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Proton pumping respiratory complex I is a major player in
mitochondrial energy conversion. Yet little is known about the
molecular mechanism of this large membrane protein complex.
Understanding the details of ubiquinone reduction will be pre-
requisite for elucidating this mechanism. Based on a recently
published partial structure of the bacterial enzyme, we scanned
the proposed ubiquinone binding cavity of complex I by site-
directedmutagenesis in the strictly aerobic yeast Yarrowia lipo-
lytica. The observed changes in catalytic activity and inhibitor
sensitivity followed a consistent pattern and allowedus to define
three functionally important regions near the ubiquinone-re-
ducing iron-sulfur cluster N2. We identified a likely entry path
for the substrate ubiquinone and defined a region involved in
inhibitor bindingwithin the cavity. Finally,wewere able tohigh-
light a functionally critical structuralmotif in the active site that
consistedofTyr-144 in the49-kDa subunit, surroundedby three
conserved hydrophobic residues.

Respiratory chain NADH:ubiquinone oxidoreductase (com-
plex I) is a largemembrane protein complex that catalyzes elec-
tron transfer from NADH to ubiquinone and thereby pumps
protons across the inner mitochondrial or bacterial plasma
membrane (1). Electron microscopy revealed that complex I is
L-shaped (2–9) and is composed of a hydrophobic arm embed-
ded in the membrane and a peripheral arm protruding into the
mitochondrial matrix or the bacterial cytosol. The peripheral
arm contains all known redox centers, one FMN and eight or
nine iron-sulfur clusters. Based on sequence comparisons (10,
11), mutational analysis (12–15), and photoaffinity labeling
studies (16), we have proposed previously (14, 17) that the PSST
and the 49-kDa subunit that are homologous to the small and
large subunit of [NiFe] hydrogenases form part of the quinone
reducing catalytic core of complex I (note that the bovine
nomenclature will be used for the central subunits of complex I
throughout). Recently the crystal structure of the peripheral
domain of complex I from Thermus thermophilus has been

solved at 3.3 Å resolution (18). This structure (Fig. 1) shows a
wire of iron-sulfur clusters connecting the NADH-binding site
near FMN with a broad cavity formed by the PSST and the
49-kDa subunit that should comprise the active site for ubiqui-
none reduction and the binding region for the large number of
inhibitors that have been found for complex I (19).
Because reduction of ubiquinone is likely to be a key event in

the energy-coupling mechanism of complex I (1, 20), the qui-
none-binding site in the PSST and the 49-kDa subunit next to
iron sulfur-cluster N2 is of particular interest. To identify the
domains essential for catalytic activity and inhibitor binding,
we introduced a set of point mutations in the PSST and the
49-kDa subunits of complex I from our model organism, the
strictly aerobic yeast Yarrowia lipolytica. Positions for point
mutations were chosen by analyzing the T. thermophilus struc-
ture so that they would probe all parts of the proposed quinone
binding cavity and some surrounding residues.

EXPERIMENTAL PROCEDURES

Strains and Site-directed Mutagenesis—The Y. lipolytica
nucm� and nukm� deletion strains described earlier (21, 22)
were transformedwith the replicative plasmids pUB26 contain-
ing a genomic fragment of theNUCM gene or pUB4 containing
a genomic fragment of the NUKM gene. All point mutations
were generated in Escherichia coli by PCR mutagenesis. After
transformation (23) into Y. lipolytica strain nucm� or nukm�,
plasmids were recovered, and the entire open reading frames
were sequenced to verify the introduced point mutations and
exclude other sequence changes.
Small Scale Preparation of Mitochondrial Membranes—Mi-

tochondrial membranes were isolated essentially according to
published protocols (24). After phenylmethylsulfonyl fluoride
was added to a final concentration of 2 mM, mitochondrial
membranes were homogenized, shock-frozen, and stored in
liquid nitrogen. Aliquots of preparations were used for activity
measurements and gel electrophoresis. Protein concentration
was determined colorimetrically using the DC protein assay
(Bio-Rad).
Measurement of Catalytic Activity—NADH:HAR2 oxidoreduc-

taseactivitywasmeasuredasNADHoxidation (�340–400 nm�6.22
mM�1 cm�1) in the presence of the artificial electron acceptor
HAR using a Molecular Devices SPECTRAmax PLUS384 plate
reader spectrometer. The activity was measured at 30 °C in 20
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mM Na�/Hepes, pH 8.0, with 250 mM sucrose, 2 mM NaN3, 0.2
mM EDTA, 0.2 mM NADH, and 2 mM HAR. The reaction was
initiated by the addition of mitochondrial membranes (final
concentration 25 �g of protein per ml). Specific NADH:HAR
oxidoreductase activity was used to estimate complex I content
because it is not affected by changes in the ubiquinone binding
pocket.
dNADH:DBQ oxidoreductase activity of mitochondrial

membranes was determined as the fraction of dNADH oxida-
tion activity (�340–400 nm � 6.22 mM�1 cm�1) sensitive to the
complex I inhibitor DQA in the presence of DBQ as electron
acceptor. Measurements were carried out on a SPECTRAmax
PLUS384 plate reader spectrometer (Molecular Devices) at
30 °C in 20 mM Na�/Mops, pH 7.4, with 50 mM NaCl, 2 mM
KCN, 0.1mM dNADH, and 0.07mMDBQ. The final concentra-
tion of mitochondrial membranes was 50 �g/ml. The reaction
was started by adding DBQ. The inhibitor-sensitive fraction of
the ubiquinone reductase activity was calculated by subtracting
the residual rate in the presence of 27�MDQA that was usually
5–10% of the dNADH:DBQ oxidoreductase activity of the
parental strain. To allow comparison between different mem-
brane preparations, all activities were normalized for complex I
content. The results are given as mean � S.E. (n � 5–15).

I50 values and apparent Km values were determined under
essentially the same conditions as dNADH:DBQ oxidoreduc-
tase activity by varying the inhibitor and DBQ concentrations,
respectively. The I50 value is defined as the concentration of
inhibitor that decreased the inhibitor-sensitive complex I activ-
ity by 50%. For determination of the apparent Km, data were
fitted using the program “Enzfitter” (version 2.0.17.0, Biosoft

1999, Cambridge, UK) and amodifiedMichaelis-Menten equa-
tion (25).
Gel Electrophoresis—Blue-native PAGE was carried out

according to Schägger (26). Complex I in gel activity was pre-
formed as described previously (27).
EPR Spectroscopy—X-bandEPR spectrawere obtainedwith a

Bruker ESP 300E spectrometer equipped with an HP 53159A
frequency counter (Hewlett Packard), ER 035 M NMR gauss-
meter (Bruker, BioSpin), and a liquid helium continuous flow
cryostat (Oxford Instruments). Spectrawere recordedusing the
following parameters: microwave frequency 9.47 GHz, micro-
wave power 5 milliwatts, modulation amplitude 0.64 millitesla,
and modulation frequency 100 kHz.
Mitochondrialmembranes (10–25mg/ml, depending on the

specific mutant) were reduced with 2 mM NADH or 2 mM

NADH, 5 mM sodium dithionite. Samples were frozen in cold
isopentane/methylcyclohexane (5:1, �120 K) and stored in liq-
uid nitrogen. Usually, spectra were recorded at temperatures of
40 K to analyze binuclear clusters only or at 12 K to analyze
binuclear and tetranuclear clusters.
Structure Images—Images of the structural model and inter-

pretation of the results from mutagenesis were based on the
x-ray structure of the peripheral arm of complex I from T. ther-
mophilus at 3.3 Å resolution (18). The software package PyMol
(version 0.99) was used for visualizing the coordinates (Protein
Data Bank 2FUG) and preparing the figures in which the amino
acids were labeled using Y. lipolytica numbering that was
deduced from aligning the sequences from the two organisms
(supplemental Fig. S1). In cases where a residue was not con-
served betweenT. thermophilus andY. lipolytica, the side chain
was exchanged to match the Y. lipolytica sequence using the
mutagenesis wizard of the PyMol package.

RESULTS

Mutations in the Ubiquinone Binding Cavity Did Not Inter-
fere with Complex I Assembly—To gain more insight into the
function of amino acid residues that line the putative ubiqui-
none binding pocket (18), we generated a set of 39 point muta-
tions covering 20 different residues of the 49-kDa and the PSST
subunits of complex I from Y. lipolytica (Tables 1 and 2). In
many positions the residues were exchanged by several differ-
ent amino acids and at least one conservative, and one more
drastic exchange was introduced if possible. Tables 1 and 2 also
list data on pointmutations thatwe had generated and analyzed
before (14, 21, 22, 28), providing information on a total of 52
mutations at 26 positions.Mitochondrial membranes were iso-
lated from all newly generated mutant Y. lipolytica strains, and
complex I content was estimated as NADH:HAR oxidoreduc-
tase activity (Tables 1 and 2) and by blue-native PAGE with
subsequent complex I in gel activity stain (data not shown).
Membranes from most mutants contained fully assembled
complex I in amounts comparable with the parental strain indi-
cating that complex I was not destabilized in these mutants.
Only very few mutations led to moderately decreased complex
I contents, but even in these mutants complex I appeared to be
fully assembled.

FIGURE 1. Overall structure of the peripheral arm of T. thermophilus com-
plex I. The subunits are labeled according to the names introduced for
bovine heart complex I. Only the eight iron-sulfur clusters found in bacterial
and mitochondrial complex I are shown as space fill models. FMN is shown in
green as a stick model. The putative access path for ubiquinone (Q) is indi-
cated by an arrow, and the region that underwent mutagenesis in this study
is highlighted by the oval.
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Effects of Point Mutations on EPR-detectable Iron-Sulfur
Clusters—To probe for major deformation of the cavity and
possible effects on cluster N2, we also recorded EPR spectra of
mitochondrial membranes from mutants that showed signifi-
cant changes in the properties of complex I. In cases where we
had made several exchanges in the same position, we analyzed
those mutants that exhibited the most drastic effect on activity
(supplemental Fig. S2). From previous studies it is known that
the shape of the EPR signature of iron-sulfur clusterN2 is highly
sensitive to structural changes in its environment (14, 21, 28).
Remarkably, in none of themutationsmade for this study could
we detect significant changes in the EPR spectra of iron-sulfur
cluster N2 or any of the other EPR detectable iron-sulfur clus-
ters, irrespective of the reductant used (NADH or NADH/di-
thionite). This suggested that the structural changes intro-
duced by the mutations were largely local.
Effects of Point Mutations on Complex I Ubiquinone Reduc-

tase Activity—In a number of mutants we observed significant
reductions of the specific inhibitor-sensitive ubiquinone reduc-
tase activity of complex I (Tables 1 and 2). By introducing mul-
tiple exchanges in a given position, we probed how critically
catalytic activity depended on the size and properties of a par-
ticular side chain. Although in some regions of the 49-kDa sub-
unit different exchanges had comparatively severe effects on
activity, in other parts of the protein only some of themutations
markedly reduced activity. Compared with mitochondrial
membranes from the parental strain, mutagenesis of residues
Ala-94, Val-97, Leu-98, Arg-99, and Tyr-144 reduced specific
ubiquinone reductase activity dramatically to values that were
below 25% in all cases. In contrast, exchanging the hydrophobic
residue with a much smaller hydrophilic residue in mutant
V145T had virtually no effects, whereasmutation V145Fmark-
edly reduced complex I activity. Also forArg-141 the changes in
activity depended on the amino acid that was introduced (14,
21), and in position 407 only the drastic exchange K407W
strongly impaired activity, whereas the more conservative
exchanges K407H or K407R had only moderate or no effect.
Marked reductions of catalytic activity were also observed with
mutations M188Y and S192Y and for several mutations near
the C terminus of the 49-kDa subunit between residues 455 and
461.
Of the mutations within the PSST subunit, only V88F

strongly reduced the specific ubiquinone reductase activity.
Mutation E185Q that we had analyzed in earlier studies (22)
and mutation V88M had only moderate effects on activity.
To see how the severity of effect of the different mutations

correlated with their location in the cavity, we grouped and
color-coded them into four categories (Fig. 2); in some posi-
tions mutagenesis resulted in activities that were comparable
with the parental strain (�75%, blue), and in others, themutant
activities were markedly reduced (25–75%, green). Yellow was
used if at least one mutant with an activity below 25% was
found. If several exchanges all resulted in complex I activities
below �25% of the parental strain, this was indicated by red
color. A color-coded representation of our results in the struc-
ture around cluster N2 (Fig. 2) illustrates that the effects of the
mutations nicely correlated with their positions within the
ubiquinone binding cavity. Themost severe reductions of activ-

TABLE 1
Effects of point mutations introduced into the 49-kDa subunit
ND indicates not determined.

Strain Complex I
contenta

Complex I
activityb

Apparent
Km (DBQ)

I50
DQA Rotenone

% % �M nM
Parental 100 � 3 100 � 5 15 16 530
A94I 85 � 3 14 � 2 ND ND ND
H95Ac 130 �5 ND ND ND
H95Mc 120 �5 ND ND ND
H95Rc 100 �5 ND ND ND
V97W 78 � 2 10 � 2 ND ND ND
L98F 101 � 3 22 � 2 ND ND ND
L98K 71 � 2 15 � 2 ND ND ND
R99D 58 � 2 14 � 2 ND ND ND
R99T 71 � 1 15 � 2 ND ND ND
R141Kc 140 45 13 55 1500
R141A 130d 17d 10e 21d 570d
Y144W 129 � 2 8 � 4 ND ND ND
Y144Hd 70 �5 ND ND ND
V145F 127 � 1 7 � 3 ND ND ND
V145T 122 � 4 92 � 8 12 17 550
S146Cf 100 100 12 80 1500
M188Y 104 � 2 12 � 2 ND ND ND
S192I 110 � 3 16 � 2 ND ND ND
S192R 102 � 5 8 � 2 ND ND ND
S192Y 111 � 2 24 � 2 ND ND ND
F207W 99 � 2 58 � 2 12 21 850
R210I 100 � 2 63 � 2 14 16 500
E211Q 124 � 4 83 � 6 16 21 530
E218Q 97 � 2 97 � 4 12 21 550
R224D 97 � 2 107 � 4 13 12 550
R224I 93 � 3 102 � 5 14 12 650
R224K 86 � 2 103 � 3 10 11 550
R224N 124 � 2 99 � 7 14 15 700
L225A 102 � 3 103 � 6 13 13 550
L225F 95 � 3 110 � 6 13 11 460
L225H 84 � 3 107 � 5 12 14 700
L225V 95 � 2 91 � 3 12 12 700
K407H 80 � 2 78 � 2 13 13 500
K407R 93 � 3 105 � 4 12 75 550
K407W 66 � 1 12 � 2 ND ND ND
G455I 71 � 3 16 � 2 ND ND ND
G455S 98 � 1 72 � 4 11 22 700
D458A 93d 28d 12e 520d 5200d
L459I 92 � 7 92 � 10 16 13 620
L459K 50 � 2 24 � 2 ND ND ND
V460Ad 90 �5 ND ND ND
V460L 83 � 4 21 � 2 ND ND ND
V460M 100 � 2 16 � 2 9e 53d 760d
V460S 82 � 3 21 � 1 ND ND ND
F461W 97 � 3 23 � 3 ND ND ND

a100% of complex I content corresponds to 1.25 �mol�min�1�mg�1 NADH:HAR
oxidoreductase activity.

b Complex I activity of the parental strain was 0.58 �mol�min�1�mg�1.
c Data are from Ref. 21.
d Data are from Ref. 14.
e Data are from N. Kashani-Poor, unpublished data.
f Data are from L. Grgic, unpublished data.

TABLE 2
Effects of point mutations introduced into the PSST subunit
ND indicates not determined.

Strain Complex I
contenta

Complex I
activityb

Apparent
Km of DBQ

I50
DQA Rotenone

% % �M nM
Parental 100 � 2 100 � 3 14 13 450
V88F 96 � 2 13 � 1 ND ND ND
V88L 94 � 4 92 � 5 15 25 500
V88M 95 � 2 56 � 3 13 32 330
E89Ac 145 74 19 13 590
E89Cc 145 67 18 14 630
E89Qc 100 88 9 11 620
E185Qd 110 35 50 20 500

a100% of complex I content corresponds to 1.25 �mol�min�1�mg�1 NADH:HAR
oxidoreductase activity.

b Complex I activity of the parental strain was 0.6 �mol�min�1�mg�1.
c Data are from Ref. 28; here NBQ was use instead of DBQ.
d Data are from Ref. 22.
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ity were observed along a path leading from the first strand of
the N-terminal �-sheet of the 49-kDa subunit toward a region
adjacent to iron-sulfur cluster N2.
Effects of PointMutations on Apparent Km Value for DBQ—To

test whether themutations had altered the ubiquinone-binding
site of complex I, we determined their apparentKm value for the
ubiquinone derivative DBQ (Tables 1 and 2). However, this was
only possible for those mutants that had a residual activity of
well above 20% of the parental strain. Many mutants exhibited
a slightly lower apparent Km value than the parental strain, but

in most cases this seemed to go
parallel with reduced ubiquinone
reductase activity, a trend that we
had observed previously with
complex I mutations. Overall none
of the mutants analyzed here that
had retained appreciable ubiqui-
none reductase activities exhib-
ited marked changes in the appar-
ent Km value for DBQ.
Effects of Point Mutations on I50 of

Specific Complex I Inhibitors—Many
different complex I inhibitors are
known that act on the quinone-
binding site. Because of their kinetic
properties these inhibitors are
divided into three classes, A–C (19),
with different but partially overlap-
ping binding sites (29). Because
DQA and rotenone are very potent
representatives of class A and B,
respectively, we measured the I50
values for these inhibitors in our
complex I mutants. Again, reliable
determination of this parameter
was only possible if the residual
activity of a given mutant was well
above 20%. Mutation K407R in the
49-kDa subunit caused a 4.7-fold
increase of the I50 value for DQA,
but no change in the I50 value for
rotenone. In contrast, for mutant
F207W we observed a significant
increase in the I50 value only for
rotenone. Mutation V88M in the
PSST subunit exhibited a slight
hypersensitivity for rotenone and
some resistance to DQA. The latter
was also observed to a somewhat
lesser extent in PSST mutant V88L.
All other mutants studied here
exhibited I50 values for both inhibi-
tors that were not significantly dif-
ferent from the parental strain
(Table 1 and 2). Table 1 also con-
tains several previously generated
and published mutations, which
change I50 for DQA and rotenone.

All resistance data are illustrated in Fig. 3. Amino acid positions
wheremutants exhibited resistance or hypersensitivity to DQA
or rotenone are shown in orange in Fig. 3. For orientation, the
residues that were most critical for catalytic activity are shown
again in red in Fig. 3.

DISCUSSION

We have probed the proposed ubiquinone binding cavity
within the peripheral arm of complex I by site-directed
mutagenesis. Of the 39 mutations that were analyzed here, a

FIGURE 2. Effects of point mutations on complex I activity. The putative ubiquinone binding cavity of
complex I is shown as a schematic with exchanged amino acids highlighted in stick representation. Amino
acids mutated within the putative quinone binding cavity are color-coded to illustrate the effect on dNADH:
ubiquinone oxidoreductase activity observed for an amino acid exchange in a given position in complex I from
Y. lipolytica. Red, several exchanges all resulted in very low activity (�25% of parental); yellow, at least one
exchange resulted in very low activity (�25% of parental); green, reduced activity (between 25 and 75% of
parental); blue, essentially normal activity (�75% of parental) for all exchanges. Residues of subunit PSST are
marked with an asterisk. Iron-sulfur cluster N2 is shown as gray spheres. A, surface representation. B, schematic
representation.

FIGURE 3. Effects of point mutations on I50 value of complex I inhibitors. The same view into the ubiqui-
none binding cavity of complex I as in Fig. 2 is shown. However, amino acids that, when exchanged, had an
effect on I50 of DQA or rotenone are now shown in orange. For better orientation, other residues that were most
critical for catalytic activity are shown again in red. The other mutated residues highlighted in Fig. 2 are now
shown in the same color as the secondary structure schematic of the subunit. (A and B as in Fig. 2).
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significant number resulted in amarked reduction of inhibitor-
sensitive ubiquinone reductase activity. Several mutations
changed inhibitor sensitivity. By localizing the corresponding
residues in the partial structure of complex I from T. ther-
mophilus (18) and by combining these results with information
from earlier studies (14, 21, 28), we could identify functionally
important regions within this central domain of complex I
(Figs. 2 and 3). The region identified as being most critical for
activity included a group of residues that (except for Tyr-144,
Ser-192, and Val-460) were not located immediately in the spa-
cious cavity around clusterN2 but rather seemed to form a path
of entry for ubiquinone (Fig. 2A). This path starts withAla-94 at
a distance of about 24 Å from the ubiquinone-reducing iron-
sulfur clusterN2within the first strand of theN-terminal three-
stranded �-sheet of the 49-kDa subunit. The amphipathic loop
connecting the first and second strand of this �-sheet reaches
into the proposed ubiquinone binding pocket. All five muta-
tions that we introduced here for the three consecutive, highly
conserved residues Val-97, Leu-98, and Arg-99 drastically
reduced ubiquinone reductase activity (Table 1). Already in an
earlier study (21), we had found that all three exchanges we had
introduced for the neighboring residue His-95 also abolished
complex I activity. The samewas found forHis-91,which seems
to reside in a region that is disordered in the isolated peripheral
arm as it is not contained in the T. thermophilus structural
model (18). This high density of functionally important resi-
dues strongly suggested that the N-terminal �-sheet represents
a critical part of the ubiquinone binding pocket of complex I.
Somewhat deeper into the crevice but on its opposite side, we

could identify another region, where amino acid exchanges
M188Y and S192Y significantly impaired catalytic activity (Fig.
2). These residues are located within the lower half of a four
�-helical bundle that could be called the backbone of the
ubiquinone binding pocket. Remarkably, mutagenesis of a
group of strictly conserved and polar residues in the most
remote part of the cavity (Glu-211, Glu-218, and Arg-224) and

of Leu-225 had virtually no effect on
activity or inhibitor binding (Fig. 2).
Based on the homology between

the 49-kDa and PSST subunits of
complex I and the large and small
subunits of [NiFe] hydrogenase, we
had previously identified conserved
structural elements in the 49-kDa
subunit (31) that were now con-
firmed by the high resolution struc-
ture of the peripheral arm to form
a conserved fold around iron-sul-
fur cluster N2 (18). Our results
reported here support our proposal
that this fold (Fig. 4A) in fact forms
an important part of the ubiquinone
reducing catalytic core of complex I
(14). Mutations V145F and Y144W
and the earlier described mutation
Y144H (14) reside in the loop con-
necting the two �-helices that form
element A and resulted in loss of

ubiquinone reductase activity. Element A lines the interface
between the 49-kDa subunit and the iron-sulfur subunits PSST
and TYKY. Remarkably, mutagenesis of Val-88 in the PSST
subunit that is located at only about 4 Å distance from Tyr-144
and Val-145 resulted in loss of activity when a bulky phenylala-
nine was introduced (Table 2). In contrast, mutation V88M
resulted in an about 2–3-fold resistance to DQA and slight
hypersensitivity to rotenone suggesting that substrate and
inhibitor binding are closely linked in this region of the pocket.
Exchanging the fully conserved Arg-224 that resides within

the long disordered loop of element B (Fig. 4A) had no signifi-
cant effect on catalytic activity. Note however, that His-226
found at the tip of the hairpin loop of element B is the redox-
Bohr group of cluster N2 (20). Lys-407 is situated on a loop
forming elementC that is arranged in parallel to elementA (Fig.
4A). Mutation K407W caused a marked reduction in ubiqui-
none reductase activity, whereasmutationK407R resulted in an
almost 5-fold resistance towardDQA.Note that in this position
an arginine is found in T. thermophilus. Element D is a highly
conserved mostly random coil C-terminal stretch that
approaches the region around clusterN2 from the side opposite
to elements A and C. It hosts several previously reportedmuta-
tions (12, 13, 14) that lead tomarked inhibitor resistance or, like
mutations F461W and G455I studied here, to reduced catalytic
activity.
Amore detailed analysis of the effect of the mutations on the

conserved fold around iron-sulfur cluster N2 revealed a
remarkable structural feature that may well play a central role
in the catalytic mechanism of complex I; a triad of three hydro-
phobic residues, Val-88 in the PSST subunit and Val-145 and
Val-460 in the 49-kDa subunit that are spaced only a few ång-
ströms from each other, seem to form a hydrophobic platform
around Tyr-144 (Fig. 4B). Tyr-144 has been shown previously
to be critical for ubiquinone reduction (14) and is only about 7
Å away from cluster N2. Althoughmutating Val-460 to alanine
resulted in complete loss of activity, introduction of a bulky

FIGURE 4. Functionally important residues in the vicinity of iron-sulfur cluster N2. A, mutated residues
within the conserved fold around iron-sulfur cluster N2. Structural elements A–D had been previously defined
based on the homology between complex I and soluble [NiFe] hydrogenases (31). Residues discussed in the
text are shown as stick models. B, hydrophobic platform around Tyr-144. Only the side chains are shown as stick
models. Hydrophobic residues are shown in yellow. Two hydrophilic residues nearby are shown in pink. Dis-
tances are given in ångströms. See text for further details.
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aromatic side chain was required to achieve similar effects at
positions Val-88 and Val-145. In position Val-460 and a num-
ber of positions nearby, mutations could be found that con-
ferred resistance to hydrophobic inhibitors of complex I. These
include the previously found mutations V460M and D458A
(14) and mutation K407R from this study. Many mutations in
this region also exhibited a significantly reduced ubiquinone
reductase activity. Overall, our findings experimentally con-
firm earlier concepts that the substrate ubiquinone binds in
a pocket near iron-sulfur cluster N2 that also comprises the
binding sites for the hydrophobic inhibitors of complex I (14,
29). Although the specific binding sites for ubiquinone and
the different inhibitors are not identical, they clearly seem to
overlap extensively. Another remarkable feature of this
extended binding domain is that it can be divided into a
hydrophobic region around Tyr-144 and a hydrophilic
region formed by Lys-407 and Asp-458 at the C-terminal end
of the 49-kDa subunit (Fig. 4B).

From the structural model of the peripheral arm of T. ther-
mophilus complex I, the entrance of the ubiquinone pocket that
can now be defined more precisely by the results reported here
can be subdivided into functionally different regions. However,
given the large number of functionally critical residues in this
region, it seems possible that in intact complex I this region is
much more compact, forming a rather narrow amphipathic
pathway for the substrate.
It has been a controversial issuewhere the ubiquinone reduc-

tion site is located relative to the membrane surface (30).
Although this study does not directly address this question, it
should be noted that the �-sheet forming the entry of the
ubiquinone pathway defined here contains as its middle strand
the epitope that binds amonoclonal antibody in native complex
I (30). This implies that this �-sheet must reside close to the
surface of the multiprotein complex. We had localized this
epitope by electronmicroscopic analysis of antibody decorated
complex I particles at a position far above the presumed level of
the innermitochondrialmembrane (30). This unexpected posi-
tion is supported by amore recent study where we couldmodel
the x-ray structure of the peripheral arm of T. thermophilus
complex I into a three-dimensional model of Y. lipolytica com-
plex I obtained by electron microscopic single particle analysis
(32). It would follow from these studies that the ubiquinone-
reducing iron-sulfur cluster N2 resides 60 Å above the mem-
brane surface and that the ubiquinone binding crevice opens to
thewater phase and not themembrane. Long known properties
of complex I also support this view. In stark contrast to the
cytochrome bc1 complex, for example, hydrophilic ubiquinone
analogues like ubiquinone-1 are excellent substrates for com-
plex I (1). Moreover, even charged compounds like N-methyl-
4-phenylpyridinium can reach the ubiquinone reduction site
and inhibit complex I (19). Conserved polar residues within the
identified path may also play a role in proton access to the
pocket.
It seems however hard to envision how the extremely

hydrophobic substrate ubiquinone-10 and the hydrophobic
inhibitors could reach a binding site that resides far above
the level of the membrane. One option would be that com-
plex I undergoes extensive conformational changes during

turnover that brings the ubiquinone binding pocket down to
the membrane. Another option would be that the peripheral
domains of some of the membrane-bound subunits and the
PSST subunit form a ramp or channel that could shuttle the
substrate between the membrane domain and the ubiqui-
none binding pocket. Based on the orientation of the pocket
predicted from our structural studies (32), it is tempting to
speculate that the long ubiquinone tail acts as a tether that
slides along this ramp or channel, whereas the headgroup of
the substrate diffuses through the water phase. Solving a
high resolution structure of the entire complex will be nec-
essary to decide whether such an unusual substrate binding
mode is operational in complex I.
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