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Functional Modules and Structural
Basis of Conformational Coupling
in Mitochondrial Complex |

Carola Hunte,>?3* Volker Zickermann,** Ulrich Brandt*t

Proton-pumping respiratory complex | is one of the largest and most complicated membrane protein
complexes. Its function is critical for efficient energy supply in aerobic cells, and malfunctions are
implicated in many neurodegenerative disorders. Here, we report an x-ray crystallographic analysis of
mitochondrial complex I. The positions of all iron-sulfur clusters relative to the membrane arm were
determined in the complete enzyme complex. The ubiquinone reduction site resides close to 30 angstroms
above the membrane domain. The arrangement of functional modules suggests conformational coupling
of redox chemistry with proton pumping and essentially excludes direct mechanisms. We suggest that

a ~60-angstrom-long helical transmission element is critical for transducing conformational energy

to proton-pumping elements in the distal module of the membrane arm.

itochondrial complex I [proton-pumping

NADH (the reduced form of nicotin-

amide adenine dinucleotide):ubiquinone
oxidoreductase]| is a macromolecular membrane
complex of close to one million daltons with a
central function in energy metabolism (/). It is the
entry point for electrons from NADH into the
respiratory chain, and it couples electron transfer to
ubiquinone with vectorial proton pumping across
the inner mitochondrial membrane. With a stoichi-
ometry of four protons to two electrons (4H'/2¢"),
it contributes about 40% of the proton motive force
that drives adenosine 5'-triphosphate (ATP) syn-
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thesis by ATP synthase (2, 3). Complex I is a source
for deleterious reactive oxygen species (ROS) (4, 5)
and has been implicated in the pathogenesis of a
variety of neurodegenerative diseases such as
Parkinson’s disease, Alzheimer’s disease, and
Leigh syndrome (6, 7). Moreover, ROS generation
by complex [ may contribute to aging processes (8).

Despite the important physiological role of
complex I, its molecular mechanism of energy
conversion is essentially unknown. Progress in un-
derstanding complex I function has been severely
limited by the lack of detailed structural in-
formation. Electron microscopy (EM) shows an
L-shaped overall architecture with a membrane
arm and a hydrophilic peripheral arm that protrudes
into the mitochondrial matrix (9, 10) (Fig. 1A). The
x-ray structure of the peripheral arm from a
bacterial complex [ was determined (11, 12).

The peripheral arm consists of two functional
modules (/) and comprises all redox active co-
factors (/7). The N module contains the NADH
oxidation site with one flavin mononucleotide
(FMN) molecule as the primary electron accep-
tor, whereas the Q module contains the ubiqui-
none reduction site (Fig. 1A). Fast electron transfer
between the two catalytic sites (/3) is mediated by

a chain of seven iron-sulfur clusters. An additional
iron-sulfur cluster localized near the FMN cofactor
may serve a special function in protection against
ROS formation (/3—15). The membrane arm or P
module harbors the proton-pumping machinery
(16), presumably involving the three subunits—
ND2, ND4, and ND5—that are homologous to
sodium-proton antiporters (/7).

Complex 1 is substituted by alternative enzymes
in the widely used model organism Saccharomy-
ces cerevisiae. Therefore, we have established
the aerobic yeast Yarrowia lipolytica as a genetic
model system to study eukaryotic complex I (/8).
In the complex from this source, 40 different
subunits were identified with a total mass of
946.5 kD (19, 20). Fourteen central subunits are
highly conserved among eukaryotes and prokary-
otes (/). They form the structural core of the two
arms of the complex and are essential for its bio-
energetic functions. Twenty-six accessory subunits
that are not found in prokaryotes are arranged
around this core and presumably function in
assembly, stabilization, regulation, and additional
metabolic pathways that are not directly linked to
energy conservation.

Here we report the x-ray crystallographic
analysis of complete Y. lipolytica complex I (21).
Phase information was obtained with anomalous
data of a heavy atom cluster derivative and with
native data (table S1). The molecule is L-shaped,
with an angle between the two arms of about 100°
(Fig. 1B). The membrane arm has a length of
~180 A, and the distance between the tip of the
peripheral arm and the bottom of the membrane
arm is ~190 A. At a resolution of 6.3 A, many sec-
ondary structure elements and especially o-helical
transmembrane segments were clearly recognized
in the electron density.

The positions of all eight iron-sulfur cofactors
were localized in the peripheral arm by anoma-
lous Fourier analysis (Fig. 1B and table S1). The
distances between the iron-sulfur clusters are
similar to those reported for the hydrophilic frag-
ment of bacterial complex I (15). Seven of these
clusters constitute a continuous electron wire be-
tween the catalytic sites. Manual superimposition
with the partial bacterial structure based on the
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Fig. 1. Overall shape
and iron-sulfur cluster
positions. (A) Schematic
depiction of overall or-
ganization and function
of mitochondrial com-
plex I. FMN and a chain
of iron-sulfur clusters (or-
ange spheres) in the pe-
ripheral arm connect the
NADH oxidation site with

A

the ubiquinone (Q) re-
duction site. The redox
reaction is linked to the
translocation of four pro-
tons across the inner mito-
chondrial membrane. (B)

Well-defined electron
density corresponding to

one molecule of L-shaped complex | shown in side view with the membrane arm
displayed horizontally. The anomalous Fourier map contoured at 4.5 o, indicating
the positions of eight iron-sulfur clusters of the peripheral arm, is displayed in
yellow and shown enlarged and slightly turned for better visualization of all

Fig. 2. Transmembrane
segments and interface
of the membrane arm
and the peripheral arm.
(A) Top view from matrix
side and side view of the
o-helical model of the
transmembrane segments
(upper and lower panel,
respectively) fitted with
helices arranged in a prox-

aH*
Matrix
Membrane Arm Intermembrane
Space

imal (green) and a distal
(cyan) domain. The border
of the docking area with
the peripheral arm is indi-
cated by a dashed line
(top). The three iron-sulfur
clusters of the Q module
are shown in space-filled
representation. An ex-
tended helical element

(magenta) may be critical for energy transmission within the membrane arm.
(B) Side view of electron density with transmembrane segments including their
helical model and the superimposed structure of the bacterial peripheral arm
fragment (31AM). Yellow, 49-kD subunit; pink, PSST subunit; red, TYKY subunit;

well-defined positions of the iron-sulfur clusters
and prominent secondary structure elements re-
vealed that two parts of the peripheral arm form
rigid bodies corresponding to the Q and N
modules. Compared with the bacterial fragment,
the Q and N modules are opened 3° wider and
turmed slightly, relative to each other. This reorien-
tation does not affect the distances for electron
transfer between the two parts of complex 1.

For the P module, prediction algorithms and
mapping experiments suggest the presence of 17
membrane-integral subunits with more than 70
transmembrane segments (/6). We modeled 71
o-helical transmembrane segments of different
lengths, tilts, and curvatures into continuous elon-
gated electron density features (Fig. 2A). At least

two of the latter appear interrupted in the middle
of the membrane core, which is suggestive of dis-
continuous helices that are a hallmark of sodium-
proton antiporters and other ion-translocating
proteins (22). This finding is reminiscent of the
homology of subunits ND2, ND4, and ND5 to
subunits of bacterial sodium-proton antiporters
(17). Overall, the side view of the transmembrane
segments (Fig. 2A, bottom) reveals a curved shape,
with the concave side facing the mitochondrial
matrix. This appearance of the membrane arm
was also observed for bacterial complex I by EM
(10, 23). The extrinsic protein portion on the matrix
side largely consists of the peripheral arm and a
protrusion at the distal end (Fig. 1B). In contrast, the
intermembrane side is characterized by a prominent

REPORTS I

clusters in the insert. Center-to-center distances are given in angstroms. Solid
white lines indicate that these distances are short enough for physiological
electron transfer; otherwise, dashed lines are used. The anomalous map is
overlayed with cluster positions from the bacterial partial structure.

green, anomalous Fourier map indicating positions of iron-sulfur clusters. The
vertical distance from iron-sulfur cluster N2, which isothe immediate electron
donor to ubiquinone, to the membrane surface is ~30 A. The conserved tyrosine
(Y144) implicated in binding the ubiquinone head group is shown in light purple.

layer of electron density that is spread over the en-
tire membrane arm. The layer includes well-defined
elongated density features that probably represent
long surface helices extending parallel to the long
axis of the membrane arm. The membrane arm
shows two entities of about equal size dividing
the P module into a proximal and distal domain
(Fig. 2A). They are connected by a narrow, central-
ly located interface occupying only about half of
the width of the membrane arm. The analysis of
defined subcomplexes had already suggested a
modular architecture of the membrane (24), and
the proposed proton-translocating subunits ND4
and ND5 can be assigned to the distal P domain.

The driving force for proton translocation
must be generated in the peripheral arm from the
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Fig. 3. Transmission
element connecting the
P domains, a putative
central component of
the proton-pumping ma-
chinery. The transmis-
sion element, seen as
elongated density fea-
ture close to the matrix-
exposed surface, is fitted
with a helical structure
(magenta). Connecting
the proximal with the
distal P domain, this
helix may drive proton
pumping by conferring
conformational coupling.
The helical model of the

transmembrane segments is shown in blue. (A) View in parallel to the
transmission element from the distal P domain along the long axis of the
membrane arm. (B) Partial side view of the distal P domain shows electron

Fig. 4. Schematic model
of the four functional
modules of complex I. A

N

chain of seven iron-sulfur 0FMN

clusters (orange spheres) L

leads from the N module ®

(light yellow) with FMN :

as the primary electron &)
acceptor to the ubiqui- NZO' Y144
none reduction site in

the Q module (yellow)

involving cluster N2 and P
tyrosine-144. The posi- B

tion of N2 is close to 30 A
above the membrane
surface. With the ubiqui-
none headgroup (space-
fill representation) in

Matrix

Intermembrane
Space

functional distance to the electron donor at the end of the extended binding cavity (light gray), the
hydrophobic isoprenoid side chain will be about half-way out of the core membrane region. This suggests
the presence of a hydrophobic access path and excludes direct coupling between redox chemistry in the N
and Q modules and vectorial proton translocation by subunits of the proximal (P, green) and distal (Pp,
cyan) domains of the P module. An extended transmission element (magenta) forms a bridge across the

two domains.

energy released during electron transfer from
NADH to ubiquinone. Several lines of evidence
suggest that it is the redox chemistry of ubiqui-
none that triggers the proton-pumping machinery
(16, 25, 26). Thus, the spatial arrangement of the
Q and P modules, and the transmission of energy
between them, is fundamental to redox-linked
proton translocation by complex 1.

Critical residues for interaction with ubiquinone
and inhibitors are found at the interface of the
highly conserved 49-kD and PSST subunits (for
complex I subunits, the nomenclature of the bovine
heart enzyme is used) of the Q module (27-29)
(fig. S1 and table S1) that are homologous to the
large and small subunit of [NiFe] hydrogenase
and form the ubiquinone-reducing catalytic core
of complex I (7). The three iron-sulfur clusters of
the Q module provide a precise anchoring point
for the superimposition of the bacterial partial
structure with respect to the membrane arm. The

49-kD subunit contains a characteristic four-helix
bundle that is seen in the experimental electron
density map (Fig. 2B). The three iron-sulfur
clusters of the Q module line up at an angle of
130 to 140° with respect to the membrane arm
(Fig. 1B). In the top view, the vertical projection of
this array is centrally oriented in parallel to the
long axis of the membrane arm. The 49-kD and
PSST subunits dock on the proximal end of the
membrane arm (Fig. 2A, top). The main part of
the docking site is covered by the 49-kD subunit
with its conserved N-terminal B sheet that is
oriented toward but outside of the membrane
arm surface. A smaller part is composed of parts of
the PSST subunit. In the membrane arm, the
docking site is bordered by four long, straight, and
densely arranged electron density features, indicat-
ing a row of four hardly tilted transmembrane
helices (Fig. 2A). The contact site has a more open
appearance toward subunit PSST, and we suggest

density features that reside near the end of the transmission element and
resemble discontinuous helix arrangements (light blue) that are a hallmark of
ion-translocating proteins.

that this area provides access for ubiquinone from
the phospholipid bilayer.

The last iron-sulfur cluster in the chain, called
N2, is the immediate electron donor for ubiquinone.
A funnel-like cavity leading from the N-terminal 8
sheet of the 49-kD subunit toward tyrosine-144,
(tyrosine-87 in Thermus thermophilus), which is in
the immediate vicinity of cluster N2, has been
mapped by site-directed mutagenesis (27, 28). It
has been shown by detailed structure/function
analysis that ubiquinone binds directly to this fully
conserved tyrosine (29). Measured perpendicular
to the membrane plane, cluster N2 resides ~30 A
above the surface of the transmembrane core
(Fig. 2B). The distance from the opening of the
ubiquinone-binding pocket at the surface of the
membrane arm to the electron donor site is ~35 A.
Considering that the binding site for ubiquinone
must be at a distance allowing electron transfer of
cluster N2, the substrate must diffuse ~25 A out
from the hydrophobic core of the membrane to
position the functional head group in the active
site. This distance accounts for much of the ex-
tremely hydrophobic 40-A-long side chain of
nine isoprenoid units in ubiquinone that may slide
over a hydrophobic ramp as previously proposed
(30, 31).

This arrangement of the peripheral arm has
far-reaching implications for the catalytic mecha-
nism of complex I and is similar to one of the
possible orientations (fit 2) determined in a pre-
vious study by using single-particle EM (37) but
differs from that suggested by Sazanov and co-
workers (11, 23). The position of the ubiquinone
reduction site separate from the transmembrane
domain of complex I seems to rule out any mech-
anism that would use redox-linked proton uptake
and release directly for vectorial proton trans-
location. Rather, the energy released in the redox
reactions is transmitted to the proton-pumping ma-
chinery via long-range conformational changes
(1, 16, 32). Considering that subunits ND4 and
NDS5 at the distal end of the membrane arm are

23 JULY 2010 VOL 329 SCIENCE www.sciencemag.org



among the prime candidates to harbor proton-
translocation sites, distances for energy-transfer
reactions of more than 100 A have to be en-
visaged. A continuous electron density most likely
corresponding to an o helix is laterally associated
with the membrane arm embedded in the trans-
membrane segments near the matrix-facing surface
(Fig. 3). With a length of 60 A oriented in parallel to
the long axis of the membrane arm, it extends from
the end of the proximal domain about half-way into
the distal domain (Fig. 2A). At the proximal end, it
is connected by continuous electron density to
one of the transmembrane segments in a nearly or-
thogonal orientation. Strikingly, on the P, domain
side, it terminates close to electron density features
resembling a discontinuous helix arrangement,
suggesting the presence of a proton-translocation
unit (Fig. 3B) (22). We propose that this observed
connection between the P domains is a critical
transmission element within the proton-pumping
machinery of complex L

The modular architecture of complex I as re-
vealed by crystallographic analysis of the complete
mitochondrial enzyme is summarized in Fig. 4. In a
bipartite functional organization, conformational
energy is generated by the redox chemistry occur-
ring in the N and Q modules of the peripheral arm
and is transmitted to the two proton-pumping
modules of the membrane arm, which are con-
nected by a helical transmission element.
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An Electronic Bus Bar Lies in the
Core of Cytochrome bc;

Monika Swierczek,* Ewelina Cieluch,® Marcin Sarewicz,* Arkadiusz Borek,*
Christopher C. Moser,? P. Leslie Dutton,? Artur Osyczka*

The ubiquinol—cytochrome ¢ oxidoreductases, central to cellular respiration and photosynthesis, are
homodimers. High symmetry has frustrated resolution of whether cross-dimer interactions are
functionally important. This has resulted in a proliferation of contradictory models. Here, we duplicated
and fused cytochrome b subunits, and then broke symmetry by introducing independent mutations into
each monomer. Electrons moved freely within and between monomers, crossing an electron-transfer
bridge between two hemes in the core of the dimer. This revealed an H-shaped electron-transfer system
that distributes electrons between four quinone oxidation-reduction terminals at the corners of the
dimer within the millisecond time scale of enzymatic turnover. Free and unregulated distribution of
electrons acts like a molecular-scale bus bar, a design often exploited in electronics.

igure 1 shows a bacterial ubiquinol—
cytochrome c¢ oxidoreductase (7), often
called cytochrome bc,, displaying homodi-
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meric core subunit structure typical of respiratory
and photosynthetic electron transfer systems (2, 3).
It is well established that adjacent cofactors in
each monomer serve to separate electronic charge
across the membrane in the catalytically relevant
microsecond-to-millisecond electron transfer pro-
cess (4, 5). However, high structural, spectroscopic,
and electrochemical symmetry between the mono-
mers of the dimer has confounded efforts to
determine whether a functional electron-transfer

connection exists between monomers. At the dis-
tances displayed in Fig. 1, calculations show that
electron-tunneling times between cofactors in dif-
ferent monomers are much slower than the physi-
ologically relevant time scale, except for tunneling
between the two by hemes. Electron tunneling
across the 13.9 A separating these two hemes is
calculated to be in the 0.025- to 0.25-ms range (5),
slightly faster than the measured 0.5- to 5.0-ms
physiological turnover time. However, electron-
tunneling theory itself (6, 7) provides only an up-
per limit for the rate of electron transfer between
redox cofactors. Many electron transfers in oxido-
reductases are limited not by electron tunneling but
by slower coupled events of chemistry, con-
formational change, or motion (8, 9). Indeed,
many models have been proposed for ubiquinol—
cytochrome ¢ oxidoreductases that include just
such regulation of electron transfer within or be-
tween monomers (/0—15) or even strict electronic
isolation of monomers (/6). Given the inherent
tunneling speed, a relatively small amount of
coupling of this electron tunneling to chemical or
conformational events could effectively regulate
interaction between monomers or even isolate
them (10-16).

To resolve the underlying dimer engineering,
we broke the symmetry of the cytochrome bc;
homodimer from Rhodobacter capsulatus shown
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