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uinone oxidoreductase (complex I) is the largest and remains by far the least
understood enzyme complex of the respiratory chain. It consists of a peripheral arm harbouring all known
redox active prosthetic groups and a membrane arm with a yet unknown number of proton translocation
sites. The ubiquinone reduction site close to iron–sulfur cluster N2 at the interface of the 49-kDa and PSST
subunits has been mapped by extensive site directed mutagenesis. Independent lines of evidence identified
electron transfer events during reduction of ubiquinone to be associated with the potential drop that
generates the full driving force for proton translocation with a 4H+/2e− stoichiometry. Electron microscopic
analysis of immuno-labelled native enzyme and of a subcomplex lacking the electron input module indicated
a distance of 35–60 Å of cluster N2 to the membrane surface. Resolution of the membrane arm into
subcomplexes showed that even the distal part harbours subunits that are prime candidates to participate in
proton translocation because they are homologous to sodium/proton antiporters and contain conserved
charged residues in predicted transmembrane helices. The mechanism of redox linked proton translocation
by complex I is largely unknown but has to include steps where energy is transmitted over extremely long
distances. In this review we compile the available structural information on complex I and discuss
implications for complex I function.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Proton pumping NADH:ubiquinone oxidoreductase (complex I) is
a very large and complicated integral membrane protein complex [1].
Coupling the transfer of two electrons from NADH to ubiquinone to
the vectorial translocation of four protons across the inner mitochon-
drial membrane or the plasma membrane of many bacteria generates
a major portion of the proton motive force that drives ATP synthesis.
Mitochondrial complex I from a number of species can undergo a so
called active/deactive (A/D) transition [2]. Exposure of complex I to
elevated temperature (30–37 °C) induces the deactive (D) form that
exhibits a characteristic lag phase in the onset of catalytic activity.
Catalytic turnover converts complex I back to the metastable active
form.

Genetic defects in human complex I manifest as severe degen-
erative encephalomyopathies, typically diagnosed as Leigh or Leigh-
like syndrome [3]. Malfunction of complex I seems to be involved in
+49 69 6301 6970.

ll rights reserved.
the pathogenesis of many neurodegenerative diseases [4] and the
biology of aging in general [5].

The eukaryotic enzyme has a total mass in the range of 1 MDa.
Bovine complex I from comprises 45 [6] and complex I from the
aerobic yeast Yarrowia lipolytica comprises 40 different proteins [7]
which can be categorised as “central” or “accessory” subunits. The 14
central subunits are conserved in prokaryotes and eukaryotes and
harbour all bioenergetic core functions, while the accessory subunits
present in eukaryotes only, are not associated directly with energy
conservation. The central subunits can be divided into seven
hydrophilic and seven hydrophobic polypeptides. In most eukaryotes
the central hydrophobic subunits (ND1 to ND6 and ND4L) are
encoded by mitochondrial DNA [1]. At least a subset of these subunits
must be involved in proton pumping but even the number of proton
translocation sites is not known. On the other hand the hydrophilic
central subunits contain one FMN and eight canonical iron–sulfur
clusters as redox active cofactors. These subunits are structurally well
described by X-ray crystallography of a subcomplex of a bacterial
enzyme [8]. Of the accessory subunits only the structure of the
heterologously expressed human accessory subunit B8 has been
determined by NMR spectroscopy [9]. To date, no high resolution
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structure of the holo-enzyme or any of the hydrophobic subunits is
available.

The prokaryotic minimal form of complex I has been characterized
from the species Escherichia coli [10], Paracoccus denitrificans [11],
Thermus thermophilus [12] and Aquifex aeolicus [13]. To establish a
yeast genetic approach to complex I, our group has used the obligate
aerobic yeast Y. lipolytica [14], since this enzyme is absent in
fermentative yeasts like Saccharomyces cerevisiae [15]. Further
eukaryotic model organisms in complex I research include Bos taurus
[16,17], fungi like Neurospora crassa [18], Podospora anserina [19] and
Aspergillus niger [20], plants like Arabidopsis thaliana [21,22], Sola-
num tuberosum [23] and Oryza sativa [24], and many more.
Chloroplasts and cyanobacteria possess a complex I like enzyme,
which however has a different electron input module [25–27].

Here we compile the available information on complex I structure,
the localization of functional domains and discuss the implications of
their spatial arrangement for complex I function.
Fig. 1. Reconstruction of complex I from Y. lipolytica. The overall structure combining the
five major classes at 24 Å resolution is shown [29]: top, two side views; bottom left, a
view of the intermembrane space side of the membrane arm; bottom right, view from
the matrix side; scale bar 10 nm. In the peripheral arm six domains labelled 1–6 can be
discerned; DMP, distal membrane arm protrusion, CMP, central membrane arm
protrusion.
2. Overall structure

An L-shaped overall architecture with two arms of approximately
equal length was typically found by electron microscopy of complex I
from eukaryotes and prokaryotes [13,28–30], despite the large
number of accessory subunits present only in the mitochondrial
enzyme. A consistent structure between N. crassa and E. coli complex I
was reported and the two arms of the bacterial enzyme were found to
be only slightly shorter [28].

The identity of the two arms could be established by analysis of
subcomplexes from N. crassa complex I [31]: A hydrophilic so-called
small form of the enzyme was assembled under conditions where
mitochondrial protein biosynthesis was blocked. A 3D reconstruction
of this fragment was generated by electron microscopy of 2D crystals
and showed features that allowed an assignment to the “vertical” arm
of complex I. Treatment of the holo-enzyme with NaBr specifically
removed the part of the enzyme protruding from the membrane
phase. The structure of the hydrophobic segment of complex I
determined by analysis of single particles and membrane crystals
was found to correspond to the “horizontal” arm of complex I. 3D
reconstructions of the hydrophilic and the hydrophobic fragments
were assembled to match the L-shaped structure evident from 2D
average images of single particles. Docking of the hydrophilic part to
the membrane intrinsic part was, however, arbitrary.

3D reconstructions of complex I are challenging because positional
and conformational variability have to be taken into account. For
complex I from e.g. E. coli [28], N. crassa [32] and Y. lipolytica [29] the
experimental approach to deal with this problemwas collection of tilt
images and application of the random conical tilt reconstruction
method [33]. Extensive classification and 3D reconstruction allowed
monitoring detailed substructures within the two arms of complex I
from Y. lipolytica (Fig. 1; [29]). In the peripheral arm that extends
about 145 Å above the membrane, six distinct domains could be
discerned. The membrane arm that has a total length of about 220 Å
shows two major protrusions (distal membrane arm protrusion, DMP,
and central membrane arm protrusion, CMP) on the matrix side. Hot
spots of structural variability could be identified by comparing
reconstructions of a number of different classes. CMP appeared in a
large number of different sizes and shapes and in some reconstruc-
tions indications became visible for possible connections to either
DMP or domain 5 of the peripheral arm.

Although determined at different resolution, the 3D reconstruc-
tions of complex I from N. crassa and Y. lipolytica are in good
agreement. A 3D reconstruction of bovine complex I particles
exhibiting rather different structural features was reported [30], but
more recently 2D averages of the bovine enzyme were published that
look strikingly similar to those of the two fungal enzymes [29,34]. This
suggests that the 3D model reported for Y. lipolytica complex I is
representative for all mitochondrial enzymes (Fig. 1).

3. The peripheral arm

Solving the X-ray structure of the peripheral arm fragment of
complex I from T. thermophilus at 3.3 Å resolution [8] has been a major
step forward in the structural characterization of complex I. The
overall structure of the Y-shaped peripheral arm fragment has a height
of approximately 140 Å. This structure contains all seven hydrophilic
central subunits. In addition, there is one extra subunit not commonly
found in complex I that contains a putative Fe binding site and is
structurally related to frataxin [35]. With FMN and eight iron–sulfur
clusters, all redox active prosthetic groups are resolved in this
structure. One additional iron–sulfur cluster (N7) present in the
structure is only found in some bacteria.

There is an ongoing debate about the assignment of EPR signatures
N4 and N5 to clusters seen in the structure [36,37]. Discussing this
controversy would go beyond the scope of this review and therefore
no definite assignment is given here for four of the tetranuclear
clusters.

FMN and presumably also the substrate NADH are bound by an
atypical Rossman fold in the 51-kDa subunit (bovine subunit
nomenclature will be used throughout if not indicated otherwise).
Two iron–sulfur clusters are located within electron transfer distance
to the flavin. The tetranuclear cluster N3 resides in the same subunit
and is the starting point of a 90 Å long linear electron transfer chain
that leads from the primary electron acceptor FMN to iron–sulfur
cluster N2 which is the immediate electron donor to quinone. While
electron transfer chains of T. thermophilus [38] and some other
bacterial species function with menaquinone the more common
electron acceptor for complex I is ubiquinone. The binuclear cluster
N1a in the 24-kDa subunit is located on the opposite side of the flavin
forming a dead end for electron transfer of unclear function (see
below).

The electron transfer chain between FMN and ubiquinone is
formed by seven iron–sulfur clusters. Following N3 there are binuclear
cluster N1b and two tetranuclear clusters in the chain that reside in
the 75-kDa subunit. The N-terminal third of the subunit is structurally
related to [FeFe] hydrogenases, while the rest of the subunit is similar
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to molybdopterin guanine dinucleotide (MGD) cofactor containing
proteins like nitrogenase. In some bacteria the latter domain harbours
cluster N7 that probably has a structural but no electron transfer
function [39]. The two tetranuclear clusters of the TYKY subunit are
bound in a ferredoxin like arrangement and the electron transfer
chain terminates with cluster N2 in the PSST subunit. Two of the
cysteine ligands of cluster N2 are adjacent but the functional
consequences of this unusual arrangement are unclear [40]. The
PSST subunit is very closely associated with the 49-kDa subunit and
the two polypeptides are related to the small and large subunit of
soluble [NiFe] hydrogenases, respectively [41].

On the basis of X-ray structures of [NiFe] hydrogenases that were
solved long before the structure of the peripheral arm of complex I, we
had proposed evolutionary conservation of the structural fold around
the active sites for these distantly related enzymes: the hydrogenase
[NiFe] site is structurally conserved in the 49-kDa subunit of complex I
to form a significant part of the ubiquinone binding pocket [42]. This
concept was also prompted by the then surprising finding that a
screen for mutants resistant to the classical complex I inhibitor
piericidin A had identified the hydrophilic 49-kDa subunit to be
involved in inhibitor binding [43]. A set of mutations resulting in loss
of activity or pronounced inhibitor resistance were found to cluster in
this domain. This confirmed our hydrogenase based structural model
[42]. The X-ray structure of the peripheral arm [8] revealed a pocket
formed by the PSST- and the 49-kDa subunit and a striking degree of
conservation of the structural fold. Systematic mutagenesis of the
residues lining this pocket demonstrated that it comprises indeed the
ubiquinone binding domain (Fig. 2; [44]). Mutations resulting in
severely reduced ubiquinone reductase activity identified an extended
entry path leading from the N-terminal antiparallel β-sheet of the 49-
kDa subunit to cluster N2 in the PSST subunit. Tyrosine 144 (Y.
lipolytica numbering) in the immediate vicinity of the cluster seems
Fig. 2. Schematic drawing of the ubiquinone binding pocket. The 49-kDa subunit (in violet) a
iron–sulfur cluster N2 (in black). The position of the subunits in the peripheral arm has bee
gradient indicating the severity of point-mutations on complex I activity compared to the p
region. Yellow: Strong decrease of complex I activity. Green: Some decrease of complex I ac
ubiquinone access path in the red region is indicated by an arrow. Within the ubiqu
indicated:···C12E8;-··-rotenone and DQA;—DQA only. The orange Y represents the anti
molecules are depicted in red at various intermediate positions along a hypothetical “acces
to gain access to its reduction site.
essential for catalytic function as several substitutions even as subtle
as the change to phenylalanine (M. A. Tocilescu, unpublished
observation) abolished activity completely [44] without severely
affecting the EPR spectrum of cluster N2 [42].

Complex I is inhibited by a plethora of hydrophobic compounds
which can be grouped into three classes based on their behaviour in
enzyme kinetics [45]. Inhibitor binding studies had revealed that
inhibitors from these three classes bind to distinct but overlapping
binding sites [46], a view that we confirmed recently by an extensive
structure guided mutagenesis of the pocket around the ubiquinone
binding domain [47]: while the binding sites for DQA (class I/type A)
and rotenone (class II/type B) were largely overlapping, the
inhibitory detergent C12E8 (type C) penetrated into a subdomain
where mutations did not affect binding of the two other inhibitors
(Fig. 2).

Knowing that the catalytic centres for the redox reaction reside in
the peripheral arm fragment, the functionally much more critical
question arises as towhere they are located within the structure of the
holo-complex. When the X-ray structure of the peripheral arm was
solved, it appeared obvious to assume an orientation that would bring
the ubiquinone and inhibitor binding pocket around cluster N2 as
close as possible to the hydrophobic membrane phase [8]. A
corresponding manual fit of the T. thermophilus fragment into a low
resolution 3D model of E. coli complex I was proposed [34]. However,
the results of electron microscopic single particle analysis led us to
suggest that the spatial arrangement is in fact quite different.

Because of the enormous size of complex I, subcomplexes have
been especially useful for investigating the subunit architecture of the
enzyme [48,49]. We biochemically generated a subcomplex lacking
specifically the 51-kDa and 24-kDa subunits harbouring the electron
input module of the enzyme [50]. 3D reconstructions of single
particles unequivocally identified domain 1 at the very distal end of
nd the PSST subunit (in cyan) assemble the ubiquinone binding pocket located next to
n modelled according to fit 1 [51] shown in Fig. 3. The pocket is coloured with a colour
arental strain. Red: Almost complete loss of complex I activity for all mutations in this
tivity. Blue: essentially no effects on activity for any mutation in this region. A possible
inone binding cavity, binding sites of different classes of complex I inhibitors are
49-kDa antibody and marks the position of the corresponding epitope. Ubiquinone-9
s ramp”, illustrating that the hydrophobic substrate has to leave the membrane bilayer



Fig. 3. X-ray structure of the peripheral arm fragment from T. thermophilus fitted to 3D reconstructions of complex I from Y. lipolytica, fit 1 from [51]. Left panel, Y. lipolytica complex I
at 24 Å resolution as shown in Fig. 1; right panel, Y. lipolytica complex I class 8_2 with 16.5 Å resolution. At higher resolution the connection of the peripheral arm to the membrane
arm via two separate stalks becomes visible. The positions of the largest central hydrophilic subunits and of helix H1 of the PSST subunit are indicated (see text), scale bar 10 nm.
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the peripheral arm (Fig. 1) as the mass which was lost concomitantly
with the two subunits [51].

Using domain 1 in the Y. lipolytica complex I as an anchor point
allowed five different fits of the peripheral arm X-ray structure into
the electron microscopic structure of the complete enzyme [51]. None
of these fits placed cluster N2 less than 35 Å away from themembrane.
Moreover, 2D reconstructions of antibody labelled complex I showed a
distal position of the 49-kDa and the tightly associated 30-kDa subunit
[52]. This finding clearly favoured fits with an even longer distance
between cluster N2 and the membrane surface. Fit 1 with a position of
N2 60 Å outside of the predicted plane of the membrane is in good
agreement with the results from immuno-electron microscopy and is
shown in Fig. 3 for two different 3D reconstructions of complex I from
Y. lipolytica [51].

4. The membrane arm

As there is no high resolution structure available yet and no
spectroscopically detectable redox groups are present, much less is
known about the membrane arm. Recently, a projection map of the
membrane arm from E.coli at 8 Å resolution allowed an initial
structural characterization [53] but we still rely mainly on information
based on the analysis of subcomplexes, structure prediction, and
topology modelling (Fig. 3, Table 1).

The hydrophobic central subunits ND1 to ND6 and ND4L together
have a mass of about 260-kDa. Some 60 transmembrane helices have
been predicted, but the exact number depends on the algorithm
employed. Moreover it has been shown for example by alkaline
phosphatase fusions that some of the predicted transmembrane
helices actually seem to form extramembraneous domains [54].

ND5 is the largest hydrophobic subunit of complex I and was
predicted to contain up to 18 transmembrane helices [7,54]. However,
by analysis of alkaline phosphatase fusion proteins of the bacterial
ND5 homologue NUOL [54] it was found that the two putative
membrane intrinsic helices X and XI instead form a large domain
facing the bacterial cytoplasm that corresponds to the mitochondrial
matrix side. In the C-terminal part of the subunit the topology appears
to be less clear because two sequence stretches are not unequivocally
recognized as transmembrane helices by different prediction algo-
rithms and can therefore also be regarded as extramembraneous [54].
Taken together the topology model for NUOL [54] suggests 14
transmembrane helices and two extramembraneous domains of
approximately 8-kDa each facing the cytoplasmic side of the
membrane (Fig. 4). ND2 and ND4 are homologous to ND5 but are C-
terminally truncated. It seems reasonable to assume that the topology
is conservedwhichwould result in 12 transmembrane helices and one
large inside domain each for ND2 and ND4 (Fig. 4). It is interesting to
note that a mutation responsible for the majority of cases of Leber's
hereditary optic neuropathy (LHON) is located in the putative inside
domain of the human ND4 subunit (ND4-11778) [54,55].

Again using alkaline phosphatase fusions subunit ND1 was
determined to have 8 transmembrane helices with extended extra-
membraneous domains facing the inside [56]. As for subunit ND4 one
of the putative inside domains in human ND1 is the site of a frequent
LHON mutation (ND1-3460; [57]). In topology studies using maltose
binding protein fusions subunits ND4L [58] and ND6 [59] were shown
to have 3 and 5 transmembrane helices respectively (Fig. 4).

The topology of the ND3 subunit has been discussed controver-
sially. Initially, an orientation was described where the extended loop
connecting the first two out of three transmembrane helices faced the
periplasmic/intermembrane space side [60]. This report was based on
the reactivity of antibodies against the N- and C-terminus of the
protein and on the accessibility of Cys47 (P. denitrificans numbering)
in the large hydrophilic loop towards alkylating agents. However, this



Table 1
Subcomplexes with central (bold) and accessory subunits associated with the membrane
arm [7,17]

Bos
taurus

Prediction
TMHa

Y. lipolytica Prediction
TMHa

TMH by experimental
evidence/comments

Subset of subunits of bovine subcomplex Iα j not present in subcomplex Iλj

ND6 5 NU6M 5 5 [59]
42 kDab,c 0 – –

39 kDab 3g NUEM 0 In hydrophilic subcomplex in
Y. lipolytica [67]

MWFE 1 NIMM 1
PGIV 0 NUPM 0
SDAPd 0 ACPM 1 or 2 0 Acyl carrier protein
(B15)d,e 1 NB5M 1
B14 0 NB4M 0
B9 1 NI9M 1
15 kDa 1 – –

Subunits present in bovine subcomplexes Iα and Iλ but with predicted TMH
B14.7 3 NUJM 3
B16.6 1 NB6M 1

Bovine subcomplex Iβ
ND4 13 NU4M 13 12+ large inside domain [54]
ND5 18 NU5M 18 14+ large inside domains [54]
AGGG 1 – –

ASHI 1 NIAM 1
ESSS 1 NESM 1 Position determined by

monoclonal antibody [67]
MNLL 0f – –

PDSW 0 NIDM 0
SDAPd 0 ACPM 1 or 2 0 Acyl carrier protein
SGDH 1 – –

B22 0 NI2M 0
B18 0 NB8M 0
B17 1 – –

(B15)d,e 1 NB5M 1
(B14.5b)e 1 – –

B12 1 NB2M 1

Bovine subcomplex Iγh

ND1 8 NU1M 10 8+ large inside domains [56]
ND2i 10 NU2M 14 12+ large inside domain [54]
ND3 3 NU3M 3 3 + large inside domain [61]
ND4L 2 NULM 2 3 [58]
42 kDab,c 0 – – –

39 kDab 3g NUEM 0 In hydrophilic subcomplex in
Y. lipolytica [67]

PFFD 0 NIPM 0
KFYI 1 – –

Accessory Y. lipolytica subunits with predicted TMH not present in bovine subcomplexes
– – NUNM 1
– – NUXM 3

a Prediction of transmembrane helices (TMH) using algorithm HMMTOP [112].
b Present in subcomplexes Iα and Iγ (but seeh).
c The 42-kDa subunit is only loosely associated with bovine complex I.
d Present in subcomplexes Iα and Iβ.
e Parentheses indicate that the subunit is present in minor amounts.
f One transmembrane helix was predicted by algorithm TMHMM [113].
g The prediction of transmembrane helices is ambiguous because it is not confirmed

by algorithm TMHMM [17].
h The composition and structural integrity of this subcomplex is questionable.
i ND2 is N-terminally truncated in bovine complex I.
j For complete composition of subcomplexes Iα and Iλ see e.g. [17].

Fig. 4. Subcomplexes and central hydrophobic subunits of the membrane arm. Subunits
assigned to subcomplex Iλ, red; Iγ green; Iβ, yellow. Note that the structural integrity of
subcomplex Iγ is a matter of debate (indicated by different shades of green). Ellipses
denote putative extramembraneous domains on the inside (note that the topology for
ND3 is a matter of debate); highly conserved charged residues in transmembrane
helices are assigned to individual subunits (see text). Brackets indicate that residues are
close to the ends of putative membrane spanning segments.
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cysteine was recently identified in subunit ND3 from B. taurus [61] as
the residue specifically exposed only in the active form of complex I
and shown to reside on the matrix side of the membrane [62]. This
seems plausible, because the conformational change associated with
the A/D transition that was monitored by the exposure of the cysteine
residue is much more likely to take place at the functionally critical
interface between the two arms than on the outside [61]. In addition,
alkaline phosphatase fusion experiments place the C-terminal end of
subunit ND3 on the cytoplasmic/matrix side of the membrane (C.
Hägerhall, personal communication) also contradicting the original
findings [60]. Because of this conflicting evidence the topology of ND3
remains unclear at this stage. However, there is rather strong indirect
evidence that seems to favour the topology placing the large
extramembrane loop on the inside: pathogenic mutations have been
identified in three positions in this loop near the unique cysteine [63–
65]. Moreover, subunit ND3 could be cross-linked to the PSST subunit
[66] of the peripheral arm which is much better to reconcile with an
orientation of the large loop facing the inside.

The membrane arm of eukaryotic complex I contains a number of
accessory subunits with predicted transmembrane helices. None of
them is larger than 25-kDa and the additional mass appears to be
evenly distributed around a core formed by the central subunits [28].
The NESM subunit of complex I from Y. lipolytica that could be
localized in the membrane arm by a monoclonal antibody [67] is the
prototype of a single transmembrane domain (STMD) subunit. STMD
subunits are small proteins that have one transmembrane helix and
highly hydrophilic domains on either side with a high proportion of
charged residues [67]. Eight predicted STMD subunits were found in Y.
lipolytica complex I [7] and as much as 14 in the bovine enzyme [17].
The function of STMD subunits is not clear but it has been proposed
that they may assist assembly and are important for maintaining
structural integrity [68]. In addition, accessory subunit B14.7 (from
bovine heart, corresponding to NUJM of Y. lipolytica) and the fungi-
specific NUXM protein have three and two predicted transmembrane
helices, respectively.

Overall a total number of 57 transmembrane helices aremost likely
for bacterial complex I to which 12–16 transmembrane segments are
added from accessory subunits in the mitochondrial enzymes (Fig. 4).

First clues on how the membrane integral subunits are arranged in
the membrane arm came from the biochemical characterization of
subcomplexes (Table 1). Bovine complex I was split into subcom-
plexes Iα and Iβ by exposure to the harsh detergent LDAO
[16,17,48,49]. The hydrophobic subcomplex Iβ contained the central
subunits ND4 and ND5 (Fig. 4) and a number of accessory subunits. In
contrast, subcomplex Iα consisted predominantly of hydrophilic
subunits but also harboured a section of the membrane arm as
indicated by the presence of the hydrophobic central subunit ND6.
Subcomplex Iα releases the even more hydrophilic subcomplex Iλ
that contains almost exclusively hydrophilic subunits [69]. In Table 1
we have used the presence of a subunit in Iα but not in Iλ as an
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admittedly not stringent criterion to assume an association of the
specific subunit with the membrane arm.

The hydrophobic subunits ND1, ND2, ND3 and ND4L have been
assigned to a third type of subcomplex named Iγ [49]. However, it has
been questioned whether Iγ is in fact a stable structural unit.
Therefore conclusions from the association of subunits with Iγ have
to be viewed with caution [17,49]. The authors of [49] concluded that
at least ND1 and ND2 are tightly linked and must be situated in a
different domain of the membrane arm than subunits ND4 and ND5
(Fig. 4). Resolution of complex I from E.coli into subcomplexes [70]
and analysis by electron microscopy showed that subunits ND4 and
ND5 are located in the distal part of the membrane arm [71]. It follows
that subunits ND1 and ND2 should be located in the proximity of the
peripheral arm, which can be assumed also for subunit ND3 (Fig. 4;
[66,72]).

Very little is known about the question which and how many
subunits and transmembrane segments form the proton pumping
elements of complex I. It can be assumed that proton translocation
requires protonable residues in transmembrane segments of the
hydrophobic central subunits. Subunits ND2, ND4 and ND5 contain
several acidic and basic residues in predicted transmembrane helices
but only one glutamate and one lysine are highly conserved (Fig. 4;
[73,74]). These subunits may be indeed involved in proton pumping,
because they are homologous to a specific type of Na+/H+ antiporters
found in many bacterial species. These antiporters are involved in pH
homeostasis and Na+-resistance under alkaline growth conditions
and their genes are typically organized in an operon together with
other transport proteins [54,75]. The hetero-oligomeric assembly in
the membrane and tight functional interaction of the different
polypeptides coded by the mrpA-G (multiple resistance and pH)
operon has been demonstrated [76]. Three central hydrophobic
complex I subunits are homologous to antiporters of the mrp type.
ND5, the largest hydrophobic central subunit of complex I corre-
sponds to MrpA while ND2 and ND4 correspond to MrpD. Interest-
ingly, also the smallest central subunit ND4L is related to the MrpC
protein of this operon [77] and also contains two conserved
membrane intrinsic acidic residues suggesting that also ND4L might
be involved in proton translocation [78]. However, this does not
exclude the other subunits from being part of the proton pumping
machinery, because also subunit ND3 features two acidic residues [79]
and ND1 one lysine in putative transmembrane helices. Three
glutamates in the ND1 subunit are located in hydrophobic regions
but their position at the ends of predicted membrane spanning helices
renders their contribution to proton translocation questionable [80].

5. Connections between the peripheral and the membrane arm

Considering that all redox chemistry seems to be confined to the
peripheral armwhile the proton pumping machinery must operate in
the membrane arm, the connections between these two parts of
complex I are of particular interest for understanding its mechanism.
It has been known for a long time that bacterial complex I is much less
stable than the eukaryotic enzyme and easily falls apart at this
junction [10,12]. This local instability eventually allowed to crystallize
the peripheral arm fragment of complex I from T. thermophilus and to
determine its structure [81]. The comparison of electron microscopic
structures of complex I from N. crassa and E. coli showed the largest
mass differences at the interface region of the two arms [28] which in
the prokaryotic enzyme seemed to be connected only via a thin stalk.
However, other 3D reconstructions of E. coli complex I did not
reproduce this structural feature [34,82]. Depending on the resolution
and surface threshold applied, the peripheral arm of complex I from Y.
lipolytica appears to be attached to the membrane arm via two
separate stalk-like connections (Fig. 3; [29]). In line with previous
suggestions [28] we therefore hypothesize that one of the two
connections in the mitochondrial enzyme is formed by accessory
subunits, possibly the 39-kDa subunit of the peripheral arm [67]. This
would explain a single thin connection in bacterial enzymes that is
common to all versions of complex I and would then have to be
formed by domains from central subunits. In our model for the
orientation of the peripheral arm that places cluster N2 35–60 Å above
the membrane arm, the question as to which domains are available to
form this common stalk, arises. Based on the published structure of
the peripheral arm and its most likely orientation (Fig. 3) only helix
H1 of the PSST subunit extends towards themembrane arm and seems
to just reach it. However, there are disordered parts of the peripheral
arm not resolved in the X-ray structure that could contribute to the
connection: 34 N-terminal amino acids of the 49-kDa subunit and 32
N-terminal amino acids of the PSST subunit are likely to be located
below the ubiquinone binding pocket. Furthermore, as discussed
above the ND1 subunit has a significant portion of extramembraneous
domains with more than 100 amino acids on the matrix side.
Following the topology model proposed in [61] the ND3 subunit
exposes one large loop with approximately 25 amino acids to the
inside. Moreover, assuming that the subunits related to the sodium/
proton antiporters have similar topologies some 70 additional amino
acids of subunit ND2 could potentially contribute to the interface
region of the two arms (Fig. 4). In summary, there is clearly enough
protein mass available from central subunits of both the peripheral
and themembrane arm to form the common stalk, but its composition
and structure remain obscure.

6. Implications of the structure for complex I function

Although a high resolution structure of the holo-complex is still
missing the structural information outlined above has provided a
framework to get insight into the redox linked proton translocation
reaction by mitochondrial complex I:

NADHþubiquinoneþ5Hþ
Matrix

YNADþ +ubiquinolþ4Hþ
Intermembrane space

The reaction is reversible and in the presence of a proton motive
force backward electron transfer from succinate to NAD+ is observed
(reviewed in [2]).

A striking difference between complex I and the other complexes of
the respiratory electron transfer chain is that all known redox groups
are located in the membrane extrinsic part of the enzyme and,
although it has been suggested that theremaybe redox active cofactors
in the membrane arm [83], a thorough analysis of the complex I
proteome did not provide any supporting evidence for this [84].

In the peripheral arm there are one FMN and eight canonical iron–
sulfur clusters. The spectroscopic properties of cluster N1a are a
matter of discussion [37,85] and a special function associated with
protection against ROS formation at the flavine site has been
suggested [8,81,86–88]. All other EPR detectable clusters except N2
display a roughly similar midpoint potential of around −250 mV [89]
but also broader ranges of midpoint potentials were reported for
purified enzyme preparations e.g. in [90]. Cluster N2, the direct
reductant of ubiquinone exhibits several features that are distinct
from the other clusters. With typical values around −150 mV (pH 7)
for the mitochondrial enzyme, cluster N2 has the most positive redox
midpoint potential of all iron–sulfur clusters of complex I [89]. The
finding that the redox midpoint potential of cluster N2 from bovine
heart complex I exhibits a strong pH-dependence between pH 6 and
8.5 [91] provoked mechanistic models that assigned cluster N2 and its
associated redox-Bohr group a key function in proton translocation
(reviewed in [92]). Replacing histidine-226 by methionine in the 49-
kDa subunit of Y. lipolytica complex I completely abolished this redox-
Bohr effect and shifted the midpoint potential of cluster N2 below
−200 mV. However, this did not affect catalytic activity or proton
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translocation stoichiometry excluding a role of this protonable group
and the associated redox-Bohr effect in proton pumping [93].
Measuring real time electron transfer in complex I from E. coli using
an ultrafast freeze-quench approach, Verkhovskaya et al. found that
the transfer of the two electrons donated by NADH is bifurcated at the
FMN site to reduce cluster N2 and cluster N1a at the submillisecond
time scale [94]. Intriguingly, reduction of cluster N2 occurred with a
time constant very close to the one predicted from electron tunnelling
theory [95] but no electron transfer to ubiquinone was observed. The
consistent conclusion of the analysis of mutant H226M and the very
fast electron transfer through the iron–sulfur clusters was that only
the redox chemistry occurring after reduction of cluster N2 i.e. the two
electron reduction of the substrate ubiquinone can be associated with
energy conversion [93,94].

The midpoint potential of the Q/Q.− redox couple in the rather
non-physiological environment of 80% ethanol is −240 mV and was
estimated to be below −300 mV when bound to complex I under the
conditions of the freeze quench experiment [94]. Thus essentially the
full potential gap between NADH and ubiquinone of about 400 mV is
still available at this point to drive proton pumping with the observed
2 H+/e− stoichiometry.

The interaction of complex I with ubiquinone is a key issue that has
been addressed by many different groups. Iron–sulfur cluster N2
displays paramagnetic interactions with SQNf. This fast relaxing
semiquinone species is formed during catalytic turnover, is only
found in the presence of ΔμH+ and is sensitive to the complex I
inhibitors rotenone and piericidin A [96]. From the analysis of dipolar
interaction of the two paramagnetic species, a distance between SQNf

and cluster N2 of about 12 Å was calculated [96,97]. SQNs, a second
semiquinone species characterized by slow spin relaxation, was
detected by the same group. SQNs is not sensitive to the membrane
potential. Because it was not found to interact paramagnetically with
cluster N2, SQNs was proposed to reside at a significantly longer
distance to cluster N2 [89]. However, other reasons why this
interaction is not detectable cannot be excluded.

The ubiquinone reduction site at the interface between the PSST
and 49-kDa subunit has been characterized in detail by site-directed
mutagenesis [44] and there is no doubt that SQNf must be found at this
site. The fact that the accumulation of this semiquinone species is
linked to the presence of a membrane potential is consistent with a
central role in proton pumping. It is more difficult to understand the
SQNs signal. Based on the paramagnetic interactions with N2 it has
been proposed that the two semiquinone species are intermediates of
two ubiquinone molecules bound at different sites of complex I
[96,97]. Indeed putative ubiquinone binding motifs are found in the
antiporter like subunits of the membrane arm [98]. However, site
directed mutagenesis of all histidine residues possibly involved in
ubiquinone binding in the ND4 subunit did not show any significant
effect on kinetic parameters of ubiquinone reduction and on the IC50

for the competitive inhibitor capsaicin [73]. Also the fact that the ND4
subunit of complex I from E. coli was labelled with an azido-
ubiquinone derivative [99] does not present strong evidence for a
quinone binding site in this subunit, because the identification of
specific and functionally relevant ubiquinone binding by affinity
labelling is difficult and may be misleading as has been found in the
case of the QPC subunit of the bc1 complex [100]. Moreover, the
localization of subunit ND4 in the distal part of the membrane arm
would place this ubiquinone site at a distance too far away from the
ubiquinone binding pocket near cluster N2 to allow for electron
transfer. We therefore consider it more likely that the two semiqui-
none species that can be observed by EPR spectroscopy reflect the
same semiquinone intermediate bound to the now well characterized
ubiquinone binding pocket but in different conformational states of
the complex. The change in spin relaxation properties and para-
magnetic interaction could then be explained by a change in the
environment of the semiquinone and possibly a significant difference
in the distance to cluster N2. The conformational state resulting in the
SQNf signature would be favoured by the presence of a membrane
potential. It should be noted that the sum of the spin concentrations of
the two semiquinone species was never found to exceed one per
complex I. Still, the nature of SQNs and its relationship to SQNf remains
unclear and it seems obvious that solving this issue will be
prerequisite to understand the proton pumping mechanism of
complex I.

Inhibitors have been very valuable tools to differentiate between
the two ubiquinone binding sites of the cytochrome bc1 complex
[101]. In contrast, it has been shown by equilibrium binding studies
that there is only one extended binding pocket with partially
overlapping binding sites in complex I [46]. Inhibitor resistant
mutants for all classes of complex I inhibitors were mapped at the
interface between the PSST and 49-kDa subunits [43,44,47], in line
with labelling of subunit PSSTwith a photoactive pyridaben derivative
[102]. The same compound was found to bind to subunit ND1 but
competition experiments and dose dependent correlation of inhibi-
tion and labelling showed the inhibitory action to be confined to
subunit PSST [102,103]. In contrast, the ND1 subunit was labelled
exclusively by an acetogenin derivative and binding competition with
other complex I inhibitors indicated that this subunit contributes to
the common inhibitor binding pocket in a functionally relevant way
[104]. Based on the evidence summarized here it cannot be excluded
with certainty that complex I contains multiple functionally relevant
ubiquinone interaction sites as postulated e.g. in [105]. However, we
think that there is also no compelling evidence against our working
hypothesis that the catalytic mechanism of complex I involves only
one ubiquinone molecule that is reduced at the interface of the PSST/
49-kDa subunits.

Our structural model of the peripheral arm of complex I places the
ubiquinone reduction site at a significant distance to the membrane
domain. It follows that the hydrophobic ubiquinone and also
hydrophobic inhibitors have to leave the lipid bilayer at least partially.
We have speculated that this is facilitated via a hydrophobic ramp or
channel [52] in the common stalk connecting the two arms of complex
I. Changed kinetic parameters of ubiquinone reduction in site directed
mutants of residues located in a putative surface helix of ND1 [106]
that might be part of the connection between the two arms and
inhibitor binding to this subunit [104] are consistent with this view.
Even if we assume the shortest possible distance of N2 to the
membrane of 35 Å we have to face the fact that the power stroke of
proton translocation is initiated in the peripheral arm and that the
energy for proton translocation has to be transmitted to the
membrane arm.

As discussed above, we still do not know how many and which of
the hydrophobic subunits participate in proton translocation. A
number of mutants in hydrophobic subunits aimed at identifying
proton translocation sites have been generated. It was however found
that many of them affected ubiquinone reductase activity, but because
of the loss of activity it was not possible to measure proton
translocation [73,74,78,79]. Loss of catalytic activity caused by
mutations far away from the ubiquinone reduction site may reflect
interference with the proton pumping machinery and therefore the
tight coupling between electron transfer and proton translocation that
is also illustrated by the full reversibility of the complex I reaction.
However, also global and therefore unspecific structural changes can
explain such effects. As a consequence it seems difficult to provide
positive evidence for the contribution of individual subunits to proton
translocation by mutagenesis. However, the homology to antiporters
and the presence of conserved charged residues in transmembrane
segments strongly suggests that even the subunits in the distal part of
the membrane arm are involved in proton pumping. This means that
energy transmission in complex I has to be exerted over distances as
long as up to several hundreds of Ångstroms and at present it can only
be speculated how this is achieved.



581V. Zickermann et al. / Biochimica et Biophysica Acta 1787 (2009) 574–583
Electron microscopy of complex I from E. coli in the presence of
nucleotides has shown only limited structural changes upon addition
of NADH at low resolution [34] but there are a number of observations
of redox linked differences in cross linking patterns and protease
sensitivity [107–109] in line with a conformational coupling mechan-
ism [110]. A cascade of electrostatic interactions between conserved
lysine residues in subunits ND1, ND2, ND4 and ND5 triggered by
formation of the semiquinone anion was suggested recently as
another possible mechanistic principle of coupling [74].

Long range conformational coupling was described in detail for
other ion translocating membrane proteins like the Ca2+ pump of the
sarcoplasmatic reticulum [111]. However for complex I there is no
structural information even at modest resolution that would allow
linking of the mechanism of the enzyme to distinct conformational
states. Our electron microscopic 3D reconstructions of many different
classes of complex I particles give some idea about the pronounced
structural flexibility of this giant protein complex [29]. Future work
will address the question if and how structural changes might be
related to complex I function.
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