l), lll(1)-l(lll), l(ll1)-l(vlla), 

l(lV)-l(vllb), I(vl1~)-l(vlll) 
l(1)-ll(l), l(l)-XlI(l), lll(1)-IV(l), lV(1)-V(I), 

V(1)-VI(l), Vll(1)-Vlll(l), Vlll(l)-IX(l), 
lX(1)-X(I), Xl(1)-XlI(l), Vlll(l)-ll(ll), 
lV(1)-l(lll), l(l1)-l(vlc), l(ll1)-ll(lll), 
ll(lll)-l(vlla), lll(lll)-lV(lll), lll(lll)-Vll(lll), 
lV(lll)-V(lIl), v(lll)-vll(lll), v(lll)-vl(lll), 
Vl(ll1)-Vll(lll), lV(ll1)-l(vla), 

-50 Parallel ll(1)-Vl(l), ll(1)-X(l), Vl(1)-X(l), l(1)-l(vllc), 
l(l)-l(vlll), V(1)-lll(lll), Xl(1)-10 

-50 Antiparallel ll(1)-V(l), lV(1)-lll(lll), Xll(1)-l(lV), Xll(1)-l(vIl1) 

'Each helix is denoted by a helix number followed by a subunit number in boldface and parenthesis. 

tween CvsM) and CvsE5. However. the con- 
formation that we determined does not sug- 
gest any physiological role as a zinc finger. 

Subunit VIb, the only subunit without 
transmembrane helix on the cytosolic side, 
associates with subunits I1 and I11 (Fig. 3B). 
Two disulfide bridges are present between 
CysZ9 and Cys64 and between Cys39 and 
Cys53. The segment between Cys39 and Cys53 
is involved in an intermonomer contact with 
the corresponding segment on the other 
monomer around the twofold symmetry axis 
(Fig. 1B). This structure as well as ten residues 
of NHz-terminal of subunit VIa in contact 
with the other monomer as described above 
seems to stabilize the dimeric state. The struc- 
ture suggests that this enzyme functions in the 
dimeric state under physiological conditions 
in that both the bridging peptides are coded 
by nuclear genes. Thus, the dimer state may 
not be attained in the bacterial enzyme, 
which lacks these subunits (7). 

The above assembled structure of this 
enzyme has a concave surface created by 
subunits 11, VIa, and VIb on top of subunit 
I. which could form an interaction site for a 
cytochrome c molecule (about 25 h; in 
diameter). The following acidic amino acid 
residues in this region could interact with 
the basic protein, cytochrome c, to stabilize 

an enzyme-substrate complex; Asp5' and 
AspZZ1 of subunit I; Glu109, Asp119, GlulZ7, 
Asp139, G ~ u ' ~ ~ ,  and Asp'5R of subunit 11, 
Glul" of subunit 111; and Asp74 and Glu7' 
of subunit VIb. There are no contributions 
of acidic amino acid from subunit VIa. 
There are positively charged amino acids in 
the area including His5' of subunit VIa, 
Arg75 of subunit VIb and HislOZ of subunit 
11. Among the above amino acids encoded 
by mitochondrial genes, Glulo9 and Asp139 
of subunit I1 are well conserved even in 
bacterial enzymes (3), suggesting some in- 
dispensable role in binding of cytochrome c. 

Nuclear coded subunits associate with 
the surface of the three core subunits, leav- 
ing many areas without any covering, espe- 
cially on the cytosolic side. All the NHz- 
terminal ends of the transmembrane helices 
of the nuclear coded subunits are placed on 
the matrix side and the COOH-terminal 
ends on the cytosolic side. The locations are 
consistent with those predicted by 
crosslinking analysis (3), except for subunit 
VIa, whose NHz-terminal was assigned to 
be located on the c~tosolic side (13). This 
structural feature suggests that these sub- 
units are inserted into the mitochondrial 
membrane led by the NHz-terminals. 

Metal sites. Metal site structures deter- 

Fig. 4. A schematic repre- 
sentation for location of trans- 

cross-section at the mem- 
membrane helices as a 

brane surface on the cytoso- 
lic side. Red bars and a small 
liaht blue ball denote heme k - 
planes and Cu,, respectively. ' 

Black Roman numerals in yel- ' 
low. indigo, and green circles ',.,%,L - 
denote the helix number of 

\ subunits I ,  I I ,  and I l l ,  respec- 
a 

tively. White letters in the oth- . @  . - .. -- 
~ 

- -- - 

er circles indicate nuclear 
coded subunits. Molecular surface of each monomer is shown in a dotted line. Broken lines denote 
semicircles observed in the helix arrangement of subunit I .  

SCIENCE VOL. 272 24 MAY 1996 



mined without refinement of  rotei in struc- 
ture (6) have scarcely been modified after 
the refinement of the protein moiety, 
which confirms both the reliability of the 
previous determination and the quality of 
the electron density distribution described. 

Cu,-Fe, and Cu,-Fe,, distances are 20.6 
and 23.2 A, respectively (6), when measured 
from the central point of the two copper 
atoms of the Cu, site to the iron atoms. The 
structure does not suggest why there is prefer- 
ential electron transfer from CU, to Fe, with- 
out apparent direct electron transfer to Fe,,, 
as seen experimentally. However, if it is as- 
sumed that through-bond versus through- 
space electron transfer is facilitated (14), var- 
ious networks that could serve as electron 
transfer paths or control electron transfer can 
be identified between the Cu, site and hemes 

n 

a and a,. The shortest network and perhaps 
the most effective, as an electron transfer path 
between Cu, and heme a, is a hydrogen bond 
system including HisZo4 of subunit 11, a ligand 
to CuA, a peptide bond between Arg438 and 
Arg439 of subunit I, and a propionate of heme 
a (Fig. 5). Similar hydrogen bonds have been 
found in the bacterial enzyme (7). The dou- 
ble-bond character of ~ e ~ t i d e  unit mav con- . . 
tribute to the efficiency of the electron con- 
ductivity of the network. However, the fol- 
lowing two networks could serve as pathways 
for through-bond electron transfer between 
CU, and heme a,; a network branched from 
the shortest network at the peptide linkage 
between Arg439 and Arg4j8 of subunit I, with 
the latter residue being salt-bridged to a pro- 
pionate of heme a, and another network in- 
cluding Mg site bridged to Cu, by Glulg8 of 
subunit I1 on one side and to a propionate of 
heme a, by His368 of subunit I on the other 
(Fig. 5). The experimental data so far ob- 
tained (15) suggest that the two last-men- 
tioned networks are much less effective kinet- 
icallv than the first and shortest one. 

The following aromatic amino acid res- 
idues are densely distributed near these re- 
dox active sites (Fig. 6) and may control 
electron transfer through the hydrogen- 

bond svstems or thev mav enhance the elec- , , 
tron transfer through space between the 
redox sites (1 6). Three t y r o s i n e ~ - T ~ r ~ ~ ~  of 
subunit I near the Hiszo4 of subunit I1 ligan- 
ded to Cu,, Tyr54, and Tyr)71 of subunit I, 
both near the propionate involved in the 
shortest hydrogen-bond system between 
Cu, and heme a as described above-form a n 

triangle, the plane of which is essentially 
~arallel to the shortest hvdroeen-bond svs- , ., 
tem and perpendicular to the plane of heme 
a. Other tyrosines, Tyr443 and Tyr447 of sub- 
unit I are placed above the tyrosine triangle. 
The tyrosine system and the Mg site are on 
opposite sides of the shortest hydrogen-bond 
system. The three residues of subunit I, 
Ty271, Tyr443, and Tyr447 are highly con- 
served. Tyr440 of subunit I is replaced in 
some s~ecies with a hvdro~hobic amino acid , . 
like isoleucine or phenylalanine. Converse- 
ly, Tyr54 of subunit I is replaced with amino 
acids that could form a hydrogen bond. 

This description of the structure around 
the redox active sites suggests that the pref- 
erential electron transfer between Cu, and 
heme a is mainlv facilitated bv the shortest 
hydrogen-bond system as defined above 
[and also noted in the bacterial enzyme (7)]. 
However, because of the time scale of the 
rate of the internal electron transfer reac- 
tions between Cu, and heme a-t,,, of 
approximately 0.1 msec (15)-the much 
slower reduction of heme a, does not seem 

2 

to be explainable by the absence of any 
direct electron transfer to heme a,. It is 
possible that electrons go from CU, to 
heme a by way of heme a, or CuB (or both) 
without any indication of reduction at these 
intermediate redox sites. Hence these struc- 
tures contribute to the tightly and delicate- 
ly interrelated redox system, as has been 
suggested by the redox behavior of the en- 
zyme under static conditions (1 7, 18). 

A maior structural difference between 
the redo; active metal sites of beef heart 
and bacterial enzymes is the ligation of Cu, 
(6, 7). When the bacterial enzyme is in the 
azide-bound fully oxidized state, one of the 

Fig. 5. Hydrogen-bond network between Cu,, and ~ 2 0 7 w ~ ~ ~ ~ ~  
hemes a and a,. Amino acid residues, Arg439, 
and His368 belong to subunit I ;  the remaining residues 
belong to subunit II. Red atomic models with and without 
a small blue ball (Cud are hemes a, and a, respectively. 
The two copper atoms shown by the two blue balls on the 
upper side form the Cu, site with the six amino acids 
surrounding. A small, dark yellow ball denotes a magne- R43 
sium atom. The blue, red, and green portions of amino 
acids denote nitrogen, oxygen, and sulfur atoms, respec- 
tively. Dotted lines and broken lines denote hydrogen 
bond and coordination bond, respectively. Only the 
bonds forming the network are shown. 

imidazole ligands to CuB is missing (7). In 
contrast, the crystal structure of beef heart 
enzyme without any external ligand shows 
three imidazoles as the ligands to CU, (6). 
The structural difference is probably due to 
the difference in the ligation, namely, the 
presence or absence of azide, and not to a 
difference in the subunit structure. Bindine " 
of the ligand may weaken the ligation of 
Hiszg0 to CuW In the fully oxidized state of 
bovine heart enzyme, Hiszg0 is in a position 
where it can form a hydrogen bond to the 
Thr309, which is consistent with the struc- 
ture assumed (but not detected) by Iwata et 
al. (7). For elucidation of the mechanism of . , 
the proton pump and possible involvement 
of imidazole (19). it is critical to determine . .. 
the conformation of the imidazole in other 
redox and ligand binding states. 

Phospholipids. Eight phospholipids, five 
phosphatidyl ethanolamines (PE) and three 
phosphatidyl glycerols (PG), have been 
clearly demonstrated in the multiple iso- 
momhous re~lacement electron densitv dis- 
tribution refined by the density modifica- 
tion method (20). The eight phosphorus 
atoms are located at the membrane surface, 
either on the cytosolic or matrix sides, and 
the hydrocarbon tails are directed toward 
the inside of the transmembrane region as 
would be expected if these phospholipids 
are in the lipid bilayer (Fig. 7). One PE and 
one PG are  laced on the cvtosolic side and 
the other si;, on the matri; side. Two PEs 
and one PG are located in the large cleft of 
subunit 111. Thus, the cleft seems to serve as 
a lipid pool. Three PEs and two PGs sur- 
round the transmembrane surface of subunit 
I on the opposite side from the subunit I11 
contact and one PE on subunit VIa (Fig. 7). 

These phospholipids are bound to the pro- 
tein by salt bridges or hydrogen bonds (or 

Fig. 6. Arrangement of aromatic amino acids near 
the redox active metal centers. A pair of blue balls 
form the Cu, center. Red structures on the bot- 
tom are hemes a and a,. The blue, red, and green 
portions of amino acids denote nitrogen, oxygen, 
and sulfur atoms, respectively. 
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Fig. 8. Fitting of the atomic model of a phosphati- 
dyl glycerol (PG1) to the electron denslty map (ste- 
reoscopic drawing). Red, green, and yellow struc- 
tures are PG1, Trp57 of subunit I l l ,  and Argg6 of 
subunit I. 

Fig. 7. Distribution of phospholipids and cholates in the cytochrome c oxidase monomer (stereoscopic 
drawing). Yellow, red, and blue structures are the atomic models of phosphatidyl ethanolamines, phos- 
phatidyl glycerols, and cholic acids, respectively. Each model was deduced from the electron density 
map obtained. 

both) between the polar head groups (phos- 
phate, ethanolamine, and glycerol) and ami- 
no acid side chains, main chain imides, or 
carbonyl groups (Table 2), and also by the 
hydrophobic interaction between the hydro- 
carbon tails and the hydrophobic amino acid 
residues in the transmembrane region. The 
chain length of the hydrocarbon tails of the 
phospholipid is assignable in most cases (Ta- 
ble 2). The electron density distribution of 
unsaturated bonds in the tail remains to be 
determined. 

A phospholipid in the enzyme (PG1) on 
the bottom of the lipid pool of subunit 111 

shows typically the quality of electron den- 
sity of the phospholipids detected (Fig. 8). 
One of the long hydrocarbon tails is in an 
essentially fully extended conformation in 
close contact to that of the adjacent phos- 
pholipid (PE1). The hydrophilic head group 
of the phospholipid interacts with subunits 
I and 111, forming a salt bridge between the 
phosphate group and Arg96 of subunit I as 
well as hydrogen bonds between a hydroxyl 
of the glycerol group and side chains of His7' 
and G l d 4  of subunit 111 (Table 2). Other 
phospholipids are also clearly observable. 

We have found only the above lipids. 

Table 2. Structures and locations of phospholipids in the crystal structure. 

Amino acids (subunits) interactina - 
Phospholipids Hydrocarbon Subunits with 

tails (helices) Level 

Phosphate Amine (glycerol) 

PE1 C ~ , l  Czo 111(11, 111, VI, VII) R221 (Ill),* H226C(lll) L 
H231 (Ill), 
S65(111), 
F233N(lll), 
G234N(lll) 

lll(lV, V I )  a 1188N(lll), Y181 C(III), U 
F70N(Vla), Yl82C(lll), 

T68(Vla) F70C(Vla) 
( V I )  ( I  I )  I D57N(ll), H52(11) L 
( V I  X I  X I )  I T408(1), H3(Vllb) T408(1), E74(IV) L 

Vllb, Vlll 
III(V), Vla R17(Vla) OH,, of L 

cholate 
( I l l  I V )  lll(l, R96(1),* L 

11, I l l ,  VI, VII) 
( I  XI) ( I )  I R43(Vlc),' U 

G8N(ll) 
PG3 c16, Cle ( I  XI) ( I )  I ~49(ll); [K49(11)1, L 

[N69(IV)lS 
[R70C(IV)I 

'Salt-bridged. N, C; hydrogen bondings via main chain imide or carbonyl, respectively. U, L; placed on the cytosolic or 
matrix sides, respectively. 
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However, cardiolipin has long been known 
as one of the phospholipids that cannot be 
removed without loss of the enzyme activity 
moieties in the enzyme (21). Although we 
have not found cardiolipin, some electron 
density remains to be examined in the in- 
termonomer space, which is large enough for 
placing two cardiolipins. Recently, myrystic 
acid covalently bound to Lys324 of subunit I 
of the Neurospora crossa cytochrome c oxi- 
dase has been described (22). However, we 
have not found any specific electron density 
distribution or any space corresponding to 
such fatty acid around the corresponding 
residue, Lys319, of beef heart enzyme. 

Possible nucleotide-binding sites. Spe- 
cific electron density cages, in line with the 
cytosolic and the matrix locations of phos- 
pholipids in the enzyme molecule, indicate 
specific bindings of two cholic acid mole- 
cules (Figs. 7 and 9A). The carboxyl group 
of the one on the cytosolic side has hydro- 

Fig. 9. Electron density map of the possible nucle- 
otide-binding site. (A) Fitting of atomic model of 
cholate (in red) to the electron density map of the 
cytosolic level binding site. The yellow atomic 
model denotes ThPol of subunit I and the green 
models, TrpW and Hislo3 of subunit Ill. (8) Fitting of 
ADP (in red) to the crystal structures of the cholate 
bindina site on the cvtosolic level. T v p  of subunit 
I in yeiow, TrpW and Hisqo3 of subunit I l l  in green 
are given. Dotted lines and solid lines in (B) denote 
hydrogen bonds and salt bridges, respectively. 
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gen h c ~ n ~ l s  t o  a n  imlL1a;ole o f  His1" o f  sub- 
u n i t  111 as \ ~ c l l  as t o  a n  inclolc o f  Trpq" o f  
the same s ~ ~ h u n i t  (Fig. 9 A )  T h e  sterol 
group thc  cholate 1s located hor izontal ly 
111 the lner~nbrane s ~ ~ r f a c c  plane on the  cy- 
t o w l i c  side. An OH group at posi t ion 12 o f  
the sterol g r o ~ ~ p  is also l ~ ~ i i r o g e n - b o n ~ i c d  t o  
Thridl o f  subunit 1. Thus, the  cholate h r i ~ i g -  

cs hc l i x  111 o f  subunit I11 a~nd he l i x  VIII o f  
s~ lhun i t  I. T h e  seco~nii cholate forms a salt 

liriclge between a carbosyl g r . 0 ~ 1 ~  o f  the acicl 
anid A rg "  o f  subunit V Ia .  T h e  OH group at 
~ - ? o s t i o n  12 f o r m  a hyilrogen hond t o  the 
oxygen a tom o f  the phosphoester o f  PES. 
T h e  sterol group is vertical, w i t h  the a c ~ d  
terminal  o n  the bottom, in l ine  w i t h  the 
p h i ~ s ~ h o l i p ~ i i s  o n  the lnatr ix side (Fig. 7). 

T h e  size a~ncl share o f  AL3P reselnhles 
tha t  o f  cholate. T h e  amino aclcl side chains 
s u r r o ~ ~ n i l i n g  the sterol moic ty  o f  the hound 

cholatcs an i l  those near t hc  carhoxyl group 
are arrangeil so tha t  A D P  or  other pur ine 
nuc leot i~ le  w i t h  t w o  inorganic phosphates 
can f i t  thesc sites. I11 fact, a n  atonlic moelel 
o f  A D P  fits quite fa\,orably in eithel. the  
cholatc hlndilng sitcs (Fig. 9E).  For t hc  cy- 
tosolic cholate slte, His'" ancl Try9" o f  
subunit 111 form hydrogen honds w i t h  a 
phosphate group. T h e  pheny l  r l ng  o f  Tyr304 
o f  suhunit I stahillzes the  A D P  blncling by  a 

Fig. 10. Schematic representations of cand~dates for proton and water channels. Dark ovals, dotted n e s  K265 
and dotted lines with arrows denote internal cav~ties, hydrogen bonds, and possible hydrogen-bond 
structure, respectively. Each figure contains only the structure connecting from the entrance to the exit 
and any branch lead~ng to a dead end is not shown except for a branch n (B). (A) The frst network (a 
poss~ble channel for proton pumpng). At the entrance of t hs  network are Hism%nd Asn", both In 
extended loops and hydrogen-bonded to a fixed water. The fxed water is at the termma of a hydrogen- D 
bond network includ~ng three water molecules hydrogen-bonded to Asp" and Asn9"he fixed water at 
the other end of the hydrogen-bond network is at a position to bond with either Ser'" or Tyr'" w ~ t h  a small 
conformational change, The Tyr'" is connected by two hydrogen bonds and a fixed water to Serl"The 
three OH groups of Tyrl". Ser' j ' .  and Serl" could form hydrogen bonds between them by a small 
conformational change. A cavity connects the Serl" with Serl", which IS  hydrogen-bonded to a fixed 
water. The water is connected by a cavity to Serl"",vhich is hydrogen-bonded to Ser14". Another cav~ty Q232 

connects the two hydrogen-bond systems, Serl""Ser'i" and Thr'i"Serll? Finally, the network IS Y129 
connected to Ser"' vla a poss~be hydrogen-bond structure, fB) The second network (a possible channel 
for proton pumping). Asp'"' at the entrance and His4" are connected with a fixed water and a cavity. The 0364 
~midazoe of HIS''' is connected by another cavity to Ser4" '. Afixed water forms a bridge between Ser4e', 
ThrIzi, and the hydroxyl of the hydroxyfarnesylethyl side chain of heme a, via three hydrogen bonds, The 

Heme a, 

hydrogen bond system is extended to SerS%y the OH group of the farnesyl chain. The third hydrogen 
bond to heme a leads to a dead end at Ser""', providing a possible control of proton transfer along the 
maln strearn by redox change in heme a, The Thr4" 1s connected by a cavity to Ser'", wh~ch IS a term~na of another hydrogen bond network including Gln'", 
Arg4"", a f~xed water, and Asni"'. The AsnLz1 and Tyrii3 are connected by a poss~ble hydrogen-bond structure. (C) The third network (a possible channel for 
protons for releasing water). At the entrance, Lys2" and Thr4"j are connected via two fxed waters. One of the waters closer to Thri" is hydrogen-bonded also 
to Thr4", perhaps stabilizing the arrangement of the two water molecules, The hydrogen-bond network is extended up to Hisz';"lia Asn'"' and two water 
molecules, The His2';% connected to LysW"lia a cavity, Ser'" and a fxed water molecule hydrogen-bonded between Ser2';and Lys3'". The lysine is 
connected by a possible hydrogen-bond structure to Thi-jl? A fixed water forms two hydrogen bonds to Thr'"'" and the OH of the hydroxyfarnesylethyl group 
of heme a,, whch is hydrogen-bonded to Tyr244. The Tyr'" is connected by a poss~ble hydrogen bond structure to His'4" one of the ligands of Cu,. (D) A 
possible water channel, in which underlined residue names and numbers denote the residues of subunit I l .  Small circles in the amino acid models are polar 
atoms, The arrow denotes a possible water channel from the 0, reduction site to the open end at the cytosolic side. 
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stacking interaction with the  adcnyl group 
(Fig. 9B). For the  inatrix cholate slte, the  
bound (or fitted) A D P  is salt-bridged a t  the  
two phosphate groups with ,4rg1' a11ii Arg17 
of subunit VIa. T h e  two sugar hydroxyls and 
the  amino group of ADP arc hydrogen- 
borriied to the  phosphate group of PE5 and 
the main chain carbonyl of Phe2' of subunit 
VIa. Furthermore, the  indole of Trp2" of 
helix 1/11 in suburrit I belonging to  the 
other monomer also is stacked with the  
adcnyl group. This stacking interaction 
woulJ contribute to the  stabilitv of the 
dimcr under physiological conditions. Thus, 
the  cholate binding sites could be the bind- 
ing sites for ~nlcleotides proposcii t o  control 
the  enzyme furrction (23).  T h e  cholatc mol- 
ecules i11 the  crystal structure arc likclv to 
be contamirrateb during the  solubilizaiion 
of this protein from mitochondria1 inem- 
brane by the  detergent. 

Structures participating in proton 
transfer. Cytochroinc c oxidase reduces O2 
to H 2 0  coupled with the proton pumping, 
makirrg channels for protons, H'O, and O2 
a prerequisite to this f~lrrction. Ivlutagcnesis 
results suggest two types of proton channels, 
one for protons for H 2 0  formatioll and the 
other for proton pumping (24).  Protons are 
transferred most effectively through hydro- 
gen bonds, particularly in a hydrophobic 
environment such as the translnembralle 
region of this enzyme. Thus, we searched for 
any structure that could particlpatc in a 
hydrogen-bond nctwork. Neither the  net- 
work spanning across the  trarrsineinbrane 
reglon from the matrix side to  the  cytosolic 
side nor the one from the  matrix side to the 
oxygen reductiorr site was detectable in  our 
crystal structure. Nevertheless, many cavi- 
ties (spaces with n o  detectable electron 
dcrrs~ty distributiorr) irrsidc the  inolcculc 
connect short hydrogerr-bond systems or 
pairs of functiorral groups that could partic- 
ipate in a hydrogen-bonded relay system. 
These cavities arc likclv to  contain water 
molecules and thus to coilduct protons 
readily. Furthermore, there arc many points 
where there is snacc for a conformational 
charrge of side chain that would induce a 
new hydrogen-bond system (possible hydro- 
gen-bo11d structure). Thus, any conforma- 
tion change induced by changes in redox or 
ligarrd binding states could control proton 
transfer. 111 addition, collformation changes 
could inediatc redox or ligand-irrduccd 
changes In pK of ionizable amino acids. 
Thus a conformatiollally controlled net- 
\vork c o ~ n ~ o s c d  of hydrogen bonds could 
function as a proton pump coupled with 
dioxygcn reduction. T h e  following three 
networks in subunit I arc candidates for the 
proton chanrrcls i11 the enzyme (Fig. 10).  

T h e  mail1 part of a network lrrvolves 
residues in helices 111 and I\/ of subunit I 
(Fig. 10A).  A t  the  entrance of this network 

arc Hisi" and Asn", both in exterrded 
loops and hydrogen-bonded to a fixed wa- 
ter. T h e  charrllcl terminates at Ser"2 con- 
nected to Ser1Ii with a possible hydrogen- 
bond structure. T h e  Ser1Ii could form a 
new hydrogen bond with Ser1'2 when pro- 
ton release to the  cytosolic side is reijuircii, 
and thus serve as a system for preventing 
undesirable back flow of protons. This 
channel corrtains four other possible hydro- 
gen-bond structures betweell Tyr19, a fixcd 
watcr hydrogen-bonded to Asn", Ser"' 
and Scr ' j6.  If a conformational charrec 
around the almost completely corrserved 
residue, Tyr lY,  is induced by redox or ligand 
binding reactions coupled with a pK change 
of a t  least one of the amino acids in the  
network, it could nrovidc ~ ~ n ~ d i r c c t i o ~ ~ a l  
proton transfer. For example, if 011 dioxygcn 
reduction Tyrl" forms a new hydrogen bo11d 
wit11 a fixed water connectirrg A s i ~ " ~ ,  and 
concomitantly there is a decrease i11 pK of 
Aspw w l ~ i c h  is linked to  Asn" via a fixed 
water with tn70 hydrogen bonds, then pro- 
ton transfer toward the cytosolic side could 
be coupled with the  dioxygen reduction. 
,411 the amino acids in the  network are well 
conserved, although in some species Ser or 
T h r  are replaced with alanine or glycine. 
Because of the  small size of these residues, 
they could form cavities to  contain water 
and still allow proton transfer. 

T h e  second network is located mainly 
between helices XI and XI1 of subunit I 
(Fig. 10B) and contains Asp4" :at the en- 
trance of the network 011 the matrix sidc 
and only one possible hydrogcrr bond struc- 
ture between Asn'" and Tyr'43. T h e  three 
residues 011 the  exit-,4rg3" and 
Tyr'"-are highly corrserved, suggesting a 
role in proton transfer in a lnallllcr arralo- 
gous to that of the first network. '4 branch 
leading to hcine a c o ~ ~ l d  control the  proton 
transfer along the main stream by rcdox 
changes in heme a. 

T h e  tlllrd network involving helices VI 
and VIII of subunit I and heme a i ,  (Fig. 
10C) spans from Lys2" at the  entrance to 
Tyr"' corrrrected to  His"" a ligarrd to C L I ~ ,  
by a possible hydrogen-bond structurc. T h e  
other possible hydrogen-bond structure is 
between Lvs319 and Thr"? Since this net- 
work ends at the ligand to CLI,, it is most 
likclv to work as a channel for nrotons to 
forin watcr molecules. However, it cannot 
be excluded that this system serves also as a 
proto11 pump via the His2'< CuB, 7 , n i  1 pos- 
sibly His'", which IS the  end of a hydrogcn- 
bond svstem lcadirre to a watcr channel as 
describkd below. 111'this case, CuB inay COII- 

trol pK values of the  two imidazolc ligands 
to induce a ulliiiirectlonal Droton transfer 
coupled with the rcdox statc. This mecha- 
nism differs froin that of Iwata et ill. 17) in 
that ~t does not include the  dissociation of 
h is t id ine-CLI~ ligation. 

T h e  above three rretworks forin a n  equi- 
lateral triangle when viewed from the  cyto- 
solic side such that the  Drotorr c h a ~ ~ n e l  
leading to  the  dioxygerr reduction sitc is 
equidistant from the  two possible proton 
pumping channels. Proton pumping must 
be coupled to  the  redox reaction or ligand 
bindine but could occur remote from the 
oxygen reduction site per se. Furthermore, 
more than two pathways could he effective. 
Thus, we should not exclude anv of the  
above candidates for channel for proton 
p~lillpirrg at present. T h e  size and shape of 
the  cavities i11 Fig. 10 arc not  drawn quan- 
titatively. Sotne of the  cavities arc not  large 
enough for differentiating t h e ~ n  clearly from 
the spaces in possible hydrogen bond struc- 
tures at the  present resohltion. Such a small 
cavity or a hydrogen bond structure 
could block the  hydrogen bond nct~vork in 
which the  structures arc involved, if thcv do 
not form any hydrogen bond in any oxida- 
tion or ligarrd birrding state. Thus, crystal 
structures at other oxidation and lieation u 

states arc i~~dispcllsable for identifying the  
tnlc physiological c h a ~ ~ ~ ~ c l s .  

A proton p~llnping pathway to the dioxy- 
gen reductiorr site by way of Scrfi7, G ~ U ~ ' ~ ,  
and His'" from a11 entrance o n  the inatrix 
side incl~ldirrg Asp" has been proposed for 
the Pa~ilcoccus cnzyine (7). T h e  bottom part 
of the first 11ctwork as give11 above (Fig. 
10'4) seems essclltially the same as that 
proposed, up to Serli7. Our  crystal structurc 
corrtains a cavity connectillg Scri5'  with 
G ~ L I ~ ~ ~ ,  as in the  case of the bacterial en- 
zyme. However, HIS"@ is located far from 
G ~ L I ~ ~ ~ ,  giving 110 evidence of a possible 
proton transfer in our crystal structurc. 

Possible channels. '4 structurc that could 
serve as a watcr channel for removing H'O 
produced at the O2 reductloll sitc (Fig. 
10L3), proceeds from the  cytosolic side of 
hcnlc a, a l o n ~  the subunit 1-11 interface to 
the cytbsolicYsurface of the enzyme. T h e  
magnesium sitc and the propionates of heme 
a, form a hyiirophilic cnvirollment that in- 
cludes the two basic amino acids (Arg'38 
and of subunit I) ,  the two propiollatcs 
of heme a i ,  Asp3"' of s~lbunit  I, and two 
fixed waters; all are co1111ected with hydro- 
gen bonds. T h e  hydrophllic region is co11- 
11ected to a c h a n ~ ~ c l  formed o n  the interface 
between subunits I and I1 with a loose ar- 
rangement of hydrophilic residues that could 
provide a water c h a n ~ ~ c l  to the  cytosolic 
surface ~v1t11 small collformational changes. 
All amino aclds suggested to be involved in 
the chanllel are well conserved in most spe- 
cies so far reported, inlplyirrg a common 
lnechallisln for removing watcr from the 
active sitc. T h e  nossible chanrrcl i11 the  c n s -  
tal structurc does not have enough space for 
water molecule to pass through freely, which 
seems indispensable for preventing proton 
leak from the  cytosolic side. 
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Fig. 11. Possible 0, channels. Possible channels reaching Cu, (A) and by way of hydroxyfamesylethyl 
group (B). Red structures are hemes. Blue, green, and white amino acid residues belong to subunit 1 1 , 1 1 1 ,  
and Vlc, respectively. Yellow amino acid residues are aromatic or hydrophobic in subunit I. A pink 
structure in (A) is the phospholipid in the lipid pool of subunit Ill. The white arrows indicate the possible 
pathways of 0, 

No space through which a dioxygen 
molecule (O,, a rod-2haped molecule with 
the diameter of 2.4 A) can reach the oxy- 
gen reduction site (the Fe,,-Cu, site) from 
the molecular surface is detectable, as in the 
case of hemoglobin and myoglobin (25). In 
analogy to these globins, the conformation 
with an open channel for 0, seems attained 
only during one of the many reversible and 
rapid conformational changes that occur in 
protein structure giving populations too low 
to detect by x-ray crystallography (26). 
However. the 0, channel (or channels) is 
probably 'locatedLin the following three'ar- 
eas near the 0, reduction site, where most 
of the amino acid side chains in the area are 
hydrophobic and packed loosely. 

Cu, occurs near the molecular surface 
facingthe space between monomers where 
no other subunit is placed. On the surface 
nearest to CuB, is Phe237 (Fig. 11A). Next 
to this Phe, we find Trp288, Trp236 and 
His291 located on a line to CuB. These side 
chains, as well as other side chains nearby, 
provide a hydrophobic environment from 
the molecular surface to the Cu, site indi- 
cated by the aromatic and hydrophobic res- 
idues (Fig. 11A). These residues, which are 
well conserved. indicate the im~ortance of 
the hydrophobicity. 

Dioxygen molecules could approach the 
dioxygen reduction site. Starting from 
His151 on the surface of subunit I exposed to 
the lipid pool of subunit 111, a network of 
hydrophobic amino acids are well con- 
served including Leu199, Phe67, Phe2,', 
Phe235, TrplZ6, and Trp236 approaches to 
the dioxygen reduction sites. 

The third candidate for the dioxygen 
channel includes the hydroxylfamesylethyl 
group of heme a,, with the terminal being 
on the surface of subunit I between the two 
attaching point of the two transmembrane 
helices of subunit I1 (Fig. 11B). The envi- . " 
ronment of the alkyl group is hydrophobic 
with looselv ~acked amino acid side chains 
so that theniioxygen could pass through to 
the oxygen binding site with a little change 
in the conformation around the alkyl group. 
All the above three channels may be effec- 
tive under physiological conditions in order 
for attaining the extremely high affinity of 
the enzvme to 0,. 

Any of the above channels proposed 
requires some conformational change cou- 
pled to the redox reaction at the metal sites 
in order to function as the proposed chan- 
nel. Various mechanisms for these processes 
are possible, depending on the nature of the 
conformational change. Thus. the discus- " 
sion on the reaction mechanism should be 
reserved until the crvstal structures at other 
oxidation states are available. 
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