antagonist for Tie2 receptors expressed on
endothelial cells in vitro and in vivo. How-
ever, we also unexpectedly found that Ang2
acts as an agonist for Tie2 receptors ectopi-
cally expressed on nonendothelial cells (fi-
broblasts). One possible explanation for
these disparate effects is that endothelial
cells express an accessory component or
components required for Ang2 to act as an
antagonist. Tiel, which has no known li-
gand and is expressed predominantly in en-
dothelial cells, may be such a component,
perhaps by undergoing Ang2-induced het-
erodimerization with Tie2 and thus prevent-
ing Tie activation; however, preliminary
evidence argues against this possibility (17).
The observation that Ang2 can activate
Tie2 on certain cultured cells raises the
question of whether this activation occurs in
vivo, perhaps in a special subclass of endo-
thelial cells, or in the rare nonendothelial
cell types that express Tie2, such as the early
cells of the hemopoietic lineage (11).
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Crystal Structure of the
Cytochrome bc, Complex from
Bovine Heart Mitochondria

Di Xia, Chang-An Yu, Hoeon Kim, Jia-Zhi Xia,
Anatoly M. Kachurin, Li Zhang, Linda Yu, Johann Deisenhofer*

On the basis of x-ray diffraction data to a resolution of 2.9 angstroms, atomic models
of most protein components of the bovine cytochrome bc, complex were built, including
core 1, core 2, cytochrome b, subunit 6, subunit 7, a carboxyl-terminal fragment of
cytochrome c,, and an amino-terminal fragment of the iron-sulfur protein. The positions
of the four iron centers within the bc, complex and the binding sites of the two specific
respiratory inhibitors antimycin A and myxothiazol were identified. The membrane-
spanning region of each bc, complex monomer consists of 13 transmembrane helices,
eight of which belong to cytochrome b. Closely interacting monomers are arranged as
symmetric dimers and form cavities through which the inhibitor binding pockets can be
accessed. The proteins core 1 and core 2 are structurally similar to each other and consist
of two domains of roughly equal size and identical folding topology.

Ubiquinokcytochrome ¢ oxidoreductase
(bc, complex) is a component of the eu-
karyotic or bacterial respiratory chain and
of the photosynthetic apparatus in purple
bacteria. In mitochondria, this enzyme cat-
alyzes electron transfer from ubiquinol to
cytochrome ¢, which is coupled to the
translocation of protons across the mito-
chondrial inner membrane from the matrix
space (negative or N side) to the intermem-
brane space (positive or P side). Thus, be,
contributes to the electrochemical proton
gradient that drives adenosine triphosphate
(ATP) synthesis (1). The purified mito-
chondrial be; complex contains 11 protein
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subunits (2, 3); it consists of 2165 amino
acid residues and four prosthetic groups
with a total molecular mass of 248 kD. The
amino acid sequences of all subunits are
known; some of them were detetmined by
peptide sequencing (4) and others were de-
duced from nucleotide sequences (5). The
essential redox components of bc, are the
two b-type hemes b; (also called bss) and
by (bss,), one c-type heme (c,), one high-
potential iron-sulfur cluster (2Fe-2S Rieske
center), and ubiquinone.

On the basis of functional data (1), the
proton-motive Q cycle has been favored as
a model for be, function (6). The key fea-
ture of the model is that there are two
separate ubiquinone or ubiquinol binding
sites; ubiquinol is oxidized at site (Q_, near
the P side of the inner mitochondrial mem-
brane, and ubiquinone is reduced at site Q,,
near the N side of the membrane. Accord-
ing to the Q cycle model, one electron is
transferred from ubiquinol to the Rieske
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Table 1. Summary of data collection, data statistics, and MIR phasing.
Large cell dimensions and weak diffraction of bc, complex crystals made
data collection with laboratory x-ray sources impractical. All diffraction
data were collected on imaging plates at synchrotrons. The images were
indexed and reflections were integrated, scaled, and postrefined with the
programs DENZO and SCALEPACK (35). Screening for possible heavy-
atom derivatives yielded two derivatives with good phasing powers and
Cullis R factors and five derivatives with medium phasing powers and Cullis
R factors. Programs from the CCP4 package (36) were used for merging

§ RESEARCH ARTICLES

and scaling heavy-atom derivative data with native data (programs
MTZUTILS and SCALEIT),
FFT), and heavy-atom parameter refinement (program MLPHARE). Den-
sity modification on the MIR map was performed with the program DM (37),
and the program SIGMAA (38} was used in phase combination. Atomic
models were built with the program O (39). Details of the exact structure
remain to be determined by crystallographic refinement. R,
(IM/Z(N); (I/a), mean intensity-mean rmsd ratio; (PF), mean phasing pow-
er; (R,), mean Cullis R factor.

difference-Patterson calculations (program

=3/ -

merge

) Completeness (%) Observations (V) . Sites.(N)
Crystal Resolution Ffrge,ge /o) PP (R Reflections (includ-
(A 0 . (%) ° used () )
verall Last shell Overall Unique ing Fe)

Native 2.9 90.6 62.4 2,166,501 72,196 14.5 104 - - -
(Me),PbAC . 3.3 77.6 79.9 403,632 42,507 11.9 9.3 0.88 0.85 39,915 11
(Me),PoCl -~ 3.4 53.5 21.1 888,168 © 30,787 17.0 8.6 0.68 0.93 25,582 9
MeHgPO, 3.7 814 31.9 235,264 31,793 6.8 21.9 2.30 0.57 28,153 26
HgCl, 3.4 75.2 40.6 775,342 44,982 12.8 10.6 0.50 0.94 36,686 16
K,PtCl, 3.0 89.4 89.7 1,308,534 64,435 1.5 8.0 0.70 0.90 38,285 13
KPtNO,), 3.7 90.4 32.9 257,567 35,268 9.3 9.2 0.53 0.93 31,453 1
K,PtCl, 3.7 73.1 19.3 595,440 28,831 10.5 9.7 0.33 0.98 14,337 7
Iron edge* 3.3 74.3 55.7 601,180 43,969 9.8 127 0.01 0.98% 32,524 4
Resolution (A) 17.4 111 8.2 6.4 53 4.5 4.0 3.5 Total
Reflections (V) 358. 1149 2283 3805 5690 7956 10,636 13,602 45,479
Figure of merit 0.8259 0.8589 0.8421 0.8295 0.7484 0.6127 0.4577 020863 0.5094

*Native data set collected at iron atom absorption edge of bc, complex crystal \=1.74 A).

iron-sulfur center, and subsequently to cyto-
chrome ¢; and cytochrome c. The newly
generated reactive ubisemiquinone then re-
duces the low-potential cytochrome b heme
(by). The reduced b; rapidly transfers an
electron to the high-potential cytochrome b
heme (by), which is located near the oppo-
site side of the membrane. A ubiquinone or
ubisemiquinone bound at the Q, site then
oxidizes the reduced by. Proton transloca-
tion is the result of deprotonation of ubiqui-
nol at the QQ_ site and protonation of the
reduced ubiquinone at the ¢, site. Ubiqui-
nol generated at the Q, site is reoxidized at
the Q, site. The QQ cycle mechanism is
supported by experimental evidence for the
oxidant-induced reduction of cytochrome b
(7), the existence of antimycin-sensitive
and -insensitive transient ubisemiquinone
radicals (8), the ejection of two protons per
electron transfer in bc, complexes from
many sources (9), and the binding of specif-
ic inhibitors to sites Q, or Q..

In addition to the redox-active compo-
nents, mitochondrial bc; complexes also
carry two so-called core proteins, which are
not present in bacterial be; complexes and
therefore have long been assumed to have
structural rather than functional roles. Sta-
ble mitochondrial bc; cannot be obtained
in the absence of the core proteins, whose
presence may contribute to the increased
stability and higher activity of mitochondri-
al as compared to bacterial bc, complexes.

To better understand the architecture
and the reaction mechanisms of the be,
complex, we need a detailed atomic model.
Recently, b, from bovine heart mitochon-

dria has been crystallized (10, 11). We now
report the first results of our x-ray crystal-
lographic studies of this complex; we em-
phasize general features and the location of
the redox centers as well as the structures of
cytochrome b and of the core proteins, and
discuss functional implications.

Structure determination and overview.
The bovine be; complex was purified and
crystallized as described (11, 12). The crys-
tals have the symmetry of space group 14,22
with unit cell dimensions of a = b = 153.5
A and ¢ = 597.7 A, and one bc; monomer
in the crystallographic asymmetric unit;
each monomer consists of 11 different sub-
units (13). The best bc, crystals diffracted
x-rays to 2.9 A, but loss of high-resolution
diffraction indicated considerable radiation
damage within a few minutes of exposure at
room temperature. Crystals flush-frozen
with liquid propane at high concentrations
of glycerol maintained their diffraction
quality and permitted data collection at
beamline X12B of the National Synchro-
tron Light Source (NSLS) for at least 12

‘hours without significant_ decay. Frozen

crystals diffracted to 2.6 A at the high-
brilliance beamline BL-4 of the European
Synchrotron Radiation Facility (ESRF) but
suffered significant radiation damage within
less than 1 hour of exposure. Crystals grown
in the presence of the respiratory inhibitors
antimycin A and myxothiazol were iso-
morphous with native crystals and were
similar in diffraction quality and radiation
sensitivity.

We collected two native data sets, one at

1.5 A and another at 1.74 A which is the

TAnomalous Cullis R factor.

iron atom absorption edge in the crystal
(14). For phase determination by multiple
isomorphous replacement (MIR) (I5), we
used seven derivative data sets and contri-
butions from the anomalous scattering of
the iron atoms from both native and deriv-
ative crystals (Table 1). Density modifica-
tion, which was done taking advantage of
the 65% solvent content in the crystals,
improved the quality of the electron density
maps and permitted chain tracing and poly-
alanine model building in most of the core
and transmembrane regions of the mole-
cule. We further refined the heavy-atom
parameters using phases after density mod-
ification, and then combined the new MIR
phases with phase information from partial
polyalanine models to calculate a new map.
This procedure was executed iteratively,
with each cycle producing a better electron
density map. The phase information thus
obtained was used to calculate difference
maps and anomalous difference maps, giv-
ing locations of bound inhibitors and of the
iron atoms in the crystal.

On the basis of the electron density map
at 2.9 A resolution, we could assign amino
acid sequences to the following protein
components of the bc; complex: core 1
(445 residues), core 2 (420 residues), cyto-
chrome b (378 residues), subunit 6 (103
residues), subunit 7 (70 residues), parts of
cytochrome c; (60 of 241 residues), and,
tentatively, parts of the iron-sulfur protein
(ISP) (62 of 196 residues). Including addi-
tional polyalanine models, we have been
able to build nearly 1900 residues (about
14,000 non-hydrogen atoms); these ac-
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count for about 86% of all the residues in
the bc; complex (Fig. 1A).

Biochemical studies (3) defined the lo-
cation of the bc, subunits with respect to the
mitochondrial inner membrane. According-
ly, more than half of the molecular mass of
the complex, and also its widest part, ex-
tends 75 A from the membrane-spanning
region into the mitochondrial matrix (Fig.
1B). This region consists primarily of core 1,
core 2, subunit 6, part of subunit 7, and
further unassigned electron density. On the
opposite side of the membrane-spanning re-
gion, major parts of both cytochrome ¢, and
the ISP extend 38 A into the intermem-
brane space. The membrane-spanning re-
gion itself is ~42 A thick with 13 trans-
membrane helices in each be; monomer.

Two be; complex monomers interact in
the crystal to form a dimer around a crys-
tallographic twofold symmetry axis (Fig.
1B). The dimeric bc; complex is pear-
shaped with a maximal diameter of 130 A
and a height of 155 A, similar to the di-
mensions observed by electron microscopic
studies (16). The core 2 and cytochrome b
subunits contribute major dimer interac-
tions across the twofold symmetry axis. Sub-
unit 6 interacts with cytochrome b of one
monomer and with core 1 and core 2 of the
other monomer. The dimeric form of be,
has been observed by chromatography and
by electron microscopy. It is unknown
whether the monomers in the bc; dimer
cooperate (17). A monomeric form of the
be, complex has been isolated in the pres-

Fig. 1. (A) Stereo dia- |B
gram of an electron den-
sity map calculated with
MIR phases, improved
by density modification,
and contoured at 1.2q. It
shows the by, heme, its
histidine ligands, and
parts of the transmem-
brane helices B and D.

Heme b

Abbreviations for amino

acids: A, Ala; G, Gly; H, | Unassigned
His; L, Leu; M, Met; R, | Subunit7
Arg; and Y, Tyr. (B) Par- | Heme by

tial structural model of
the dimeric cytochrome
bc, complex with poly-
peptides drawn as rib-
" bons, hemes as stick
models, and the Rieske
iron-sulfur center as
balls. Five of the eleven
subunits (core 1, core 2,
cytochrome b, subunit 6,
and subunit 7) are com-
pletely traced and their
sequences  assigned.
The top of the molecule
is in the mitochondrial in-
termembrane space (P

Subunit 6

N

NE T
g

38 A

42 A

%

‘ A 5 ' ‘ ."‘v *
‘ﬂ ‘ ' > 75 A
7 \‘

130 A

side), the middle spans

the membrane, and the

bottom is in the matrix (N side); approximate dimensions are given for each region.

ence of a high concentration of detergents
(17), but under the conditions of activity
assays the complex is most likely in the
dimeric state.

In the crystal, the transmembrane re-
gions of neighboring molecules form planes
normal to the crystallographic 4, axis,
stacked on top of each other with alternat-
ing orientations of dimeric bc; complexes.
Most crystal contacts are made by the core
2 subunits in the matrix regions of the
molecule, with a few additional contacts by
the transmembrane helix region; no con-
tacts are made by the proteins that extend
into the intermembrane space. This distri-
bution of crystal contacts between bc,
dimers is correlated with (and could be in
part responsible for) the nonuniform quality

A

Fig. 2. Anomalous scattering difference—Fourier
map contoured at 5.1¢ {red) and difference den-
sities between inhibitor-bound and native crystals
contoured at 4.5¢ (antimycin A) and 4.0c (myx-
othiazol). (A) View parallel to the membrane plane,
with the intermembrane space at the top and the
matrix space at the bottom. Peaks were assigned
to hemes by, b, and ¢, and to the Rieske iron-
sulfur cluster, respectively, as shown. Distances
between some iron pairs are indicated (see Table
2). The twofold symmetry axis of the bc, dimer
(purple line) runs in the plane of the diagram. (B)
View perpendicular to the membrane plane.
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of the electron density; the quality is high-
est for the matrix region and lowest for the
intermembrane space region, and could re-
flect differences in crystalline order be-
tween these regions.

The model for the extramembrane re-
gions of cytochrome ¢, is in several frag-
ments; only the sequence of the COOH-
terminal transmembrane helix has been as-
signed. Part of the uninterpreted electron
density near the c¢; heme may belong to
subunit 8, which mediates the contact be-
tween cytochrome ¢; and cytochrome c.
Despite the compact and rigid structure of
the extramembrane domain of the ISP (18),
the electron density for this domain is par-
ticularly poor, indicating that the subunit is
highly mobile in the crystal. Mobility could
be a functional requirement for electron
transfer and might be decreased upon bind-
ing of some inhibitors.

Redox centers and inhibitor binding
sites. A difference map based on the anom-
alous scattering effect in the diffraction data

P ¥ e
B i”‘f A Myyothiazol
F

= N
C

-

Fig. 3. Inhibitor binding sites in the cytochrome bc, complex. (A) Stereo diagram of the antimycin A

from native crystals showed four strong
peaks in the crystallographic asymmetric
unit, which were at least eight standard
deviations above the mean values of the
electron density maps (Fig. 2, A and B).
When the x-ray wavelength used in the
data collection was shifted to the absorp-
tion edge of the iron atoms in the crystal,
the heights of these peaks increased, al-
though the noise remained unchanged (Ta-
ble 2), which indicated that the anomalous
scattering signal did indeed come from the
iron atoms in the bc; crystal (as we as-
sumed). Two of these peaks are located in
the transmembrane region, one near the
matrix (N side) surface and one near the
intermembrane space (P side) surface; the
other two peaks reside in the intermem-
brane space region. On the basis of known
biochemical and biophysical data (19-22),
we assigned the two peaks inside the mem-
brane to heme irons of b, and by, respec-
tively, with b, closer to the P side. One
peak in the intermembrane space lies near

> \\' ef &

. MyySthiazol

binding pocket. The helices a, A, D, and E of cytochrome b form the pocket as shown. The DE loop is
the bottom, and the b,, heme (yellow ball-and-stick model) is the back wall of the pocket. The difference
density between inhibitor-bound and native crystals is contoured at 4.5¢ (blue) and at —4.5¢ (brown). An
antimycin molecule is fitted to the positive density. (B) Stereo diagram of the myxothiazol binding pocket,
formed by helices C, F, cd1, and ef of cytochrome b, as indicated. The b, heme (yellow ball-and-stick
model) and the Rieske iron-sulfur center (green and yellow dots) are about equally distant from the
pocket. The difference density is contoured at 4.00 (blue).
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the P-side membrane surface and most like-
ly represents the iron-sulfur cluster, because
it is closer to b, . The remaining peak must
be the heme iron of cytochrome c;.

The assignment of the iron sites was
further supported by binding studies with
two specific inhibitors (Fig. 2, A and B).
Antimycin A specifically blocks electron
flow from heme by to ubiquinone. In the
difference density map between antimycin
A-bound and native crystals, a well-de-
fined feature with the shape of antimycin A
appeared in a pocket in the transmembrane
region of cytochrome b next to the by, iron
site (Figs. 2 and 3A). There is also extended
negative density close to the density of
antimycin A, which could represent part of
a ubiquinone molecule that is bound in the
native crystal but is displaced by bound
antimycin A. This suggests that the anti-
mycin A binding site partly overlaps the
quinone reduction site Q,. Mutations in
cytochrome b that influence the Q, site
involve residues lining the wall of the an-
timycin A binding pocket (23).

Myxothiazol stops the electron flow
from ubiquinol to the iron-sulfur center,
and, indirectly, also to b;. The difference
map between myxothiazol-bound and na-
tive crystals showed a well-fitting density in
a pocket within cytochrome b, midway be-
tween the iron positions of b, and the
iron-sulfur center (Figs. 2 and 3B). The
myxothiazol binding pocket is underneath
the cd helices of cytochrome b, and muta-
tions in these helices lead to a loss of quinol
oxidation (23). Thus, the myxothiazol
binding site is likely to be the quinol oxi-
dation site QQ_ of the bc, complex. Unlike
the Q, site, this site is not in direct contact
with either the b, heme or the iron-sulfur
cluster; it is surrounded by aromatic residues
that could mediate electron transfer.

Table 2. Strength of anomalous scattering signals
of the irons in bc, crystals at two different x-ray
wavelengths, and distances between the iron
centers. For peak heights, ¢ is the rmsd from the
mean; the next highest peak is ~5¢ for both
wavelengths. The distances in the upper triangle
of the matrix table (italic numbers) are between
irons in two different monomers; the distances in
the lower triangle are within one monomer.

Iron centers

by, b FeS

Peak heights (o)

A =150A 155 117 96 80

A= 1.74A 207 169 111 97
Distance matrix (A)

by, 33 33 54 66

by 21 21 40 48

FeS 3 27 53 55

c, 51 34 31 61
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The distances between heme irons in by,
b, ¢;, and the iron-sulfur cluster (IS) are
listed in Table 2. The angle IS-b; -by, is 95°,
the angle ¢,-IS-b; is 61°, and the angle
¢y-by-by is 155°. The distance of 21 A be-
tween the two b-type hemes inside the
membrane is in good agreement with the
prediction of 22 A from the distance be-
tween the putative heme ligands in the pri-
mary sequence (19) and of the spin relax-
ation of by and b; in electron paramagnetic

resonance (EPR) studies (21). The distance
of 31 A between the iron-sulfur cluster and
the ¢, heme iron is longer than that expect-
ed for the observed high electron transfer
rate (24, 25). This distance could be bridged
by protein chains between the two centers, a
major conformational change between oxi-
dized and reduced forms of the ISP, or both.
The position of the cytochrome b heme pair
inside the membrane is generally in agree-
ment with conclusions drawn from electro-

B

Fig. 4. Membrane-spanning region and cytochrome b. (A) Arrangement of the transmembrane helices
(represented by circles) of the bc, dimer on the P side of the membrane. Green, cytochrome b; blue,
cytochrome c,; magenta, subunit 7; yellow, ISP; black, unassigned; red rectangles, hemes; blue oval,
twofold symmetry axis. The eight transmembrane helices of cytochrome b form two groups consisting
of helices A to E and F to H, with the myxothiazol binding site in between. The cavity formed by the
helices is indicated. Heme b_ is oriented approximately normal to the membrane plane. (B) The
arrangement of the transmembrane helices on the N side of the membrane [colors as in (A)] is different
than on the P side because most of the helices are tilted with respect to the plane of the membrane or
have kinks. Heme b, is oriented approximately normal to the membrane plane and is slightly rotated with
respect to heme by . The antimycin binding pocket is near heme b,,. (C) Stereo diagram of cytochrome
b monomer, oriented with the intermembrane space at the top and the matrix at the bottom. The
polypeptide chain is represented as a light green ribbon. The eight transmembrane helices are labeled
sequentially, A through H. Loops are labeled according to the two helices they connect (loops CD, DE,
and EF are labeled as examples). Helices at the membrane surface are denoted a {near NH,-terminus),
ab (in AB loop), cd1 and cd2 (in CD loop), and ef (in EF loop); labels for these helices are not shown. The
two groups of transmembrane helices, Ato E and F to H, can be distinguished. The hemes, shown in red
ball-and-stick models, are bound to helices B and D.

chromic (20), EPR (26, 27), and induced
potential measurements (22). Some of the
distances between iron atoms in different
monomers of the dimer, especially between
the two by’s and bys, are as short as the
distances within one bc; monomer (Fig. 2A
and Table 2) and appear short enough to
allow electron transfer.

Membrane-spanning region and cyto-
chrome b. There are 13 membrane-span-
ning helices in the bc, monomer structure
(Fig. 4, A and B); most of them are tilted
with respect to the plane of the membrane.
Eight helices, labeled A to H, belong to
cytochrome b (Fig. 4C); of the five others,
one is the COOH-terminal membrane an-
chor of cytochrome ¢, one is the COOH-
terminal helix of subunit 7, and one is
probably the NH,-terminal membrane an-
chor of the ISP. The remaining two trans-
membrane helices are still unassigned; they
must belong to subunits 9, 10, or 11. In the
bc, dimer, the 16 transmembrane helices (8
for each cytochrome b) form the core of the
transmembrane helix region, with the other
10 transmembrane helices bound to the
periphery. Viewed from either side of the
membrane, the overall shape of the bc,
dimer’s transmembrane helix region is ap-
proximately elliptical, with long and short
axes of ~90 A and 80 A, respectively (Fig.
4, A and B).

Both the NH,- and COOH-termini of
the cytochrome b subunit are located in the
mitochondrial matrix. The eight transmem-
brane helices of the cytochrome b subunit
are approximately where predicted from hy-
dropathy analysis of the primary sequence
and from mutagenesis studies (28). They
associate into two groups, with helices A, B,
C, D, and E in one group and helices F, G,
and H in the other (Fig. 4C). The two
groups are in close contact on the matrix
side and are separated on the intermem-
brane space side (Fig. 4, A and B). The two
b-type hemes are bound within the four-
helix bundle made by helices A, B, C, and
D. The axial ligands of both hemes are
histidines, as predicted (29): His®® and
His'® for b, and His®” and His'% for by,
(Fig. 1A). These histidines, located in trans-
membrane helices B and D, are absolutely
invariant in the sequences of b-type cyto-
chromes from more than 900 different spe-
cies (19). Other invariant residues, as well
as the sites of inhibitor-resistant mutations
(19) in cytochrome b, surround the binding
sites of myxothiazol and antimycin A.

Topographically, cytochrome b is a
rather simple molecule: Four long loops
(AB, CD, DE, and EF) and three short
loops (BC, FG, and GH) connect the
eight transmembrane helices of cyto-
chrome b, -The DE loop is on the matrix
side, and the other three long loops are on
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the intermembrane space side of the mem-
brane. The AB and EF loops each contain
one helix. The CD loop has two short
helices, named cdl and cd2, which form a
hairpin structure. The extramembrane he-
lices run along the membrane surface, ex-
cept for helix ef, which is buried inside the
membrane. The DE loop does not have
any regular secondary structure.

The be, dimer has two large cavities
related by the twofold symmetry (Fig. 4, A
and B), which are accessible from the mem-
brane bilayer through narrow entrances.
The cavities are made of the transmem-
brane helices D, C, F, and H from one
cytochrome b monomer and D’ and E’ from
the other monomer, along with the trans-
membrane helices of ¢;, ISP, and two un-
assigned helices (Fig. 4, A and B). The QQ,
pocket of one monomer and the Q_ pocket
of the other monomer are accessible
through the same cavity. We assume that
molecules such as ubiquinol, antimycin A,
or myxothiazol can reach their binding sites
in the enzyme through these cavities, and
that ubiquinol made at the QQ, site can

A

only in the core 1 subunit.

proceed to the nearby Q, site of the other
monomer without having to leave the bc,
complex. The cavities appear tightly sealed
toward the intermembrane space by the
surface helices cdl and cd2 of cytochrome
b, but they are solvent-accessible from the
matrix side through a channel between core
1, core 2, and subunit 6. This arrangement
allows proton uptake at the Q, site from the
matrix and prevents leakage of protons
through the bc; complex.

Matrix region and core proteins. More
than half of the total molecular mass of the
be, complex, including the two core pro-
teins, is in the matrix region (16, 19-22).
Subunit 7 contributes to both the matrix
and transmembrane regions. The COOH-
terminal 50 residues of subunit 7 form a
long, bent transmembrane helix, and the
NH,-terminal part associates with the core
1 protein as part of a 8 sheet, serving as one
of the membrane anchors for the subunits
in the matrix region (Fig. 1B). Subunit 6
consists of four helices and connecting
loops. It is attached on the matrix side to
exposed residues of helices F, G, and H of

Cc
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cytochrome b of one monomer, and it con-
tacts core 1 and core 2 of the other mono-
mer. It has been suggested that this subunit
is involved in proton translocation across
the inner mitochondrial membrane (30),
but from our current model it is not obvious
how it could serve that function.

The core 1 and core 2 subunits are syn-
thesized in the cytosol as precursor proteins
of 480 and 453 amino acid residues, respec-
tively; proteolytic processing in the mito-
chondrial matrix removes 34 residues from
the NH,-terminus of core 1 and 14 residues
from the NH,-terminus of core 2 (3). In our
electron density maps, density starts at res-
idue 36 for core 1 and at residue 33 for core
2. Core 1 and core 2 have 21% sequence
identity, and their three-dimensional struc-
tures are remarkably similar (Fig. 5A). A
rotation around an approximate twofold
symmetry axis superimposes 384 «-carbon
atoms from each subunit with a root mean
square deviation (rmsd) of 1.7 A.

Each of the core subunits consists of two
structural domains of about equal size and
almost identical folding topology, which are

Fig. 5. Structure of the core subunits. (A) Stereo dia-
gram of the heterodimer of core 1 (light blue) and core
2 (coral), viewed parallel to the intersubunit approxi-
mate twofold symmetry axis. The two molecules are
associated such that the NH,-terminal domain of core
1 is facing the COOH-terminal domain of core 2. (B)

Stereo diagram of core 2 in ribbon representation,
showing two domains of the a-B structure related by an intradomain approximate twofold symmetry axis perpendicular to the plane of the diagram. (C)
Topology diagram of the core proteins of bc,. Core 1 and core 2 have similar structures, each clearly separated into an NH,-terminal domain (top) and a
COOH-terminal domain (bottom) with similar folding topology. B strands (red) and « helices (green). The B strand BH’ and « helices aA’, aE’, and aN’ exist
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also related by approximate twofold rota-
tion symmetry (Fig. 5,, B and C). Both
domains are folded into one mixed B sheet
of six or five B strands, flanked by three a
helices on one side and one « helix from
the other domain on the other side. Rota-
tion of the COOH-terminal domain on the
NH,-terminal domain superimposes 134 o
carbons from each domain of core 1 with an
rmsd of 2.0 A, and 124 « carbons from each
domain of core 2 with an rmsd of 2.1 A.
Only about 10% of the superimposed resi-
dues are chemically identical. Searches with
the program DALI (31) did not identify
known protein structures closely related to
the core subunit domains.

The overall shape of each core protein
resembles a bowl (Fig. 5B). In the assem-
bled bc, complex, the NH,-terminal do-
main of core 1 is interacting with the
COOH-terminal domain of core 2, and vice
versa (Fig. 5A). Core 1 and core 2 enclose
a big cavity that was also observed by elec-
tron microscopy (16). Because the two in-
ternal approximate twofold rotation axes of
core 1 and core 2 differ in direction by
14.5°, the two bowls representing these pro-
teins come together in the form of a ball
with a crack leading to the internal cavity.
The crack is filled with peptide fragments of
as yet unknown identity. The amino acid
residues lining the wall of the cavity are
mostly hydrophilic.

The core proteins of mammalian bc,
complexes are homologous to the subunits
of the general mitochondrial matrix pro-
cessing peptidase (MPP), which cleaves sig-
nal peptides of nucleus-encoded proteins
after import into the mitochondrion. MPP
belongs to a family of metalloendoproteases
whose members include insulin-degrading
enzymes from mammals and protease III
from bacteria (32). Mammalian MPP is a
soluble heterodimer of @ and B subunits
localized in the mitochondrial matrix. Both
subunits of MPP are required for the pro-
tease activity (33), and the active site is
part of the B subunit. The core 1 protein of
the bovine be; complex has 56% sequence
identity to the B subunit of rat MPP, 38%
to yeast, and 42% to potato, whereas the
core 2 protein is 27% identical to the «
subunit of rat MPP, 28% to yeast, and 30%
to potato. We can therefore expect that the
MPPs of these species are similar in struc-
ture to the bovine core 1 and core 2 sub-
units. In plant mitochondria, the MPP ac-
tivity is membrane-bound and is an integral
part of the be; complex (34).
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