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This article has dealt solely with the application of natural-
neighbour theory to the weighted residual method for solving
PDEs. We expect that many other applications of natural neigh-
bours will appear in the future. For example, it may well be
possible to generalize classical finite-difference methods (which
rely on estimating derivatives at nodes of a regular grid') to
irregular meshes. Although the natural-neighbour coordinates

themselves cannot be used to estimate derivatives at nodes, an
extension described by Sibson'? does give first-order derivatives
at the nodes. Because most numerical methods are based on
the discretization of a field onto a mesh, the theory of natural
neighbours raises the exciting possibility of generalizing methods
commonly restricted to regular grids to a Delaunay mesh based
on any irregular distribution of nodes. O
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Structure at 2.8 A resolution of cytochrome ¢
oxidase from Paracoccus denitrificans
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The crystal structure at 2.8 A resolution of the four protein subunits containing cytochrome ¢
oxidase from the soil bacterium Paracoccus denitrificans, complexed with an antibody F, frag-
ment, is described. Subunit | contains 12 membrane-spanning, primarily helical segments and
binds haem a and the haem as—copper B binuclear centre where molecular oxygen is reduced
to water. Two proton transfer pathways, one for protons consumed in water formation and one
for ‘proton pumping’, could be identified. Mechanisms for proton pumping are discussed.

Cytochrome ¢ oxidase, a protein complex located in the inner
membrane of mitochondria and many bacteria, is the terminal
enzyme of most respiratory chains. It catalyses the final electron
transfer steps from cytochrome ¢ to molecular oxygen, and is a
member of the superfamily of haem-copper containing terminal
oxidases (see refs 1-3 for review). In addition to the four protons
consumed in water formation per oxygen molecule, up to four
protons are electrogenically translocated (‘pumped’) across the
membrane leading to a difference between the two sides of the
membrane of the electrochemical potential of protons. This
difference can be used to drive the synthesis of adenosine 5'-
triphosphate from adenosine 5'-diphosphate and inorganic
phosphate.

Protein subunit (SU) I of most cytochrome ¢ oxidases contains
two haem A molecules, called haem @ and haem a;, and copper
B (Cug). Haem a; and Cup form a binuclear centre where
molecular oxygen is reduced to water. Electrons from cyto-
chrome c¢ are first transferred to the copper A centre (Cu,),
which is located in protein SU II, and from there to haem a and
the binuclear centre. The function of SU III, which is present
in all mitochondrial and most bacterial terminal oxidases, is
unknown. Up to ten small additional subunits are present in
mitochondrial cytochrome ¢ oxidases®.

+ To whom correspondence should be addressed.
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As a prerequisite for understanding the molecular mecha-
nism of oxygen reduction and its coupling to proton pumping,
we have determined at 2.8 A resolution the structure of the
four protein subunits containing cytochrome ¢ oxidase’ from
the soil bacterium Paracoccus denitrificans by X-ray crystallog-
raphy. This became possible by cocrystallizing this membrane
protein complex with an F, fragment of a monoclonal anti-
body. Here we describe the structure of this cytochrome ¢
oxidase, its protein subunits, the arrangement and mode of
binding of the prosthetic groups, and two possible pathways
for protons, one for pumped protons and one for protons
consumed in water formation. Finally, we discuss mechanisms
of proton pumping.

Structure determination

The fully oxidized cytochrome ¢ oxidase from Paracoccus deni-
trificans, complexed with the antibody F, fragment 7E2, has
been crystallized in the presence of 0.1% sodium azide; azide
inhibits the enzyme by binding to Cug (ref. 6). Data collection,
the quality of data and initial phases determined by multiple
isomorphous replacement and anomalous scattering are sum-
marized in Table 1. The phases were improved using a series
of density modification methods. The refined structural model
contains the following 1,329 residues: SU I, 17-554; SUII,
1-252; SU I, 1-273; SU IV, 10-56; VL chain of the F, frag-
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ment, 1-108; and VH chain, 1-120. Three copper atoms, two
haem A, and one phosphatidyl choline molecule are included in
the current model. A representative part of the electron density
map for the refined structure at 2.8 A resolution is shown in
Fig. la.
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FIG. 1 The three-dimensional structure of cytochrome ¢ oxidase. a,
Representative part of the electron density map corresponding to parts
of two transmembrane helices of subunit Ill. The 2|F,| —|F,] map was
calculated at 2.8 A resolution and contoured at 1.5¢ (standard devia-
tions above the mean density of the map). b, The entire cytochrome ¢
oxidase from Paracoccus denitrificans complexed with an antibody F,
fragment viewed parallel to the membrane. The polypeptide backbones
of subunits I, Il, Ill and IV and the F, fragment are shown in yellow,
magenta, blue, green and cyan, respectively. Subunit | contains two
haem A molecules, called haem a (red) and haem as (cyan), and copper
B (Cug, blue). Subunit Il contains the copper A centre (Cu,) consisting
of two copper atoms (blue). In subunit Ill, a firmly bound phospholipid
molecule (magenta) is observed. It was modelled as dilauroyl-phosphat-
idyl choline (PC). ¢, View of the transmembrane helices (with Roman
numbers) and the B-strands (with Arabic numbers) of cytochrome ¢
oxidase along the membrane normal from the periplasmic side. The
colouring is as above. Only subunit Il contains extended fB-strands. The
icon shows the arrangement of the subunits in @ more schematic
manner for clarity. The sequence numbers of the secondary structure
elements are given in the legends of the figures showing the individual
subunits. Secondary structures were assigned using the program
DSSP*3; a was prepared with the program 0% the other figures were
produced using the programs MOLSCRIPT** and RASTER3D***¢.

Architecture of cytochrome c oxidase

A general view of the Paracoccus denitrificans cytochrome ¢ oxi-
dase parallel to the membrane is shown in Fig. 1. In projection
the part integrated into the membrane has a trapezoidal appear-
ance. The width at the bottom which corresponds to the cyto-
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FIG. 2 Structures of subunits Il and IV. a, View of subunit IV parallel
to the membrane. One basic residue, SU IV-Lys 28, is found within the
transmembrane helix (SU IV-TM |, residues 16-47). b, Stereo view of
subunit Il as seen parallel to the membrane. The subunit contains 7
transmembrane helices (SU llI-TM |, 15-35; Il, 48-76; Ill, 79-114; IV,
139-165; V, 168-196; VI, 203-236 and VI, 244-273). The firmly
bound putative phosphatidyl choline molecule is indicated by PC. The

plasmic surface, is ~90 A; at the top, which represents the
periplasmic surface, it is ~75 A. The height of the trapezoid
is 55 A. It comprises 22 membrane-spanning, primarily helical
segments and their connections. The globular domain of SU II
(see below) is attached to the trapezoid from the top, resulting
in a maximum height of 95 A. The central part of the complex
is made up by SU I which binds both haems and Cug. Subunit
I is associated with SU II at one side and SU III at the other.
The amino and carboxy termini of subunit II protrude into the
periplasmic space and form a globular domain which contains
Cua. The antibody fragment, which is also shown in Fig. 15,
binds to this globular domain. SU IV consists mainly of one
transmembrane helix, but it is nevertheless in contact with the
other three subunits (see below). When viewed along the mem-
brane normal, cytochrome ¢ oxidase has an oval shape with
largest dimensions of 90 and 60 A (Fig. 1¢).

Protein subunits and prosthetic groups

Subunit IV. The function of this small subunit is unknown. Its
discovery in Paracoccus cytochrome ¢ oxidase is comparatively
recent, and only the sequence of the N-terminal 31 residues has
been published’. Residues 10-56 are visible in our electron
density map. The subunit consists mainly of one transmembrane
helix (residues 16-47) with the N terminus on the cytoplasmic
side (Fig. 2a). As an unexpected feature, one lysine residue is
found in the transmembrane helix at position 28. Subunit IV is
in contact with all other subunits. The nine C-terminal residues
touch residues of three transmembrane (TM) helices (SU III-
TMIII, SUI-TM VII, SUI-TM VIII). The residue SU II-
Arg 198 forms a salt bridge with the C-terminal carboxy group of
SU IV. The upper part of the transmembrane helix has indirect
contacts with SU III mediated by a presumed phospholipid
which is only partially visible in the electron density map and is
not included in the model. Recently, the gene coding for SU IV
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alkyl chains of the lipid are visible up to a length of 12 carbon atoms
only. The conserved amino acid residues SU lil-Arg 233 and SU lli—-
Glu 74, which form ion pairs with the phosphate and the quaternary
ammonium groups of the lipid head group, respectively, and two acidic
residues in the transmembrane helices (SU IlI-Glu 97 and SU Ill-
Asp 258) are also shown.

has been cloned (H. Witt and B.L., unpublished). The available
sequences indicate that SU IV is the N-terminal part of a larger
(pro) protein of unknown function. However, SU IV is not a
typical leader peptide; it may stabilize the Paracoccus cyto-
chrome ¢ oxidase.

Subunit Hll. The function of this subunit is also unknown. It
does not contribute to the binding of the redox-active prosthetic
groups. nor is it involved in proton pumping, as a two-subunit
cytochrome c oxidase consisting of SU I and II can be isolated’,
and is active in proton pumping®. SU III may be involved in
the assembly of the cytochrome ¢ oxidase’. It possesses seven
transmembrane helices that are arranged in an irregular manner.
When viewed from the periplasmic space and counted clockwise,
the order is I, III, VII, IV, V, VI and II (see Fig. 1¢). The seven
transmembrane helices are divided into two bundles, one formed
by the first two helices, and the other by the transmembrane
helices III to VII. The two bundles are separated by a large V-
shaped cleft (Fig. 2b), at the bottom of which one lipid molecule
is firmly bound. The electron density is compatible with phos-
phatidyl choline in a syn-clinal/B/anti-periplanar conformation
(see ref. 10 for definition). The conserved amino acid residues
SU III-Arg 233 and SU III-Asp 74 form ion pairs with the
phosphate and the quaternary ammonium of the lipid head
group, respectively. The alkyl chains of the lipid, which are not
visible in full lengths, are lined up in the cleft along helices III
and VI. The well-conserved dicyclohexyl carbodiimide binding
residue SU III-Glu 97 (ref. 11) is located in the centre of the
third transmembrane helix near the cleft. It is therefore probably
protonated and forms a hydrogen bond with the conserved
SU ITI-His 219. Its role may be structural.

The cleft of SU III may be a docking site for other membrane
proteins. The membrane-anchored cytochrome c¢ss, seems to be
a physiological electron donor to Cu, of the Paracoccus cyto-
chrome ¢ oxidase'?. Its membrane anchor would fit into the cleft,
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FIG. 3 Structure of subunit
Il. a, Stereo view of subunit
Il approximately parallel to
the membrane. The N-ter-
minal loop (residues 1-26),
two transmembrane helices
(SUH-TM I, residues 27-
59; and Il, residues 74—
105), including their con-
nection (residues 60-73)
and a C-terminal globular
domain (residues 106-252)
which contains the Cua
centre are shown. The C-
terminal globular domain
contains a 10-stranded (-
barrel (strand 1, residues
114-119; 2, 123-127; 3,
132-136; 4, 162-164; 5,
169-175; 6, 181-185; 7,
190-194; 8, 200-204; 9,
209-216 and 10, 227-
234), and two helices, helix
3-4 (H3-4, residues 140-
147) and a C-terminal helix
(HC, residues 235-249).
The two copper atoms
(blue) of the Cu, centre and
their ligands are shown. b,
Stereo view of the Cu,
centre. The loops providing
ligands to the copper atoms
are shown and named
according to the B-strands
which they connect.
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and its globular domain might be in an appropriate position to
transfer electrons to Cuy.

Subunit Il. Subunit II comprises three segments: an N-terminal
loop (residues 1-26), two transmembrane helices, including their
connection (SUII-TM I and SU II-TM II, residues 27-105),
and a C-terminal globular domain (residues 106-252) which con-
tains Cu, (Fig. 3a). The N-terminal loop and C-terminal domain
interact tightly on the periplasmic side. Both are located above
pore B of SU I (see below). The transmembrane helices SU II-
TM T and SU II-TM II are in extensive contact with two trans-
membrane helices of SUI (SUI-TM IX and SU I-TM VIII,
respectively; Fig. 1¢).

The folding of the C-terminal globular domain containing a
ten-stranded B-barrel is similar to that of class I copper proteins
such as plastocyanin and azurin, as expected from sequence
comparisons™'*'*. The a-carbon atoms of the core region super-
impose on plastocyanin'® with a root mean square difference of
2.2 A for 74 of the 99 plastocyanin residues. The major difference
is the insertion of strands 3 and 4 and the loop between these
strands in SU II.

As an important difference to the type I copper proteins, Cua
has been suggested to be a mixed-valence [Cu(1.5)-Cu(1.5)]
complex'® *°, which agrees with the crystal structure (Fig. 3b).

664

IX  haem a3

The binding site for the two copper atoms (Cual and Cua2) is
formed by residues from strand 6 and the loop connecting
strands 9 and 10 (Fig. 3b). The ligands of Cux1 are the residues
SU II-Cys 216, SU II-Cys 220, SU II-His 181 and SUII-
Met 227; those of Cus2 are SU II-Cys 216, SU I1-Cys 220,
Su II-His 224 and the carbonyl oxygen of SU II-Glu 218 (Fig.
3c¢). The ligands for each Cu atom form a distorted tetrahedron.
The two copper atoms are bridged by two cystein thiolates. In
our model the Cu-Cu distance is 2.6 A. The copper and the
sulphur atoms lie in one plane. The Cu-S, (Cys), Cu-Ss (Met),
Cu-Nj;; (His) and Cu-O (Glu) distances are 2.3, 2.7, 2.1-2.2
and 3.0 A, respectively. The Cu-S, (Cys) distances are difficult
to determine because overlap of the electron densities of the
copper and sulphur atoms makes it difficult to locate the sulphur
atoms precisely. The bond lengths for Cu-S; and Cu-O are
similar to those observed in type I copper proteins'>.

The residue SU II-Trp 121, which is within 3.2 A of SU II-
Met 227, might be involved in electron transfer from cytochrome
¢ to Cua. SU II-Trp 121 and SU II-Asp 178, which can form a
hydrogen bond to the Cu-ligand SU II-His 181, shield the Cua
centre from the solvent. Very close to this site, is the most likely
cytochrome ¢ binding site, the corner formed by the globular
domain of SU II and the flat periplasmic surface of SU I (Fig.
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FIG. 4 Structure of subunit I. a,
Stereo view of subunit | parallel
to the membrane. The subunit
contains 12 partly interrupted
transmembrane helices (SU |-
TM|, residues 27-59; Il, 84—
121; I, 130-151; v, 178-
206; V, 218-251; Vi, 263-298;
Vi, 304-322; VIil, 334-362; IX,
370-395; X, 404-430; Xl,
441-468 and Xll, 483-513)
and two helices parallel to the
membrane (helix [lI-IV, resi-
dues 167-174, and helix IX-X,
396-403). Haem a (red), haem
as (cyan) and Cug (blue sphere)
are also shown. b, Stereo view
of subunit | along the mem-
brane normal from the peri-
plasmic side. Only the helices
are shown together with some
important residues. The icon
shows schematically the arcs of
helices and pores A, B and C
formed by them. ¢, Stereo view
of haem a and surrounding
amino acid residues. The sym-
bols OH and F indicate hydroxyl
and formyl groups of haem A,
respectively. d, Stereo view of
the binuclear centre of haem a3
and Cug. The side chain of
SU I-His 325 may possess two
alternative conformations: in
one (white) the side chain
forms a bond to Cug and a hyd-
rogen bond to Sul-Thr 344,
and in the other (red) it forms
hydrogen bonds to the formyl
group of haem a3 and the car-
bonyl oxygen of SU I-Phe 340.

1b). A part of the loop connecting transmembrane helices 111~
IV of SU III might also be involved in docking cytochrome c.
This area contains 10 acidic residues which could interact with
lysine residues on the surface of cytochrome ¢ (ref. 21).

SU II-His 224 might be involved in electron transfer to haem
a. The N, atom of this histidine could donate a hydrogen to
the carbonyl oxygen of SU I-Arg 473 in loop XI-XII of SU L.
Several residues of this loop are in contact with the propionate
groups of haem a. The distance from the conjugated n-electron
system of SU II-His 224 to that of haem a is 11.9 A, whereas it
is 15.4 A to that of haem a;. The distances from the lower Cua-
atom to the haem a Fe is 19.5, to the haem a; Fe is 22.1 A. The
shorter distances to haem a are in agreement with the observed
direct electron transfer from Cu, to haem a.
Subunit I. SUI contains 12 membrane spanning segments,
SUI-TM I to SU I-TM XII, with preferentially helical second-
ary structure (Fig. 4a). It shows an unexpected approximate
threefold rotational symmetry. When viewed from the peri-
plasmic side, the 12 segments appear to form three symmetry
related semicircular arcs with segments I, VI and X being closest
to the rotation axis, and segments XI, I[II and VII most distant
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loop XI-XI

(Fig. 4b). The order of the helices is sequential in an anticlock-
wise manner. Segments XI, XII, I and II form the first semicircle
I1-VI the second, and VII-X the third. The semicircles together
with the last segment of the previous semicircle have a pore-like
appearance. In such a description, ‘pores’ A, B and C are formed
by transmembrane segments [I-VI; VI-X; and X-XII, I and II,
respectively. Segments II, VI and X are part of the walls of two
pores each. The ‘pores’ are blocked, pore A by mostly conserved
aromatic residues, pore B by haem a; and Cug, and pore C by
haem a and its hydroxyethylfarnesyl side chain (see also Fig. 4c¢).
The membrane-spanning segments are connected by 11 loops
referred to as SU I-loop I-1I to SU I-loop XI-XII. In general,
the loops on the periplasmic side are longer (8-26 residues) than
those on the cytoplasmic side (5-10 residues). Long periplasmic
loops fold back into the subunit so that a flat surface is gener-
ated. Only SU I-loops ITII-1V and IX-X contain short helices
which are parallel to the membrane plane. Loop I-1I contains a
non-conserved disulphide bridge formed by SU I-Cys 66 and
SUI-Cys 80. The N and C termini are on the cytoplasmic
side. The N-terminal 16 residues are disordered and not visible
in the electron density map; the C-terminal 41 residues are of
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FIG. 5 Proton pathways and possible mechanism of proton pumping.
a, The proton pathways in subunit |. Residues in the pathway for
pumped protons and protons consumed in water formation are labelled
in white and yellow, respectively. Two alternative conformations of SU |-
His 325 are shown in white and green, respectively. Residues in the
negative charge cluster, which is a possible Mn/Mg binding site, are
labelled in blue. Important backbone carbonyl groups are labelled with
the sequence number only. The symbols OH, F and P indicate hydroxyl,
formyl and propionate groups, respectively, of haem as. The segments
forming pore A are shown in blue, except for segment SU I-TM VI, those
forming pore B in purple. b, Schematic representation of the proton
pathways and the histidine shuttle. The thick broken lines represent
possible proton pathways. c, Histidine cycle/shuttle mechanism for cou-
pling of proton pumping to oxygen reduction to water (short version).
The numbers above the boxes describe the states referred to in the
text. The symbols are as follows: O, fully oxidized; A, the compound A;
P, the peroxy; and F, the oxoferryl (F) states*°. Protons to be pumped
enter the boxes at the bottom right and leave at the top along the
broken arrows. They are indicated in bold. Protons to be consumed
enter from the lower left. Movements of the SU I-His 325 side chain
(‘lm’) are indicated by the short white arrows in the boxes.
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extended secondary structure with turns and form the bottom
of SU L.

Haem a. Haem « is a low-spin haem with two histidine residues
as axial Fe-ligands. It transfers electrons from Cu, to the bi-
nuclear centre. The haems are characterized by non-covalent
binding to the protein and the presence of a formyl group at C8
and a hydrophobic hydroxyethylfarnesyl group at C2 (Fig. 4c¢).
The axial Fe-ligands of this haem are His 94 from SU [-TM 11
and His 413 from SU I-TM X as predicted®. The haem a formyl
group accepts a hydrogen bond from the side chain of SU I-
Arg 54. The propionate groups of haem « are connected with
the Cu, centre by SU I-loop XI-XII. The side chain of SU I-
Arg 474 apparently forms a hydrogen bond/ion pair with one
of the two propionates, the other propionate is hydrogen bonded
to the peptide carbonyl oxygen of SU I-Arg474 and the side
chain of SU I-Trp 87. In contrast to haem a3, the hydroxyethyl-
farnesyl group of haem a remains in pore C. It is tightly sur-
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rounded by hydrophobic residues, so access to haem a from the
cytoplasmic side is completely blocked.

Haem a3 and Cug. The binuclear centre formed by haem «; and
Cug is the catalytic centre for O, reduction. it is located in pore
B, but residues of loops ITT1-IV, XI-XII and the horizontal helix
in loop IX-X also contribute. The haem a; Fe appears to be
fivefold coordinated with SU [-His 411 from SU I-TM X as an
axial protein ligand. The Fe is ~0.7 A out of the haem plane
towards the histidine. All the polar groups of the haem seem to
form hydrogen bonds or salt bridges (see Fig. 4d for details).
The hydroxyethylfarnesyl group leaves pore B and penetrates
into the lipid bilayer to allow access of protons from the cyto-
plasmic space (see below). The Cug ion is 5.2 A away from the
haem a3 iron. Molecular oxygen is supposed to bind between
the haem a; Fe and Cug. The electron density map indicates the
presence of a solvent (or azide) molecule there. SU I-His 276
(Ns) and SUI-His 326 (N,,) are Cug-ligands. The residue
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TABLE 1 Statistics for X-ray data collection and phase determination

(a) Diffraction data

Concentration Soaking time No. of Unique Completeness Rmerge™
Derivatives (mM) (days) Anin measurements data (%) (%)
Native 3.0 193,855 63,685 89.9 6.7
Native (high resolution) 2.8 301,392 76,703 88.9 10.8
MMA (c-axis) 1.0 3 3.5 102,143 38,506 85.8 6.9
MMA (a-axis) 1.0 5 35 115,572 39,325 87.4 7.9
HgCl, 0.5 3 35 113,997 39,943 88.9 7.0
Thiomersal 1.0 7 3.5 81,668 36,229 80.2 6.6
Pb(CH3)5ClI 5.0 5 35 106,586 39,406 87.1 7.9
Pb(C,Hs)sCl 5.0 5 35 92,333 37,251 83.3 6.8
TI(CeHs),Cl 5.0 7 3.5 98,344 38,699 84.6 8.3
(b) Phase determination
Raeriv No. of Phasing power at each resolution bin (A)
Derivatives (%) sitesT R.f (10.5) (8.2) (6.7) (5.7) (4.9) (4.3) (3.9) (3.5) Total
MMA (c-axis) 14.3 7 0.69 0.72 0.91 1.44 1.61 1.29 1.00 0.96 0.85 1.04
MMA (a-axis) 15.2 7 0.71 0.76 0.86 1.26 1.62 1.25 0.98 0.86 0.76 0.99
HgCl, 14.9 6 0.74 0.52 0.85 1.11 1.25 1.21 1.05 0.86 0.70 0.87
Thiomersal 16.3 9 0.71 0.76 0.91 1.49 1.57 1.15 0.88 0.92 0.76 1.00
Pb(CHs)sClI 14.2 5 0.76 0.78 1.00 1.16 1.28 0.95 0.73 0.56 0.52 0.81
Pb(C,Hs)sCl 16.2 5 0.73 0.53 0.71 0.81 1.04 0.99 0.76 0.63 0.61 0.73
TI(CeHs)2Cl 16.8 5 0.80 0.52 0.94 1.13 1.07 0.83 0.54 0.46 0.36 0.64
Figure of merit 0.84 0.91 0.89 0.82 0.71 0.56 0.44 0.34 0.58

Crystallization. Cocrystals of the conformation-specific antibody F, fragment 7E2 and the cytochrome ¢ oxidase from Paracoccus denitrificans
were obtained as described (C.0., S.I., B.L. and H.M., submitted). They belong to space group P4 with a=b=206.7 A, c=83.5 A, with one complex
in the asymmetric unit. Diffraction data. X-ray data collection was carried out at station BL6A2 of the Photon Factory, Japan. Intensity data were
obtained using a Weissenberg camera for macromolecular crystallography and imaging plates as detector®”. Four crystals were used for native
data collection and one for each heavy-atom derivative. For refinement, a high-resolution data set was collected up to 2.8 A resolution using 8
crystals. Data for mercury derivatives were collected at 1.00 A, and all other data at 0.94 A. Data were processed with the HKL programs DENZO
and SCALEPACK®®. Phasing. Major heavy-atom sites were determined from difference Patterson maps and minor sites and relative positions of
sites between derivatives were determined using the difference-Fourier technique. For these purposes a series of programs in the CCP4 suite was
used®®. MIRAS (multiple isomorphous replacement with anomalous scattering) phasing and refinement of the heavy-atom positions were done
using the program MLPHARE®®. MIRAS phases were calculated up to 3.5 A resolution. The overall figure of merit was 0.58. Density modification.
Because diffraction from the crystals showed a very large overall B-factor and high anisotropy, we had to apply an artificial overall B-factor to the
intensity data to obtain an interpretable electron density map. The intensity data were scaled to the data of photosynthetic reaction centre at each
resolution shell followed by an overall anisotropic B-factor application. Details of the method will be published elsewhere. The optimal modification
was monitored with the free R-factor®® obtained in the following density modification step. Density modification and phase extension to 3.0 A was
performed with the program DM>’. Solvent flattening and histogram mapping were applied. The initial free R-factor was 0.461, but it reduced to
0.255 after 200 cycles. The best result was obtained with a solvent content of 75%. For further density modification, the program SOLOMON was
used®®. The R-factor dropped from 0.246 to 0.166 within 32 iterative steps of the modification. The best result again was obtained with a solvent
content of 75%. Model building and refinement. The atomic model of the cytochrome ¢ oxidase was built using the program 0°°. From the
positions of the mercury binding sites and the sequences it became evident that it is the second gene®® of subunit | from Paracoccus denitrificans
which is expressed. As a model for the 7E2 F, fragment, the structure refined at 1.28 A was used**. Simulated annealing followed by conventional
positional refinement using the program X-PLOR** resulted in a structural model with an R-factor of 21.1% for the data between 6.0 and 2.8 A
resolution. The free R-factor of 5% of the data within the same resolution range was 25.6%. The root mean squares deviations from standard
values of bond lengths and angles are 0.010 A and 1.8°, respectively.

* Rmerge = ZnZi|li(h) — {I(h))|/Zn Zil;(h), where [;(h) is the ith measurement.

T Raeriv=Z||Feul — | Foll/Z|Fo|, where Fpy and Fp are protein and heavy-atom derivative structure factors, respectively.

I R.=Z|Feu— Fp| — Fucaio)|/Z| Fpu — Fel, Fen @nd Fp are defined above, Fyear, iS the calculated heavy-atom structure factor. Summation is done
using centric reflections only.

SU I-Tyr 280, which can form a hydrogen bond with SU I-
His 276, and SU I-Trp 272, whose ring is in van der Waals dis-
tance parallel to SU [-His 326, may stabilize the Cug site. The
most interesting residue near Cup is SU I-His 325. There is no
clectron density for its side chain, indicating disorder or multiple
conformations. It can be modelled in at least two conformations
(Fig. 4d). In one it forms bonds to Cug and the O,; atom of
SU I-Thr 344, whereas in the other it forms hydrogen bonds
with the formyl group of haem a; and the carbonyl oxygen of
SU I-Phe 340 and is not a Cug ligand.

The planes of both haem groups are perpendicular to the
membrane, and their interplanar angle is 108°. The shortest dis-
tance between the haem ¢ and haem a; molecules is 4.7 A, and
the centre-to-centre distance is 13.2 A. There are several possible
pathways for electron transfer between the haems: (1) a direct
pathway; (2) a pathway using the Fe-ligands SU I-His 413
(haem a Fe-ligand) and SU I-His 411 (haem a; Fe-ligand) by
means of the connecting peptide backbone; and (3) one by
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means of SU I-Phe 412 and SU I-Met 416 with their side chains
in contact to both haems.

Proton pathways

For the function of cytochrome ¢ oxidase, protons are required
for two different purposes. ‘Chemical’ protons are consumed
upon reduction of O, and water formation, and ‘pumped’ pro-
tons are translocated from the cytoplasmic to the periplasmic
side of the membrane. Because the mutation SUI
Asp 124 — Asn blocks proton pumping but not water formation,
two separate pathways were expected”**. In agreement with
these results, two possible proton transfer pathways can be
identified.

Pore B below haem a5 (Fig. Sa) seems to be the pathway for
consumed protons from the cytoplasmic surface to the oxygen
binding site. The entrance is made up of a pit surrounded by
SU I-loops IV-V and VI-VII, and the C-terminal extension (see
Fig. 4a). The residues SU I-Ser 291, SU I-Lys 354, SUI-

667



ARTICLES

Thr 351, the hydroxyl group of haem a; and SU I-Tyr 280
sequentially contribute to this pathway. With one exception,
these residues are connected by hydrogen bonds directly, or pos-
sibly, as indicated by unexplained electron density, by a solvent
molecule. SU I-Tyr 280 might donate the proton to the oxygen.
The exception is SU I-Lys 354, which does not form hydrogen
bonds, either to SU I-Ser 291 or to SU I-Thr 351. Because the
environment of this lysine residue is completely hydrophobic, it
should be deprotonated. In other possible conformations it could
form hydrogen bonds to SU I-Ser 291 or SU I-Thr 351.

The lower half of pore A and presumably the upper part of
pore B form the pathway for the pumped protons (Fig. 5a). A
gap between SU I-loops II-11I and III-IV allows access to the
entrance of the pathway. Near the entrance, residues SU I-
Asp 124, SU I-Thr 203 and SU I-Asn 199 form a gate. The resi-
dues SUI-Asn 113 and SU I-Asn 131 follow. Replacement of
one of them by hydrophobic ones blocks proton pumping®.
Beyond SU I-Tyr 35 a cavity, primarily lined up with hydro-
philic residues such as SU I-Ser 193, is found. Electron density
for several solvent molecules in hydrogen-bond distances are
visible leading to SU I-Glu 278. Interruption of the regular hel-
ical structure of transmembrane segment SU I-TM II by SU I-
Pro 105 allows the access of protons to SU I-Glu 278.

Beyond SU I-Glu 278 the proton pathway is less clear. There
are two possibilities. First, it might lead into pore B and reach
the Cug-ligand SU I-His 325. The regular hydrogen-bonding
pattern of transmembrane segment SU I-TM VI is interrupted
in this area, partly as a result of SU I-Pro 277. The carbonyl
oxygen atoms not involved in a helical hydrogen-bonding pat-
tern might play an important role in proton conductance by
binding solvent molecules. As mentioned above, SU I-His 325
might possess at least two alternative conformations. A switch
between these two conformations might allow conduction of
protons to the formyl group of haem a;, the carbonyl oxygen
of SU I-Leu 393, and SU 1-Asp 399. The residue SU 1-Asp 399,
might be important in accepting protons from SU I-His 325.
Alternatively, a direct proton transfer from SU I-Glu 278 to one
of the haem a; propionates might be possible. Upon conforma-
tional changes these side chains could approach one another to
hydrogen-bonding distance.

A cleft between SU T and SU II could be the exit pathway for
the pumped protons. This cleft is hydrophilic owing to the pres-
ence of polar side chains in the SU I-loop VII-VIII, the hori-
zontal helix in the loop IX-X, transmembrane helix II of SU II
and SU II-strand 7. Nearby a negative charge cluster consisting
of SU I-Asp 399, one proprionate group of haem a;, SU I-
Asp 404, SUII-Asp 193, and SUII-Glu218 exists. Sul-
His 403 is placed in the centre of this cluster. The residues
homologous to Su I-His 403 and SU I-Asp 404 have been pos-
tulated to be part of a Mn/Mg binding site**. We could not find
sufficient electron density for Mn, but weaker densities next to
SU I-His 403 might be caused by a Mg atom and/or solvent
molecules.

Mechanism of proton pumping

As outlined above, the most likely pathway for the pumped
protons includes SU I-His 325 with two possible conformations
related to proton conduction. This observation suggests that Cug
and its ligand SU I-His 325 might play a crucial role in proton
pumping. In an attempt to couple the chemistry of oxygen reduc-
tion directly to proton pumping of the terminal haem-copper-
oxidases, a ‘histidine cycle’ mechanism has previously been
suggested”*?’. Here we propose a mechanism in which SU I-
His 325 cycles through the imidazolate, imidazole and imid-
azolium states, and shuttles between two positions (Fig. 5b).
This mechanism also obeys the principle of electroneutrality of
redox and ligand state changes around the binuclear centre with
charge compensations provided only by protonation
reactions®®?®. Figure Sc shows a short version of our ‘histidine
cycle/shuttle’ mechanism. In state 1, the oxidized or O-state,
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SU I-His 325 is in the imidazolate state, owing to positive
charges on the Fe and Cu atoms, and bound to Cug. Its negative
charge is further stabilized by accepting a hydrogen bond from
SU I-Thr 344. During single reduction of the binuclear centre a
proton is taken up by the pump pathway to maintain electroneu-
trality, and converts the side chain of SU I-His 325 to the neutral
imidazole form. The imidazole ring is now a hydrogen bond
donor to Su I-Thr 344 (state 2). During the second reduction
another proton is taken up, again by the pump pathway, and
will be bound to SU I-His 325. However, this is not possible as
long as this residue is a Cug-ligand. Therefore it rotates to its
alternative binding site, accepting the proton during rotation.
Molecular oxygen is bound to the haem as;-Fe atom and the so-
called compound A is formed (state 3). Upon further reduction
the peroxy (P)-state 4 is created (see ref. 1 for review). For
charge compensation, a proton has to be taken up. However,
because there is no other group with an appropriate pK in the
immediate environment available (and accessible from the pump
pathway), SU I-Glu 278 is most likely to take up the proton.
The chemistry of oxygen reduction then requires the double pro-
tonation of the peroxy form, formation of water and creation
of the oxoferryl state 5 (F). To keep the overall charge around
the binuclear centre constant, the two protons bound to Su I-
His 325 have to be released. They are ejected into the exit path-
way towards the periplasm. The side chain of SU I-His 325
rotates back. In the imidazolate form it is able to accept the
proton from Su I-Glu 278, and it can be bound to Cug and
SU I-Thr 344 as in state 2. Formation of state 6 occurs analo-
gous to formation of state 3. Two further protons are then taken
up by the pathway for protons to be consumed, and water is
formed again. The two protons of the SU I-His 325 imidazolium
will be ejected by the exit pathway. The side chain of SU I-
His 325 swings back and the cycle is now closed.

In the cycle pumped protons are taken up first, and they are
ejected by the protons needed for water formation. These two
types of protons are provided separately by the two different
pathways (Fig. 5b). The delay of the arrival of the protons to be
consumed might be explained by the presence of SU I-Lys 354 in
their pathway because a conformational change and an energet-
ically unfavourable protonation of this lysine side chain would
be necessary for proton transfer.

One objection against this mechanism is that in bo-type and
cbb-type terminal oxidases, the haem does not possess a formyl
group to form the hydrogen bond to SU I-His 325. Thisis not a
serious problem, as SU I-His 325 could directly form a hydrogen
bond to the carbonyl oxygen of SU I-Leu 393 or to SUI-
Asp 399. However, we cannot exclude the possibility that the
lack of electron density for the side chain of SU I-His 325 has
nothing to do with proton pumping, but is an artefact of the
crystallization conditions, especially of the presence of ammon-
ium and azide. It also could be related to the ‘resting’, ‘pulsed’,
‘slow’ and ‘fast’ states of the enzyme (see, for example, ref. 31).
Alternatively, protons might reach the negative charge cluster
by the pump channel during the reduction of the binuclear centre
and stay there until they are ejected by the exit pathway by long-
range electrostatic repulsion by the protons consumed in water
formation.

It is evident that further experiments, especially spectroscopic,
theoretical and crystallographic studies on wild-type cytochrome
¢ oxidase and site-directed mutants, are needed to test the vari-
ous mechanisms. The cytochrome ¢ oxidase from Paracoccus
denitrificans offers unique possibilities for this purpose. ad
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THE rotation of the Sun is not that of a rigid body; at its surface,
the gas near the poles has a lower angular velocity than that near
the equator'. This latitudinal variation persists to the base of the
convection zone, below which the angular velocity becomes
approximately uniform™>. Any variations of angular velocity at
much greater depths are, however, poorly constrained*™'’. Obser-
vations of solar oscillation modes have been used to probe density
variations in the Sun; rotational splitting of degenerate modes,
although difficult to resolve, provides important constraints on the
dynamical structure''. Here we report observations of rotationally
split modes made over a three-year period with the Birmingham
Solar Oscillations Network. Our results indicate that there is a
substantial region inside the Sun that is rotating more slowly than
the surface. This situation seems likely to be transient—the mini-
mum-energy state would have all the deeper regions rotating with
the same angular velocity—and is at variance with our current
ideas about the rotational evolution of main-sequence stars'>, We
have no solution to the dynamical problem this poses.

The oscillations that we observe are resonant acoustic waves,
called p modes. The eigenfunction of a mode varies in the hori-
zontal approximately as a spherical harmonic Y7' of degree /
and azimuthal order m, and is characterized also by a principal
quantum number n, called the order, which is associated with
the radial variation. Eigenfrequencies v,,,,, would be degenerate
with respect to m if the Sun were spherically symmetrical, but
rotation shifts the frequencies by a small amount dv,,,, which
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is very nearly an odd function of m, provided that the axis of
Y7 coincides with the axis of rotation. A magnetic field, or any
other symmetry-breaking agent that cannot distinguish east from
west, shifts v,,,, by an even function of m. Acoustic waves propa-
gate downwards from the reflecting surface layers of the Sun
and are refracted back by the rising sound speed. Evidently v,,,,
depends on conditions only in the region of the Sun within which
the waves propagate. The depth of penetration increases as /
decreases. The Birmingham Solar Oscillations Network observes
the modes of lowest degree, and therefore senses as deeply as it
is possible to do with p modes.

Inversions™*'? of splitting data from modes of intermediate
degree have provided a fairly robust view of the Sun’s angular
velocity Q(r, 0) at radii r>0.5 R. Broadly speaking, the photo-
spheric variation of € with colatitude 0 persists through the
convection zone, at the base (r=r.x0.713R,) of which is an
abrupt unresolved transition to nearly uniform . The value,
Q. of 2 immediately beneath the transition (£2./27 ~440 nHz)
1s such that the mean specific angular momentum, averaged over
spherical shells, is constant through the transition™'*'> sug-
gesting that there is no net torque exerted across the transition,
which is consistent with a steady state. But opinions based on
low-degree data about what happens beneath r=0.5 R,
are diverse, some*’ being that rotation is relatively rapid,
others® ''* that 2~ Q.. Here we accept the inversions in and
immediately beneath the convection zone, and we use our new
observations to calibrate a simple model of 2 at greater depths.

A severe difficulty previously encountered in measuring split-
ting of low-degree modes arises from the fact that the widths of
the lines in the power spectrum are comparable with the split-
ting; the lines of the components with different m of a (n, /)
multiplet are therefore blended, and it is necessary to rely on
statistical cancellation of interference effects to infer the splitting
indirectly, with risk of biased estimation. We have overcome
that difficulty by observing low-frequency modes whose lines are
narrow enough for the individual components of a multiplet to be
resolved, permitting a direct measurement of the splitting. This
has never before been achieved with whole-disk observations.

Observations were made with a network of six resonance-
scattering spectrometers located in Tenerife, Chile, California,
Eastern Australia, Western Australia and South Africa. With
such a global network the confusing effects of daily sidelobes in
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