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The respiratory chain of mammalian mitochondria is
composed of four enzyme complexes as depicted in Figure
1. These complexes, which are all located in the mammalian
inner-mitochondrial membrane, are referred to as the proton-
translocating NADH-quinone oxidoreductase (complex I),1

the succinate-quinone oxidoreductase (complex II), thebc1

complex (complex III), and cytc oxidase (complex IV).
Complex I is composed of at least 46 different subunits (1)
with a total molecular mass of approximately 1 MDa. This
enzyme complex, which spans the inner-mitochondrial
membrane, bears one noncovalently bound FMN and eight
iron-sulfur clusters (2). It translocates protons from the
matrix side of the membrane to the cytoplasmic side,
generating a proton gradient across the inner-mitochondrial
membrane. Because of its ability to pump protons in concert
with oxidation of a substrate, complex I constitutes the energy
coupling site 1 of the oxidative phosphorylation system. In
addition to being present in mammalian mitochondria,
complex I is also present in plant and fungal mitochondria
(3).

In contrast to mammalian, plant, and fungal mitochondria,
the respiratory chain of certain bacteria harbors a proton-
translocating NADH-Q oxidoreductase which, although
quite similar to complex I in terms of electron carriers,
inhibitor specificity, and amino acid sequence of subunits,
is much simpler in structure. This bacterial equivalent of
complex I has been referred to as NDH-1 or bacterial
complex I (4-7). The bacterial NDH-1 is composed of only
14 dissimilar subunits, all of which have homologues in
mammalian complex I (Table 1) (4, 5). Because the subunit
composition of NDH-1 is relatively simple compared to that

of its mitochondrial counterpart, the NDH-1 is a useful model
system for studying the structure and function of complex I.
In this article, the current status of knowledge regarding
complex I/NDH-1 is presented along with issues and
questions still unanswered with respect to this enzyme
complex. To avoid confusion of terminology, subunit names
are given for theParacoccusNDH-1. However, the homolo-
gous subunit names for the bovine complex I are presented
in parallel.

Structures.Of the four respiratory chain enzyme com-
plexes, X-ray structures have been published for the succinate
dehydrogenase,2 bc1 complex, and cytc oxidase. In contrast,
the only available structural information on complex I/NDH-1
is based on EM analyses. Figure 2 illustrates the three-
dimensional models of complex I/NDH-1 as they have
developed over time. In 1987, on the basis of EM analysis
of two-dimensional crystals, Leonard et al. (8) proposed that
complex I isolated fromNeurospora crassamitochondria
has a structure similar to that of a stone age ax. Later, the
same group reported that theN. crassacomplex I has an
L-shaped structure (9). The L-shaped model contains two
major segments, the peripheral domain and the membrane
domain. Whereas most of the membrane domain is embedded
in the lipid bilayer of the inner-mitochondrial membrane (or
the bacterial cytoplasmic membrane), the peripheral segment
protrudes into the matrix side of the inner-mitochondrial
membrane (or the cytoplasmic phase in bacteria). The same
group also reported a modified version of thisN. crassa
enzyme which has a longer peripheral segment (10). In
addition, they claimed that theEscherichia coliNDH-1 has
a structure similar to that ofN. crassabut smaller in size
(10). Similarly, Grigorieff (11) advocated the L-shaped
structure for bovine heart complex I except that the peripheral
segment of the bovine complex has a ball-like structure. One
additional difference noted for the bovine complex is that
the junction between the peripheral domain and the mem-
brane domain is much thinner than in other models. The same
L-shaped model was proposed for the yeast (Yarrowia
lipolytica) complex I as determined by single molecule EM
analyses (12). However, Friedrich’s group recently claimed
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2 To date the 3D structure of succinate dehydrogenase is not
available. However, high-resolution 3D structures of bacterial fumarate
reductases, which are believed to be counterparts of succinate dehy-
drogenase, have been solved.

2266 Biochemistry2003,42, 2266-2274

10.1021/bi027158b CCC: $25.00 © 2003 American Chemical Society
Published on Web 01/28/2003



that the active form ofE. coli NDH-1 assumes a horseshoe-
like structure and that the L-shaped structure is actually an
inactive form (13). More recently, Sazanov’s group reported
data contradicting that conclusion and showing that active
E. coli NDH-1 remains L-shaped (14). One possibility,
although remote, is that these two apparently distinct
structures represent two dynamically different conformational
states of the enzyme during catalysis. Indeed, there are data
pointing to a significant conformational change in the
presence of NADH. To date, no horseshoe-like structure has
been observed for mitochondrial complex I.

Although the overall L-shaped (two-domain) structure of
complex I/NDH-1, as derived from EM data, agrees with
earlier observations derived from biochemical work, such

studies, which have included subunit fractionation, extraction
of subunits, and cross-linking experiments, have provided
additional information to that obtained by EM. A summary
of the biochemical data is provided in Table 2. Briefly, these
data indicate that for bacterial systems the peripheral and
membrane domains are each made up of seven subunits (15-
17). In addition, the subunit stoichiometry of the peripheral
segment (Nqo1-6 and 9) of theParacoccusNDH-1 was
immunochemically determined to be 1 mol of each subunit/
mol of enzyme complex (15, 18). The only information
available for the stoichiometry of the membrane domain,
which was obtained by human mitochondrial complex I [35S]-
methionine incorporation studies, indicated that the stoichi-
ometry is 2:8:2:2:1:2:2 for subunits ND1-ND4, ND4L,
ND5, and ND6 (see Table 2 for bacterial equivalents) (19).
In terms of determining nearest neighbor relationships, cross-
linking studies have revealed that among the peripheral
subunits, Nqo6/PSST and Nqo9/TYKY are likely to be
located near the membrane and serve as connectors between
the two domains (18, 20). In fact, this interpretation is
supported both by Di Bernardo and Yagi’s data (21),
demonstrating that the Nqo6/PSST subunit directly interacts
with the membrane domain subunit Nqo7/ND3, and by the
discovery that, in a mutant ofE. coli lacking Nqo7/ND3,
the peripheral subunits are no longer associated with the
membrane (Di Bernardo et al., unpublished result). Other
data supporting the location and role of the peripheral domain
subunits include cross-linking experiments completed by
Hatefi’s and Ragan’s groups showing subunit-subunit
interactions between the 51K, 24K, and 75K subunits and
between the 30K and 49K subunits (Table 2) (22, 23). The
fact that Nqo4/49K and Nqo5/30K genes are fused in certain
bacteria supports the cross-linking results obtained for those
subunits using bovine complex I (5). Furthermore, the
proximity and relationship between the 51K, 24K, and 75K
subunits are supported by the following facts:

The Nqo1/51K, Nqo2/24K, and Nqo3/75K subunits are
assembled in homologous expression inE. coli (24).

The Nqo1/51K and Nqo2/24K subunits are associated in
heterologous expression experiments and together exhibit
NADH dehydrogenase activity (25).

FIGURE 1: Schematic representation of the respiratory enzyme complexes in mammalian mitochondria. The 3D structures of complexes II,
III, and IV were obtained from the PDB database. The coordinates used are as follows: complex II, 1QLB, as represented by fumarate
reductase ofWolinella succinogenes; complex III (bc1 complex), 1BCC, 1BE3, and 1QCR; complex IV (cytc oxidase), 2OCC. Complexes
III and IV are drawn as dimers. The molecular surface was constructed using the Surf option of the VMD program (91). Yellow, purple,
cyan, and lime balls indicate nonpolar, polar, acidic, and basic amino acid residues, respectively. Cofactors, heme, copper, flavin, and
iron-sulfur clusters are drawn in red, blue, purple, and brown, respectively.

Table 1: Subunits and Cofactors of Complex I/NDH-1

bovine
complex

I

Paracoccus
and

Thermus
NDH-1

E. coli and
Rhodobacter

NDH-1 cofactors
Fe-S
center

Em

(mV)

51K Nqo1 NuoF FMN -340
[4Fe-4S] N3 -250

24K Nqo2 NuoE [2Fe-2S] N1a-370
75K Nqo3 NuoG [2Fe-2S] N1b-250

[4Fe-4S] N4 -250
[4Fe-4S] N5 -250
[4Fe-4S] N1cb ?

49K Nqo4 NuoDa N/A
30K Nqo5 NuoCa N/A
PSST Nqo6 NuoB [4Fe-4S] N2 -50 to

-150
TYKY Nqo9 NuoI 2[4Fe-4S] N6 ?
ND1 Nqo8 NuoH N/A
ND2 Nqo14 NuoN N/A
ND3 Nqo7 NuoA N/A
ND4 Nqo13 NuoM N/A
ND4L Nqo11 NuoK N/A
ND5 Nqo12 NuoL N/A
ND6 Nqo10 NuoJ N/A
>32 other

subunits
none none phospho-

pantetheine,
NADPH

N/A

a In some species of bacteria, NuoC and NuoD are fused.b This
[4Fe-4S] cluster is only present in some species of bacteria (e.g.,
T. thermophilus, E. coli).

Current Topics Biochemistry, Vol. 42, No. 8, 20032267



In an Nqo3/75K deletion mutant the Nqo2/24K subunit is
not associated with the membranes or is absent in subcom-
plex I (Nakamaru-Ogiso et al., unpublished results).

Unfortunately, although a great deal of information is
known regarding the peripheral domain of this enzyme
complex, information on the membrane domain is particu-
larly limited. Sazanov’s group, however, has succeeded in
resolving the membrane domain of bovine complex I into
two subcomplexes, designated Iâ and Iγ (26, 27). The Iâ
fragment contains subunits ND4/Nqo13 and ND5/Nqo12
along with 11 accessory subunits. The Iγ fragment is
composed of ND1/Nqo8, ND2/Nqo14, ND3/Nqo7, and
ND4L/Nqo11 along with 1 accessory subunit. Attardi’s group
reported that null mutants lacking the ND4/Nqo13 and the
ND5/Nqo12 subunits have NADH-K3Fe(CN)6 reductase
activity but lack NADH-UQ reductase activity (28, 29),
suggesting that these subunits may be specifically involved
in the reduction of ubiquinone (Q). In addition, a null mutant
lacking the ND6/Nqo10 subunit lost both activities (30).
These results may suggest that the ND6/Nqo10 subunit might
be located near the peripheral segment. Although many
questions remain unanswered with regard to the structure of
the complex I/NDH-1 enzyme complex, when the available
data for both peripheral and membrane segments are taken
together, a model for the architecture of complex I/NDH-1
can be proposed as illustrated in Figure 3.

Substrates and Cofactors.The oxidoreductase activity of
complex I/NDH-1 requires the presence of a number of
cofactors and iron-sulfur clusters in addition to the numerous
polypeptides discussed above. A full list of required cofactors

and their locations is provided in Table 1. The complex
1/NDH-1 also has two known substrates, NADH and Q. In
terms of active sites for these substrates, the 51K/Nqo1
subunit has been identified as the NADH-binding subunit
by direct photoaffinity labeling with [32P]NADH (31, 32)
and photoaffinity NAD analogues. Unexpectedly, certain
photoaffinity analogues of NADH also label the 24K/Nqo2
and 9K subunits, although to a lesser extent than the 51K
subunit, suggesting that the latter two subunits may also
contribute to the NADH binding. The second substrate, Q,
is believed to play two roles in complex I/NDH-1 activity.

FIGURE 2: Comparison of 3D models or images of complex I/NDH-1 as revealed by EM analyses. From left to right:N. crassain 1987
(8); N. crassain 1991 (9); N. crassain 1997 (92); E. coli in 1998 (10); bovine in 1998 (11); yeast (Y. lipolytica) in 2000 (12); E. coli
inactive form and active form in 2002 (13).

Table 2: Evidence in Support of 3D Structure of Complex I/NDH-1

structural features EM data biochemical data ref

shapea L-shapedb N/A 9-14
domainsa peripheral domain subunits Nqo1-6 and 9 (51K, 24K, 75K, 49K, 30K, PSST, and TYKY) 15-17

stoichiometry is 1 mol of subunit/mol of complex 15, 18
membrane domain subunits Nqo7, 8, 10-14 (ND1-6 and 4L) 15-17

Iâ fraction: ND4 (Nqo13), ND5 (Nqo12), and 11 other subunits 26, 27
Iγ fraction: ND1 (Nqo8), ND2 (Nqo14), ND3 (Nqo7), ND4 (Nqo11),

and 1 other subunit
26, 27

stoichiometryc is 2:8:2:2:1:2:2 for ND1:ND2:ND3:ND4:ND4L:ND5:ND6
(Nqo8:Nqo14:Nqo7:Nqo13:Nqo11:Nqo12:Nqo10)

19

subunit locations
peripheral domain N/A Nqo6 and Nqo9 (PSST and TYKY) located near membrane; may connect

peripheral and membrane domains
18, 20

membrane domain N/A Nqo7 (ND3) interacts with Nqo6 (PSST) 21
subunit relationships

peripherald domain N/A 51K and 24K (Nqo1 and Nqo2) 22, 23
75K and 51K (Nqo3 and Nqo1) 22, 23
30K and 49Ke(Nqo5 and Nqo4) 5

a Based onN. crassacomplex I. Also appears to be true forE. coli NDH-1, bovine heart complex I, and yeast complex I.b Also reported (13)
that the active form may have a horseshoe-like structure with the L-shaped form being inactive.c Based on incorporation of [35S]methionine into
human mitochondrial complex I by Attardi’s group (19). d Based on cross-linking experiments with bovine complex I.e Fused in some species of
bacteria (5).

FIGURE 3: Speculative model of the subunit arrangement of NDH-1
based on available data. Mammalian complex I terminology is used.
Peripheral subunits housing cofactors are shown in brown. Hydro-
phobic subunits are in green. The proposed “common” inhibitor-
binding pocket area is shown in red. It should be noted that this
subunit organization is tentative.

2268 Biochemistry, Vol. 42, No. 8, 2003 Current Topics



One role, played by endogenous Q, is as a cofactor of
complex I/NDH-1. The other role, played by exogenous Q,
is as a substrate for complex I/NDH-1. At the present time,
little is known about the location or number of Q molecules
involved in cofactor activity for complex I/NDH-1. However,
data showing not only that EPR signals of the semiquinone
(SUQ) are diminished by rotenone and piericidin A but also
that two other SUQ species related to complex I are present
in bovine SMP suggest that complex I may contain at least
three endogenous Q molecules. Clues as to the location of
the Q are available. For example, it has been reported that
SUQ, spin coupled to iron-sulfur center N2, was found
associated with coupling site 1 in oligomycin-treated bovine
heart SMP under steady-state NADH oxidation (33). Because
of this strong magnetic interaction between the N2 center
and the SUQ, the SUQ is believed to be located in the
proximity (8-11 Å) of this N2 center (33). Another approach
to locating the Q-binding site involved the use of bioinfor-
matics (34). On the basis of the known 3D structures of
enzyme complexes bearing Q, the following sequence motifs
of Q-binding sites were deduced: Lx3Hx2T or (A/L)x3Hx2L.
These triad motifs are found to be present in complex I
subunits ND4/Nqo13 and ND5/Nqo12. Although these motifs
are not perfectly conserved among homologues in various
organisms, these locations seem to provide a valuable
working hypothesis. Yet another strategy which has been
utilized to study substrate Q and its binding sites has been
to examine structure-activity relationships of various Q
analogues (35, 36). As part of this study a wide variety of
UQ2 and DB analogues were synthesized with the methoxy
groups at the 2- and/or 3-positions of the quinone ring
replaced by other bulky alkoxy groups such as ethoxy and
butoxy moieties (37). These bulky quinones were then
investigated with regard to the electron transfer activity they
would support in bovine complex I andParacoccusNDH-
1. The data revealed that the UQ reduction site of bovine
complex I is spacious enough to accommodate bulky
exogenous forms of UQ. In contrast, bulky Q analogues are
poor electron acceptors in theParacoccusNDH-1, indicating
that the NDH-1 Q-binding site is more specific than the
bovine. These data are not surprising in light of a recent
report showing that Q-binding sites exhibit significant
organism specificity (38). Further studies comparing the UQ2
and DB analogues revealed that the substituent effects in
the 2- and 3-positions of the quinone ring on the electron
transfer activity with bovine complex I differed significantly
between the UQ2 and DB series despite having the same
total number of carbon atoms in the side chain. Finally, the
inhibitory effect generally observed with UQ2 and attributed
to its side chain was markedly diminished by structural
modifications to the quinone ring moiety. Together, these
results indicate that the side chain of Q plays a role in the
redox reaction and that the Q ring and side-chain moieties
contribute interdependently to the binding interaction be-
tween the enzyme complex and this substrate. Recently, it
has been reported that Q-binding sites exhibit significant
organism specificity (38). On the basis of the differences of
properties, a promising drug, nafuredin, against a parasite
(helminth) was discovered (38).

In addition to substrate-binding sites, complex I/NDH-1
is believed to harbor one noncovalently bound FMN and six
to seven tetranuclear and two binuclear iron-sulfur clusters

(4). Although the precise location of the FMN has not been
identified, it seems likely that since FMN is believed to act
as the primary oxidant of NADH, it will be located near the
NADH-binding site. This hypothesis is supported by the fact
that a subcomplex containing theParacoccusNqo1/51K plus
Nqo2/24K subunits exhibits NADH dehydrogenase activity
when reconstituted with FMN (2, 25). In terms of iron-
sulfur complexes, a typical complex I/NDH-1 contains eight
iron-sulfur centers, which makes this enzyme complex the
most elaborate iron-sulfur cluster protein known. These
clusters are categorized as binuclear, [2Fe-2S], or tetra-
nuclear, [4Fe-4S]. The [2Fe-2S] clusters are identified as
centers N1a and N1b. The [4Fe-4S] clusters are centers
N2, N3, N4, N5, and N6 (2). Certain bacterial NDH-1
enzymes contain an additional [4Fe-4S] cluster, center N1c,
and are also anticipated to harbor a N4 center made up with
2[4Fe-4S] clusters (39, 40). Centers N1a, N1b, N2, N3, and
N4 are all present at a 1:1 ratio with respect to FMN. The
concentration of center N5, however, has been reported as
approximately one-fourth that of FMN (41). Nevertheless,
the fact that N5 partially displays a3/2 spin makes this
stoichiometry unlikely, suggesting instead that N5 is also
present at 1 mol/mol of FMN (T. Yano et al., unpublished).

A number of studies designed to identify the locations of
the [Fe-S] clusters have been conducted. Many of these
studies have involved resolving the entire complex into
various, smaller, pieces and identifying the cluster(s) remain-
ing with each piece. In one such study the EPR signals of
center N6 were observed both in a resolved subcomplex
containing the Nqo9/TYKY subunit and in systems express-
ing this subunit (20, 42). Similarly, the signals for N1c were
found in expressed Nqo3/75k (43). Unfortunately, neither
identification has been confirmed in situ.

In terms of the order of reduction of these cofactors,
comparison ofEm values of individual iron-sulfur clusters
suggests that N1a (-370 mV) is lower than FMN (-340
mV) while N1b, N3, N4, and N5 exhibit slightly higher, but
similar values (-250 mV) and that N2 has the highest values
(approximately-50 to -150 mV) (44). Of these centers,
theEm values of centers N1a and N2 have been reported to
be dependent on pH (44). Recent voltammetric studies of
center N1a showed that this pH dependency is correlated
with ionic strength of the medium and disappeared in the
milieu at high ionic strength (45). Therefore, it is anticipated
that center N2 is the final center reduced and that it might
be interacting with Q. Additional insight into the electron
transfer between iron-sulfur clusters comes from genetic
manipulation studies involving the construction of iron-
sulfur cluster knockout mutants. Dupuis’ group investigated
the properties of center N6 usingRhodobacter capsulatus
NDH-1 mutants (C74S and C67S) of subunit Nqo9/TYKY
(6). Membranes from the C74S mutant were found to lack
peripheral subunits Nqo1, 2, 4, and 5 (51K, 24K, 30K, and
49K). These investigators claimed that center N6 may play
a critical role in the assembly process between the peripheral
and membrane domains of NDH-1. In contrast, however, the
C67S mutant not only displayed respiratory activity up to
43% of the wild type but, when characterized by EPR,
showed evidence of N1, N2, N3, and N4 signals. In an
independent study aimed at identifying the amino acid
residues coordinating N2 in the Nqo6 subunit, Friedrich’s
group constructed mutants (C64A and C129A) of the Nqo6/
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PSST subunit (7). Both of these mutants lost their N2 signals,
suggesting that C69 and C129 participate in ligation of
N2. However, Brandt’s group reported that Nqo4/49K
subunit mutants also lost their N2 signals (46). Furthermore,
Videira’s group reported that PSST/Nqo6 subunit mutants,
modified at C101S and C102A, also lacked N2 signals (47).
Similar characteristics were reported for N2 signals of bovine
complex I (48). Together, these data suggest that N2 signals
are extremely sensitive to their environment.

Inhibitors. Over the years the study of the mechanism of
action and the structure-function relationships in complex
I/NDH-1 has been aided considerably by the use of inhibitors
of this enzyme complex. A variety of naturally occurring
and synthetic chemicals are known which inhibit the enzyme
activity of complex I/NDH-1 (49). These inhibitors are
structurally diverse. Except for a few chemicals, including
Rhein and diphenyleneiodium, that inhibit the complex at
the level of NADH oxidation, most inhibitors of complex
I/NDH-1 act at the level of electron transfer downstream of
center N2. Because of the connection between enzyme active
sites and inhibitor-binding sites, several attempts have been
made to identify the subunits housing the inhibitor-binding
site(s). For example, piericidin A and rotenone have been
reported to inhibit complex I activity by binding at two sites
in bovine complex I (50). The later studies involved the use
of two rotenone-derived photoaffinity probes and isolated
bovine complex I. The data revealed that the rotenone-
binding site is housed in the ND1/Nqo8 subunit (51).
Unfortunately, displacement experiments with other inhibi-
tors were not performed. In similar experiments using a
photoaffinity analogue of pyridaben, subunits ND1/Nqo8 and
PSST/Nqo6 of bovine heart SMP were labeled in the
presence of NADH (52). The labeling of the PSST subunit,
but not the ND1 subunit, was correlated with inhibition of
enzymatic activity and could be displaced by other inhibitors.
In addition, this photoaffinity chemical specifically modified
the PSST/Nqo6 subunit not only of complex I but of
Paracoccusand Thermusmembranes as well. These data
indicate that the PSST/Nqo6 subunit is involved in pyridaben
inhibition. In other recent studies it was shown that a
photoaffinity analogue of fenpyroximate, which seems to
inhibit complex I at approximately 1 mol/mol of complex I,
labeled the ND5/Nqo12 subunit of bovine heart SMP (53).
This labeling was stimulated by the presence of NADH and
NADPH and was prevented by other inhibitors including
rotenone and piericidin A. These results suggest the pos-
sibility of an inhibitor-binding pocket within the enzyme
complex which may include the ND5, as well as a number
of other subunits.

Another approach to studying structure/function relation-
ships through complex I/NDH-1 inhibition is to construct
inhibitor-insensitive mutants. For example, site-specific
mutants of the Nqo4/49k subunit ofR. capsulatusNDH-1
(V407M and D412E) exhibited significant resistance to
piericidin A and rotenone but did not affect rolliniastatin-2
sensitivity (54). These data suggest that the segment of the
Nqo4 subunit containing V407 and D412 may be involved
in the proposed inhibitor-binding pocket. These data, together
with other studies, indicate that subunits Nqo8/ND1, Nqo12/
ND5, Nqo6/PSST, and Nqo4/49k may all form part of this
inhibitor-binding pocket(s) (see area marked in red in Figure
3). The concept of a common inhibitor-binding region in

this enzyme complex, however, is only speculative at this
point since the possibility that these inhibitors prevent binding
of other inhibitors by inducing a conformational change in
NDH-1/complex I, rather than by occupying the same site,
cannot be excluded. Clarification of the mechanism of action
and the binding regions for these inhibitors requires the
accumulation of more data using a variety of approaches.

Accessory Subunits.As described above, mitochondrial
complex I has at least 32 more subunits than its bacterial
counterpart. The fact that the bacterial NDH-1 performs the
same function as complex I but with far fewer subunits raises
the questions of what the extra complex I subunits are doing.
These “extra” subunits were initially called “accessory” or
“supernumerary”. Their possible roles are discussed here.

One of the techniques that has proven the most useful in
the study of these accessory subunits is gene manipulation.
Using this technique, null mutants of severalN. crassa
accessory subunits have been constructed, and their effects
on complex I were investigated (see Table 3) (55, 56). The
results indicated that subunits 29.9/B13, 21.3b/B14.7, 20.9,
20.8/PGIV, 12.3/PDSW, and ACP/SDAP are all required for
the assembly of complex I.

Surprisingly, the ACP/SDAP subunit described above as
being necessary for assembly appears to play a dual role.
Both mitochondria and bacteria contain an acyl-carrier
protein (ACP) which requires phosphopantetheine as a
cofactor. In the case ofN. crassa, the mitochondrial ACP is
a subunit of complex I and is located in the peripheral
segment (57). In fact, it has been shown thatN. crassa
mitochondrial ACP-deletion mutants exhibit no complex I,
while thebc1 complex and cytc oxidase were intact in this
mutant (58). However, the mitochondrial ACP is also known
as an enzyme which can mediate fatty acid synthesis,
independent of the fatty acid synthase complex in the
cytoplasm (59).

Additional studies conducted independently from those
above have also suggested a possible role for the 39K
accessory subunit in bovine complex I (40K inN. crassa).
There have been a number of observations that point to the
presence of NADH/NADPH-binding sites other than the
substrate NADH-binding site. For example, complex I
isolated fromN. crassacontains tightly bound NADPH.
Furthermore, experiments with null mutants suggest that this
tightly bound NADPH of complex I is present in theN.
crassa40K subunit (60). Additional evidence in support of
this role for the 39K (40K) subunit comes from work
showing that the 39K subunit of bovine complex I can be

Table 3: Properties of Accessory Subunits As Determined by Null
Mutants ofN. crassaComplex I

N. crassa
subunit

bovine
homologue

subunit
location

effect on
complex I assembly

40 39K peripheral no
29.9 B13 peripheral yes
21.3a peripheral no
21.3b B14.7 membrane yes
21 AQDQ peripheral no
20.9 membrane yes
20.8 PGIV membrane yes
19.3 PEST peripheral yes
12.3 PDSW membrane yes
ACP SDAP peripheral yes
9.8 MWFE membrane unknown
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labeled by [32P]NADPH (32). The NADPH-binding activity
of this subunit may be involved in the speculated role of
this subunit in intramitochondrial fatty acid synthesis.
Furthermore, NADH and NADPH stimulated the labeling
of bovine complex I by a photoaffinity analogue of fenpy-
roximate (53).

It has been reported that complex I exhibits two kinetically
and structurally distinct forms (61). The two forms, one
active and the other inactive, are interconvertible. Since this
feature is not observed in bacterial NDH-1, it is anticipated
that one or more of these accessory subunits might be
involved in this activity. The 15K subunit of complex I is
specifically labeled by the fluorescent SH modifier only when
the complex is in its inactive form. Therefore, it is speculated
that the 15K subunit may participate in the active/inactive
transition of complex I (62).

Although the role played by the 18K subunit in complex
I activity is far from clear, evidence does indicate that this
role requires that the subunit be phosphorylated. Data
supporting this understanding include a report that the 18K
subunit (encoded by theNDUFS4 gene) of mammalian
complex I was phosphorylated by cAMP (63). In addition,
phosphorylation of this subunit was observed in fibroblasts
as well as in isolated mitochondria in the presence of cytosol,
mitochondrial matrix fraction, and a cAMP-dependent protein
kinase. Furthermore, it is speculated that Ca2+-inhibited
phosphatase in mitochondria acts to dephosphorylate the 18K
phospho subunit. In fibroblast and myoblast, this phospho-
rylation is associated with potent stimulation of complex I
respiratory activity of other NAD-involved substrates. Other
evidence supporting both the critical role of the 18K subunit
in complex I activity and the necessity that it be phospho-
rylated came from two patients having complex I defects
and fatal neurological syndrome. Both patients exhibited
mutations of theNDUFS4gene which codes for the 18K
subunit. One showed destruction of the phosphorylation site
of the 18K subunit. The other is a null mutant of this subunit.

The MWFE subunit is encoded by theNDUFA1gene and
is a short protein composed of 70 amino acid residues (64).
This subunit is imported into mitochondria and assembled
into complex I without requiring proteolytic processing. A
variety of mutants of this subunit in Chinese hamster cell
lines have been characterized (65). Two of these mutations,
a conservative substitution, R50K, and a short C-terminal
deletion both make complex I completely inactive. In fact,
in the absence of MWFE, complex I was not even detectable
by techniques such as blue native gel electrophoresis. On
the basis of these data it can be concluded that the MWFE
subunit is essential for functional activity in mammalian
complex I.

Although all of the necessary data for assigning roles to
these accessory subunits has not yet been collected and, at
this point, there are as many questions as answers, it is
apparent that these “accessory subunits” cannot be ignored
in understanding the functionality of complex I. Furthermore,
a recent report by Hirst’s group claiming that the GRIM-19
protein (the product of a cell death regulatory gene induced
by interferon-â and retinoic acid) is also a subunit of complex
I (66) suggests that the actual number and identity of all of
the complex I accessory subunits are not yet known.

Energy Coupling.Complex I/NDH-1 is a proton pump.
Available data suggest that approximately four protons are

translocated for each NADH oxidized (67). This value was
determined using membrane vesicles of mitochondria and
bacteria (Paracoccus) bearing UQ. However, certain bacteria
and mitochondria are known to contain various types of
quinone other than UQ. For example,Thermusand adult
parasites utilize MQ and RQ, respectively. This ability of
complex I/NDH-1 to catalyze reduction of quinones with a
wide variety ofEm values (MQ,-80 mV; RQ,-63 mV;
PQ, +80 mV; UQ, +110 mV) results in a wide range of
possible∆Em’s. For example, when MQ is the electron
acceptor in situ, the∆Em between NADH (-320 mV) and
MQ is expected to be 240 mV, which is much lower than
the ∆Em between NADH and UQ (450 mV). This range of
∆Em values raises an interesting question as to whether the
number of protons pumped when MQ is reduced is smaller
than when UQ is reduced. The answer, to date, remains
unknown.

In addition to the uncertainty surrounding the stoichiometry
of H+ pumping, questions as to the mechanism of proton
pumping also remain unanswered. There are, in principle,
two types of models proposed for the mechanism of energy
transduction in the NDH-1/complex I. The first type, direct
coupling, assumes that the electron carriers are located in
the transmembrane segment and are directly involved in the
H+ translocation. Enzymes belonging to this category include
the bc1 complex and the cytc oxidase. Possible reaction
mechanisms of complex I based on direct coupling have been
extensively discussed in published reviews (68, 69) and,
therefore, will not be repeated in this article. The other type
of model is based on indirect coupling. The essence of this
model is that the catalytic sector, containing the electron
carriers, and the H+ pump sector of complex I are distinct
entities and that energy transduction takes place through
conformational coupling between the two sectors (4, 70).
Known examples of indirect coupling are the ATP synthase
(71) and the nicotinamide adenine nucleotide transhydroge-
nase (72, 73). The architecture of complex I makes it an
excellent candidate for the indirect coupling mechanism. The
first point supporting an indirect coupling mechanism is the
fact that the FMN and all of the iron-sulfur clusters are
located in the peripheral segment. This leaves Q as the only
carrier in the membrane domain which, according to the
direct coupling mechanism, would require that it alone would
work as both the proton and electron carrier. The assignment
of this role to Q seems unlikely, however, in light of the
fact that complex I isolated fromY. lipolyticamitochondria
contains only 0.2-0.4 mol of UQ-9/mol but still exhibits
full activity upon reconstitution with phospholipids (74).
Another factor arguing against a direct mechanism is the
absence of redox carriers such as hemes in the membrane
part of complex I, which makes this enzyme distinct from
other respiratory complexes (Figure 1). In fact, complex
I/NDH-1 shares common properties with those of other
indirectcoupling enzymes rather than with the known direct
coupling enzymes (Table 4). For example, complex I/NDH-1
is a reversible enzyme which can catalyze both NADH-Q
reductase (forward) and QH2-NAD reductase (backward)
reactions. In contrast, thebc1 complex and cytc oxidase
catalyze only forward reactions. Furthermore, certain com-
plex I/NDH-1 enzymes can translocate Na+ as well as H+

as demonstrated forE. coli andKlebsiella pneumoniae(75).
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To date, there has not been any report of abc1 complex or
a cytc oxidase capable of pumping Na+. Other data include
the fact that amiloride derivatives, inhibitors for Na+/H+

antiporters (76), inactivate energy-coupled electron transfer
activity of bovine complex I but not of other complexes (53)
and that DCCD inhibits both electron transfer and H+

translocation in complex I/NDH-1 while inbc1 complexes
and cytc oxidases, DCCD diminishes proton translocation
without affecting electron transfer (decoupling). These results
argue in favor of indirect coupling as the energy transfer
mechanism of complex I/NDH-1.

Although the actual mechanism of proton pumping has
not yet been elucidated, some data are available which may
help to localize residues involved in this pumping. As
described above, DCCD inhibits energy-transducing electron
transfer of complex I/NDH-1 (77, 78). This inhibitor also
inhibits the activity of the ATP synthase. It has been known
for some time that this inhibition is due to binding of the
DCCD to a well-conserved carboxyl residue centered in a
transmembrane helix of the ATP synthase subunit c and that
this carboxyl group participates in the proton translocation
of the membrane sector of the ATP synthase (79). Therefore,
it was of interest to locate conserved carboxyl residues
presumed to be located in the transmembrane segments of
the seven NDH-1/complex I hydrophobic subunits (Nqo7/
ND3, Nqo8/ND1, Nqo10/ND6, Nqo11/ND4L, Nqo12/ND5,
Nqo13/ND4, and Nqo14/ND2). In an attempt to pursue this
line of inquiry, all D and E residues predicted to be located
in transmembrane helices were identified by using TMpred
and TMHMM software. The extent to which these residues
were conserved across species was then determined by
comparison against known sequences of homologues of the
corresponding subunits. This process left only eight con-
served carboxyl residues predicted to be located in the
transmembrane segments, two in Nqo7/ND3 (D74 and E76),
two in Nqo11/ND4L (E37 and E73), and one in each of
Nqo8/ND1 (E247), Nqo12/ND5 (E146), Nqo13/ND4 (E141),
and Nqo14/ND2 (E134) (Paracoccusnumbering). Topologi-
cal studies of Nqo7/ND3 (16), Nqo11/ND4L (17), and
Nqo10/ND6 (Kao et al., unpublished data) of theParacoccus
and for Nqo8/ND1 and Nqo12/ND5 inRhodobacterNDH-1
(80, 81) support the membrane localization of some of these
carboxyl residues. Using the available data together with
mutation experiments inE. coli NDH-1, it appears that D74
and E76 in Nqo7/ND3 (Di Bernardo et al., unpublished data)
and E37 and E73 in Nqo11/ND4L (82) are essential for
energy-transducing electron transfer of NDH-1 but E247 in
Nqo8/ND1 is not significant (83). Interestingly, these
mutants, which are all missing carboxyl residues in the center
of at least one transmembrane segment, did not show any

of the decoupling effects which have been reported for
similar mutations in thebc1 complex and cytc oxidase (84,
85). This information, again, points to an indirect coupling
mechanism as an option for complex I/NDH-1.

If indeed complex I/NDH-1 undergoes conformational
coupling, it is important to attempt an understanding at the
molecular level of how this could work. It is probably far-
fetched to imagine that conformational coupling in complex
I/NDH-1 operates as a rotating motor as has been shown to
be the case with ATP synthase (71, 86). Structural informa-
tion, although still considerably limited, would make this
option unrealistic. However, it is possible that complex
I/NDH-1 pumps H+ or Na+ in a manner similar to that of
Ca2+-ATPase. According to recent structural studies (87, 88),
the Ca2+-ATPase in the sarcoplasmic reticulum translocates
Ca2+ by undergoing a dynamic conformational change in
the peripheral segment which induces a rearrangement (up-
down movement) of its membrane domain helices. Coupled
to this movement, two Ca2+ are translocated across the
membrane. This enzyme resembles a manual water pump
in which the peripheral (catalytic) domain works as a lever
and the membrane domain functions as a piston.

Mechanisms similar to that of other ion pumps must also
be considered. For example, the Na+-dependent ATP syn-
thase ofPropionigenium modestumpumps H+ in conjunction
with ATP synthesis but pumps Li+ or Na+ as well (89). The
subunit c of this ATP synthase apparently uses three amino
acid residues to ligate Na+ (Q32, E65, S66), two residues
for Li+ (E65, S66), and one residue for H+ (E65). It would
be interesting to clarify whether similar binding options for
multiple ions are also present in the proximity of conserved
and essential carboxyl residues located in the middle of the
transmembrane segments in complex I/NDH-1.

Epilogue. As is clear from the growing number of complex
I-related publications (90), significant progress in the area
of complex I/NDH-1 research has been made in recent years
and continues to be made.3 Nevertheless, there are many
questions which still remain with regard to the structure and
function of this huge enzyme complex. One of the reasons
for this lack of understanding is the lack of a high-resolution
3D structure for this enzyme. Many talented researchers have
now become involved in this task. Thus it can be hoped that
it will not be long before the structure becomes available.
Furthermore, areas of complex I research continue to expand
(e.g., accessory subunits, clinical aspects) and will surely
shed more light on the working of this enzyme soon. The
goal of this article has been to show readers how much is
known about this enzyme, to point out areas where more
data are clearly needed, and to draw more young investigators
into this fascinating field of study.
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