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Respiratory complex I: ‘steam engine’ of the cell?
Rouslan G Efremov1 and Leonid A Sazanov
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.
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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
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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 the major 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 translocation machinery

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, M and N

(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 coupling mechanism

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.
www.sciencedirect.com
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Structures of the hydrophilic domain
Our crystal structure of the Thermus thermophilus complex

I hydrophilic domain (280 kDa), solved initially at 3.3 Å

resolution [25,26] and more recently at 3.1 Å (PDB 3I9V

[27��] should be used as a reference), established how

eight different subunits are combined to form a continu-

ous electron transfer pathway through the enzyme

(Figure 1a). This pathway starts at the tip of the periph-

eral arm with the primary electron acceptor FMN and

extends over �95 Å through a chain of seven conserved

Fe–S clusters to the likely quinone-binding site (Q-site)

at the interface with the membrane domain [25,27��]
(Figure 1b). The additional subunit Nqo15 stabilizes

the complex and is found so far only in species closely

related to T. thermophilus [8,28]. Its fold is similar to the

iron chaperone frataxin and so it may also play a role in the

regeneration of proximal Fe–S clusters [27��,28].

We have also solved structures of the hydrophilic domain

with NADH bound, in both the fully reduced state

(NADH anaerobic; PDB 3IAM) and a partially reduced

state (NADH aerobic or dithionite anaerobic) [27��]. The

structures explain the kinetic properties of NADH oxi-

dation and ROS production by complex I [27��]. NADH

binds in an extended conformation, completely covering

the FMN-containing cavity. This means that reduced or

semi-reduced FMN (a major source of ROS in mitochon-

dria) can react with solvent and produce ROS only in the

absence of bound nucleotide, consistent with functional

data [27��,29–32]. The structure thus suggests possible

ways to develop a drug to minimize ROS production by

complex I [27��].

Binding of NADH and reduction of the complex induce

conformational changes involving two areas: around the

FMN-containing cavity (adjustments allowing for tight

NADH binding) and, importantly, the interface with the

membrane domain (Figure 1c). The four-helix bundle of

subunit Nqo4/NuoD (T. thermophilus/E. coli nomencla-

ture) shifts by about 1 Å towards the membrane and

helices H1 and H2 from Nqo6/NuoB move ‘sideways’

(Figure 1c). Since the conformation does not change in

the central part of the domain, the likely driving force is

the redox state of nearby Fe–S clusters (N2 and N6a/b).

Indeed, cluster N2, directly linked to helices H1/H2, is

coordinated by the unusual but conserved motif of con-

secutive (tandem) cysteines, resulting in unfavourable

geometry. These cysteines become disconnected upon

reduction of the cluster (Figure 1d), leading to backbone

shifts, which may provide a unique way to link the redox

state of the cluster to protein conformation.

Architecture of the membrane domain and the
entire complex
Recently we determined the arrangement of 55 trans-

membrane (TM) a-helices in the membrane domain of

complex I from E. coli (Figure 2a) [14��]. Although the
www.sciencedirect.com
limited resolution (3.9 Å) prevented sequence assign-

ment, important mechanistic conclusions could be drawn.

First, the structure revealed the arrangement of antipor-

ter-like subunits NuoL/M/N, containing a structurally

highly similar core of 14 TM helices (in contrast to

previous labelling studies, which suggested 12 helices

[19,33]). Second, each antiporter-like subunit contains, in

the same positions, two discontinuous TM helices. Such

helices are thought to be important for ion translocation in

transporters and channels by introducing a charge and

flexibility into the membrane [34]. Third, a completely

unexpected finding was that the C-terminal extension of

subunit NuoL contains a very long amphipathic helix

HL, running along almost the entire length of the domain

and linking most subunits together. Importantly, HL

directly contacts a discontinuous TM helix in each anti-

porter-like subunit and so is a likely coupling element

(Figure 2a). Finally, all antiporter-like subunits are com-

pletely separated from the putative Q-site by the belt of

smaller subunits (NuoAJK), which excludes direct

coupling to electron transfer. A model for helix assign-

ment in antiporter-like subunits has been proposed

recently from bioinformatic analyses [35], but it remains

to be seen if it is confirmed by crystal structures.

We have also determined the overall architecture of the

entire T. thermophilus complex I at 4.5 Å resolution

(Figure 2b, E. coli nomenclature is added as more widely

known), using the atomic structure of the hydrophilic

domain and the a-helical structure of the E. coli mem-

brane domain for molecular replacement [14��] (Supple-

mentary Movie 1). Additionally, we modelled eight TM

helices of subunit Nqo8/NuoH, which was absent in E.
coli crystals. The overall L-shape and dimensions (mem-

brane arm is about 180 Å long) are consistent with most

electron microscopy (EM) studies [36–40]. However, the

relative position of peripheral arm was unexpected,

resulting in a ‘sideways’ orientation of Nqo6/NuoB helix

H1 and placing cluster N2 (electron donor to quinone)

about 25 Å away from the expected lipid bilayer surface

(Figure 4). Such a large distance implies that the hydro-

phobic quinone has to move at least 10 Å out of the

membrane in order to interact with N2. This is coun-

ter-intuitive but may be part of the mechanism, as dis-

cussed below.

Complex I can be divided into functional modules evol-

utionary related to several protein families including

hydrogenases and antiporters [41,42] (Figure 2b). For

none of the membrane-embedded proteins in these

families are the structures known, so we can use complex

I as a template to model their architecture (Figure 2c–g).

The structure supports and illustrates the hypothesis that

parts of independently pre-evolved enzymes gave rise to

complex I. Ancestors of current protein complexes con-

sisting of non-overlapping modules (Figure 2c) were

likely combined to form a simple proton-translocating
Current Opinion in Structural Biology 2011, 21:532–540
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Figure 1
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Structures of the hydrophilic domain. (a) Side view [25]. Each subunit is coloured differently; FMN is shown as magenta spheres, metal sites as red

spheres for Fe atoms and yellow spheres for S atoms. The likely quinone-binding site is indicated (Q). (b) Arrangement of redox cofactors in complex I.

Cluster N3, NADH-binding site and FMN are in subunit Nqo1; N1a in Nqo2; N1b, N4, N5 and N7 in Nqo3; N6a/b in Nqo9 and N2 in Nqo6. Two electrons

are donated from NADH to FMN as a hydride and then transferred one by one through a chain of Fe–S clusters (blue arrows), arranged within 14 Å

edge-to-edge of each other (maximal functionally relevant distance [59]). Cluster N2 donates electrons to quinone in the membrane domain. Out-of-

chain cluster N7 appears to be an evolutionary remnant and cluster N1a may prevent excessive ROS production by temporarily storing electrons

(green arrow) [8,25]. Distances between redox centres are shown in angstroms both centre-to-centre and edge-to-edge (in brackets). The position of

NADH is from PDB 3IAM [27��]. (c) Conformational changes upon reduction by NADH [27��]. The structure is coloured according to Ca deviations upon

reduction, increasing from blue to green to yellow. Higher deviations near the nucleotide-binding site (top, NADH in magenta) and at the interface with

the membrane domain (bottom) are evident. Helices H1/H2 from subunit Nqo6 and the four-helix bundle (4HB) from Nqo4 are indicated, with arrows

showing their movement upon reduction. (d) Environment of cluster N2 [27��]. Left, oxidized domain; middle, fully reduced domain; right, partially

reduced domain (cluster N2 reduced but most other clusters oxidized). Disconnection of one of the tandem cysteines (C45/C46) upon reduction is

evident from 2Fo � Fc electron density, contoured at 1s. Prefixes before residue names indicate the Nqo subunit number.
hydrogenase (Figure 2d). This evolved further by

including additional electron-input (Figure 2e) or pro-

ton-translocating subunits (Figure 2f) and adapting for

the higher energy flow through the enzyme to the mem-

brane-embedded substrate (Figure 2g) [43,44] (not

necessarily in that order, details will be discussed else-

where). Analysis suggests that the coupling mechanism is

similar throughout and originated once during the evol-

ution, together with subunit NuoH, since this subunit is
Current Opinion in Structural Biology 2011, 21:532–540
present in all related proton-translocating oxidoreduc-

tases and contains many conserved from hydrogenases

to complex I charged residues in loops forming the inter-

face with the peripheral domain.

Comparison with mitochondrial enzyme
The best 3D EM reconstructions of complex I from

Yarrowia lipolytica (16.5 Å resolution), bovine (27 Å)

and the thermophile Aquifex aeolicus (45 Å) have been
www.sciencedirect.com
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Figure 2
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Structure and evolution of complex I. (a) Structure of the membrane domain of E. coli complex I [14��]. Helix HL is in magenta and discontinuous

helices are in red (those contacting HL) or yellow. (b) Structure of the entire T. thermophilus complex I [14��], with evolutionary modules colour-coded

(the same coding is used throughout): yellow and green, N module (NuoEFG) [6]; red, Q module (NuoBCDI); orange, NuoH-like subunits; blue,

antiporter-like subunits of P module and grey, adapter subunits connecting Q and P modules. (c) Two separate origins of complex I: closely related

protein complexes that have either only oxidoreductase activity, bidirectional NAD+-reducing NiFe hydrogenase (homologous to subunits NuoEFGBD)

[60], or transport activity, Mrp antiporters (NuoLMNK; MrpC is homologous to NuoK) [42]. (d)–(g) Evolution of complexity, from simplest known

complex I-related proton-pumping oxidoreductase, Ech hydrogenase from Methanosarcina barkeri (NuoBCDIHM) (d), to formate hydrogen lyase 1

(FHL-1) of E. coli (NuoGBCDIHM) (e), to FHL-2 of E. coli (NuoGBCDIHKLMN; C-terminus of HyfE is homologous to NuoK) (f) [60] and to 11 subunit

archeal homologue, Fpo complex from Methanosarcina mazei (NuoBCDIHAJKLMN) (g) [61]. NDH-1 complex from chloroplasts and cyanobacteria also

contains 11 core subunits, lacking N module but with many additional subunits present, although the identity of electron donor is unclear [62,63].

Names of subunits constituting the complexes are indicated. Subunits unrelated to complex I are shown as grey rectangles. Question marks indicate

characteristics that have not been unambiguously established experimentally, such as proton-pumping of Ech and FHL-2, H+/e� stoichiometry of Fpo,

as well as association of subunit FpoO with the complex. Abbreviations: MPh: methanophenazine; Fdred and Fdox: reduced and oxidized ferredoxin; Q:

ubiquinone or menaquinone.
obtained with deep stain technique [45,46�]. However,

the comparison with our X-ray structure (Fig. S7 in [14��])
clearly demonstrated that the hand of these reconstruc-

tions has been inverted, producing a mirror-image [46�].
As a result, previous fits of the hydrophilic domain X-ray

structure into these EM reconstructions could not have

been correct. Fit number 2 out of 5 in [47] slightly

resembles the actual arrangement by chance, leaving a

big sub-domain empty. It was dismissed when the A.
aeolicus reconstruction became available [46�], but, sur-

prisingly, was quoted again in the recent X-ray analysis

paper [48��]. Since the choice of hand for our earlier cryo-

EM reconstruction of E. coli enzyme was based on

previous models from the same group [45], the hand in

our EM reconstruction was also reversed [37]. Hopefully,

corrected EM reconstructions of at least the bovine
www.sciencedirect.com
enzyme, for which there is no X-ray data, will become

available.

The first X-ray analysis (at 6.3 Å resolution) of mitochon-

drial enzyme, from yeast Y. lipolytica, was published

recently [48��], shortly after the bacterial enzyme struc-

ture [14��]. The arrangement of Fe–S clusters was shown

to be similar to that in the bacterial enzyme, but the

individual subunits were not identified [48��]. Compari-

son of the published electron density map of Y. lipolytica
complex I (kindly provided by the authors) to our struc-

ture of T. thermophilus complex I is very informative. Most

a-helices are clearly resolved in the map as tubular

densities, which allowed us to fit bacterial complex

using CHIMERA [49]. Remarkably, after the refinement

of individual subunits as rigid bodies, nearly every
Current Opinion in Structural Biology 2011, 21:532–540
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Figure 3
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Comparison of bacterial and mitochondrial complexes I. (a) and (b) Fit of T. thermophilus complex I [14��], with individual subunits (shown as brown

ribbons) refined as rigid bodies into the electron density of Y. lipolytica enzyme. The experimental density calculated to 6.3 Å with phases determined

from TaBr derivative followed by density modification [48��] is shown at 1s. (a) Side view, with TM and HL helices visible. (b) Top view, with TM helices

normal to the plane. Extra TM helices from accessory subunits, at the periphery, are in red. (c) and (d) Re-arrangements of core subunits. Overlay of

bacterial structure (grey) and mitochondrial model (coloured similarly as in Figure 2). (c) Top view from the matrix side. (d) Front view, from subunit

NuoL/ND5. (e) and (f) Additional helices from accessory subunits, with TM helices in red and others in yellow. Core subunits are green. The density for

extra subunits (grey) is shown in (e). Additional domains, mentioned in the text, are indicated (A–E).
single helix of the bacterial enzyme fits perfectly into the

electron density of the mitochondrial enzyme (Figure 3a

and b). It appears that upon billions of years of evolution

the structures of individual subunits have been fully

preserved, and only slight relative rearrangement of

subunits occurred. The junction of the two main domains

is mostly unchanged, whilst dehydrogenase domain

subunits NuoEFG/Nqo1,2,3 (51,24,75 kDa in bovine
Current Opinion in Structural Biology 2011, 21:532–540
nomenclature) are rotated about 108 around an axis

centred at cluster N6a and roughly parallel to the long

axis of the membrane domain (Figure 3c and d). There is

also a screw-like rearrangement of antiporter-like subu-

nits propagating from NuoN/Nqo14/ND2 towards NuoL/

Nqo12/ND5, leading to a rotation of ND5 of about 108
around the long axis of the membrane domain (Figure 3c

and d).
www.sciencedirect.com
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Crucially, mechanistically important elements are con-

served. The long amphipathic helix HL has the same

length (estimates of shorter extent in [48��] were pre-

sumably due to a few intermittent areas of lower density),

and flanking NuoL/Nqo12/ND5 helices TM15 and

TM16 are found at the same positions in prokaryotic

and eukaryotic complexes (Figure 3a). Furthermore, all

six discontinuous TM helices (two in each antiporter-like

subunit) are also discontinuous and occupy the same

positions.

Evolution of the mitochondrial enzyme resulted in the

association of up to 31 (bovine [13]) or 26 (Y. lipolytica
[50]) supernumerary or accessory subunits. At least three

of them were likely acquired before the symbiotic event

which created mitochondria [39] and the rest during the

evolution of eukaryotes [51]. Their putative roles include

assistance in the assembly, stability and regulation of the

complex [50,51]. For the Y. lipolytica enzyme, 15 extra

TM helices are predicted (eight of them from single

transmembrane domain (STMD) proteins [50]) and about

eight supernumerary subunits are likely to be associated

with the hydrophilic domain [52]. Comparison of the

bacterial structure with Y. lipolytica map allows clear

visualization of additional electron density corresponding

to the supernumerary subunits (Figure 3b and e). We
Figure 4
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built helices into this extra density using the ‘find_heli-

ces_strands’ module in Phenix [53] (Supplementary

Movie 2). Sixteen additional TM helices are evenly

distributed, mostly as single isolated TM helices, around

core membrane subunits (Figure 3e and f). Most are

tilted, similar to the arrangement of accessory subunits

in cytochrome c oxidase, in agreement with their stabiliz-

ing role [50]. This brings the total number of TM helices

observed in Y. lipolytica to about 79, consistent with

predictions [52]. Other prominent additions to the mem-

brane domain are: at the matrix side, a six-helix bindle at

the tip, near subunit ND5 (A in Figure 3e); at the

intermembrane side, a globular domain near NuoH/

Nqo8/ND1 subunit (B) and several long helices (C)

running along the length of the domain. The latter

may improve stability and/or communication within the

complex.

In the peripheral domain additional subunits are observed

only near subunits at the connection of the peripheral and

membrane domains (NuoBCDI/Nqo4-6,9), probably pro-

viding additional stability to this fragile junction

(Figure 3e and f). A prominent six-helix protrusion ema-

nating from near NuoC/Nqo5/30 kDa (D in Figure 3e)

likely contacts additional subunit(s) near NuoN/Nqo14/

ND2 (E), again possibly improving stability. Subunit
N2

Q

FMN

2e-

NADH NAD+

H+NuoAJK
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n of Fe–S clusters (red and yellow spheres) reduces quinone (dark blue).

in the hydrophilic domain, observed (Figure 1c) for NuoD/Nqo4 four-helix

ansmitted, via subunits NuoHAJK, to the amphipathic helix HL (magenta),

nging the conformation of ionizable residues inside the respective proton

translocated at the interface of the two main domains. The hydrophilic

d.

Current Opinion in Structural Biology 2011, 21:532–540
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Nqo15 is not present in mitochondrial enzymes and does

not appear to have been replaced by any other protein

mass.

Thus, supernumerary subunits do not interfere with the

fold of core subunits, but instead form an outer shell,

consistent with their proposed roles in facilitating stability

and assembly of the complex [39,50,51]. The remarkable

conservation of the structure of the core subunits from

bacteria to mitochondria strengthens the idea that the

mechanism of complex I is the same throughout all

species.

Mechanism of complex I
The overall architecture of complex I has strong implica-

tions for the coupling mechanism. The NuoDB/Nqo4,6

helices, which shift upon reduction (Figure 1b and c), are

well positioned to transmit conformational changes to

subunits NuoAHJK/Nqo7,8,10,11, around the putative

Q-site (Figure 4). Indeed, cross-links between NuoA/

Nqo7 and NuoJ/Nqo10 change upon reduction [23].

Furthermore, conformational changes may be aided by

the unexpected, but necessary, quinone movement to

and from cluster N2 upon binding, reduction and release,

in agreement with the suggestion that most of energy

from NADH is released only upon delivery of its second

electron to quinone [54�].

A possible mechanism (Figure 4) is that conformational

changes in subunits NuoAHJK/Nqo7,8,10,11 affect the

nearby C-terminal helix of NuoL/Nqo12, leading to a

piston-like motion of helix HL along the membrane

domain. This movement will synchronously tilt the three

discontinuous helices in antiporter-like subunits that are

in direct contact with HL. Some of known conserved and

essential charged residues are likely to be found in these

discontinuous helices, exposed inside putative channels.

Hence, their movement, driven at least in part by helix

HL, will result in proton translocation. In total, three

protons would be translocated (one per each antiporter-

like subunit). The fourth proton per cycle, to account for

known stoichiometry, is probably translocated, in a con-

formation-driven manner, at the interface of the two main

domains via subunits NuoAJK/Nqo7,10,11, which also

contain essential charged residues within predicted

TM helices [55,56]. Since cluster N2 is elevated over

the membrane it is unlikely to participate directly in

proton translocation as suggested in [27��]. Rather, dis-

connection of the tandem cysteines may promote con-

formational changes (and possibly also protonation of

quinone, as discussed [27��]).

Recent studies on E. coli mutants with C-terminally

truncated versions of NuoL confirmed the essential

coupling role of helix HL [57�]. Very qualitative measure-

ments suggested that about two protons per cycle are still

translocated in mutants [57�]. If this value is correct it
Current Opinion in Structural Biology 2011, 21:532–540
would imply that subunit NuoN is less reliant on HL for

coupling, consistent with its position right next to sub-

units NuoAJK. The authors proposed an alternative

explanation based on the assumption that subunit NuoN

does not translocate protons [57�,58], which is not likely in

our opinion (manuscript in preparation).

Concluding remarks
Recent structural data suggest that the overall design of

complex I resembles a steam engine, with helix HL

playing the role of a coupling rod, which drives, instead

of wheels, a set of helices. Several related protein families

are likely to employ similar mechanisms. This exciting

finding adds to the variety of biological molecular

machines, including the turbine-like F-ATPase that

resemble human creations (or vice versa). The molecular

details remain to be established, which will require

atomic structures for the membrane domain and the

entire complex I.

Appendix A. Supplementary data
Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.sbi. 2011.

07.002.
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