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1. Introduction

The aerobic respiratory chain of Escherichia coli
contains several primary dehydrogenases, including
NADH dehydrogenase, succinate dehydrogenase, and
D-lactate dehydrogenase, which oxidize organic sub-
strates and deliver the electrons to membrane bound
ubiquinone-8. The ubiquinol is then reoxidized by
reductases, and the terminal oxidases. This exergonic
process is coupled with the endergonic translocation
of protons across the cytoplasmic membrane. The
resulting membrane potential is used to drive
energy-consuming processes like ATP synthesis, so-

w xlute transport and flagellar motion 1,2 .
The number of NADH dehydrogenases and their

role in energy transduction had been under debate for
a long time. Today, it is widely accepted that E. coli
possesses two different NADH dehydrogenases called

Abbreviations: bp, Base pair; EPR, Electron paramagnetic
resonance; d-NADH, deamino-NADH; FMN, Flavin mononu-
cleotide; FeS, Iron – sulfur; NDH-I, Proton-pumping
NADH:ubiquinone oxidoreductase; NDH-II, Non-proton-pump-
ing NADH:ubiquinone oxidoreductase; Q, Ubiquinone; QH ,2
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w xNDH-I and NDH-II 3,4 . The NDH-II is a single
polypeptide enzyme with FAD as the only redox

w xgroup 5,6 . It is a non proton-pumping
NADH:ubiquinone oxidoreductase. The NDH-I is ho-
mologous to the mitochondrial complex I and is
therefore also called complex I. Like the mitochon-
drial complex, it is a multi-subunit enzyme and cou-
ples the electron transfer from NADH to ubiquinone
with a proton translocation according to the overall
equation:

NADHqQq5Hq™NADqqQH q4Hq 1Ž .n 2 p

where Q refers to ubiquinone, and Hq and Hq to then p

protons taken up from the negative inner and deliv-
ered to the positive outer side of the membrane. The
Hqrey stoichiometry of the enzyme in the cytoplas-
mic membrane has been determined to be at least 1.5
w x7 . The stoichiometry of the mitochondrial complex I

w xequals 2 8 . The NDH-I is characterized by its
prosthetic groups, namely 1 FMN and up to 9 iron–

Ž .sulfur FeS clusters, by its sensitivity to a number of
naturally occurring compounds, e.g., the antibiotic

Ž w xpiericidin A or the acarizide annonine Refs. 9,10 ,
.see also article by M. Degli-Esposti, this volume ,

and by its high number of subunits. The bacterial
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w xcomplex I is made up of 14 different subunits 11 .
Two of these are fused in E. coli resulting in a 13
subunit enzyme. The mitochondrial complex contains

w xmany additional polypeptides 11–13 . Therefore, the
bacterial complex I is considered as a minimal struc-
tural form of a proton-pumping NADH:ubiquinone

w xoxidoreductase 14 .
The initial confusion about the nature of the E.

coli NADH dehydrogenases arose from mutants that
were unable to grow on mannitol as sole carbon

w xsource 15 . These mutants were incorrectly believed
to contain single-locus mutations. One mutation was
mapped to min 22 at the E. coli chromosome, with

w xthe corresponding gene ndh 5 . The encoded protein
was purified as a single polypeptide enzyme of 47
kDa, which is now known as NDH-II. This enzyme
restored the KCN-sensitive NADH oxidation of an
ndhy mutant strain without contributing to a mem-
brane potential. From these experiments, it was con-
cluded that E. coli contains only one NADH dehy-

w xdrogenase not being energy converting 16,17 .
However, this was contradictory to the finding that

E. coli cells respiring on malate show a higher HqrO
ratio than those respiring on succinate, and that E.
coli is capable to reduce NADq by a reverse electron
flow from succinate or glycerol-1-phosphate in an

w xuncoupler-sensitive manner 18,19 . The presence of
two different types of NADH dehydrogenases was
also concluded from the detection of at least two
NADH dehydrogenases by immunological methods
w x20 . Furthermore, it was demonstrated that one of the
two NADH dehydrogenases reacts with both NADH

Ž .and deamino d -NADH as substrates, the d-NADH
reductase activity being linked to the generation of a
membrane potential in the presence of KCN and

w xubiquinone-1 21 . EPR spectroscopic characteriza-
tion of aerobically grown E. coli membranes showed
the presence of at least two binuclear and two te-
tranuclear FeS clusters, which are associated with

w xNADH dehydrogenase 22 .
The presence of two different gene loci for NADH

dehydrogenases was demonstrated by introducing an
insertional mutation in the ndh gene. The resulting
strain still showed membrane-bound NADH dehydro-
genase activity from a second enzyme. The locus of
the second enzyme was mapped to min 51 on the E.

w xcoli chromosome 23 . This locus was cloned and
sequenced, and the complex was isolated as a multi-

subunit complex homologous to the eucaryotic mito-
w xchondrial complex I 3,24 . The gene locus of NDH-I

Žwas named nuo from NADH:ubiquinone oxidore-
.ductase . The presence of both coupled and non-cou-

pled NADH dehydrogenases is required for optimal
w xgrowth under several growth conditions 25,26 .

2. Physiological role of complex I

The respiratory chains in bacteria do not only
generate a proton motive force, but also rapidly
remove an excess of reducing equivalents in order to
recycle NADq. Under certain growth conditions, the
recycling is more important than the maximum en-

w xergy yield of respiration 25,26 . Recently, it has been
shown that E. coli mutants lacking complex I have a
competitive disadvantage during stationary growth

w xphase 27 . This phenomenon might be explained
with the lower amount of energy that can be obtained
from any carbon source given the poor availability of
nutrients in the stationary phase. Furthermore, com-
plex I mutants grow poorly on acetate, or on some

w xamino acids as sole carbon source 28 . In the same
study, these mutants were reported to fail to produce
the L-aspartate chemotactic band on tryptone swarm
plates. The reason for this phenotype is most likely
that NADH cannot be sufficiently recycled, and that
the resulting large NADHrNADq ratio inhibits tri-
carboxylic acid cycle enzymes and the glyoxylate

w xshunt 28 .
In Salmonella thyphimurium, it has been observed

that complex I mutants are unable to activate ATP-
dependent proteolysis under starvation conditions
w x29 . In Myxococcus xanthus, complex I is necessary
for protein secretion during vegetative growth, devel-

w xopment, and sporulation 30 . From all these findings,
it can be concluded that complex I mediates an
important metabolic switch in bacteria. Therefore, the
expression of this complex has to be regulated very
tightly.

3. Genes and regulation

The genes of the E. coli complex I are organized
in the so-called nuo-operon, a 15,020-bp DNA region

Ž . w xat min 51 of the chromosome Fig. 1b 3 . The locus
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Ž . Ž .Fig. 1. Topological model of complex I and the nuo-operon. a Arrangement of the E. coli complex I fragments and b order of the corresponding genes. A–N refer to
the genes of the operon, N1b, N1c, N2, N3 and N4 to the EPR-detected FeS clusters and Q to ubiquinone. The binding sites of the cofactors and substrates as predicted
from the sequence are indicated. The NADH dehydrogenase fragment and the genes encoding the subunits of this fragment are drawn in white, the connecting fragment
and its genes are shown in light grey, and the membrane fragment and its genes are shown in dark grey.
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contains 13 structural genes named nuoA-N. Due to a
sequencing error, it was initially believed that nuoC

w xand D constitute separate genes 3 , as it is the case
w xin all other bacteria 13 , and that the nuo-operon

coded for 14 polypeptides. A TGA stop-codon in the
3X-region of nuoC is present in the sequence of the

w xnuo-operon 3 , as well as in the sequence of the E.
w xcoli genome published by Blattner et al. 31 . Due to

a mismatch between both sequences upstream of that
stop codon, the TGA is in frame in the nuo-sequence
but not in Blattner’s sequence. Since nuoCD codes
for one protein that is present in a complex I prepara-

Ž .tion from E. coli see below , the latter is correct
w x32 . The genes nuoC and D are also fused in

w xBuchnera aphidicola 33 . The homologue of nuoCD
in the formate hydrogenlyase of E. coli is also fused
to one gene hycE, coding for the large subunit of the

w xhydrogenase 13,34,35 . Due to another sequencing
error, nuoG is 255 bp larger than published in Ref.
w x3 . The genes nuoG and H meet each other, and
there is no intergenic region between them as pub-
lished earlier. The molecular mass of NuoG as de-
duced from the DNA sequence is in agreement with

Žits apparent mass determined from SDS-PAGE Ref.
w x .32 and Table 1 .

The order of the 14 or 13 genes, respectively, is
highly conserved within the domain of bacteria. It is
also found in Paracoccus denitrificans, Rhodobacter
capsulatus, Thermus thermophilus, and Synechocystis

w x3,11,36–38 . Preparations of the E. coli complex
can easily be cleaved resulting in a fragmentation
pattern that reflects the order of the genes in the

Ž .nuo-locus see below .
As expected, the nuo-genes are co-transcribed,

since the insertion of a kanamycin resistance cassette
in nuoB, D, F, H, or I leads to a complete loss of
complex I as measured by immunological, EPR spec-

Žtroscopic and kinetic methods A. Berger and T.
.Friedrich, unpublished data . The polar effect of the

resistance cassette inhibits the proper transcription of
the genes located downstream. This has also been
described for the nuo-operon of S. thyphimurium
w x39 . A detailed genetic analysis of the non-polar
Ž . Ž .D nuoF-L and D nuoG E. coli mutants revealed

w xthe inability to assemble a functional complex I 40 .
Ž .The D nuoG mutant lacks 85 amino acids at the

C-terminus of NuoG. This mutant could be comple-
mented with a wild-type nuoG allele showing the
recessive nature of the mutation. Although all nuo-

Ž .genes seem to be transcribed in the D nuoG mutant,
w xthere is no assembled complex I in this mutant 40 .

Destruction of the last gene of the E. coli nuo-op-
eron, nuoN, by insertion of the resistance cassette
leads to the assembly of the NADH dehydrogenase

Ž .fragment see below of the complex in the cyto-
Ž .plasm A. Berger and T. Friedrich, unpublished data .

The promotor region of the nuo-operon consists of
a 560-bp upstream region. Expression of the nuo-op-

Table 1
Nomenclature and properties of the complex I subunits of E. coli

Designation of Molecular mass No. of predicted N-terminal sequence Predicted function
Ž .the subunit kDa membrane helices

NuoA 16.3 3
a w xNuoB 25.1 1r0 MDYTLT 1= 4Fe–4S

bNuoCD 67.9 0 MVNNrTVLQ Proton channel
w xNuoE 18.6 0 MHENQ 1= 2Fe–2S

w xNuoF 49.5 0 MKNIIRTPE NADH binding; FMN; 1= 4Fe–4S
w x w xNuoG 100.5 0 MATIHV 2= 4Fe–4S ; 2= 2Fe–2S

NuoH 36.5 8 Ubiquinone binding
a w xNuoI 20.6 1r0 MTLKF 2= 4Fe–4S

NuoJ 19.9 5
NuoK 11.4 3
NuoL 66.3 13 Proton translocation
NuoM 56.7 12 Proton translocation
NuoN 46.1 10 Proton translocation

aThe number of predicted membrane spanning helices of these subunits varies depending on the used prediction method.
b Ž .This is an internal amino acid sequence No. 233 to 236 obtained after proteolytic digestion of NuoCD.
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eron is regulated by O and nitrate via the regulators2

ArcA, NarL, FNR, the integration host factor, and by
w xother factors including C -dicarboxylates 41 . The4

expression is not stimulated by growth on substrates
supplying high amounts of NADH, e.g., glucose or
glycerol. The reason might be that maximal energy
conversion is only performed under conditions of
NADH limitation. Out of the three quinones present

Ž .in E. coli, namely ubiquinone E sq110 mV ,m,7
Ž .demethylmenaquinone E s q40 mV , andm,7

Ž . w xmenaquinone E sy80 mV 42 , only ubiquinonem,7

and possibly demethylmenaquinone are expected to
be used by complex I for thermodynamic reasons.

w xNevertheless, it has been shown by Tran et al. 43
w xand Unden and Bongaertz 44 that the alternative

NADH dehydrogenase II is more important in aero-
bic respiration than complex I, while the latter is
essential for respiration on fumarate and dimethyl-
sulfoxide. Both NADH dehydrogenases participate in

w xnitrate respiration 43 . This implies that complex I is
able to use menaquinone as electron acceptor, since
menaquinone and demethylmenaquinone are the ma-
jor quinones at growth on fumarate and dimethylsulf-

w xoxide 44 . This has consequences for the mechanism
of complex I because difference of the redox poten-
tial of NADH and quinone is roughly 190 mV lower
when using menaquinone as acceptor compared to

Ž .ubiquinone see below .
The expression rate of the nuo-operon was in-

creased fourfold by replacing its 5X-promotor region
by the T7-RNA-polymerase promotor and transform-
ing the mutants with an inducible plasmid coding for

w xT7-RNA-polymerase 45 . This has been confirmed
by measuring d-NADHrferricyanide activity, and by
EPR spectroscopy. Other membrane proteins, how-
ever, can be overproduced 30-fold by using this

w xmethod 46,47 . This indicates that there are most
likely cis-acting regulatory elements that do not al-
low a higher expression of the nuo-operon than it has
been achieved.

4. Protein composition

The E. coli complex I has been purified to homo-
geneity by liquid chromatography in the presence of

Ž . w xan alkyl polyglucoside APG detergent 24 and in
w xthe presence of dodecyl maltoside 45 . Both prepara-

Fig. 2. SDS-PAGE of the E. coli complex I. The numbers refer
to the apparent molecular masses in kDa. Asterisks indicate the 7
membrane subunits that are mitochondrially encoded in the eu-
caryotic complex I. These subunits are poorly stained with
coomassie blue.

tions are made up solely of the 13 subunits encoded
Ž .by the nuo-genes Fig. 2 . Six subunits are peripheral

proteins. NuoB, E, F, G and I have been assigned to
the corresponding nuo-genes by N-terminal sequenc-

Ž w x .ing Ref. 24 and Table 1 . Subunit NuoCD was
proteolytically cleaved in the preparation in APG so
that its N-terminal sequence was found in a 25-kDa
protein, while an internal sequence of NuoCD was

w xfound in a 65-kDa polypeptide 24 . Using the prepa-
ration in dodecylmaltoside, NuoCD has been as-
signed to the 70 kDa polypeptide as shown in Fig. 2
w x45 . The remaining 7 subunits are very hydrophobic
proteins predicted to fold into 54 a-helices across the
membrane. Their homologues in the eucaryotic com-
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plex are mitochondrially encoded. They have been
assigned to the nuo-genes by their apparent molecu-

w xlar mass in SDS 24 . One non-covalently bound
Ž .FMN, two binuclear N1b and N1c , and three te-

Ž .tranuclear N2, N3 and N4 EPR detectable FeS
clusters have been found in both preparations. The
binuclear FeS cluster N1a found in other species was
not detected. Since the sequence motif presumed to
harbour this cluster is present, we suggest this cluster
to be present in the E. coli complex while not being

w xreducible with NADH 24,48,49 .
After reconstitution into artificial phospholipid

membranes, both preparations show NADHr
ubiquinone-2 reductase activity, which is sensitive to
inhibitors. The affinity to NADH and ubiquinone is
not changed compared to the values obtained with

w xmembrane preparations 24,45 . The NADHr
ubiquinone-2 activity of the enzyme in dodecylmalto-
side, as well as its sensitivity to piericidin A and
annonine VI is increased compared to the preparation
in APG. This might reflect a higher portion of active

w xenzyme in this preparation 10,24 .

5. Fragmentation of complex I and relationship of
the fragments to other enzymes

By raising the pH and changing the detergent to
Triton X-100, the complex I preparation in APG is
readily cleaved into three parts, called NADH dehy-
drogenase fragment, connecting fragment and mem-

w xbrane fragment 24 . The genes of the subunits that
make up the individual fragments are clustered to-
gether in the operon, except that nuoA and nuoI

Ž .have changed places Fig. 1 . Thus, the fragility of
the isolated complex helped to recognize its modular

w xstructure 11,24 .
The water-soluble NADH dehydrogenase fragment

is made up of the subunits NuoE, F, and G. It
contains the FMN- and NADH-binding site and the
EPR-detectable FeS clusters N1b, N1c, N3, and N4.
This fragment was obtained as a stable preparation
with a molecular mass of approximately 170 000 Da
w x24 . It is capable of transferring electrons from
NADH to ferricyanide with the same K values asm

the entire complex. It therefore represents the elec-
tron input part of complex I. The fragment also
catalyzes the reduction of water-soluble ubiquinone

analogues with a lowered affinity, indicating the pres-
Ž . w xence of non-physiological binding site s 24 . The

fragment was overproduced and isolated from E. coli
w x32 . Although it is made up of the subunits NuoE, F,
and G, overexpression of the corresponding genes
leads to overproduction of three apoproteins that are
not assembled. With coexpression of nuoB and CD,
the cofactors are incorporated, and the fragment is
properly assembled. It is most likely that at least
NuoCD acts as a base on which the NADH dehydro-

w xgenase fragment is built up 32 . Like the NADH
dehydrogenase fragment obtained by splitting of the
entire complex I, the overproduced fragment contains
the EPR detectable FeS clusters N1b, N1c, N3, and
N4 with spectral characteristics identical to those of

w xthe corresponding clusters in complex I 32 .
The NADH dehydrogenase fragment represents a

protein module that switches reversibly from one
two-electron to two one-electron transfer steps. It is
evolutionarily related to the diaphorase part of a

q w xbacterial NAD -reducing hydrogenase 12,13,50,51 .
The NADq-reducing hydrogenase from Alcaligenes
eutrophus is made up of the a , b , g , and d sub-
units. The brd dimer functions as a hydrogenase,

w xthe arg dimer as a diaphorase 52 . The diaphorase
part contains one FMN and several FeS clusters
w x53–55 . The N-terminus of the a subunit is homolo-
gous to NuoE, its C-terminus to NuoF. The g subunit
is homologous to the N-terminus of NuoG. This
hydrogenase is not only present in A. eutrophus and

w xRhodococcus opacus 56 but also in cyanobacteria
like Anabaena Õariabilis, DesulfoÕibrio fructosoÕo-

w xrans and Synechocystis sp. PCC6803 57–59 . Se-
quence comparisons point to a divergent evolution of
the NADH dehydrogenase fragment and the dia-
phorase part of the hydrogenases after phylogenetic

w xseparation 13 .
The connecting fragment is made up of NuoB,

CD, and I and contains the EPR detectable FeS
w xcluster N2 24 . This fragment is only soluble in the

presence of detergent, although none of the subunits
is unambiguously predicted to form membrane span-
ning helices. The fragment is assumed to connect the
NADH dehydrogenase fragment with the membrane
fragment. A fragment consisting of the homologues
of NuoB, CD, and I was isolated from Synechocystis

w xmembranes 60 . The connecting fragment might con-
stitute another structural module. In addition, NuoB
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and NuoCD show a very weak homology to the small
wand the large subunits of hydrogenases 3,12,13,61–

x63 . NuoB and the small subunit of hydrogenases
share a sequence motif of three conserved cysteines

Ž .that most likely bind an FeS cluster see below .
Most of the residues of the large subunit of hydroge-
nases that are discussed to be part of a proton path-
way are conserved in the NuoD portion of NuoCD.
The conserved amino acids in the large subunit of
hydrogenases that bind the active site Ni atom are not

w xfound in NuoCD 3,64 .
The membrane fragment is composed of NuoA, H,

and J–N which are the homologues of the mitochon-
drially encoded subunits of the eucaryotic complex
w x3 . They do not contain any known cofactor like
flavin or FeS clusters. Nothing is known about the
function of these subunits with the exception of
NuoH, which contains the ubiquinone binding site
w x65 . They are most likely involved in proton translo-

w xcation 12,13 . Rhizobium meliloti contains the so-
Žcalled pha genes from pH adaption; EMBL

.database, Acc. Nr.: X93358 that code for membrane
intrinsic proteins constituting a new type of KqrHq

Ž .antiporter P. Putnoky, personal comm. . A gene
system related to the R. meliloti pha-locus was also
found in Bacillus C-125 coding for an NaqrHq

w xantiporter 66 . PhaA and D of R. meliloti are related
to NuoL and M of complex I, respectively. The
degree of sequence identity among these putative
bacterial antiporter proteins exceeds clearly that of
any of them with the corresponding complex I sub-
units. NuoL and PhaA, as well as NuoM and PhaD,
are predicted to fold in a similar way through the

w xmembrane 12,13 .

NuoL, M and N very likely share a common
w xancestor 67 . NuoL and M are more closely related

to each other than either of them to NuoN. This
implies that NuoM is either the common ancestor of,
or an evolutionary intermediate between NuoN and
NuoL. Taking it all together, it is most likely that
NuoL, M, and N are involved in proton translocation.

6. Redox components

A detailed discussion of the FeS clusters of com-
plex I is provided by T. Ohnishi in this volume. Five
FeS clusters have been detected by EPR spectroscopy

Ž .in the E. coli complex I and its fragments Table 2 .
The binding sites for most of the FeS clusters of the
NADH dehydrogenase fragment have been proposed.
The binuclear cluster N1c has uniquely been found in
complex I from E. coli. It is presumed to be located
on NuoG, which contains a typical cysteine motif for
binding this type of cluster. This motif is not found in
the homologous subunits of other organisms, with the
exception of S. thyphimurium and Th. thermophilus
w x29,38 , from which the complex has not yet been
isolated. In analogy to the results reported for the
homologous subunit of P. denitrificans and beef

w xheart complex I 68,69 , the subunit NuoG should
also bind the binuclear cluster N1b and the tetranu-

Ž .clear cluster N4 Table 2 . Furthermore, NuoG con-
tains an atypical but conserved sequence motif for the
ligation of an additional tetranuclear FeS cluster
w x3,70 . The high amount of iron found in complex I

Table 2
EPR spectroscopic and thermodynamic properties of the FeS clusters of the E. coli complex I

Ž .Cluster Location Type Field position E mV pH dependencem,7

g g gx y z

a w xN1a NuoE 2Fe2S 1.93 1.94 2.03 y330 ?
w xN1b NuoG 2Fe2S 1.94 1.94 2.03 y230 y

b w xN1c NuoG 2Fe2S 1.92 1.95 2.00 y250 y
w xN2 NuoB 4Fe4S 1.91 1.91 2.05 y220 q
w xN3 NuoF 4Fe4S 1.88 1.92 2.04 y270 y
w xN4 NuoG 4Fe4S 1.89 1.93 2.09 y270 y

aThis cluster has not been detected unambiguously by EPR spectroscopy in the E. coli complex I.
bThis cluster has only been detected in E. coli by EPR spectroscopy.
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preparations would allow the presence of such an
additional FeS cluster that has not yet been detected
by EPR spectroscopy. NuoF is presumed to contain
the FMN binding site and the tetranuclear FeS cluster
N3 in analogy to the results obtained with Neu-

Ž . w xrospora crassa and beef heart Table 2 71,72 . The
binuclear FeS cluster N1a found in other species
should be present on NuoE, although it was not

w xdetected in the NADH reduced preparation 24 , while
the sequence motif for binding this cluster is present

w xon NuoE 3,49 .
The connecting fragment of the E. coli complex I

w xcontains the FeS cluster N2 24 . Among the subunits
that make up this fragment, only NuoB and I contain

Žbinding motifs for the ligation of FeS clusters Table
. w x1 3 . The FeS cluster N2 deserves special attention

w xbecause it is located close to the membrane 48 and
Ž .has a pH-dependent midpoint potential Table 2 . For

this reason, this cluster has been discussed to be
w xinvolved in proton translocation 48 . There are three

conserved cysteines in NuoB that could bind a FeS
cluster. The third cysteine of this motif is followed by
a proline, suggesting a tetranuclear cluster to be
present in this subunit. The fourth ligand could be a
conserved glutamate that is located N-terminal from
the cysteine motif. NuoI contains two typical ferre-
doxin motifs for the ligation of two tetranuclear FeS

w xclusters 3 .
To determine the location of the FeS cluster N2,

we have replaced all cysteines of the putative binding
motifs in NuoB and I individually to alanine by

Žunmarked mutations in the chromosome A. Schlitt,
.V. Spehr and T. Friedrich; manuscript in preparation .

The signal of the FeS clusters of complex I in the
mutant membranes strongly overlaps with signals
from other enzymes. We isolated the complex I from
the site-directed mutants NuoBCys64Ala, NuoBCys129Ala

and NuoICys102Ala. The EPR spectra of these mutants
at 40 K do not show any difference to the 40 K
spectrum of the wild-type enzyme, indicating that the
binuclear FeS clusters have not changed in these
mutants. The signal of the cluster N2 is not present in
the 13 K spectra of both NuoB mutants, while the 13
K spectrum of the NuoI mutant is essentially the

Žsame as the wildtype Fig. 3 and A. Schlitt, V. Spehr
.and T. Friedrich, manuscript in preparation . From

these data, we conclude that cluster N2 is located on
NuoB. It is very unlikely that NuoI does not bind any

Ž . Ž .Fig. 3. EPR spectra of isolated complex I from a wild-type, b
Cys129Ala Ž . Cys64Alathe NuoB , and c the NuoB mutants. The gz

signal of N2 is indicated by an arrow. Spectra were recorded at
13 K and 5 mW microwave power. Other EPR conditions were:
microwave frequency, 9.44 GHz; modulation amplitude, 0.6 mT;
time constant, 0.064 s; scan rate, 17.9 mTrmin. Samples were
reduced with a 100-fold molar excess of NADH in the presence
of redox mediators.

FeS cluster while containing two typical binding
motifs. This would imply that there are two addi-
tional FeS clusters in NuoI that have not yet been
detected by EPR spectroscopy.

7. Three-dimensional gross structure

Electron microscopy of two-dimensional mem-
brane crystals of the mitochondrial complex I from
N. crassa revealed that roughly half of the protein
mass is buried in the membrane, while the remainder

w xprotrudes into the mitochondrial matrix 73 . By
means of a single particle analysis of negatively
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Fig. 4. Three-dimensional model of the E. coli complex I. The
lower view is rotated by 908 clockwise about the axis of the
peripheral arm with respect to the upper view. The membrane
arm is shown horizontally. The lipid bilayer is symbolized by two
horizontal lines at the top separated by 4 nm.

stained complex I by transmission electron mi-
croscopy and random conical tilt reconstruction, it
was shown that the mitochondrial complex I has a
general ‘L-shape’ made of a peripheral arm and a

w xmembrane arm 74 .
Electron micrographs of the complex I preparation

in dodecyl maltoside and the three dimensional re-
construction of the images showed that the E. coli
complex I has the same L-shaped structure as the

Ž . w xmitochondrial complex from N. crassa Fig. 4 75 .
In contrast to the N. crassa complex I, the E. coli

complex shows an intrinsic variability around the
junction between the peripheral and the membrane
arm. It is unclear whether the same variability of the
angle between the two arms exists when the complex
is buried in its native membrane environment. The
junction between the two arms of the bacterial com-
plex is much smaller than it is in the mitochondrial
complex, in which it is stabilized by additional pro-

Ž .teins Figs. 4 and 5 . The small contact between the
two arms of the bacterial complex may be the reason
why isolation of complex I from bacteria is such a
difficult task.

The similarity in structure and handedness of the
peripheral arms of the bacterial and the mitochondrial
complex allowed us to assign the peripheral and
membrane arm of the bacterial complex. Further-
more, the two structures could be compared by align-

Ž .ing them Fig. 5 . Most of the mass difference be-
tween the two models is located around the mem-
brane arm, but additional protein is also present in the
peripheral arm of the mitochondrial complex, particu-
larly at the junction between the two arms. The extra
density is evenly distributed around the mitochondrial
membrane arm. From this comparison, it becomes
clear that, although the E. coli complex has only half
the mass of the N. crassa complex, the lengths of the
peripheral arms are similar, while the membrane arm
of the E. coli complex is only slightly shorter than
that of N. crassa. Both arms of the E. coli complex
are much thinner than the arms of the N. crassa
complex. In other words, the structural framework
bearing the complex I machinery is made up of two
elongated protein moieties, one protruding from the
membrane, one buried in the membrane, and both

w xarranged perpendicular to each other 75 .
Most of the additional subunits of the mitochon-

drial complex I may only have a structural role in
stabilizing the complex and keeping its redox groups
at defined distances. This may prevent electrons from
escaping the respiratory complexes and reacting with
oxygen to produce highly toxic radicals. The extra

Ž .Fig. 5. Alignment of the models for the E. coli and N. crassa complex I. a The N. crassa complex I is shown as a grey wire model
surrounding the solid E. coli complex I model with the peripheral arm colored in light grey and the membrane arm colored in dark grey.
Ž . Žb A view of the model with the membrane arms pointing towards the reader. Courtesy of Dr. Vincent Guenebaut, Dept. of´

.Biochemistry and Biophysics, UCSF, San Francisco, CA .
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proteins would therefore make energy transduction
safer for the eucaryotic cell.

8. Mechanism

The mechanism of electron transfer and its cou-
pling to proton translocation is poorly understood.
The peripheral arm oxidizes NADH and transfers the
electrons to the membrane arm. This is performed by
the FMN and the isopotential FeS clusters N1a, N1b,
N1c, N3, and N4. These clusters are all located in the
NADH dehydrogenase fragment and span a mid-

w xpoint-potential range from y330 to y230 mV 24 .
According to measurements carried out with several
eucaryotic complexes and the bacterial complexes

w xfrom P. denitrificans and R. sphaeroides 49 , the
FeS cluster N2, which is located in the connecting
fragment, has been designated as the complex I
high-potential FeS cluster. In these organisms, the
midpoint potential of N2 varies from y150 to y130

w xmV 49 . However, in E. coli the midpoint potential
of N2 is y220 mV, in other words, just 10 mV
higher than that of the isopotential FeS clusters. The
electron transfer from the isopotential FeS clusters to
the cluster N2 can therefore not be coupled with
proton translocation. Nevertheless, as the cluster N2
most likely injects the electrons into the membrane
arm, its redox reaction might possibly be connected
with a proton translocation process. It is noteworthy
that NuoCD, which is also located in the connecting
fragment, most likely contains a proton pathway that
might be linked to the redox reaction of cluster N2.
This proximal section of the electron pathway covers
a midpoint potential range from y320 mV to y220
mV in E. coli, i.e., less than one quarter of the redox
potential difference between the substrates NADH
Ž . ŽE sy320 mV and ubiquinone E sq110m,7 m,7

. Ž .mV or menaquinone E sy80 mV .m,7

The low midpoint potential of N2 might reflect the
ability of the E. coli complex I to react with
menaquinone. In that way, the loss of the available
redox potential energy of 190 mV when using
menaquinone instead of ubiquinone is partly compen-
sated. If most of cluster N2 should be in the reduced
state during the steady-state reaction, its actual poten-
tial might be much lower than its midpoint potential.
The so adjusted difference of the redox potential

between N2 and ubiquinone or menaquinone might
be sufficient for the translocation of four protons
across the membrane. This hypothesis has to be
tested by careful studies.

In the membrane arm, following a yet unknown
mechanism, the redox-driven proton translocation and
ubiquinone reduction must take place. To maintain a
reversible electron transport through the complex, the

Ž .membrane arm should contain redox group s with an
intermediate redox potential. Otherwise, the gap in
the potential between N2 and ubiquinone, namely
280 mV, would be too large to allow a reversible
electron flow. Furthermore, the Hqrey stoichiometry

w xof two 7,8 implies the existence of two coupling
sites in the membrane arm. Its elongated shape would
provide enough space for a serial arrangement of the
two sites. The first spectroscopic evidence for such a
novel redox group located in the membrane arm of
complex I from E. coli and N. crassa has been
obtained. An unknown component can be detected in
the membrane arm by transient UVrVIS spec-
troscopy following partly reoxidation of the NADH-
reduced complex. To reveal the role of this compo-
nent in the mechanism of complex I, its structure has

w xto be identified 76 .
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