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INTRODUCTION 

The previous two issues in this series (Vol. 25, 
Nos. 1 and 2) focused on cytochrome oxidase and 
cytochrome bcl complex. This issue presents a synop- 
sis of recent work on the NADH-ubiquinone oxido- 
reductase (also known as Complex I). This enzyme 
has a reputation as the most complicated and least 
understood among mitochondrial proton-translocat- 
ing enzymes, which is mostly due to its extreme struc- 
tural complexity and the difficulty of applying optical 
spectroscopy to analyze the redox state of intrinsic 
chromophores within the membrane. However, dur- 
ing the last several years there has been a major break- 
through in the field of Complex I, particularly with 
respect to its structural aspects. They are highlighted 
by a recent electron microscopic image of Neurospora  
crassa Complex I and the determination of the pri- 
mary sequences of many subunits of mitochrondrial 
Complex I, as well as simpler bacterial counterparts of 
Complex I. This issue covers timely topics in this field 
written by leading investigators. For additional com- 
prehensive reviews, see Hatefi, 1985; Ragan, 1987; 
Weiss et al., 1991; Yagi, 1993; Walker, 1992. 

Bovine heart Complex I, which is composed of 41 
different subunits with a total molecular weight of 
907kDa (Fearnley and Walker, 1992), is by far the 
largest proton-translocating oxidoreductase in the 
mitochondrial respiratory chain. It catalyzes the 
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2 FP fraction consists of 51, 24, and 10kDA subunits; IP fraction 
contains 75, 49, 30, 18, 15 and 13 kDa as major subunits. IP and 
HP fractions are neither homogeneous nor monodisperse. 

transfer of electrons from NADH to ubiquinone 
which is coupled with the vectorial transfer of pro- 
tons across the mitochrondrial membrane. This 
leads to the formation of A/2Ia+ which drives ATP 
formation. The stoichiometry of proton transfer has 
been scrutinized in many laboratories, and the current 
consensus value is 4H+/2e -, which distinguishes 
Complex I from the two other aforementioned 
H+-translocating complexes of the respiratory chain 
both of which have a stoichiometry of 2H+/2e -. 
Complex I contains one FMN, two binuclear clusters 
Nla  and Nlb,  four tetranuclear iron-sulfur clusters 
N2 to N5 (Ohnishi, 1979; Ohnishi and Salerno, 
1982; Beinert and Albracht, 1982), and two distinct 
species of tightly bound ubisemiquinones which differ 
in their spin relaxation and in redox properties 
(Burbaev et al., 1989; Vinogradov et al., 1991; Vino- 
gradov, this issue). The thermodynamic profiles of 
individual redox components are determined by low- 
temperature electron paramagnetic resonance, which 
is the most powerful technique available for this com- 
plex. However, the detailed electron transfer pathway 
has not yet been established. The difficulty lies in the 
much faster redox equilibration within the complex in 
comparison to the reaction of the complex with its 
substrate, NADH, and also in the lack of specific 
inhibitors which can dissect the intermediate electron 
transfer steps. There have been several attempts to 
resolve Complex I; earlier use of chaotropic reagents 
resolved Complex I into three distinct fractions, 
namely, two water-soluble fractions, flavo-iron sulfur 
protein 2 (FP) and iron-sulfur protein (IP), and a 
water-insoluble hydrophobic precipitate (HP). This 
fractionation of huge Complex I provided an excel- 
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lent basis for sequence determination and some useful 
data on the possible location of redox components 
(Ohnishi, 1979; Hatefi, 1985). Recent development 
of a new isolation procedure yielding a more defined 
bovine heart Complex I by nonionic detergent extrac- 
tion and ion exchange chromatography and resolu- 
tion of this Complex I into subtractions using milder 
detergents promises further useful information (Finel 
et al., 1992; Finel, this issue). 

In addition to mammalian Complex I, Complex I 
from Neurospora crassa, another eukaryote, has been 
extensively studied. This Complex I is composed of 

32 subunits with a total molecular weight of 
700kDa (Weiss et aI., 1991). The electron micro- 

scopic analysis of isolated particles of N. crassa Com- 
plex I and the 3D-reconstruction of 2D membrane 
crystals have revealed a unique low-resolution struc- 
tural outline with an unusual L-shape which is pre- 
sented as a montage picture on the cover of this issue 
(Hofhaus et al., 1991). A large hydrophilic arm is 
protruding out from the N-side of the membrane, 
and a longer hydrophobic arm is extending within 
the membrane. By utilizing their newly devised gene 
replacement method or by growing cells under speci- 
fied conditions, Weiss' group has demonstrated that 
the peripheral and membrane parts of N. crassa Com- 
plex I are synthesized independently from each other. 
The former part contains the NADH binding site, 
FMN, and low-potential iron sulfur clusters, while 
the latter contains a high-potential cluster, N2 
(Weiss et al., 1991; Weidner et al., 1992). 

In recent years there have been significant 
advances in numerous areas of biological research 
attributable to the application of molecular biologi- 
cal techniques. The field of Complex I is no exception. 
The amino acid sequence of all nuclear-encoded sub- 
units in bovine heart Complex ! (Walker 1992; 
Fearnley and Walker, 1992) and many of the counter- 
part subunits of N. crassa Complex I (Nehls et al., 
1992 and references cited therein) have been derived 
from the DNA sequence. A structural feature which 
emerged from the primary sequence data is that fully 
conserved cysteine-rich sequence motifs, which sug- 
gest subunits harboring iron-sulfur clusters, are 
found in six nuclear-encoded subunits, but not in 
mitochondrially encoded ones. NADH and FMN 
binding sites were suggested to be located in the 
51 kDa subunit of the hydrophilic FP fraction. 
Another interesting finding is that none of these 
hydrophilic subunits seem to contain hydrophobic 
stretches long enough to form the transmembranous 

helical structure, whereas all the mitochondrially 
encoded polypeptides contain numerous transmem- 
branous helices. 

P. denitrificans, Rb. sphaeroides, and Rb. capsu- 
latus belong to the c~ subgroup of the purple bacteria 
from which mitochondria may have evolved (Yang 
et al., 1985). As seen in two preceding issues of this 
series, cytochrome oxidase (Anraku and Gennis, 
1987; Brown et aI., 1993) and cytochrome bCl (Trum- 
power, 1990) complexes of these bacteria show con- 
siderable spectral and functional similarity to their 
mitochondrial counterparts. However, the bacterial 
enzymes consist of far fewer polypeptides; 3-4 
instead of 10-13. Both the high sequence homology 
between corresponding subunits of bacterial and mito- 
chondrial enzymes and the ease of bacterial genetic 
manipulations have made the bacterial enzymes excel- 
lent model systems for the structure-function analysis 
of eukaryotic respiratory complexes. On the other 
hand, some complexities are encountered in most bac- 
terial systems because they contain redundant 
branched respiratory chains. For example, there are 
two distinct membrane-bound NADH dehydro- 
genases, which are designated as NDH-1 and NDH- 
2 (Matsushita et al., 1987; Yagi, 1991). The former 
consists of multiple subunits containing FMN and 
iron-sulfur clusters and is coupled to the formation 
of A#I~+, while the latter consists of a single 
subunit containing only FAD and is not energy 
coupled. Redox centers in NDH-1 have been 
characterized in situ in several bacterial systems, as 
described in this volume (Sled' et al.). Because of the 
labile nature of bacterial enzymes (Berks and 
Ferguson, 1991), intact NDH-1 has not been iso- 
lated. However, an important step was taken when 
structural genes of NDH-1 from P. denitrificans 
were cloned and the DNA-derived primary 
sequences of their polypeptides were obtained 
(Yagi, 1991, 1993). Its gene cluster consists of 14 
structural genes which exhibit a high sequence 
homology to the bovine heart counterpart sub- 
units, and contains an additional six unidentified 
reading frames (URFs). This bacterial NDH-1 
consists of seven homologues of nuclear-encoded 
and seven of mitochondrially encoded subunits of 
bovine heart Complex I. Three hydrophilic sub- 
units, namely 51 (FP), 24 (FP), 75 (IP), and two less 
hydrophilic subunits, 23 (IP or HP), and 20 (IP or HP) 
kDa, harbor the cysteine-rich sequence motifs which 
are fully conserved in bovine heart, plants, and cyano- 
bacterial counterparts so far known (Walker, 1992). 
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Very recently the entire primary sequence of the 
E. coli NDH-1 has also been determined (Weidner 
et ai., 1993). It was found to contain only 14 struc- 
tural genes which are homologous to their Paracoceus 
counterparts and which are in the same gene order, 
but with no URFs (Friedrich et al., this volume). 
Therefore, this set of E. coli structural genes seems 
to provide a minimal subunit structure essential for 
the proton-translocating NADH-Q oxidoreductase. 
This NDH-1 is about the same size as that of the 
E. coli F1F 0 ATP synthase. Thus, this bacterial Com- 
plex I provides a decently sized enzyme to study. 
Sequence identity of E. coli NDH-1 subunits to 
bovine heart equivalents is lower (average 34%) 
than that of P. denitrificans (57%) (Weidner et aI., 
1993). However, cysteine-rich iron-sulfur sequence 
motifs are also fully conserved in the E. coli enzyme. 
The 14-subunit NDH-1 from this E. coli (wild-type G 
strain) has already been isolated (Leif, H., Friedrich, 
T., and Weiss, H., unpublished data). Preliminary 
EPR analysis of this enzyme in my laboratory, both 
in situ and in vitro, has revealed the presence of several 
distinct iron-sulfur clusters analogous to their mam- 
malian counterparts (Sled' et al., this issue). Although 
EPR spectral features of the iron-sulfur clusters seem 
to be somewhat different from the mammalian type, 
their general thermodynamic profile (one each of low 
and high E m components and several pool clusters at 
an intermediate Em range) is clearly discernable. 
Based on the cysteine-rich sequence motifs, the pre- 
sence of 7 to 8 iron-sulfur clusters is predictable. Their 
subunit assignment should be verified by site-directed 
mutagenesis and EPR analysis, as was successfully 
conducted with iron-sulfur clusters of the succinate- 
quinone oxidoreductase (Ackrell et al., 1922; Heder- 
stedt and Ohnishi, 1992). Two independently evolved 
functional modules in the catalytic domain (proximal 
and distal parts of the electron transfer pathway) have 
been recognized, which exhibit a high sequence 
homology with two independent bacterial enzymes, 
namely, the hydrophilic NAD+-reducing hydro- 
genase of Alcaligenes eutrophus and the hydrophobic 
nonenergy-producing hydrogenase of the E. coli for- 
mate hydrogenlyase, respectively (Weiss et al., 1991; 
Friedrich et al., this issue). The most intriguing ques- 
tion at present is the cluster identity and membrane 
topography of the putative iron-sulfur clusters in 23 
and 20 kDa subunits (Dupuis et al., 1991; Arizmendi 
et al., 1992) in the distal module of the catalytic 
domain. Two putative [4Fe-4S] clusters in the 
23 kDa subunit may be low Em clusters magnetically 

and/or thermodynamically coupled as in the case of 
bacterial eight-iron ferredoxin (Mathews et al., 1974) 
or FrxA and FrxB clusters in the photosystem I 
(Golbeck and Bryant, 1991), both of which may be 
difficult to analyze because of heavily overlapping 
signals from other low E m clusters in the g = 1.94 
region of the magnetic field. EPR signals of some 
clusters, such as cluster N5, can be substoichiometric 
to the complex or undetectable due to the dominant 
S = 3/2 ground state of their spins (Park et al., 1991), 
which requires a much higher spin concentration for 
their detection. This problem may be overcome by 
overexpressing individual subunits bearing specific 
clusters of interest, if successfully obtained in the 
intact form; this work is currently in progress (Yagi 
et al., in this volume; Walker, personal communica- 
tion). An even more interesting topic is the putative 
iron-sulfur cluster in the 20 kDa subunit which carries 
only three conserved cysteines. The third cysteine is 
accompanied by a conserved proline residue, suggest- 
ing a [4Fe-4S] structure. The third residue down- 
stream from the first cysteine is a conserved gluta- 
mate residue which is a better candidate than cysteine 
to provide a ligand, as in the case of a [4Fe-4S] cluster 
in Pyrococcusfuriosus ferredoxin (Park et al., 1991) or 
the binuclear high E m cluster S 1 (Ackrell et al., 1992). 
An alternate ligand candidate is a water molecule in 
addition to three cysteines as seen in activated 
aconitase (Robbins and Stout, 1989). These possibili- 
ties are consistent with the unique properties of the 
cluster N2 (Ohnishi, 1979; De Vault, 1976; Gutman 
et aI., 1972) and they are testable utilizing bacterial 
systems. 

The photosynthetic bacteria are also expected to 
offer attractive advantages for future genetic mani- 
pulations and spectroscopic analysis. The EPR and 
thermodynamic features of iron-sulfur clusters in 
Rhodobacter NDH-1 are remarkably close to the 
mammalian counterparts, even more than those of 
P. denitrificans (Sled' et al., this issue). NDH-1 of 
Thermus thermophiIus HB-8, which contains only 
low Em iron-sulfur clusters but is energy coupled 
at Site I, is suitable toward attempting 3D 
crystallographic analysis of its Complex I structure 
because of much higher stability of the enzyme at 
higher temperatures and with denaturing chemical 
reagents. 

Recent developments of microbial Complex I 
systems with their molecular genetic knowledge, if 
successful, will soon open a new avenue for active 
structure-function analysis of the NADH-Q oxido- 
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reductase segment o f  the respiratory chain, as exem- 
plified by successful ligand assignments o f  bacterial 
cyt. bo (Lemieux et  al., 1992) and cyt. aa3 oxidase 
(Shapleigh et  al. ,  1992) systems. 

Regarding the mechanism o f  energy coupling 
Site I, every possible model  has been proposed  in 
order  to explain the 4H+/2e - stoichiometry. Mos t  
of  them are composed  of  two energy-transducing 
subsites; the flavin-cycle and the Q-cycle (Ragan,  
1987; 1990 and references cited therein). The 
newest model  is an energy-coupled dismutat ion 
between specifically bound  paired ubisemiquinones 
yielding a H + stoichiometry o f  1H+/2  - (Vino- 
gradov, this issue) combined with a b-cycle type fla- 
vin cycle (3H+/2e - ) ,  bo th  of  which are connected 
conformat ional ly  to the H + channel  within the mem- 
brane (Walker, 1992; Pilkington et  al., 1993). At  the 
present stage o f  Site I coupling studies, it is impor tan t  
to determine the topographical  location o f  redox 
active centers o f  Complex I, specifically cluster N2, 
within the mitochondria l  or bacterial cytoplasmic 
membranes.  

Ano the r  very impor tan t  research area we could 
not  include in this issue is the major  progress in the 
area o f  mitochondria l  myopathies  and neuropathies.  
These diseases predominant ly  affect organs with the 
highest demand for energy such as the muscle tissue 
and brain which are mos t  frequently associated with 
Complex I defects. Seven out  o f  a total  o f  13 mito- 
chondrial  genes encode subunits o f  Complex I. The 
protein synthesis turnover  is much  faster in the mito- 
chondr ion  than in the nucleus, and the possibility of  
muta t ion  is much  greater in the former  which 
increases the likelihood of  the occurrence o f  these 
diseases. For  example, a single amino acid muta t ion  
in the mitochondria l  genes, such as in ND-4,  N D -  1, or  
ND-5,  causes Leber hereditary optic neuropa thy  
(Wallace, 1992; Howell  et  al., 1991). Recently it was 
found that  the N D - 4  defect may  cause a problem in 
the interaction between Complex I and NAD- l inked  
dehydrogenase in the mitochondrial  matrix (Majander 
et  al., 1991). There are m a n y  subunits (at mos t  34 in 
bovine heart, 8 in E. coli) whose function is unknown.  
This was the first observat ion which suggested a func- 
t ional role for the N D - 4  subunit. This field is becom- 
ing one of  the mos t  impor tan t  areas studying 
degenerative h u m a n  diseases, including idiopathic 
dystonia,  Parkinson 's ,  and Hunt ing ton ' s  disease. 
Extensive review articles are available on the topic 
(Morgan-Hughes  et  al., 1990; Singer and Ramsay,  
1992). 
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