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Complex I: A Chimaera of a Redox and Conformation-Driven
Proton Pump?

Thorsten Friedrich?

From phylogenetic sequence analysis, it can be concluded that the proton-pumping NADH:ubiquinone
oxidoreductase (complex I) has evolved from preexisting modules for electron transfer and proton
translocation. Itis built up by a peripheral NADH dehydrogenase module, an amphipatic hydrogenase
module, and a membrane-bound transporter module. These modules, or at least part of them, are also
present in various other bacterial enzymes. It is assumed that they fulfill a similar function in complex

| and related enzymes. Based on the function of the individual modules, it is possible to speculate
about the mechanism of complex I. The hydrogenase module might work as a redox-driven proton
pump, while the transporter module might act as a conformation-driven proton pump. This implies
that complex | contains two energy-coupling sites. The NADH dehydrogenase module seems to be
involved in electron transfer and not in proton translocation.

KEY WORDS: NADH:ubiquinone oxidoreductase; NADH dehydrogenase; complex |; modular evolution; Fe-S
clusters; electron transfer; proton translocatiéscherichia coli

INTRODUCTION Two modules of complex | are proposed to be involved in
proton translocation, each of them representing one cou-
The proton-pumping NADH:ubiquinone oxidore- pling site.
ductase, also called complex |, is the first of the respiratory
complexes providing the proton-motive force required for
energy-consuming processes like the synthesis of ATP, MODULAR STRUCTURE OF COMPLEX
active transport, and motion (Weissal,, 1991; Walker,
1992; Brandt, 1997). During the last years, the genomes  The Escherichia colicomplex | is a good example
of 30 bacteria, 10 eukarya, and 8 archaea have been deto visualize the modular structure of complex I. In gen-
ciphered. Sequencing of more than 300 other genomeseral, 14 genes code for subunits of the bacterial com-
is underway. These data revealed that homologs of com-plex | (Friedrichet al, 1995). InE. coli the complex |
plex | exist in bacteria, archaea, and in mitochondria and genes are organized in the so-calleab operon (from
chloroplasts (Friedricket al, 1995; Friedrich and Weiss, NADH:ubiquinone aidoreductase; Weidnet al., 1993)
1997; Friedrich and Scheide, 2000). The proton-pumping With the particularity that the genesioCandD are fused
NADH:ubiquinone oxidoreductase is a member of a large to one gen@uoCD(Braunet al,, 1998; Friedrich, 1998).
family of energy-converting oxidoreductases that accepts The resulting 13 complex | subunits are named NuoA
electrons from a hydride donor and passes them to ato NuoN. TheE. coli complex was isolated in the pres-
membrane-bound two-electron acceptor (Friedrich and ence of alkyl glycoside detergents at pH 6.0 (Letifal,
Scheide, 2000). An attempt is made in this review to 1995; Spehet al, 1999). The preparation has a molec-
elucidate the mechanism of complex | based on conclu- ular mass of approx. 550 kDa and is composed of the
sions drawn from its modular structure and evolution. 13 subunits coded by theuo genes (Leifet al, 1995;
Spehret al,, 1999). It contains one flavin mononucleotide
Lnstitut fir Biochemie, Universitt Dtisseldorf, Universittsstr. 1, (FMN) and_ up to,nme iron-sulfur (Fe-S) Clu.SterS' By
D-40225 Disseldorf, Germany. e-mail: Thorsten.Friedrich@uni- Means of biochemical procedures, the preparation can eas-
duesseldorf.de ily be cleaved, resulting in a fragmentation pattern that
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Table I. Properties of thé&. coli Complex | and Its Fragments

Preparation Electron transfer activity Subunits Cofactors
Complex | NADH/ferricyanide NuoA
NADH:ubiquinone NuoB Ix [4Fe-4S], N2
NuoCD
NuoE 1x [2Fe-2S], Nl1a
NuoF FMN; 1x [4Fe—-4S], N3
NuoG 2x [2Fe-2S], N1b, N1&
2 x [4Fe—4S], N4, N5
NuoH
Nuol 2 x [4Fe-4S], N6a/N6b
NuoJ
NuoK
NuoL
NuoM
NuoN
NADH dehydrogenase fragment NADH/ferricyanide NuoE x [2Fe-2S], N1a
NuoF FMN, 1x [4Fe-4S], N3
NuoG 2x [2Fe-2S], N1b, N1t
2 x [4Fe—-4S], N4, N5
Connecting fragment None NuoB X [4Fe—-4S], N2
NuoCD
Nuol 2 x [4Fe-4S], N6a/N6b
Membrane fragment None NuoA
NuoH
NuoJ
NuoK
NuoL
NuoM
NuoN

aThis cluster has so far only been detected inEheoli complex I.

helped to elucidate the modular structure of complex | typical cysteine motif for binding of such a cluster, which
(Leif et al, 1995; Table ). is not found in the homologous subunits of other organ-
The soluble NADH dehydrogenase fragmentis com- isms, with the exception ddalmonella typhimuriurand
posed of the subunits NuoE, F, and G (Table I). One FMN Thermus thermophilug-riedrich, 1998). From the latter,
and the EPR-visible Fe-S clusters N1b, N1c, N3, and complex | has not been isolated so far. In addition, NuoG
N4 have been detected in this preparation (e&éfl., 1995; contains a binding site for a second tetranuclear cluster,
Braunet al, 1998). It has been shown that the homolog of most likely N5. It was controversal whether this clusteris a
NuoE ofParacoccus denitrifican®Nqo2, carries the Fe—S  true cofactor of complex | because of its low concentration
cluster Nla (Yanet al,, 1994). Since the typical binding in complex | preparations (Ohnishi, 1979, 1998; Beinert
motifis conserved, itis reasonable to assume that this Fe—Sand Albracht, 1982). N5 has recently been detected in the
cluster is present in NuoE of tHe coli NADH dehydro- overproduced homolog of NuoG i denitrificans Nqo3
genase fragment as well, although it has not yet been de-(Yanoet al, 1995; Ohnishi, 1998; T. Ohnishiand T. Yano,
tected. NuoF contains the NADH-binding site, the FMN, pers. commun.). Itis most likely present in stoichiometric
and the Fe—S cluster N3 as it has been shown for complexamounts in complex |, but the major portion of the N5
| from beef heartNeurospora crassandP. denitrificans spins may be in thé& = 3/2 ground state leading to an
(Chen and Guillory, 1981; Fearnley and Walker, 1992; underestimation of the spins in tlge= 2 region (Yano
Weidneret al,, 1993; Fecket al,, 1994; Yancet al., 1996; et al, 1995; Ohnishi, 1998; T. Ohnishi and T. Yano, pers.
Ohnishi, 1998). NuoG is assumed to bind the Fe-S clus- commun.).
ter N4 (Yanoet al,, 1996; Ohnishi, 1998). The binuclear The second, amphipathic fragment is presumed to
cluster N1c, which has so far been uniquely found in the connect the NADH dehydrogenase fragment with the
preparation of th&. colicomplex I, is most likely located = membrane fragment and is, therefore, called connect-
on NuoG as well (Leietal, 1995). This subunitcontainsa ing fragment (Leifet al, 1995). The isolated connecting
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fragment shows no reactivity toward NADH or quinones electron input module of complex | (Brawt al, 1998).
(Leif et al, 1995). It is composed of the subunits NuoB, It is an evolutionarily conserved protein module for the
CD, and | and contains the EPR-detectable Fe—S clus-reversible transformation of one two-electron to two one-
ter N2 (Leif et al,, 1995). This cluster is most likely lo-  electron transfer steps (Friedrich and Weiss, 1997). The
cated on subunit NuoB as indicated by EPR-spectroscopicNADH dehydrogenase module is also part of several bac-
analysis of site-directed mutants f coli and Yarrowia terial NAD-dependent hydrogenases and formate dehy-
lipolytica (Friedrich, 1998; Ahlergt al, 2000), although  drogenases (Bowien and Schlegel, 1981; Pilkingtoa.,
site-directed mutagenesis of tRéodobacter capsulatus 1991, Friedrich and Weiss, 1997; Oh and Bowien, 1998).
homolog of Nuol indicated that N2 could also be local- The connecting fragment represents a part of the
ized on this subunit (Chevallet al, 1997). The subunit  hydrogenase module (Friedrich and Scheide, 2000). The
Nuol contains two conserved binding motifs for the lig- four subunits comprising this fragment are homologous
ation of tetranuclear Fe-S clusters (Fearnley and Walker, to subunits of a family of membrane-bound multisubunit
1992; Weidneret al, 1993). However, it has recently hydrogenases @im et al, 1990; Sauteet al, 1992;
been shown by means of combined UV/vis and EPR spec-Friedrich et al, 1993; Albracht, 1993; Weidnegt al,
troscopy that complex | contains two additional Fe—S clus- 1993). In addition to the subunits of the connecting frag-
terslocated on Nuol that have not yet been deteced by EPRment, the hydrogenase module (defined by sequence ho-
spectroscopy (Friedrickt al, 2000; Rasmusseet al,, mology) also contains the hydrophobic subunits NuoH
2001). A redox difference absorption of a chromophore and NuolL, which are present in the preparation of the
was detected in isolated complex | that did not arise from membrane fragment (Leét al, 1995). Beside these two
one of the known cofactors. This absorption is also present subunits, the membrane fragment contains the transporter
in the connecting fragment of tHe. coli complex | and module (defined by sequence homology). The name of
other enzymes containing a homolog of Nuol (Friedrich this module derives from the homology of NuoM and N
et al, 2000; Rasmusseat al., 2001). These Fe-S clusters to subunits of K or Na"/H™ antiporter mentioned above
have been named N6a and N6b because they both exhibi{Friedrich and Scheide, 2000).

the same pH-independent midpoint potential (Rasmussen

et al, 2001). The close contact between NuoB and Nuol OCCURRENCE OF THE COMPLEX |

(see below) might explain why mutations in Nuol have an HOMOLOGS

effect on cluster N2 on NuoB (Chevallet al,, 1997).

Finally, the membrane fragment is composed of the The complex | of most bacteria and mitochondria
seven hydrophobic subunits NuoA, H, J, K, L, M, and N, couples the transfer of electrons from NADH to a quinone
which are mitochondrially encoded in eukaryotes. NuoL, with translocation of protons across the membrane (Weiss
M, and N most likely share a common ancestor and aroseet al, 1991; Walker, 1992; Brandt, 1997; Friedrich and
by gene triplication (Kikuno and Miyata, 1985; Fearnley Scheide, 2000). It has been reported that in some bacte-
and Walker, 1992). They are related to subunits of a novel ria complex | might pump Naions (Krebset al, 1999;
type of Kt or Na/H* antiporter that has been detected in  Steubeetal,, 2000). Generally, the bacterial complex con-
Sinorhizobium melilotandBacillus sp. C-125 (Putnoky  sists of 14 different subunits and is considered as a struc-
etal, 1998; Hamamotet al,, 1994; Friedriclet al., 1995; tural minimal form of NADH:ubiquinone oxidoreductase
Friedrich and Weiss, 1997; Kosoebal,, 1999). Thus far, (Weidneret al.,, 1993; Xuet al,, 1993; Yancet al., 1997;
no cofactor has been detected in this fragment. However, Dupuiset al,, 1998) . Seven subunits are peripheral pro-
there are some lines of evidence for the existence of a high-teins bearing all known redox groups of complex I. The
potential cofactor in complex | that might be located in remaining seven subunits are most hydrophobic proteins
the membrane fragment (Friedrich, 1998; Friedechl,, predicted to fold into 54¢-helixes across the membrane.
2000; Schulteet al,, 1998, 1999). The chemical structure Little is known about their function, but they are most
of this cofactor is not yet known, but from its UV/vis and likely involved in proton translocation (see below).

FT-IR spectra it has been speculated to be a modified The mitochondrial complex | of eukaryotes was
amino acid with a quinoid structure (Schuéeal., 1999; adapted from a bacterial progenitor in the course of en-
Friedrichet al, 2000; see also U. Schulte, this issue). dosymbiosis. In addition to the homologs of the 14 bac-

The three fragments described above correspondterial subunits, it contains up to 27 extra proteins. The
roughly to the modules from which the complex evolved homologs of the seven hydrophobic subunits are mi-
and which are present in other bacterial enzymes as well.tochondrially encoded in all eukaryotes (Walker, 1992;
The NADH dehydrogenase fragment is capable of cat- Schulte and Weiss, 1995). Most of the extra proteins
alyzing the NADH/ferricyanide activity and representsthe of beef heart andN. crassashow a small but distinct
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sequence identity (Schulte and Weiss, 1995; Videira, have beenfoundinthe hyperthermophilic sulfate-reducing
1998), their function for the mitochondrial complex I, archaeonArchaeoglobus fulgidugKlenk et al, 1997).
however, remains unclear. Two of them appear to be In the methanogenic archaedviethanosarcina mazei
involved in a biosynthetic pathway with a specialized methanophenazine, a hydrophobic 2-hydroxyphenazine
means for respiration (Schneidet al, 1997). One is with an ether-bridged polyisoprenoid side chain has been
an acyl carrier protein with a phosphopantetheine group identified as electron acceptor indicating the presence of a
(Runswick et al., 1991; Sackmanret al., 1991) and Fa20H2:methanophenazine oxidoreductase (Abkeal.,
the other belongs to a heterogeneous family of reduc- 1998; Baumeret al, 2000; Briggemannret al,, 2000).
tases/isomerases with a conserved nucleotide-binding sitdn both organisms, the complex | homolog is the main
(Walker, 1992; Schultet al., 1999; see also U. Schulte, generator of proton-motive force (Kunoet al., 1994;
this issue). Deppenmeieet al, 1999). The electron donor of the com-
Cyanobacteria contain homologs of 11 out of the plex | homolog of the crenarchaedéwropyrum pernixs
14 bacterial complex | genes. Three genes coding for not yet known (Kawarabayast al., 1999; Friedrich and
NuoE, F, and G, which constitute the electron input part Scheide, 2000).
of complex I, namely, the NADH dehydrogenase module, All members of the complex | family contain ho-
are missing (Friedricht al,, 1995; Friedrich and Scheide, mologs of 11 subunits that should constitute the structural
2000). It has been shown that cyanobacteria indeed con-framework for proton translocation and quinone binding,
tain a homolog of complex | (Berget al,, 1991) with an despite the fact that the electron donor, the electron input
electron input module different from the one of the bac- module, and the electron acceptor may vary (Friedrich and
terial complex (Boisoret al, 1999). The cyanobacterial Scheide, 2000).
complex is most likely involved in photosynthetic elec-
tron transfer involving photosystem | (Mit al,, 1992)
and it has been discussed that either ferredoxin, NADPH MODULAR EVOLUTION OF COMPLEX |
or NADH might function as electron donor (Bergstral,
1993; Friedrichet al,, 1995; Guedenegt al, 1996). The Analysis of phylogenetic calculations revealed the
cyanobacterial complex | should, therefore, work either modular evolution of complex | (Friedrich and Weiss,
as ferredoxin:plastoquinone or NAD(P)H:plastoquinone 1997; Friedrich and Scheide, 2000; Fig. 1). The electron
oxidoreductase. transfer proteins NuoB and NuoD, which are also present
The plastidal complex of higher plants was adapted in nowadays soluble [NiFe] hydrogenases can be traced
from a cyanobacterial progenitor by endosymbiosis, back to the oldest ancestor. NuoB and the small subunit
as revealed by the presence of the homologs of the of the hydrogenases share the binding motif for the liga-
11 cyanobacterial complex | genes in the plastidal genometion of one tetranuclear Fe-S cluster. Most of the amino
(Shimada and Sugiura, 1991; Ogawa, 1991; Friedrich acids that are presumed to constitute a proton pathway
et al, 1995). Like in cyanobacteria, the plastidal com- in the large subunit of the hydrogenases are conserved
plex is involved in cyclic electron transfer in the light in NuoD, while the residues that ligate the active [NiFe]
and most likely in chlororespiration in the dark (Burrows center of hydrogenases are not conserved (Frieétiah
et al, 1998; Koferet al, 1998). A complex | prepara- 1993; Albracht, 1993; Volbedet al., 1995; Friedrich and
tion from pea thylacoids contains 16 subunits (Sazanov Weiss, 1997). The combination of the common ances-
etal, 1998). It has been proposed that this preparation in- tor of complex | and the soluble hydrogenases with the
cludes the subunits constituting the NADH dehydrogenase ferredoxin-type subunit Nuol, the ion-translocating NuoL,
part (Sazanoeet al, 1998). However, the genes coding as well as NuoH, which is involved in quinone binding,
for these subunits have not yet been detected (Grohmanrgave rise to a common ancestor of complex | and a fam-
et al, 1996). ily of membrane-bound multisubunit hydrogenases. This
The complex | homolog of archaea works asgH, common ancestor is present in the nowadays complex | as
dehydrogenase @imer et al, 2000; Friedrich and  hydrogenase module (Fig. 1).
Scheide, 2000). Like cyanobacteria, some archaea con- The family of the membrane-bound multisubunit
tain 11 of the 14 bacterial complex | subunits, while the hydrogenases includes the Ech hydrogenadéethano-
subunits that comprise the NADH dehydrogenase module sarcina barkerj the hydrogenase 3 and 4 of the formate
are missing. Most likely this module has been replaced by hydrogenlyase system d&. coli, the CO-induced hy-
an FxoH, dehydrogenase module exhibiting an analogous drogenase oRhodospirillum rubrumand several other
function. Fx0H; is a reversible hydride donor like NADH.  enzymes from bacteria and archaeal{Bi‘et al., 1990;
The genes for an fzH>:menaquinone oxidoreductase Fox et al, 1996a; Andrewset al, 1997; Kinkel et al,
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Common ancestor with  (fuonp three to ten additional hydrophobic subunits, which show
o no sequence homology to complex | subunits (Teerstegen
and Hedderich,1999; Friedrich and Scheide, 2000).
I (ol ] Upon evolutionary division, the membrane part of
™~ complex | was equipped with further membrane proteins
Common ancestor with by acquisition of NuoA, J, and K and by triplication of
hrdrogenases Hyflreatr the gene of the ion-translocating protein NuoL (Fig. 1).

Nothing is known about the function of NuoA, J, and
K, but homologs of the seven hydrophobic subunits
including NuoA, J, and K are present in all members
of the complex | family. The subunits NuoM and N are
related to bacterial antiporters (see above), therefore, the
membrane-bound extension of the hydrogenase module
Common ancestor of the | Hydragenase ; j. was called the transporter module (Friedrich and Scheide,
‘ 2000). The hydrogenase module together with the trans-
NADHDHasa porter module build the common ancestor of the complex
N'ggguges I homologs of bacteria, archaea, and eukarya (Fig. 1).
The “classical” complex | of bacteria and eukarya
adapted the NADH dehydrogenase module, which led
to the formation of nowadays proton-pumping NADH:
quinone oxidoreductase (Fig. 1). The homolog in archaea
adapted the JoH, dehydrogenase module, which led to
the formation of the IpoHz2:quinone oxidoreductase. It
i remains an open question whether the cyanobacterial com-
Archaeal Cyanobacterial Bacterial plex | homolog was equipped with its own electron input
complex! complex! complex! module for ferredoxin or NAD(P)H or whether it evolved
Fig. 1. Hypothetical scheme of the modular evolution of complex 1. An DY alterations of the already existing hydrogenase module.
ancestral hydrogenase made up by the progenitors of NuoB and D (upperFrom the modular structure and evolution of complex | it
block) evolved by addition of a ferredoxin (Nuol), atransport protein (the s clear that nowadays homologs of complex | are made up
progenitor of NuoL, M, and N), a quinone-binding protein (NuoH), and a of three major domains: a variable electron input module,

protein of yet unknown function (NuoC). This led to the formation of the d hvd dt " dule (Eia. 1
common ancestor of complex | and the membrane-bound hydrogenasesaConserve ydrogenase, and transporter module (Fig. 1).

This enzyme was equipped with further proteins by triplication of the
transporter protein NuoL and addition of NuoA, J, and K leading to the

common ancestor of complex | of bacteria, cyanobacteria, and archaea.A MODULAR MECHANISM FOR COMPLEX 1?
The bacterial and the archaeal complex | emerged by acquisition of the

NADH dehydrogenase module (NuoE, F, and G) and thgHr, de- . .
hydrogenase module, respectively. The nature of the module adapted to It is reasonable to assume that the function of the
build the cyanobacterial complex is not yet known. It cannot be excluded Modules is similar in complex | and the related bacte-

that the latter possibly evolved also by adaption of the NADH dehydro- rial enzymes. Thus, one can speculate about the function
genase module or from alterations of the already existing hydrogenase of the individual modules within complex |. The NADH
module. The hydrogenase module is shown in light grey, the transporter dehydrogenase module is not present in the complex I ho-
module in dark grey, and the different electron input modules in white. . . .
mologs of cyanobacteria and archaea, while it is found in
other soluble enzymes. These enzymes like the NAD
1998; Meueret al, 1999; Teerstegen and Hedderich, reducing hydrogenase or formate dehydrogenase from
1999; Friedrich and Scheide, 2000). These hydrogenasesRalstonia eutrophare notdirectly involved in energy cou-
seemto be involved in electron transfer from low-potential pling (Massanzt al, 1998; Oh and Bowien, 1998). Fur-
electron donors to protons leading to the production of thermore, the Gibbs free energy available from the electron
hydrogen (Teerstegen and Hedderich, 1999). They all transfer reactions between the cofactors of this module is
contain homologs of the hydrophilic subunits NuoB, C, not sufficient to drive proton translocation (Sleat’ al,,
D, and | and of the hydrophobic subunits NuoH and L. 1993; Brauret al,, 1998; Friedrich, 1998; Ohnishi, 1998).
In some cases, a homolog of NuoC is missing and Nuol The isolated NADH dehydrogenase fragment fiéncoli
has been replaced by polyferredoxins, which might fulfill has been reduced with NADH and the reoxidation kinet-
a related function. Some of these hydrogenases containics of the FMN and the Fe—S clusters N1b, N1c, N3, and

NADH DHase
Module
NuoE,F,G

Hydrogenase | Transportel
Module
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N4 have been followed by UV/vis and EPR spectroscopy this reaction does not provide sufficient energy under
(Scheideet al,, 2001). It was demonstrated that all cofac- standard conditions, it is assumed that the reaction be-
tors reoxidize with the same rate, which would be unlikely comes more exergonic under low hydrogen partial pres-
if one of the electron transfer reactions would be coupled sures (Andrewst al, 1997). Methanosarceina barkeri
to proton translocation (Scheid¢ al,, 2001). Taking to- is capable of synthesizing GCGand H, from CO un-
gether, it is very unlikely that the electron transfer within der certain growth conditions. This reaction is coupled
the NADH dehydrogenase module is coupled with proton with a proton translocation (Bott al, 1986; Bott and
translocation, although it contains most of the known co- Thauer, 1989). It is assumed that the Ech hydrogenase
factors of complex I. Its role may be to collect electrons is the energy-converting enzyme in this metabolic path-
and pass them to the hydrogenase module in order to keepvay (Kiinkelet al,, 1998). Because of that the membrane-
the Fe-S clusters of this module in a reduced state (Fig. 2).bound hydrogenases are most likely proton pumps with a
The hydrogenase module is homologous to the nowa- stoichiometry of 1 H/e™.
days membrane-bound multisubunit hydrogenases. There ~ This would imply that the hydrogenase module pro-
are some indications that members of the family of vides one coupling site in complex | as well, although
membrane-bound multisubunit hydrogenases might con-there are a few differences between the hydrogenases and
stitute a site of energy conservation. The strongest ev- complex |I. The hydrogenases contain a [NiFe] active site,
idence for this suggestion stems from the finding that which is missing in complex | (van der Spekal., 1996)
R. rubrumis able to grow on CO, which is converted to and react with hydrogen, which is not a substrate for com-
CO, and H in the dark. Therefore, this reaction has to plex|. Onthe other hand, complex | uses quinones as elec-
be coupled with energy conservation. As the CO-induced tron acceptors, which are not a substrate for the hydroge-
hydrogenase is the only membrane-bound enzyme in thisnases (Meueet al., 1999). Inhibitor-insensitive complex
reaction, it is most likely the involved proton pump (Fox | mutants ofR. capsulatusind labeling experiments with
et al, 1996b). It has been proposed that the hydroge- inhibitors of the complex | quinone-binding site have sug-
nase 4 of thee. coli formate hydrogenlyase system is a gested that the homologs of NuoB, D, and H are involved
proton pump as well (Andrewst al, 1997). Although in quinone binding (Earlewt al, 1987; Darrouzeet al,,
1998; Schuleet al, 1999; Prieutet al, 2001). All these
subunits are part of the hydrogenase module (Fig. 2).
NADH Therefore, it was assumed that during evolution of com-
plex I, the common ancestor with the membrane-bound
hydrogenases has lost its [NiFe] active site and gained
the ability to react with quinones (Friedrich and Scheide,
2000). For substrate reduction, both enzymes, complex |
as well as the membrane-bound hydrogenases, use protons
from the cytoplasmic site of the membrane (Weitsl,,
H+- : ; 1991; Walker, 1992; Brandt, 1997; Meuet al, 1999).
Furthermore, most of the amino acids proposed to form a
proton channel within the large subunit of hydrogenases
are conserved in the homologous complex | subunit (see
above). This might indicate that the overall topology of
the proton pump in the hydrogenase module of complex |

N1a N1b N1c
N3 N4 N5

v out and the membrane-bound hydrogenases is rather similar.
. . The hydrogenase module is assumed to accept elec-
H H trons from the NADH dehydrogenase module by means of

_ _ _ the Fe—S clusters N6a and N6b on Nuol. Within this mod-
Fig. 2. Hypothetical mechanism of complex |. The NADH dehydroge- le. th lect t f d via cluster N2 NuoB
nase module shown in white accepts electrons from NADH and transfers ule, the e ectrons afe' ran§ errg Via cluster on Nuo
them to the hydrogenase module (light grey) via the FMN and the Fe—s O the quinone reduction site (Fig. 2). The proton translo-
clusters N1a, N1b, Nic, N3, N4, and N5. The electrons are accepted by cation coupled with this electron transfer might be accom-
the Fe-S clusters N6aand N6b. Further electron transfer to N2 andfinally plished by NuoL, which belongs to the ion-translocating
ubiquinone is linked with a redox-driven prgton translocatl_on. Itis as- proteins. From sequence comparisons, it has been pro-
sumed that the overall electron transfer mediates conformational changes d that the h | f Nuol t ial cl
to the transporter module (dark grey) by a yet unknown coupling mech- posed that the Om,° Og§ ofNuolrepresent a S.peCIa. qass
anism. The transporter module would provide a second, conformation- Of an 8Fe—ferredoxin, which works as the electrical driving
driven coupling site. unit for a proton pump (Albracht and Hedderich, 2000).
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The sequence motif for binding of the two 4Fe—4S clus- The FT-IR difference spectra contained even more
ters contains conserved acidic amino acids that might getinformation. The electrochemically induced redox differ-
protonated upon reduction of the Fe—S clusters. It is as- ence spectra of the fully oxidized minus the fully reduced
sumed that the electron transfer involving these Fe—S clus-complex | show strong positive and negative signals in the
ters is charge compensated by the protonation of theseamide | region from 1700 to 1600 crh (Hellwig et al.,
amino acids (Albracht and Hedderich, 2000). However, it 2000). They reflect large reorganizations of the polypep-
has been shown experimentally that the midpoint potential tide backbone accompanied with the reaction of complex
ofthe Fe—S clusters on this subunit, N6a and N6b (Table 1), I. In this respect, it is striking that the transporter mod-
is not pH dependent (Friedriokt al., 2000; Rasmussen ule contains the subunits NuoN and M, which are ho-
et al, 2001). On the other hand, the midpoint potential mologous to K and Na /H* antiporters (Friedrich and
of N2 located on NuoB is pH dependent. This has led to Weiss, 1997). Transporters translocate substrates across
the assumption that N2 is involved in proton transloca- the membrane by changing their conformation (Sahin-
tion (Ingledew and Ohnishi, 1980; Ohnishi, 1998) and its Tothetal, 2000). The modular evolution of complex | and
role as a redox Bohr group has been discussed (Brandtthe large conformation changes associated with the reac-
1997). The pH dependence of N2 exhibits a negative slopetion of complex | give rise to the idea that the transporter
implying that reduction of N2 is coupled to a proton up- module of complex | might represent a second coupling
take and reoxidation of N2 leads to a deprotonation of the site in complex | that works as a conformation-driven pro-
redox Bohr group (Ingledew and Ohnishi, 1980; Brandt, ton pump (Fig. 2).
1997). It has been known for some time, that binding of
Recently, it has been shown by means of combined substrates or inhibitors to complex | or the reduction of
electrochemistry and FT-IR spectroscopy that the electronthe complex leads to changes in the observed fragmen-
transfer involving N2 is coupled with a protonation/ tation or crosslink pattern (Rossi al., 1965; Gondal
deprotonation of an acidic amino acid (Hellwég al,, and Anderson, 1985; Kotlyar and Gutman, 1992; Sled’
2000). Electrochemically induced FT-IR difference spec- and Vinogradov, 1993; Belogrudov and Hatefi, 1994;
tra of theE. coli complex | were obtained at a potential Yamaguchiet al, 1998). It is not yet clear whether these
where the FMN and all Fe-S clusters were oxidized, but conformation changes are related to proton pumping in
N2 was still reduced and at a potential where the FMN complex 1, although it has been proposed that energy
and all Fe=S clusters including N2 were oxidized. The coupling in complex | may involve protein conformation
difference FT-IR spectra revealed changes in the proteinchanges as a key step (Yamaguehal,, 1998; Sazanov
structure and in the protonation states of amino acids thatet al,, 2000).
are due to the redox reaction of N2 (Hellwagal., 2000). Recent electron microscopic investigations in our
The main feature of the difference spectrais a positive group using the isolated complex | frdmcolihave shown
absorption around 1710 crh, which has been attributed  that the complex is indeed made up of three major do-
to protonated aspartic or glutamic side chains and two mains, as depicted in Fig. 2 (BoBcheret al,, in prepara-
negative absorptions at 1556 and 1410 ¢mttributed to tion). The molecular mass of these three domains fit nicely
the respective signals for the deprotonated forms. Thesewith the masses of the modules as derived from the corre-
data indicate that an Asp or Glu side chain is protonated sponding DNA sequences. Electron micrographs of oxi-
coupled to the oxidation of N2 and, therefore, does not dized and reduced complex I single particles revealed a dif-
represent the protonation of a redox Bohr group associ- ferent conformation of the complex depending on its redox
ated with N2. It has been proposed that the proton being state (B. Bttcheret al, in preparation). These data fit with
released from the redox Bohr group upon oxidation of N2 the ideathatthe transporter module represents a conserved
is picked up by the acidic amino acid as observed by FT-IR device for conformation-driven proton translocaction.
spectroscopy (Hellwigt al., 2000). Itis possible that such Based on this, one can speculate that complex | con-
a proton transport chain driven by the redox reaction of N2 tains two coupling sites and is a chimera of a redox-driven
represents one energy-coupling site in complex I. It can be and a conformation-driven proton pump. The redox-driven
speculated that the protonation of an acidic amino acid as- part would be provided by the hydrogenase module with
sociated with the oxidation of N2 is the molecular switch the redox reaction of cluster N2 as the molecular switch
involved in proton translocation in the hydrogenase mod- for proton pumping. The conformation-driven part would
ule of complex | as well as in the membrane-bound mul- be provided by the transporter module with the subunits
tisubunit hydrogenases. The hydrogenase module might,NuoM and N as the second coupling site within complex
therefore, represent a conserved device for redox-drivenl. The coupling between the electron transfer reaction and
proton translocation. the conformational changes remains to be established.



176

ACKNOWLEDGMENTS

This work was supported by the Deutsche
Forschungsgemeinschaft. | would like to thank M.
Hesterberg and Drs. U. Schulte and D. Scheide for critical
reading of the manuscript.

REFERENCES

Abken, H. J., Tietze, M., Brodersen, J.alher, S., Beifuss, U., and
Deppenmeier, U. (1998). Bacteriol.180, 2027—-2032.

Ahlers, P. M., Zwicker, K., Kerscher, K., and Brandt, U. (20QD)Biol.
Chem 275 23577-23582.

Albracht, S. P. J. (1993Biochim. Biophys. Acta144 221-224.

Albracht, S. P. J., and Hedderich, R. (2000EBS Lett485 1-6.

Andrews, S. C., Berks, B., McClay, J., Ambler, A., Quail, M. A., Golby,
P., and Guest, J. R. (199 Mlcrobiology 143 3633-3647.

Baumer, S., Ide, T., Jacobi, C., Johann, A., Gottschalk, G., and
Deppenmeier, U. (2000J. Biol. Chem275 17968-17973.

Beinert, H., and Albracht, S. P. J. (198Bjochim. Biophys. Act&83
245-277.

Belogrudov, G. I., and Hatefi, Y. (1998iochemistry33, 4571-4576.

Berger, S., Ellersiek, U., and Steiniter, K. (1991).FEBS Lett.286,
129-132.

Berger, S., Ellersiek, U., Kinzelt, D., and Steinlet, K. (1993).FEBS
Lett. 326, 246—-250.

Bohm, R., Sauter, M., anddgk, A. (1990) Mol. Microbiol. 4, 231-243.

Boison, G., Bothe, H., Hansel, A., and Lindblad, P. (1998MS Mi-
crobiol. Lett.174, 159-165.

Bott, M., and Thauer, R. K. (1989%ur. J. Biochem179, 469-472.

Bott, M., Eikmanns, B., and Thauer, R. K. (198Byr. J. Biochem159,
393-398.

Boettcher, B., Scheide, D., Hesterberg, M., and Friedrich, T., in prepa-
ration.

Bowien, B., and Schlegel, H. G. (198 Bnnu. Rev. Microbiol35, 405—
452,

Brandt, U. (1997)Biochim. Biophys. Acta318 79-91.

Braun, M., Bungert, S., and Friedrich, T. (199Bjochemistn87, 1861—
1867.

Briiggemann, H., Falinski, F., and Deppenmeier, U. (20@&j. J.
Biochem267, 5810-5814.

Burrows, P. A., Sazanov, L. A., Svab, Z., Maliga, P., and Nixon P. J.
(1998).EMBO J.17, 868-876.

Chen, S., and Guillory, R. J. (1981).Biol. Chem256, 8318-8323.

Chevallet, M., Dupuis, A., Lunardi, J., van Belzen, R., Albracht, S. P. J.,
and Issartel, J. P. (1997ur. J. Biochem250, 451-458.

Darrouzet, E., Issartel, J. P., Lunardi, J., and Dupuis, A. (199BRS
Lett. 431, 34-38.

Deppenmeier, U., Lienhard, T., and Gottschalk, G. (19B€BS Lett.
457, 291-297.

Dupuis, A., Chevallet, M., Darrouzet, E., Duborjal, H., Lunardi, J., and
Issartel, J. P. (1998Biochim. Biophys. Acta364 147-169.

Earley, F. G. P., Patel, S. D., Ragan, C. |., and Attardi, G. (198RS
Lett.219 108-112.

Fearnley, |. M., and Walker, J. E. (199Bjochim. Biophys. Actd14Q
105-134.

Fecke, W., Sled’, V. D., Ohnishi, T., and Weiss, H. (199&r. J.
Biochem220, 551-558.

Fox, J. D., Kerby, R. L., Roberts, G. P., and Ludden, P. W. (1995a).
Bacteriol.178 1515-1524.

Fox, J.D., He, Y., Shelver, D., Roberts, G. P., and Ludden, P. W. (1996b).
J. Bacteriol.178 6200-6208.

Friedrich, T. (1998)Biochim. Biophys. Act4364 134—146.

Friedrich, T., and Scheide, D. (200BEBS Lett479 1-5.

Friedrich, T., and Weiss, H. (1997). Theoret. Biol187, 529-541.

Friedrich

Friedrich, T., Weidner, U., Nehls, U., Fecke, W., Schneider, R., and
Weiss, H. (1993)J. Bioenerg. Biomemb25, 331-339.

Friedrich, T., Steinnaller, K., and Weiss, H. (1995FEBS Lett367,107—
111.

Friedrich, T., Brors, B., Hellwig, P., Kintscher, L., Scheide, D., Schulte,
U., Rasmussen, T., dfitele, W., and Weiss, H. (200@iochim.
Biophys. Actal459 305-310.

Gondal, J. A., and Anderson, W. M. (1983) Biol. Chem260, 12690—
12694.

Grohmann, L., Rasmusson, A. G., Heiser, V., Thieck, O., and Brennicke,
A. (1996).Plant J.10, 793-803.

Guedeney, G., Corneille, S., Cuine, S., and Peltier, G. (1F¥BS Lett.
378, 277-280.

Hamomoto, T., Hashimoto, M., Hino, M., Kidata, M., Seto, Y., Kudo,
T., and Horikoshi, K. (1994Mol. Microbiol. 14, 939-946.

Hellwig, P., Scheide, D., Bungert, S.,avitele, W., and Friedrich, T.
(2000).Biochemistry39, 10884-10891.

Ingledew, W. J., and Ohnishi, T. (198®iochem. J186, 111-117.

Kawarabayasi, Y., Hino, Y., Horikawa, H., Yamazaki, S., Haikawa, Y.,
Jin-No, K.,et al.(1999).DNA Res6, 83—-101.

Kikuno, R., and Miyata, T. (1985FEBS Lett189 85-88.

Klenk, H. P., Clayton, R. A., Tomb, J. F., White, O., Nelson, K. E.,
Ketchum, K. A.,et al. (1997).Nature (LondonB90, 364—370.

Kofer, W., Knoop, H. U., Wanner, G., and Steialet, K. (1998).Mol.
Gen. Genet258 166-173.

Kosono, S., Morotomi, S., Kitada, M., and Kudo, T. (199jochim.
Biophys. Actal409 171-175.

Kotlyar, A. B., and Gutman, M. (1992Biochim. Biophys. Actd14Q
169-174.

Krebs, W., Steuber, J., Gemperli, A. C., and Dimroth, P. (198®R)l.
Microbiol. 33, 590-598.

Kunkel, A., Vorholt, J. A., Thauer, R. K., and Hedderich, R. (19&8jx.

J. Biochem252 467-476.

Kunow, K., Linder, D., Stetter, K. O., and Thauer, R. K. (19%r. J.
Biochem223 503-511.

Leif, H., Sled’, V. D., Ohnishi, T., Weiss, H., and Friedrich, T. (1995).
Eur. J. Biochem230, 538-548.

Massanz, C., Schmidt, S., and Friedrich, B. (1998)Bacteriol.180,
1023-1029.

Meuer, J., Bartoschek, S., Koch, Juiikel, A., and Hedderich, R. (1999).
Eur. J. Biochem265 325-335.

Mi, H., Endo, T., Schreiber, U., and Asada, K. (199ant Cell Physiol.
33,1099-1105.

Ogawa, T. (1991)Proc. Natl. Acad. Sci. US88, 4275-4279.

Oh, J., and Bowien, B. (1998). Biol. Chem273 26349-26360.

Ohnishi, T. (1979). InMembrane Proteins in Energy Transduction
(Capaldi, R. A,, ed.), Marcel Dekker, New York, pp. 1-87.

Ohnishi, T. (1998)Biochim. Biophys. Acta364 186—207.

Pilkington, S. J., Skehel, J. M., Gennis, R. B., and Walker, J. E. (1991).
Biochemistry30, 2166—2175.

Prieur, I., Lunardi, J., and Dupuis, A. (200Biochim. Biophys. Acta
1504 173-178.

Putnoky, P. Kereszt, A., Nakamura, T., Endre, G., Grosskopf, E.,
Kiss, P., and Kondorosi, A. (1998Mol. Microbiol. 28, 1091—
1101.

Rasmussen, T., Scheide, D., Brors, B., Kintscher, L., Weiss, H., and
Friedrich, T. (2001)Biochemistryin press.

Rossi, C., Cremona, T., Machinist, J. M., and Singer, T. P. (1968Bj)ol.
Chem 240, 2634-2643.

Runswick, M. J., Fearnley, I. M., Skehel, J. M., and Walker, J. E. (1991).
FEBS Lett286, 121-124.

Sackmann, U., Zensen, RoRén, D., Jahnke, U., and Weiss, H. (1991).
Eur. J. Biochem200, 463—-469.

Sahin-Toth, M., Karlin, A., and Kaback, H. R. (200@roc. Natl. Acad.
Sci. USA97, 10729-10732.

Sauter, M., Bhm, R., and B¢k, A. (1992).Mol. Microbiol. 6, 1523—
1532.

Sazanov, L. A., Burrows, P. A., and Nixon, P. J. (19%8hc. Natl. Acad.
Sci. USAQ5, 1319-1324.



Modular Mechanism of Complex |

Sazanov, L. A., Peak-Chow, S. Y., Fearnley, I. M., and Walker, J. E.
(2000).Biochemistry39, 7229-7235.

Scheide, D., Bungert, S., Hellwig, P., and Friedrich, T. (2001).
Manuscript submitted.

Schneider, R., Brors, B., Massow, M., and Weiss, H. (199EBS Lett.
407, 249-252.

Schuler, F., Yano, T., Di Bernardo, S., Yagi, T., Yankovskaya, V., Singer,
T., and Casida, J. E. (199®roc. Natl. Acad, Sci. US86, 4149—
4153.

Schulte, U., and Weiss, H. (199%)lethods EnzymoR60, 3-14.

Schulte, U., Abelmann, A., Amling, N., Brors, B., Friedrich, T,
Kintscher, L., Rasmussen, T., and Weiss, H. (1988)Factors
8, 177-186.

Schulte, U., Haupt, V., Abelmann, A., Fecke, W., Brors, B., Rasmussen,
T., Friedrich, T., and Weiss, H. (1999).Mol. Biol.292, 569-580.

Shimada, H., and Sugiura, M. (199Nucl. Acid Res19, 983—-995.

Sled’, V. D., and Vinogradov, A. (1993Biochim. Biophys. Acta141,
262-268.

Sled’, V. D., Friedrich, T., Leif, H., Weiss, H., Meinhardt, S. W.,
Fukumori, Y., Calhoun, M. W., Gennis, R. B., and Ohnishi, T.
(1993).J. Bioenerg. Biomembe5, 347-357.

Spehr, V., Schlitt, A., Scheide, D., Gebaut, V., and Friedrich, T. (1999).
Biochemistry38, 16216—16267.

Steuber, J., Schmidt, C., Rufibach, M., and Dimroth, P. (200M@).
Microbiol. 35, 428—-434.

177

Teerstegen, A., and Hedderich, R. (199@). J. Biochem264, 930—
943.

van der Spek, T. M., Arendsen, A. F., Happe, R. P., Yun, S., Bagley,
K. A., Stufkens, D. J., Hagen, W. R., and Albracht, S. P. J. (1996).
Eur. J. Biochem237, 629-634.

Videira, A. (1998) Biochim. Biophys. Acta364 89-101.

Volbeda, A., Charon, M. H., Piras, C., Hatchikian, E. C., Frey, M., and
Fontecilla-Champs, J. C. (199%ature373 580-587.

Walker, J. E. (1992)Quart. Rev. Biophy5, 253-324.

Weidner, U., Geier, S., Ptock, A., Friedrich, T., Leif, H., and Weiss, H.
(1993).J. Mol. Biol.233 109-122.

Weiss, H., Friedrich, T., Hofhaus, G., and Preis, D. (19%yr. J.
Biochem197, 563-576.

Xu, X., Matsuno-Yagi, A., and Yagi, Y. (1993Riochemistry32, 968—
981.

Yamaguchi, M., Belogrudov, G. I., and Hatefi, Y. (199&8)Biol. Chem.
273 8094-8098.

Yano, T., Sled’, V., Ohnishi, T., and Yagi, T. (1998iochemistry33,
494-499.

Yano, T., Yagi, T., Sled’, V. D., and Ohnishi, T. (1999).Biol. Chem.
270, 18264-18270.

Yano, T., Sled’, V., Ohnishi, T., and Yagi, T. (1996).Biol. Chem271,
5907-5913.

Yano, T., Chu, S. S., Sled’, V. D., Ohnishi, T., and Yagi, T. (1997).
Biol. Chem272, 4201-4211.



