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Complex I. Part 2. Complete 
structure, including the 
hydrophobic domain. 

 





1.  The NADH dehydrogenase complex (generally known as complex I) is the largest of the respiratory 
enzyme complexes, containing more than 40 polypeptide chains. It accepts electrons from NADH and passes 

them through a flavin and at least seven iron-sulfur centers to ubiquinone. Ubiquinone then transfers its 

electrons to a second respiratory enzyme complex, the cytochrome b-c1 complex. 
Molecular Biology of the Cell Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter. 2002

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.glossary.4754
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ARTICLES

The architecture of respiratory complex I
Rouslan G. Efremov*, Rozbeh Baradaran* & Leonid A. Sazanov

Complex I is the first enzyme of the respiratory chain and has a central role in cellular energy production, coupling electron
transfer between NADH and quinone to proton translocation by an unknown mechanism. Dysfunction of complex I has been
implicated in many human neurodegenerative diseases. We have determined the structure of its hydrophilic domain
previously. Here, we report the a-helical structure of the membrane domain of complex I from Escherichia coli at 3.9 Å
resolution. The antiporter-like subunits NuoL/M/Neach contain 14 conserved transmembrane (TM)helices. Twoof themare
discontinuous, as in some transporters. Unexpectedly, subunit NuoL also contains a 110-Å long amphipathic a-helix, spanning
almost the entire length of the domain. Furthermore, we have determined the structure of the entire complex I from Thermus
thermophilus at4.5 Å resolution. TheL-shapedassembly consists of thea-helicalmodel for themembranedomain,with63TM
helices, and the known structure of the hydrophilic domain. The architecture of the complex provides strong clues about the
coupling mechanism: the conformational changes at the interface of the two main domains may drive the long amphipathic
a-helix of NuoL in a piston-like motion, tilting nearby discontinuous TM helices, resulting in proton translocation.

Complex I (NADH:ubiquinone oxidoreductase) is one of the largest
membrane protein assemblies known and has a central role in energy
production by the mitochondrial respiratory chain, providing about
40% of the proton-motive force required for the synthesis of ATP1–5.
Many mutations in complex I subunits have been associated with
human neurodegenerative diseases5,6. Complex I has also been sug-
gested to be a major source of reactive oxygen species in mitochon-
dria, which can damage mitochondrial DNA and may be one of the
causes of Parkinson’s disease7 and ageing8. Mitochondrial complex I
consists of 45 subunits with a combined mass of about 980 kDa9. The
prokaryotic enzyme is simpler, consisting of 14 ‘core’ subunits con-
served from bacteria to humans, with a total mass of about
550 kDa1,2,5. The mitochondrial and bacterial enzymes contain equi-
valent redox components and have a similar L-shaped structure2,10,11.
The hydrophobic arm is embedded in the membrane and the hydro-
philic peripheral arm protrudes into the mitochondrial matrix or the
bacterial cytoplasm2,5. The high degree of sequence conservation of
‘core’ subunits indicates that complex I mechanism is likely to be the
same throughout the species, and so the bacterial enzyme represents a
‘minimal’ model of human complex I.

The complete structure and the coupling mechanism of this large
molecular machine are currently unknown. Our crystal structure of
the hydrophilic domain (eight subunits, 280 kDa) of complex I from
T. thermophilus established the electron transfer pathway fromNADH
to the primary electron acceptor flavin mononucleotide (FMN) and
then through seven conserved iron-sulphur (Fe-S) clusters to the
likely quinone binding site (Q-site) at the interface with the mem-
brane domain12,13. The membrane spanning part of the enzyme lacks
covalently bound prosthetic groups, but it must contain the proton
translocating machinery. Its atomic structure is currently unknown.
The three largest hydrophobic subunits of complex I, NuoL/Nqo12,
NuoM/Nqo13 and NuoN/Nqo14 (E. coli/T. thermophilus nomen-
clature) are homologous to each other and to the Na1 or K1/H1

antiporter family (Mrp)14,15, and so are likely to participate in proton
translocation. The transfer of two electrons fromNADH to quinone is
coupled to the translocationof four (current consensus value) protons
across the membrane1–3,5. Although T. thermophilus and some other
bacteria use lower potential menaquinone instead of ubiquinone, it is

likely that H1/e2 stoichiometry of the enzyme is the same across the
species, as discussed previously5. Two possible mechanisms of coup-
ling have been proposed: direct (redox-driven) and indirect (con-
formation-driven)2,3,5,16.

Structure of the membrane domain

Crystallization of the intact complex I fromE. colihas not yet produced
high quality crystals, possibly owing to the flexibility of the connection
between the two arms of the enzyme17,18. However, we have isolated
and crystallized the membrane domain of complex I from E. coli (see
Methods). The crystals contain the six subunits, NuoL, M, N, A, J and
K (total mass 222 kDa), and lack NuoH (Supplementary Fig. 1a),
which dissociates readily from the complex19. After extensive opti-
mization, including post-crystallization dehydration, the crystals dif-
fract to 3.9 Å resolution (Supplementary Table 1). Phasing using
Ta6Br12 cluster derivatives and densitymodificationwithmulti-crystal
averaging led to good quality maps showing clear electron density for
transmembrane (TM) helices (Supplementary Fig. 2). An a-helical
model (Ca trace)was built into this density. It consists of 55TMhelices
(Fig. 1), in agreement withmost predictions for the NuoL/M/N/A/J/K
subunits14,15,19–22. The extent and the arrangement of the helices in this
model are unambiguous, but the directionality and the connectivity
are not established because of limited resolution. The domain is
curved, if viewed both in plane and perpendicular to the membrane
surface (Fig. 1 and Supplementary Fig. 3), consistent with previous
electron microscopy studies19,23. It is about 160 Å long and about 40 Å
thick, matching the average thickness of a lipid bilayer.

A pattern of 14 TM helices repeats three times in the structure,
which allowed us to assign the helices to homologous subunits NuoL,
M andN (Supplementary Fig. 4). Not only do all the helices align very
well (Fig. 2), but also each subunit contains, in the same positions,
two characteristic ‘broken’ helices (shown in red and orange in Fig. 1
and indicated in Fig. 2). Such discontinuous TM helices, interrupted
by a loop (extended peptide) in the middle of the lipid bilayer, are
thought to be important for the function of many transporters and
channels24 (see below). Four helices form a core of each subunit,
surrounded by a ring of ten helices (including two discontinuous),
tilted up to about 25u in the same direction relative to the centre of

*These authors contributed equally to this work.
Medical Research Council Mitochondrial Biology Unit, Wellcome Trust/MRC Building, Hills Road, Cambridge CB2 0XY, UK.
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almost the entire length of the domain. Furthermore, we have determined the structure of the entire complex I from Thermus
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the subunit (Fig. 2c). Thus, all the antiporter-like subunits in com-
plex I contain 14 conserved TMhelices. This is in contrast to labelling
studies, which suggested only 12 conserved TMhelices15,25 (probably,
the introduction of the label in a sensitive position can disrupt the
folding of these subunits). The assignment of the individual subunits
within the domain (Fig. 1) is based on fragmentation and electron
microscopy studies26,27. Because subunit NuoL (or subunits NuoL
and M jointly) can be removed from the otherwise intact com-
plex26,27, NuoL is located at the distal (from the hydrophilic domain)
end of the membrane domain, followed by NuoM.

Subunit NuoL contains a carboxy-terminal extension, absent in
NuoM and N, with two TM helices predicted at the beginning and
the endof the extension (Supplementary Fig. 4). This is consistentwith
the position of NuoL at the end of the domain, where there is one
additional TMhelix at the very tip. Thus, this helix can be identified as
the fifteenthTMhelix ofNuoL. In the electrondensity (Supplementary
Fig. 2b), this helix is continued by very strong a-helical density (helix
HL inFig. 1), running along almost the entire length of the domain and

ending with another TM helix, which is likely to be the sixteenth and
C-terminal TMhelix ofNuoL. There is a kink in themiddle of helixHL
(near subunit NuoM) and so it is modelled as discontinuous in that
area.However, the electrondensity does connect twohalves of the helix
(Supplementary Figs 2 and 6), so this connection is likely to be rigid
and we refer to a single helix HL. Consistently, secondary structure
predictions strongly indicate (in all species examined by us) a near-
continuous a-helix in this part of NuoL (residues 515–590,
Supplementary Fig. 4). It is amphipathic, consistent with its position
near the expected surface of lipid bilayer (Fig. 1). The number of
residues (75) is just sufficient to form an a-helix of the observed length
(110 Å). This is an unexpected and unusual feature of subunit NuoL,
which is likely to be important for the mechanism, as discussed below.
Additionally, such an arrangement anchors NuoL by its last TM helix
in the vicinity of the interface with the hydrophilic domain, whichmay
be beneficial for the stability of the complex.

Subunits NuoA/J/K must occupy the TM helices of the model
unaccounted for by NuoL/M/N. There are 11 such helices, consistent
with topology studies (NuoA22 and NuoK20 are predicted to contain
three helices each andNuoJ five21).On thebasis ofmutagenesis studies
it was suggested that subunits NuoA/J/K may form a multi-helix
bundle involved in the coupling mechanism28. This is consistent with
their joint position here at the interface with the hydrophilic domain.

Structure of the entire complex I

It is clearly important to know exactly howmembrane domain struc-
ture fits within the entire complex.We purified intact complex I from
T. thermophilus (Methods). The preparation shows high activity with
decyl-ubiquinone (19 mmoles NADH oxidized per minute per mg of
protein), which is more than 90% inhibited by rotenone or piericidin
A, indicating that the complex is fully active and intact. We crystal-
lized it in two different crystal forms (P21 and P212121, Methods),
containing all 15 known subunits (14 ‘core’ and the frataxin-like sub-
unit Nqo15, specific to T. thermophilus12; Supplementary Fig. 1b). The
P21 crystals were of better quality (although pseudo-merohedrally
twinned), and after extensive optimization diffracted to 4.5 Å resolu-
tion (Supplementary Table 2). The T. thermophilus hydrophilic
domain model (PDB 3I9V, ref. 13) and the E. colimembrane domain
model were used for molecular replacement. Similar solutions, yield-
ing an L-shaped molecule, were obtained for both crystal forms
(Supplementary Fig. 5). The electron density in the P21 crystal form
was of sufficient quality to allow us to build an a-helical model for
subunit Nqo8/NuoH (Supplementary Fig. 6), which was lacking in the
E. coli crystals. It contains eight TM helices (one strongly bent),
consistent with predictions and topology studies for most species29.
InT. thermophilus, sequence analysis indicates one additional TMhelix
at the C terminus, but there is no clear evidence for it in the current

NuoL NuoM NuoN NuoA/J/K

HL HL

40 Å

160 Å

90º

Cytoplasm

Periplasm

a

b

Figure 1 | The a-helical model of the membrane domain of E. coli complex I.
a, Side view, in the membrane plane. b, View from the periplasm into the
membrane. Subunit NuoL is magenta, NuoM blue, NuoN yellow and
subunits NuoA/J/K green. Helix HL from NuoL is in a darker colour as
indicated. The expected position of the lipid bilayer is shown. The
cytoplasmic and periplasmic sides are identified in accordance with the
structure of the entire complex (Fig. 3). Two discontinuous helices present
in each of subunitsNuoL,M andN are shown in red for those in contact with
helix HL, and in orange for those farther away.

a b c

120º 90º

HD2

HD2

HD1

HD1

Figure 2 | Structural alignment of the antiporter-like subunits NuoL, NuoM
and NuoN of E. coli complex I. a, b, Side views in the membrane plane, with
the cytoplasmic side top. c, View from the cytoplasm into the membrane.
The discontinuous helices are highlighted and indicated as HD1 for those in
contact with helix HL and as HD2 for those farther away. Lipid-exposed
helix next to HD2 (seen to the left of it in a) resembles the discontinuous

one, but its main part approaches normal TM length and the nearby short
helix is nearly parallel to the bilayer. Helices HD1/HD2 do not form an
interacting pair, as is usual24, but are separated by a layer of helices
(c).Helices from theC-terminal extension of subunitNuoL, absent inNuoM
and NuoN, are omitted. The colour scheme is the same as in Fig. 1.
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bundle involved in the coupling mechanism28. This is consistent with
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Structure of the entire complex I
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T. thermophilus (Methods). The preparation shows high activity with
decyl-ubiquinone (19 mmoles NADH oxidized per minute per mg of
protein), which is more than 90% inhibited by rotenone or piericidin
A, indicating that the complex is fully active and intact. We crystal-
lized it in two different crystal forms (P21 and P212121, Methods),
containing all 15 known subunits (14 ‘core’ and the frataxin-like sub-
unit Nqo15, specific to T. thermophilus12; Supplementary Fig. 1b). The
P21 crystals were of better quality (although pseudo-merohedrally
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tion (Supplementary Table 2). The T. thermophilus hydrophilic
domain model (PDB 3I9V, ref. 13) and the E. colimembrane domain
model were used for molecular replacement. Similar solutions, yield-
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Figure 1 | The a-helical model of the membrane domain of E. coli complex I.
a, Side view, in the membrane plane. b, View from the periplasm into the
membrane. Subunit NuoL is magenta, NuoM blue, NuoN yellow and
subunits NuoA/J/K green. Helix HL from NuoL is in a darker colour as
indicated. The expected position of the lipid bilayer is shown. The
cytoplasmic and periplasmic sides are identified in accordance with the
structure of the entire complex (Fig. 3). Two discontinuous helices present
in each of subunitsNuoL,M andN are shown in red for those in contact with
helix HL, and in orange for those farther away.
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Figure 2 | Structural alignment of the antiporter-like subunits NuoL, NuoM
and NuoN of E. coli complex I. a, b, Side views in the membrane plane, with
the cytoplasmic side top. c, View from the cytoplasm into the membrane.
The discontinuous helices are highlighted and indicated as HD1 for those in
contact with helix HL and as HD2 for those farther away. Lipid-exposed
helix next to HD2 (seen to the left of it in a) resembles the discontinuous

one, but its main part approaches normal TM length and the nearby short
helix is nearly parallel to the bilayer. Helices HD1/HD2 do not form an
interacting pair, as is usual24, but are separated by a layer of helices
(c).Helices from theC-terminal extension of subunitNuoL, absent inNuoM
and NuoN, are omitted. The colour scheme is the same as in Fig. 1.
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electrondensity.The individual subunitsofT. thermophilusmembrane
domainwere refined as rigid bodies. No further rebuildingwas done in
the absence of independent phase information. Thus, the model
reflects the overall arrangement of membrane subunits. Compared
to the E. coli membrane domain, the T. thermophilus membrane
domain is less curved when viewed both in the lipid plane and per-
pendicular to it (Supplementary Fig. 6).

Thus, the current model of complex I from T. thermophilus (total
mass 523 kDa) consists of an atomic model for the hydrophilic
domain and an a-helical model for the membrane domain (Fig. 3).
In total, the membrane domain contains 63 TM helices, one of the
largest hydrophobic protein complexes yet described. As expected
from electron microscopy studies10,11, the complex is L-shaped, with
the membrane arm about 180-Å long and the peripheral arm extend-
ing about 130 Å over the lipid bilayer. Comparison to recent three
dimensional electron microscopy reconstructions10 shows that only
the mirror image of the electronmicroscopy density fits well with the
crystal structure (Supplementary Fig. 7), indicating that the hand of
these electron microscopy reconstructions needs to be reversed.

The overall orientation of the hydrophilic domain relative to the
membrane domain is unexpected. Helix H1 from subunit Nqo6,
rather than extending over the surface of the membrane domain as
suggested previously5, points sideways at about 90u (Fig. 3). The
contacts between the two arms of the complex are mediated mostly
through subunit Nqo8 of themembrane domain and subunits Nqo4/
6 of the hydrophilic domain. One of subunits in the Nqo7, 10, 11
(NuoA/J/K) bundle also contributes by contacting the amino-
terminal part of Nqo4. Consistently, Nqo7 can be cross-linked to
Nqo4 andNqo6 (ref. 30). Subunit Nqo8 contains very large cytoplas-
mic loops with many conserved charged residues, which may form
part of the interface with the hydrophilic domain. These loops are not

resolved and so the contacts between the two domains do not seem to
be extensive in the current model.

Quinone-binding site

The last in the chain of Fe-S clusters in the hydrophilic domain is
thought to be the donor of electrons to the quinone5,12. This high-
potential cluster N2 is near the cavity between subunits Nqo4 and
Nqo6, which forms part of a larger cavity at the interface of these
subunits with hydrophobic subunitsNqo8 and theNqo7, 10, 11 bundle
(Fig. 3d). TheN-terminal b-sheet of Nqo4 (residues 26–60) forms part
of this cavity, consistent with labelling of the corresponding region of
bovine 49 kDa subunit with azidoquinazoline31. Subunit Nqo8was also
labelled with quinone-like inhibitors32 and is thought to form a part of
quinone-binding pocket alongwith subunits Nqo4 andNqo6 (refs 2, 3,
5, 12). Thus, cumulative evidence indicates that this cavity at the inter-
face of subunits Nqo4, Nqo6, Nqo8 and the Nqo7, 10, 11 bundle pro-
vides a quinone-binding site. It is a large cavity, up to about 30 Å across,
consistent with it providing a large common binding domain, with
partially overlapping sites, for various quinone-like inhibitors3,32. A
quinone head group, bound in the cavity, can easily reach to within
about 14 Å (required for physiological electron transfer33) or to about
12 Å (suggested by N2-semiquinone interactions34) from the edge of
cluster N2. This cluster is about 20–25 Å from the expected surface of
the lipid bilayer (Fig. 3), thus somemovement of the quinone out of the
membrane is likely to be required to approach N2, and its extent will
depend on the exact location of the bound quinone in the membrane
domain. There are several possible sites for accommodating the iso-
prenoid tail, formed either by subunitNqo8aloneor at its interfacewith
the Nqo7, 10, 11 bundle. In the latter case quinone will need to move
about 20 Å to approach cluster N2, whereas in the former the move-
ment does not need to exceed about 10 Å, which means that the tail of
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Figure 3 | The structure of the entire complex I from T. thermophilus. The
structure consists of the atomic model for the hydrophilic domain,
determined previously12,13 (PDB 3I9V), and the a-helical model for the
membrane domain. a, b, Side views, in the membrane plane. c, Top view,
from the cytoplasm into themembrane. d, The likely quinone-binding cavity

(Q) at the interface of the two main domains. Helix H1 from subunit Nqo6,
the 4-helix bundle from subunit Nqo4 (4HB, in darker colour), helix TM1
from subunit Nqo8 and cluster N2 are indicated. Fe-S clusters are shown as
red and yellow spheres, and FMN as magenta spheres. Each subunit is
coloured differently and indicated.
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electrondensity.The individual subunitsofT. thermophilusmembrane
domainwere refined as rigid bodies. No further rebuildingwas done in
the absence of independent phase information. Thus, the model
reflects the overall arrangement of membrane subunits. Compared
to the E. coli membrane domain, the T. thermophilus membrane
domain is less curved when viewed both in the lipid plane and per-
pendicular to it (Supplementary Fig. 6).

Thus, the current model of complex I from T. thermophilus (total
mass 523 kDa) consists of an atomic model for the hydrophilic
domain and an a-helical model for the membrane domain (Fig. 3).
In total, the membrane domain contains 63 TM helices, one of the
largest hydrophobic protein complexes yet described. As expected
from electron microscopy studies10,11, the complex is L-shaped, with
the membrane arm about 180-Å long and the peripheral arm extend-
ing about 130 Å over the lipid bilayer. Comparison to recent three
dimensional electron microscopy reconstructions10 shows that only
the mirror image of the electronmicroscopy density fits well with the
crystal structure (Supplementary Fig. 7), indicating that the hand of
these electron microscopy reconstructions needs to be reversed.

The overall orientation of the hydrophilic domain relative to the
membrane domain is unexpected. Helix H1 from subunit Nqo6,
rather than extending over the surface of the membrane domain as
suggested previously5, points sideways at about 90u (Fig. 3). The
contacts between the two arms of the complex are mediated mostly
through subunit Nqo8 of themembrane domain and subunits Nqo4/
6 of the hydrophilic domain. One of subunits in the Nqo7, 10, 11
(NuoA/J/K) bundle also contributes by contacting the amino-
terminal part of Nqo4. Consistently, Nqo7 can be cross-linked to
Nqo4 andNqo6 (ref. 30). Subunit Nqo8 contains very large cytoplas-
mic loops with many conserved charged residues, which may form
part of the interface with the hydrophilic domain. These loops are not

resolved and so the contacts between the two domains do not seem to
be extensive in the current model.

Quinone-binding site

The last in the chain of Fe-S clusters in the hydrophilic domain is
thought to be the donor of electrons to the quinone5,12. This high-
potential cluster N2 is near the cavity between subunits Nqo4 and
Nqo6, which forms part of a larger cavity at the interface of these
subunits with hydrophobic subunitsNqo8 and theNqo7, 10, 11 bundle
(Fig. 3d). TheN-terminal b-sheet of Nqo4 (residues 26–60) forms part
of this cavity, consistent with labelling of the corresponding region of
bovine 49 kDa subunit with azidoquinazoline31. Subunit Nqo8was also
labelled with quinone-like inhibitors32 and is thought to form a part of
quinone-binding pocket alongwith subunits Nqo4 andNqo6 (refs 2, 3,
5, 12). Thus, cumulative evidence indicates that this cavity at the inter-
face of subunits Nqo4, Nqo6, Nqo8 and the Nqo7, 10, 11 bundle pro-
vides a quinone-binding site. It is a large cavity, up to about 30 Å across,
consistent with it providing a large common binding domain, with
partially overlapping sites, for various quinone-like inhibitors3,32. A
quinone head group, bound in the cavity, can easily reach to within
about 14 Å (required for physiological electron transfer33) or to about
12 Å (suggested by N2-semiquinone interactions34) from the edge of
cluster N2. This cluster is about 20–25 Å from the expected surface of
the lipid bilayer (Fig. 3), thus somemovement of the quinone out of the
membrane is likely to be required to approach N2, and its extent will
depend on the exact location of the bound quinone in the membrane
domain. There are several possible sites for accommodating the iso-
prenoid tail, formed either by subunitNqo8aloneor at its interfacewith
the Nqo7, 10, 11 bundle. In the latter case quinone will need to move
about 20 Å to approach cluster N2, whereas in the former the move-
ment does not need to exceed about 10 Å, which means that the tail of
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structure consists of the atomic model for the hydrophilic domain,
determined previously12,13 (PDB 3I9V), and the a-helical model for the
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from the cytoplasm into themembrane. d, The likely quinone-binding cavity
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red and yellow spheres, and FMN as magenta spheres. Each subunit is
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NATURE |Vol 465 |27 May 2010 ARTICLES

443
Macmillan Publishers Limited. All rights reserved©2010



electrondensity.The individual subunitsofT. thermophilusmembrane
domainwere refined as rigid bodies. No further rebuildingwas done in
the absence of independent phase information. Thus, the model
reflects the overall arrangement of membrane subunits. Compared
to the E. coli membrane domain, the T. thermophilus membrane
domain is less curved when viewed both in the lipid plane and per-
pendicular to it (Supplementary Fig. 6).

Thus, the current model of complex I from T. thermophilus (total
mass 523 kDa) consists of an atomic model for the hydrophilic
domain and an a-helical model for the membrane domain (Fig. 3).
In total, the membrane domain contains 63 TM helices, one of the
largest hydrophobic protein complexes yet described. As expected
from electron microscopy studies10,11, the complex is L-shaped, with
the membrane arm about 180-Å long and the peripheral arm extend-
ing about 130 Å over the lipid bilayer. Comparison to recent three
dimensional electron microscopy reconstructions10 shows that only
the mirror image of the electronmicroscopy density fits well with the
crystal structure (Supplementary Fig. 7), indicating that the hand of
these electron microscopy reconstructions needs to be reversed.

The overall orientation of the hydrophilic domain relative to the
membrane domain is unexpected. Helix H1 from subunit Nqo6,
rather than extending over the surface of the membrane domain as
suggested previously5, points sideways at about 90u (Fig. 3). The
contacts between the two arms of the complex are mediated mostly
through subunit Nqo8 of themembrane domain and subunits Nqo4/
6 of the hydrophilic domain. One of subunits in the Nqo7, 10, 11
(NuoA/J/K) bundle also contributes by contacting the amino-
terminal part of Nqo4. Consistently, Nqo7 can be cross-linked to
Nqo4 andNqo6 (ref. 30). Subunit Nqo8 contains very large cytoplas-
mic loops with many conserved charged residues, which may form
part of the interface with the hydrophilic domain. These loops are not

resolved and so the contacts between the two domains do not seem to
be extensive in the current model.

Quinone-binding site

The last in the chain of Fe-S clusters in the hydrophilic domain is
thought to be the donor of electrons to the quinone5,12. This high-
potential cluster N2 is near the cavity between subunits Nqo4 and
Nqo6, which forms part of a larger cavity at the interface of these
subunits with hydrophobic subunitsNqo8 and theNqo7, 10, 11 bundle
(Fig. 3d). TheN-terminal b-sheet of Nqo4 (residues 26–60) forms part
of this cavity, consistent with labelling of the corresponding region of
bovine 49 kDa subunit with azidoquinazoline31. Subunit Nqo8was also
labelled with quinone-like inhibitors32 and is thought to form a part of
quinone-binding pocket alongwith subunits Nqo4 andNqo6 (refs 2, 3,
5, 12). Thus, cumulative evidence indicates that this cavity at the inter-
face of subunits Nqo4, Nqo6, Nqo8 and the Nqo7, 10, 11 bundle pro-
vides a quinone-binding site. It is a large cavity, up to about 30 Å across,
consistent with it providing a large common binding domain, with
partially overlapping sites, for various quinone-like inhibitors3,32. A
quinone head group, bound in the cavity, can easily reach to within
about 14 Å (required for physiological electron transfer33) or to about
12 Å (suggested by N2-semiquinone interactions34) from the edge of
cluster N2. This cluster is about 20–25 Å from the expected surface of
the lipid bilayer (Fig. 3), thus somemovement of the quinone out of the
membrane is likely to be required to approach N2, and its extent will
depend on the exact location of the bound quinone in the membrane
domain. There are several possible sites for accommodating the iso-
prenoid tail, formed either by subunitNqo8aloneor at its interfacewith
the Nqo7, 10, 11 bundle. In the latter case quinone will need to move
about 20 Å to approach cluster N2, whereas in the former the move-
ment does not need to exceed about 10 Å, which means that the tail of
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electrondensity.The individual subunitsofT. thermophilusmembrane
domainwere refined as rigid bodies. No further rebuildingwas done in
the absence of independent phase information. Thus, the model
reflects the overall arrangement of membrane subunits. Compared
to the E. coli membrane domain, the T. thermophilus membrane
domain is less curved when viewed both in the lipid plane and per-
pendicular to it (Supplementary Fig. 6).

Thus, the current model of complex I from T. thermophilus (total
mass 523 kDa) consists of an atomic model for the hydrophilic
domain and an a-helical model for the membrane domain (Fig. 3).
In total, the membrane domain contains 63 TM helices, one of the
largest hydrophobic protein complexes yet described. As expected
from electron microscopy studies10,11, the complex is L-shaped, with
the membrane arm about 180-Å long and the peripheral arm extend-
ing about 130 Å over the lipid bilayer. Comparison to recent three
dimensional electron microscopy reconstructions10 shows that only
the mirror image of the electronmicroscopy density fits well with the
crystal structure (Supplementary Fig. 7), indicating that the hand of
these electron microscopy reconstructions needs to be reversed.

The overall orientation of the hydrophilic domain relative to the
membrane domain is unexpected. Helix H1 from subunit Nqo6,
rather than extending over the surface of the membrane domain as
suggested previously5, points sideways at about 90u (Fig. 3). The
contacts between the two arms of the complex are mediated mostly
through subunit Nqo8 of themembrane domain and subunits Nqo4/
6 of the hydrophilic domain. One of subunits in the Nqo7, 10, 11
(NuoA/J/K) bundle also contributes by contacting the amino-
terminal part of Nqo4. Consistently, Nqo7 can be cross-linked to
Nqo4 andNqo6 (ref. 30). Subunit Nqo8 contains very large cytoplas-
mic loops with many conserved charged residues, which may form
part of the interface with the hydrophilic domain. These loops are not

resolved and so the contacts between the two domains do not seem to
be extensive in the current model.

Quinone-binding site

The last in the chain of Fe-S clusters in the hydrophilic domain is
thought to be the donor of electrons to the quinone5,12. This high-
potential cluster N2 is near the cavity between subunits Nqo4 and
Nqo6, which forms part of a larger cavity at the interface of these
subunits with hydrophobic subunitsNqo8 and theNqo7, 10, 11 bundle
(Fig. 3d). TheN-terminal b-sheet of Nqo4 (residues 26–60) forms part
of this cavity, consistent with labelling of the corresponding region of
bovine 49 kDa subunit with azidoquinazoline31. Subunit Nqo8was also
labelled with quinone-like inhibitors32 and is thought to form a part of
quinone-binding pocket alongwith subunits Nqo4 andNqo6 (refs 2, 3,
5, 12). Thus, cumulative evidence indicates that this cavity at the inter-
face of subunits Nqo4, Nqo6, Nqo8 and the Nqo7, 10, 11 bundle pro-
vides a quinone-binding site. It is a large cavity, up to about 30 Å across,
consistent with it providing a large common binding domain, with
partially overlapping sites, for various quinone-like inhibitors3,32. A
quinone head group, bound in the cavity, can easily reach to within
about 14 Å (required for physiological electron transfer33) or to about
12 Å (suggested by N2-semiquinone interactions34) from the edge of
cluster N2. This cluster is about 20–25 Å from the expected surface of
the lipid bilayer (Fig. 3), thus somemovement of the quinone out of the
membrane is likely to be required to approach N2, and its extent will
depend on the exact location of the bound quinone in the membrane
domain. There are several possible sites for accommodating the iso-
prenoid tail, formed either by subunitNqo8aloneor at its interfacewith
the Nqo7, 10, 11 bundle. In the latter case quinone will need to move
about 20 Å to approach cluster N2, whereas in the former the move-
ment does not need to exceed about 10 Å, which means that the tail of
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electrondensity.The individual subunitsofT. thermophilusmembrane
domainwere refined as rigid bodies. No further rebuildingwas done in
the absence of independent phase information. Thus, the model
reflects the overall arrangement of membrane subunits. Compared
to the E. coli membrane domain, the T. thermophilus membrane
domain is less curved when viewed both in the lipid plane and per-
pendicular to it (Supplementary Fig. 6).

Thus, the current model of complex I from T. thermophilus (total
mass 523 kDa) consists of an atomic model for the hydrophilic
domain and an a-helical model for the membrane domain (Fig. 3).
In total, the membrane domain contains 63 TM helices, one of the
largest hydrophobic protein complexes yet described. As expected
from electron microscopy studies10,11, the complex is L-shaped, with
the membrane arm about 180-Å long and the peripheral arm extend-
ing about 130 Å over the lipid bilayer. Comparison to recent three
dimensional electron microscopy reconstructions10 shows that only
the mirror image of the electronmicroscopy density fits well with the
crystal structure (Supplementary Fig. 7), indicating that the hand of
these electron microscopy reconstructions needs to be reversed.

The overall orientation of the hydrophilic domain relative to the
membrane domain is unexpected. Helix H1 from subunit Nqo6,
rather than extending over the surface of the membrane domain as
suggested previously5, points sideways at about 90u (Fig. 3). The
contacts between the two arms of the complex are mediated mostly
through subunit Nqo8 of themembrane domain and subunits Nqo4/
6 of the hydrophilic domain. One of subunits in the Nqo7, 10, 11
(NuoA/J/K) bundle also contributes by contacting the amino-
terminal part of Nqo4. Consistently, Nqo7 can be cross-linked to
Nqo4 andNqo6 (ref. 30). Subunit Nqo8 contains very large cytoplas-
mic loops with many conserved charged residues, which may form
part of the interface with the hydrophilic domain. These loops are not

resolved and so the contacts between the two domains do not seem to
be extensive in the current model.

Quinone-binding site

The last in the chain of Fe-S clusters in the hydrophilic domain is
thought to be the donor of electrons to the quinone5,12. This high-
potential cluster N2 is near the cavity between subunits Nqo4 and
Nqo6, which forms part of a larger cavity at the interface of these
subunits with hydrophobic subunitsNqo8 and theNqo7, 10, 11 bundle
(Fig. 3d). TheN-terminal b-sheet of Nqo4 (residues 26–60) forms part
of this cavity, consistent with labelling of the corresponding region of
bovine 49 kDa subunit with azidoquinazoline31. Subunit Nqo8was also
labelled with quinone-like inhibitors32 and is thought to form a part of
quinone-binding pocket alongwith subunits Nqo4 andNqo6 (refs 2, 3,
5, 12). Thus, cumulative evidence indicates that this cavity at the inter-
face of subunits Nqo4, Nqo6, Nqo8 and the Nqo7, 10, 11 bundle pro-
vides a quinone-binding site. It is a large cavity, up to about 30 Å across,
consistent with it providing a large common binding domain, with
partially overlapping sites, for various quinone-like inhibitors3,32. A
quinone head group, bound in the cavity, can easily reach to within
about 14 Å (required for physiological electron transfer33) or to about
12 Å (suggested by N2-semiquinone interactions34) from the edge of
cluster N2. This cluster is about 20–25 Å from the expected surface of
the lipid bilayer (Fig. 3), thus somemovement of the quinone out of the
membrane is likely to be required to approach N2, and its extent will
depend on the exact location of the bound quinone in the membrane
domain. There are several possible sites for accommodating the iso-
prenoid tail, formed either by subunitNqo8aloneor at its interfacewith
the Nqo7, 10, 11 bundle. In the latter case quinone will need to move
about 20 Å to approach cluster N2, whereas in the former the move-
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determined previously12,13 (PDB 3I9V), and the a-helical model for the
membrane domain. a, b, Side views, in the membrane plane. c, Top view,
from the cytoplasm into themembrane. d, The likely quinone-binding cavity

(Q) at the interface of the two main domains. Helix H1 from subunit Nqo6,
the 4-helix bundle from subunit Nqo4 (4HB, in darker colour), helix TM1
from subunit Nqo8 and cluster N2 are indicated. Fe-S clusters are shown as
red and yellow spheres, and FMN as magenta spheres. Each subunit is
coloured differently and indicated.
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the quinone can still reside mostly within the membrane, as expected
for a highly hydrophobic moiety. This is in contrast to suggestions that
clusterN2 is 30–60 Å away from themembrane and the quinonemoves
to it along a hydrophobic ‘‘ramp’’10. Additional quinone-binding sites
in subunits NuoL35 and NuoM36 have been proposed. There is no clear
evidence for them in the structure, although it cannot be excluded that
the quinone binds at the surface of these subunits.

Functional implications

The overall architecture of complex I has strong implications for the
coupling mechanism. All antiporter-like subunits, including Nqo14,
are separated from the quinone-binding site and the interface with
the hydrophilic domain by a belt of two layers of a-helices in the
Nuo7, 10, 11 bundle. This arrangement precludes a direct link between
electron transfer and proton translocation via the antiporter-like sub-
units. Many cross-linking studies have indicated conformational
changes in complex I upon reduction23,37–39. In our ‘combined’ mech-
anism proposed previously, in the course of the catalytic cycle, one
proton is translocated by ‘direct’ coupling via cluster N2 and its
unusual coordinating tandem cysteines and the rest are driven by
conformational changes involving the four-helix bundle of Nqo4
and helix H1 of Nqo6, which shift upon reduction13. We can see
now that the four-helix bundle is in direct contact with the Nqo8
subunit, and that helix H1 is also likely to contact the longest helix in
Nqo8 (TM1, Fig. 3d). Thus, these Nqo4/6 helices are well positioned
to transmit conformational changes to Nqo8 and the Nqo7, 10, 11
bundle (cross-links between Nqo7 and Nqo10 change upon reduc-
tion37). The six outermost helices of Nqo8 (including TM1) are highly
tilted (by up to about 40u) relative to the lipid bilayer normal, which
may reflect the role of Nqo8 in conformational coupling. Further-
more, conformational changes in Nqo8 and the Nqo7, 10, 11 bundle
may be aided by quinone movement to and from cluster N2 on bind-
ing, reduction and release. This would agree with the suggestion that
most of the energy from NADH is released only on delivery of its
second electron to quinone40.

The unusual, conserved, long amphipathic helix HL of NuoL/
Nqo12 (Figs 1 and 3) is well positioned to act as a mechanical link
transmitting conformational changes from near the Q-site to the
antiporter-like subunits. Helix HL is in direct contact with one of
the discontinuous helices in each of the three antiporter-like subunits
(red in Fig. 1 and HD1 in Fig. 2). Such helices are thought to be
involved in ion translocation by introducing a charge (and some
flexibility) into the core of the membrane24. The other three dis-
continuous helices (orange in Fig. 1 and HD2 in Fig. 2) may not be
involved directly in the translocation as they are farther away from
helix HL. A possible mechanism (Fig. 4) is that conformational
changes in Nqo8 and the Nqo7, 10, 11 bundle affect the nearby
C-terminal helix of Nqo12 (Fig. 3) and a tilt of this helix leads to a
piston-like motion of helix HL along the membrane domain. This
movement synchronously tilts the three nearby discontinuous
helices, resulting in proton translocation. From charged residues
predicted to be located deep within the membrane, one glutamate
and one lysine are conserved in all three antiporter-like subunits and
they are essential for energy transduction (Glu 144 and Lys 234 for
E. coli NuoM; Supplementary Fig. 4)25,41,42. Glu 144 is located in TM
helix 5, for which there are weak a-helical prediction scores in the
middle and it may therefore be discontinuous. This glutamate may
thus be located in the discontinuous helices contacting helix HL.
During turnover, an ionizable residue in such a position, if exposed
in the proton channel with suitable environment, could bind and
release protons on the opposite sides of themembrane via conforma-
tional changes driven by helix HL.Without such amechanical link, it
would be difficult to imagine how conformational changes might
propagate over the considerable length of the membrane domain.

A net result of such conformationally driven catalytic cycle would be
three translocated protons (one per antiporter-like subunit). The
fourth proton can be translocated via cluster N2 and its tandem

cysteines13, if an appropriate network of charged residues is formed
in the loops between the twomain domains (not resolved in the struc-
ture). Alternatively, in view of the elevated position of cluster N2 over
themembrane (Figs 3 and 4), the translocation of this protonmay also
be conformation-driven, via subunits Nqo7, 10, 11 (ref. 28) (orNqo8).
Subunit Nqo11 also contains a conserved and essential for energy-
transducing activities glutamate within predicted TM helix28,43.

Multi-subunit Mrp antiporters are thought to represent a com-
mon ancestor of complex I and membrane-bound hydrogenases15,
and the essential Glu 144 is also conserved in these enzymes25,44. The
antiporter subunit MrpA, hydrogenase-4 subunit HyfB and subunit
NdhF from the chloroplast Ndh complex, related to NuoL, all con-
tain, according to secondary structure predictions, a long cytoplas-
mic helix between their fifteenth and sixteenth TMhelices. Therefore,
ion-translocating membrane protein complexes related to complex I
may operate using a mechanical link similar to helix HL.

The overall architecture of this large molecular machine is now
clear. F-ATPase has been compared to a turbine. In a similar vein,
complex I seems to resemble a steam engine, where the energy of the
electron transfer is used to move a piston, which then drives, instead
of wheels, a set of discontinuous helices. The full mechanistic details
remain to be clarified by atomic structures of the membrane domain
and the entire complex.

METHODS SUMMARY
Complex I was purified from E. coli strain BL21 as described previously17.
Membrane and hydrophilic domains were separated by treatment with high
concentration of Mg21, and the membrane domain was purified further on a
Mono-S HR5/5 column. For crystallization, a protein solution (10–11mgml21

in 10mM sodium acetate pH4.8, 50mM NaCl and 0.05% n-dodecyl-b-malto-
side (DDM)) was mixed first with 0.5% n-heptyl-b-glucoside and 2mgml21

lipids and then, in sitting drop or microbatch plates, with 0.1M sodium acetate
pH4.8, 0.8–1.0M sodium or potassium formate and 9% PEG4000. The diffrac-
tion properties were improved by dehydration of crystals in 40% PEG4000
before cryo-cooling. Phasing was performed with Ta6Br12 cluster derivatives.
Electron density was improved by multi-crystal averaging and density modifica-
tion, using three phased and one unphased non-isomorphous data sets. The
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2 e–

NADH NAD+

HL HL

Cytoplasm

Periplasm
H+

H+H+ H+

Figure 4 | Proposed model of proton translocation by complex I. NADH,
via FMN (magenta), donates two electrons to the chain of Fe-S clusters (red
and yellow spheres), which are passed on (blue line), via terminal cluster N2,
to the quinone (dark blue, moved out of the membrane by about 10 Å).
Electron transfer is coupled to conformational changes (indicated by
arrows) in the hydrophilic domain, observed13 for Nqo4 four-helix bundle
(green cylinders) andNqo6 helix H1 (red). These changes are transmitted to
the amphipathic helix HL (magenta), which tilts three discontinuous helices
(red) in antiporter-like subunits, changing the conformation of ionizable
residue inside respective proton channels, resulting in translocation of three
protons. The fourth proton is translocated at the interface of the two main
domains. The hydrophilic domain surface is shown in grey, whereas the
membrane domain surface is coloured as in Fig. 3.
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Figure 1 | Indirect coupling of electron transfer to proton pumping in 
complex I. Complex I, an enzyme found in mitochondrial and bacterial 
membranes, converts energy by coupling electron transfer to proton 
pumping. Sazanov and colleagues’ crystal structures1 of bacterial complex I 
reveal that the transmembrane NuoL subunit of the enzyme projects a 
long α-helix through the adjacent NuoM and NuoN subunits. They suggest 
the following mechanism to explain how electron transfer drives proton 
pumping. a, Pairs of electrons from the metabolic intermediate NADH are 
transferred to a cofactor (flavin mononucleotide, FMN) and then passed 
along a chain of iron–sulphur clusters in the extramembrane region of 
complex I, eventually reaching a quinone cofactor; blue arrows indicate 

the electron-transfer pathway. This allows a proton (H+) to pass through 
complex I at the interface of the extra- and intramembrane regions. Protons 
can also enter channels in NuoL, NuoM and NuoN from the cytoplasm, but 
cannot pass through. White circles with minus signs represent negatively 
charged amino acids, which are key to proton transport. b, Conformational 
changes in the NuoA/J/K/H subunits push the long α-helix towards the 
other transmembrane subunits. This tilts three other helices in NuoL, 
NuoM and NuoN, causing the reorientation of certain residues in the 
subunits’ channels. These local conformational changes allow protons in the 
channels to pass through the channels and enter the periplasm (the space 
between the inner and outer bacterial membranes). 
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Functional Modules and Structural
Basis of Conformational Coupling
in Mitochondrial Complex I
Carola Hunte,1,2,3* Volker Zickermann,4* Ulrich Brandt4†

Proton-pumping respiratory complex I 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.

Mitochondrial 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 (1). 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+/2e–),
it contributes about 40% of the proton motive force
that drives adenosine 5´-triphosphate (ATP) syn-

thesis byATP 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 Imay 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 themitochondrialmatrix (9, 10) (Fig. 1A). The
x-ray structure of the peripheral arm from a
bacterial complex I was determined (11, 12).

The peripheral arm consists of two functional
modules (1) and comprises all redox active co-
factors (11). 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 (13) is mediated by

a chain of seven iron-sulfur clusters. An additional
iron-sulfur cluster localized near the FMNcofactor
may serve a special function in protection against
ROS formation (13–15). 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 (17).

Complex I 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 (18).
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 (1). 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 Å, and the distance between the tip of the
peripheral arm and the bottom of the membrane
arm is ~190 Å. At a resolution of 6.3 Å, many sec-
ondary structure elements and especially a-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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Functional Modules and Structural
Basis of Conformational Coupling
in Mitochondrial Complex I
Carola Hunte,1,2,3* Volker Zickermann,4* Ulrich Brandt4†

Proton-pumping respiratory complex I 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.

Mitochondrial 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 (1). 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+/2e–),
it contributes about 40% of the proton motive force
that drives adenosine 5´-triphosphate (ATP) syn-

thesis byATP 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 Imay 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 themitochondrialmatrix (9, 10) (Fig. 1A). The
x-ray structure of the peripheral arm from a
bacterial complex I was determined (11, 12).

The peripheral arm consists of two functional
modules (1) and comprises all redox active co-
factors (11). 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 (13) is mediated by

a chain of seven iron-sulfur clusters. An additional
iron-sulfur cluster localized near the FMNcofactor
may serve a special function in protection against
ROS formation (13–15). 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 (17).

Complex I 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 (18).
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 (1). 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 Å, and the distance between the tip of the
peripheral arm and the bottom of the membrane
arm is ~190 Å. At a resolution of 6.3 Å, many sec-
ondary structure elements and especially a-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

1Institute for Biochemistry and Molecular Biology, Centre for
Biological Signalling Studies (BIOSS), University of Freiburg,
D-79104 Freiburg, Germany. 2Institute of Membrane and Sys-
tems Biology, University of Leeds, Leeds LS2 9JT, UK. 3De-
partment of Molecular Membrane Biology, Max Planck Institute
of Biophysics, D-60438 Frankfurt am Main, Germany.

4
Mo-

lecular Bioenergetics Group, Medical School, Cluster of Ex-
cellence Frankfurt “Macromolecular Complexes,” Center for
Membrane Proteomics, Goethe-University, D-60596 Frankfurt
am Main, Germany.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
brandt@zbc.kgu.de

23 JULY 2010 VOL 329 SCIENCE www.sciencemag.org448

REPORTS

 o
n 

Ju
ly

 2
3,

 2
01

0 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

References and Notes
1. R. Jaenisch, A. Bird, Nat. Genet. 33, 245 (2003).
2. M. M. Suzuki, A. Bird, Nat. Rev. Genet. 9, 465

(2008).
3. R. Lister et al., Nature 462, 315 (2009).
4. R. A. Irizarry et al., Nat. Genet. 41, 178 (2009).
5. M. Okano, D. W. Bell, D. A. Haber, E. Li, Cell 99, 247

(1999).
6. E. Li, T. H. Bestor, R. Jaenisch, Cell 69, 915 (1992).
7. S. Nguyen, K. Meletis, D. Fu, S. Jhaveri, R. Jaenisch,

Dev. Dyn. 236, 1663 (2007).
8. M. Chahrour, H. Y. Zoghbi, Neuron 56, 422 (2007).
9. J. Feng, H. Chang, E. Li, G. Fan, J. Neurosci. Res. 79, 734

(2005).
10. H. Suh, W. Deng, F. H. Gage, Annu. Rev. Cell Dev. Biol.

25, 253 (2009).
11. Materials and methods are available as supporting

material on Science Online.
12. M. Kaneda et al., Nature 429, 900 (2004).

13. T. Chen, N. Tsujimoto, E. Li, Mol. Cell. Biol. 24, 9048
(2004).

14. J. Otani et al., EMBO Rep. 10, 1235 (2009).
15. A. Meissner et al., Nature 454, 766 (2008).
16. D. A. Lim et al., Nature 458, 529 (2009).
17. R. R. Waclaw et al., Neuron 49, 503 (2006).
18. S. K. Ooi et al., Nature 448, 714 (2007).
19. M. Weber et al., Nat. Genet. 39, 457 (2007).
20. R. Straussman et al., Nat. Struct. Mol. Biol. 16, 564

(2009).
21. E. N. Gal-Yam et al., Proc. Natl. Acad. Sci. U.S.A. 105,

12979 (2008).
22. A. M. Lindroth et al., PLoS Genet. 4, e1000145 (2008).
23. R. Cao et al., Science 298, 1039 (2002); published

online 26 September 2002 (10.1126/science.1076997).
24. A. Smallwood, P. O. Estève, S. Pradhan, M. Carey,

Genes Dev. 21, 1169 (2007).
25. K. Jepsen et al., Nature 450, 415 (2007).
26. E. Viré et al., Nature 439, 871 (2006).

27. M. Rush et al., Epigenetics 4, 404 (2009).
28. K. D. Robertson, Nat. Rev. Genet. 6, 597 (2005).
29. We thank M. Carey (UCLA) for technical assistance on

in vitro chromatin recruitment assays and J. Rubenstein
(University of California San Francisco) for providing
the pCAG-Dlx2 expression plasmid. This work was supported
by NIH RO1 grants to Y.E.S. All microarray data are
deposited in Gene Expression Omnibus (www.ncbi.nlm.nih.
gov/geo/) under accession number GSE22476.

Supporting Online Material
www.sciencemag.org/cgi/content/full/329/5990/444/DC1
Materials and Methods
SOM Text
Figs. S1 to S18
Tables S1 and S2
References

5 April 2010; accepted 3 June 2010
10.1126/science.1190485

Functional Modules and Structural
Basis of Conformational Coupling
in Mitochondrial Complex I
Carola Hunte,1,2,3* Volker Zickermann,4* Ulrich Brandt4†

Proton-pumping respiratory complex I 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.

Mitochondrial 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 (1). 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+/2e–),
it contributes about 40% of the proton motive force
that drives adenosine 5´-triphosphate (ATP) syn-

thesis byATP 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 Imay 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 themitochondrialmatrix (9, 10) (Fig. 1A). The
x-ray structure of the peripheral arm from a
bacterial complex I was determined (11, 12).

The peripheral arm consists of two functional
modules (1) and comprises all redox active co-
factors (11). 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 (13) is mediated by

a chain of seven iron-sulfur clusters. An additional
iron-sulfur cluster localized near the FMNcofactor
may serve a special function in protection against
ROS formation (13–15). 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 (17).

Complex I 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 (18).
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 (1). 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 Å, and the distance between the tip of the
peripheral arm and the bottom of the membrane
arm is ~190 Å. At a resolution of 6.3 Å, many sec-
ondary structure elements and especially a-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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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 I.

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 (1). 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 amore open
appearance toward subunit PSST, and we suggest

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 b
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 Å
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 Å.
Considering that the binding site for ubiquinone
must be at a distance allowing electron transfer of
cluster N2, the substrate must diffuse ~25 Å 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-Å-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 (31) 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
ND5 at the distal end of the membrane arm are

Fig. 3. Transmission
element connecting the
P domains, a putative
central component of
the proton-pumpingma-
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

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.

Fig. 4. Schematicmodel
of the four functional
modules of complex I. A
chain of seven iron-sulfur
clusters (orange spheres)
leads from the N module
(light yellow) with FMN
as the primary electron
acceptor to the ubiqui-
none reduction site in
the Q module (yellow)
involving cluster N2 and
tyrosine-144. The posi-
tion of N2 is close to 30Å
above the membrane
surface. With the ubiqui-
none headgroup (space-
fill representation) in
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 (PP, green) and distal (PD,
cyan) domains of the P module. An extended transmission element (magenta) forms a bridge across the
two domains.
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Thermus thermophilus 
Complex I - coloured to 
distinguish subunits

Graphics by Wilson de Paula 
from 3m9s.pdb



Thermus thermophilus 
Complex I - coloured for
gene location in 
Caenorhabditis elegans

Red: encoded in mitochondrion
Yellow: encoded in nucleus
Grey: absent



Thermus thermophilus 
Complex I - coloured for
gene location in Arabidopsis 
thaliana

Red: encoded in mitochondrion
Yellow: encoded in nucleus
Grey: absent
Blue: encoded in both mitochondrion and 
nucleus



electrondensity.The individual subunitsofT. thermophilusmembrane
domainwere refined as rigid bodies. No further rebuildingwas done in
the absence of independent phase information. Thus, the model
reflects the overall arrangement of membrane subunits. Compared
to the E. coli membrane domain, the T. thermophilus membrane
domain is less curved when viewed both in the lipid plane and per-
pendicular to it (Supplementary Fig. 6).

Thus, the current model of complex I from T. thermophilus (total
mass 523 kDa) consists of an atomic model for the hydrophilic
domain and an a-helical model for the membrane domain (Fig. 3).
In total, the membrane domain contains 63 TM helices, one of the
largest hydrophobic protein complexes yet described. As expected
from electron microscopy studies10,11, the complex is L-shaped, with
the membrane arm about 180-Å long and the peripheral arm extend-
ing about 130 Å over the lipid bilayer. Comparison to recent three
dimensional electron microscopy reconstructions10 shows that only
the mirror image of the electronmicroscopy density fits well with the
crystal structure (Supplementary Fig. 7), indicating that the hand of
these electron microscopy reconstructions needs to be reversed.

The overall orientation of the hydrophilic domain relative to the
membrane domain is unexpected. Helix H1 from subunit Nqo6,
rather than extending over the surface of the membrane domain as
suggested previously5, points sideways at about 90u (Fig. 3). The
contacts between the two arms of the complex are mediated mostly
through subunit Nqo8 of themembrane domain and subunits Nqo4/
6 of the hydrophilic domain. One of subunits in the Nqo7, 10, 11
(NuoA/J/K) bundle also contributes by contacting the amino-
terminal part of Nqo4. Consistently, Nqo7 can be cross-linked to
Nqo4 andNqo6 (ref. 30). Subunit Nqo8 contains very large cytoplas-
mic loops with many conserved charged residues, which may form
part of the interface with the hydrophilic domain. These loops are not

resolved and so the contacts between the two domains do not seem to
be extensive in the current model.

Quinone-binding site

The last in the chain of Fe-S clusters in the hydrophilic domain is
thought to be the donor of electrons to the quinone5,12. This high-
potential cluster N2 is near the cavity between subunits Nqo4 and
Nqo6, which forms part of a larger cavity at the interface of these
subunits with hydrophobic subunitsNqo8 and theNqo7, 10, 11 bundle
(Fig. 3d). TheN-terminal b-sheet of Nqo4 (residues 26–60) forms part
of this cavity, consistent with labelling of the corresponding region of
bovine 49 kDa subunit with azidoquinazoline31. Subunit Nqo8was also
labelled with quinone-like inhibitors32 and is thought to form a part of
quinone-binding pocket alongwith subunits Nqo4 andNqo6 (refs 2, 3,
5, 12). Thus, cumulative evidence indicates that this cavity at the inter-
face of subunits Nqo4, Nqo6, Nqo8 and the Nqo7, 10, 11 bundle pro-
vides a quinone-binding site. It is a large cavity, up to about 30 Å across,
consistent with it providing a large common binding domain, with
partially overlapping sites, for various quinone-like inhibitors3,32. A
quinone head group, bound in the cavity, can easily reach to within
about 14 Å (required for physiological electron transfer33) or to about
12 Å (suggested by N2-semiquinone interactions34) from the edge of
cluster N2. This cluster is about 20–25 Å from the expected surface of
the lipid bilayer (Fig. 3), thus somemovement of the quinone out of the
membrane is likely to be required to approach N2, and its extent will
depend on the exact location of the bound quinone in the membrane
domain. There are several possible sites for accommodating the iso-
prenoid tail, formed either by subunitNqo8aloneor at its interfacewith
the Nqo7, 10, 11 bundle. In the latter case quinone will need to move
about 20 Å to approach cluster N2, whereas in the former the move-
ment does not need to exceed about 10 Å, which means that the tail of

a b

c

d
180 Å

180º

90º

TM1

H1

4HB

Q

N2

Nqo12 Nqo13 Nqo14 Nqo7, 10, 11

Nqo8

Nqo6

Nqo4

Nqo5

Nqo3

Nqo1

Nqo2

Nqo15

Nqo9

Figure 3 | The structure of the entire complex I from T. thermophilus. The
structure consists of the atomic model for the hydrophilic domain,
determined previously12,13 (PDB 3I9V), and the a-helical model for the
membrane domain. a, b, Side views, in the membrane plane. c, Top view,
from the cytoplasm into themembrane. d, The likely quinone-binding cavity

(Q) at the interface of the two main domains. Helix H1 from subunit Nqo6,
the 4-helix bundle from subunit Nqo4 (4HB, in darker colour), helix TM1
from subunit Nqo8 and cluster N2 are indicated. Fe-S clusters are shown as
red and yellow spheres, and FMN as magenta spheres. Each subunit is
coloured differently and indicated.
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Structure of the membrane domain of
respiratory complex I
Rouslan G. Efremov1{ & Leonid A. Sazanov1

Complex I is the first and largest enzyme of the respiratory chain, coupling electron transfer between NADH and
ubiquinone to the translocation of four protons across the membrane. It has a central role in cellular energy
production and has been implicated in many human neurodegenerative diseases. The L-shaped enzyme consists of
hydrophilic and membrane domains. Previously, we determined the structure of the hydrophilic domain. Here we
report the crystal structure of the Esherichia coli complex I membrane domain at 3.0 Å resolution. It includes six
subunits, NuoL, NuoM, NuoN, NuoA, NuoJ and NuoK, with 55 transmembrane helices. The fold of the homologous
antiporter-like subunits L, M and N is novel, with two inverted structural repeats of five transmembrane helices
arranged, unusually, face-to-back. Each repeat includes a discontinuous transmembrane helix and forms half of a
channel across the membrane. A network of conserved polar residues connects the two half-channels, completing
the proton translocation pathway. Unexpectedly, lysines rather than carboxylate residues act as the main elements of
the proton pump in these subunits. The fourth probable proton-translocation channel is at the interface of subunits N, K,
J and A. The structure indicates that proton translocation in complex I, uniquely, involves coordinated conformational
changes in six symmetrical structural elements.

Complex I (NADH:ubiquinone oxidoreductase) is one of the largest
known membrane proteins. It provides about 40% of the proton flux
during proton-motive force generation for the synthesis of ATP by the
mitochondrial respiratory chain1–5. Many mutations in subunits of
complex I have been associated with human neurodegenerative
diseases5,6. Complex I is a major source of reactive oxygen species in
mitochondria: these can damage mitochondrial DNA and are con-
sidered to be causative agents in Parkinson’s disease7 and ageing8.
Mitochondrial complex I consists of 45 subunits (980 kDa in total)9.
The simpler prokaryotic enzyme usually consists of 14 ‘core’ subunits
(about 550 kDa in total) that are conserved from bacteria to
humans1,2,5,10. It contains equivalent redox components and has a
similar L-shaped structure to that of mitochondrial complex I
(refs 2, 5, 11). The high degree of sequence conservation of core
subunits indicates that the mechanism of complex I is probably the
same throughout all species.
The complete atomic structure of this molecular machine is

currently unknown. Structures of the Thermus thermophilus complex
I hydrophilic domain12,13 have established the electron-transfer path-
way from NADH to the primary electron acceptor flavin mononu-
cleotide, and then through seven conserved iron-sulphur clusters to
the putative quinone binding site at the interface with the membrane
domain (which lacks covalently bound prosthetic groups). The three
largest hydrophobic subunits of complex I, NuoL, M and N (E. coli
nomenclature), are homologous to each other and to Na1/H1 anti-
porter complex (Mrp) subunits14,15. They are likely to participate in
proton translocation. We previously determined the arrangement of
a-helices in themembrane domain ofE. coli complex I, but the limited
resolution (3.9 Å) prevented sequence assignment11.
Understanding how the transfer of two electrons from NADH to

ubiquinone is coupled to the translocation of four protons (the
current consensus value) across themembrane remains a major ques-
tion in complex I research1–3,5. ‘Direct’ (redox-driven) and ‘indirect’

(conformation-driven)mechanismshave beenproposed2,3,5,16. Recently
published structures revealed an unexpected structural element, helix
HL, extending along nearly the entire length of the membrane
domain11,17: this may act as a connecting element, coordinating con-
formational changes11. A greater understanding requires a knowledge
of the atomic structure of the membrane domain.

Structure determination and overall architecture
A new P1 crystal form was obtained with protein purified in the
detergent cymal-7. After extensive optimization, the diffraction
extended to 2.7 Å in the best direction. The crystallized fragment
contains six subunits, NuoL, M, N, A, J and K (222 kDa in total),
but lacks NuoH, which dissociates readily from the complex11,18.
Multiwavelength anomalous diffraction (MAD) data sets were col-
lected from SeMet-derivatized protein (Supplementary Table 1).
Multi-crystal density averaging and modification led to experimental
electron densitymaps of excellent quality (Supplementary Fig. 1). The
model was refined to 3.0 Å resolution with R5 23.2% and
Rfree5 28.3% (Supplementary Table 1), and includes 1,952 residues
(out of 2,038, Supplementary Table 2). A cymal-7 molecule, frag-
ments of lipid aliphatic chains and several well-ordered internal water
molecules are also included.
The model contains 55 transmembrane helices (TMs) (Fig. 1 and

Supplementary Movie 1). Subunits NuoA, J and K form an 11-helix
bundle near the interface with the hydrophilic domain, and the
antiporter-like subunits NuoN,M, and L follow, as proposed earlier11.
The distal subunit NuoL contains a carboxy-terminal extension that
starts with TM15, followed by helix HL and ending with TM16,
harboured at the interface with subunits NuoJ, K and N. Sequence
conservation is high for the membrane core of all subunits (Sup-
plementary Fig. 3), underlining its functional significance. Helix HL
is poorly conserved, as might be expected for a mostly mechanical
element, with the exception of residues contacting other subunits

1Medical Research Council Mitochondrial Biology Unit, Wellcome Trust/MRC Building, Hills Road, Cambridge CB2 0XY, UK. {Present address: Max-Planck Institute for Molecular Physiology, Otto-Hahn
Strasse 11, Dortmund 44227, Germany.
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(Fig. 4d). Space for the cavity is provided by an invariant residue,
K(Gly 76). Access to the periplasm is blocked by large hydrophobic
residues but the cytoplasm is accessible with only a short constriction
near K(Leu 83). Indeed, the structure shows a water molecule in the
middle of the bilayer, between the conserved, essential residues32,33

K(Glu 36) and K(Glu 72). From K(Glu 36), the continuation of the
pathway is apparent at the interface of TMs 2 and 3 from NuoK and
NuoJ, reaching the periplasm. Several small cavities here may contain
water molecules coordinated by conserved polar residues (Fig. 4d). An
alternative ‘sideways’ pathway from K(Glu 36) to the periplasm
through invariant A(Glu 81) to A(Glu 102) can be considered, but is
less likely, requiring a more extended network of water molecules.

Mechanism of proton translocation
There is no evidence in the structure for any potential electron carriers
in the membrane domain, for the existence of quinone-binding sites
in antiporter-like subunits, or for a different role of NuoN (Sup-
plementary Discussion, section 4), as has been discussed in the
literature34–36. Structural features combine to indicate strongly that
complex I operates purely by a conformation-driven mechanism.
Conformational changes in the hydrophilic domain, which occur

upon reduction13, can be transmitted to the membrane-domain sub-
units NuoH, A, J and K (Supplementary Discussion, section 3). Helix
HL can relay these changes to TM7 in NuoL, M and N, leading to
protonation of Lys TM7 upon closer approach of Glu TM5. Recent
studies have confirmed the essential coupling role of this helix37,38

(Supplementary Discussion, section 4).

The structure indicates that conformational changes in both half-
channels of the antiporter-like subunits are coordinated not only by
helix HL, but by several connecting elements, acting in concert to
achieve tight coupling of proton translocation events. HL can drive
TM7 in the first channel, and, on the opposite side of the domain, the
bH element can drive TM12 in the second channel. The two channels
can interact bothwithin subunits (viaTM8,which contains an invariant
connecting Lys or His near its flexible kink) and also between subunits,
because the intra-helical loop of TM12 is in close contact with GluTM5
on the neighbouring subunit. Furthermore, GluTM5 can also interact
electrostatically with Lys/GluTM12 from a neighbouring subunit,
because both residues are exposed to the inter-subunit cavities.
We suggest the following translocation cycle via antiporter-like

subunits (Fig. 5), assuming that Lys TM7 is protonated and that
Lys/Glu TM12 is deprotonated in the oxidized state (meaning the
state of iron-sulphur cluster N2 and a nearby cluster13, because most
clusters are reduced during turnover39). Conformational changes
upon reduction move Glu TM5 away from Lys TM7, forcing lysine
to donate its proton into the link between the two half-channels and
eventually to Lys/Glu TM12, which becomes protonated owing to
local conformational changes, either with or without help from
GluTM5 from the neighbouring subunit. Upon return to the oxidised-
state conformation, GluTM5moves back, LysTM7 is protonated from
the cytoplasm, reloading the pump, andLys/GluTM12 ejects its proton
into the periplasm. Overall, three subunits translocate three protons.
In the fourth putative channel, a notable feature indicating con-

formational coupling is thep-bulge onTM3ofNuoJ, which contains a
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residue that is invariant and important for activity40,41, J(Tyr 59),
forming ahydrogenbond toK(Glu 36), a central residueof this channel.
TM3 is the most conserved helix in NuoJ (Supplementary Figs 3a and
8) and is a hotspot for human mitochondrial disease mutations
(Supplementary Table 7). Conformational changes, propagating from
the nearby hydrophilic domain, can move the flexible TM3 of NuoJ
and J(Tyr 59), resulting in the protonation/deprotonation ofK(Glu 36)
and the translocation of the fourth proton (Fig. 5). Because the four
channels that are present in the structure account for the measured
H1/e2 stoichiometry42, any additional direct coupling, as proposed
recently43,44, is unlikely.
Our knowledge of the structure of the core subunits of complex I is

now nearly complete (except for subunit NuoH). The effects of many
mutations, including those causing human diseases, can now be
understood (Supplementary Tables 6–8). This molecular machine
has one of the most intricate architectures among known protein
structures. The redox energy of NADH, binding at the tip of the
hydrophilic domain, is eventually used in the membrane domain, at
distances of up to,300 Å away. Our previously published analogy of
the ‘steam engine of the cell’ is emphasized by the presence of several
connecting elements, including helix HL, which are powered by the
redox energy of electron transfer and which drive six symmetrical
structural domains, plus one asymmetrical domain, resulting in a very
effective proton pump.

METHODS SUMMARY
Themembrane domain of E.coli complex I was purified as previously described11,
except that the detergent cymal-7 was used. Protein was crystallized in the
presence of lipids using polyethylene glycol (PEG) 4000 and sodium tartrate as
the precipitant at pH 4.8, with the additives 0.15% sodium cholate and 0.1M
NDSB-256 (non detergent sulfobetaine-256). Diffraction was improved by a slow
increase of PEG 4000 concentration to 30%, by dialysis at 4 uC.
Diffraction data were collected from cryo-cooled crystals (100K) on beamline

ID29at theEuropeanSynchrotronRadiationFacility (ESRF) andX06SAat theSwiss
Light Source (SLS). Crystallographic phases were obtained using selenomethionine-
labelled protein. Electron density was improved by multi-crystal averaging and
density modification. The folds of individual subunits and sequence register at the
initial steps of model building were determined using the positions of anomalous
density peaks from Se atoms, directionality of helices and density connectivity. A
combination ofmanual and automaticmodel buildingwasused.Data collection and
refinement statistics are presented in Supplementary Table 1.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Published online 7 August 2011.
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Respiratory complex I: ‘steam engine’ of the cell?
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Complex I is the first enzyme of the respiratory chain and plays

a central role in cellular energy production. It has been

implicated in many human neurodegenerative diseases, as well

as in ageing. One of the biggest membrane protein complexes,

it is an L-shaped assembly consisting of hydrophilic and

membrane domains. Previously, we have determined

structures of the hydrophilic domain in several redox states.

Last year was marked by fascinating breakthroughs in the

understanding of the complete structure. We described the

architecture of the membrane domain and of the entire

bacterial complex I. X-ray analysis of the larger mitochondrial

enzyme has also been published. The core subunits of the

bacterial and mitochondrial enzymes have remarkably similar

structures. The proposed mechanism of coupling between

electron transfer and proton translocation involves long-range

conformational changes, coordinated in part by a long a-helix,

akin to the coupling rod of a steam engine.

Address
Medical Research Council Mitochondrial Biology Unit, Wellcome Trust/
MRC Building, Hills Road, Cambridge CB2 0XY, UK

Corresponding author: Sazanov, Leonid A
(sazanov@mrc-mbu.cam.ac.uk)

1Present address: Max-Planck-Institute for Molecular Physiology,
Otto-Hahn Str. 11, Dortmund 44227, Germany.

Current Opinion in Structural Biology 2011, 21:532–540

This review comes from a themed issue on
Membranes
Edited by Gebhard Schertler and Robert Stroud

Available online 8th August 2011

0959-440X/$ – see front matter
# 2011 Elsevier Ltd. All rights reserved.

DOI 10.1016/j.sbi.2011.07.002

Introduction
Complex I (NADH:ubiquinone oxidoreductase) is the
first enzyme of the respiratory chain in mitochondria and
many bacteria. It catalyses the transfer of two electrons
from NADH to quinone, coupled to the translocation of
four protons (current consensus value [1–3]) across the
membrane. In doing so, it provides about 40% of the
proton flux during proton-motive force (pmf) generation
for the synthesis of ATP [4–9]. Mutations in complex I
subunits, including most common pathological mtDNA
mutations, have been associated with human neurode-
generative diseases [8,10]. Complex I is a major source of
reactive oxygen species (ROS) in mitochondria, which

can damage mtDNA and lead to sporadic Parkinson’s
disease [11] and possibly aging [12]. Mitochondrial com-
plex I consists of 45 subunits (980 kDa combined mass)
[13]. The simpler prokaryotic enzyme normally consists
of 14 ‘core’ subunits (seven hydrophilic and seven hydro-
phobic, !550 kDa combined mass), all conserved from
bacteria to humans [4,5,8]. The mitochondrial and bac-
terial enzymes contain the same redox components
(eight to nine iron–sulphur (Fe–S) clusters and flavin
mononucleotide (FMN)) and have a similar L-shaped
structure [5,14""]. The hydrophobic arm is embedded in
the membrane and the hydrophilic peripheral arm pro-
trudes into the mitochondrial matrix or the bacterial
cytoplasm [5,8]. High sequence conservation of core
subunits indicates that the mechanism is likely to be
the same throughout all species, and so the bacterial
enzyme represents a ‘minimal’ model of human mito-
chondrial complex I.

The hydrophilic domain contains all the known redox
cofactors of complex I, involved in electron transfer from
NADH to quinone. Understanding how this process is
coupled to the translocation of protons across the mem-
brane remains themajor question in complex I research [4–
6,8]. Two possible mechanisms of coupling have been
proposed: ‘direct’ (redox-driven) and ‘indirect’ (confor-
mation-driven) [5,6,8,15]. The membrane-spanning part
of the enzyme contains the proton translocationmachinery
but lacks any covalently bound prosthetic groups. This is
akin to F-ATPase (which operates by conformational
coupling [16]) and is in contrast to cytochrome c oxidase
(direct coupling involving heme cofactors [17]). The three
largest hydrophobic subunits of complex I,NuoL,MandN
(Escherichia coli nomenclature; subunit names differ be-
tween species), are homologous to each other and to Na+/
H+ antiporter complex (Mrp) subunits [18,19]. They are
likely to participate in proton translocation, but reside at a
large distance from the hydrophilic domain [20]. A range of
cross-linking [21–23] and proteolysis [24] studies
suggested conformational changes upon reduction of com-
plex I. All these facts indicate that the couplingmechanism
involves long-range conformational changes.

Complex I has for many years resisted attempts to deter-
mine its structure and is considered as one of the most
difficult membrane protein targets. The paucity of struc-
tural data until 2006 has hindered progress in understand-
ing its mechanism. Though the complete atomic
structure of this large molecular machine is still unknown,
the last two years were marked by major breakthroughs in
crystallographic studies of the enzyme, which will be the
main subject of current review.

Current Opinion in Structural Biology 2011, 21:532–540 www.sciencedirect.com
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Supplementary Movie 1. An overview of the E. coli complex I membrane domain structure, with HL and discontinuous helices highlighted, followed 
by an overview of the entire T. thermophilus complex.
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Supplementary Movie 2. Morph between core subunits of T. thermophilus and Y. lipolytica complexes I, followed by an overview of Y. lipolytica 
enzyme with helices from accessory subunits shown in red for TM and the rest in grey.
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