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ABSTRACT The proton-translocating NADH-quinone
oxidoreductase (EC 1.6.99.3) is the largest and least under-
stood enzyme complex of the respiratory chain. The mamma-
lian mitochondrial enzyme (also called complex I) contains
more than 40 subunits, whereas its structurally simpler
bacterial counterpart (NDH-1) in Paracoccus denitrificans and
Thermus thermophilus HB-8 consists of 14 subunits. A major
unsolved question is the location and mechanism of the
terminal electron transfer step from iron–sulfur cluster N2 to
quinone. Potent inhibitors acting at this key region are
candidate photoaffinity probes to dissect NADH-quinone oxi-
doreductases. Complex I and NDH-1 are very sensitive to
inhibition by a variety of structurally diverse toxicants, in-
cluding rotenone, piericidin A, bullatacin, and pyridaben. We
designed (trifluoromethyl)diazirinyl[3H]pyridaben ([3H]TDP)
as our photoaffinity ligand because it combines outstanding
inhibitor potency, a suitable photoreactive group, and tritium
at high specific activity. Photoaffinity labeling of mitochon-
drial electron transport particles was specific and saturable.
Isolation, protein sequencing, and immunoprecipitation iden-
tified the high-affinity specifically labeled 23-kDa subunit as
PSST of complex I. Immunoprecipitation of labeled mem-
branes of P. denitrificans and T. thermophilus established
photoaffinity labeling of the equivalent bacterial NQO6. Com-
petitive binding and enzyme inhibition studies showed that
photoaffinity labeling of the specific high-affinity binding site
of PSST is exceptionally sensitive to each of the high-potency
inhibitors mentioned above. These findings establish that the
homologous PSST of mitochondria and NQO6 of bacteria
have a conserved inhibitor-binding site and that this subunit
plays a key role in electron transfer by functionally coupling
iron–sulfur cluster N2 to quinone.

NADH-ubiquinone oxidoreductase (complex I: EC 1.6.99.3) is
the first of three multisubunit enzyme complexes in the inner
membranes of mitochondria forming the electron transport
chain from NADH to oxygen. It is one of the most complicated
enzyme complexes known, containing one noncovalently
bound flavin mononucleotide and at least five iron–sulfur
clusters recognized by their electron paramagnetic resonance
signals. Complex I consists of more than 40 protein subunits,
7 of which (ND1 to ND6 plus ND4L) are encoded in the
mitochondrial genome and the remainder (including PSST) of
which originate from the nuclear DNA (1). Structural and
functional defects of complex I are involved in many mito-
chondria-derived diseases (1, 2). Leber’s hereditary optical
neuropathy is related to point mutations in the three mito-
chondrially encoded subunits ND1, ND4, and ND6 (3, 4).

Chemically induced Parkinson’s disease from 1-methyl-4-
phenylpyridinium ion (MPP1) is associated with the inhibition
of complex I (5, 6). NADH-ubiquinone oxidoreductase inhib-
itors block induced ornithine decarboxylase activity and are
thereby candidate cancer chemopreventive agents (7, 8). Com-
plex I inhibitors are also important botanical and synthetic
pesticides, including insecticides, miticides, and piscicides.
Among the natural products, rotenone has been used for more
than 300 years, and piericidin A and various annonaceous
acetogenins (including bullatacin and rolliniastatin I) were
candidate pesticides (9, 10). Pyridaben is one of four important
synthetic heterocyclic insecticides and miticides with NADH-
ubiquinone oxidoreductase as the target (9, 10).

Many prokaryotes possess a structurally simpler but highly
homologous counterpart of NADH-ubiquinone oxidoreduc-
tase designated NDH-1. NDH-1 from Paracoccus denitrificans
and Thermus thermophilus HB-8 has the same number of
prosthetic groups as the mammalian enzyme and 14 homolo-
gous subunits (11). The bacterial enzymes are also inhibited by
rotenone and piericidin A (12). The multiple components of
NADH-quinone oxidoreductase from both prokaryotes and
eukaryotes catalyze the transfer of electrons from NADH to
quinone through the protein-bound prosthetic groups. A major
unsolved question is the location and mechanism of the
terminal step in this energy conservation process involving
iron–sulfur cluster N2 and one or more subunits in electron
transfer to quinone (1, 13, 14). This study uses a very potent
inhibitor as a specific photoaffinity ligand to identify this key
region or subunit, which was then found to be the common
target for many potent inhibitors and toxicants.

The probe to dissect complex I was selected on the basis of
introducing a suitable photoreactive group and tritium at high
specific activity while retaining outstanding inhibitor potency.
Each of the pesticides mentioned above inhibits NADH-
ubiquinone oxidoreductase activity at nanomolar levels (9, 10)
and was therefore a candidate prototype for a photoaffinity
probe. Earlier studies with two rotenone-derived photoaffinity
probes and isolated complex I recognized a single inhibitor-
binding site localized in a 33-kDa protein (15, 16). We selected
(trif luoromethyl)diazirinyl[3H]pyridaben ([3H]TDP) (Fig. 1)
as our probe because it is more potent than rotenone as an
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NADH oxidase inhibitor, and the observed photoreactivity
and high specific activity (56 Ciymmol; 1 Ci 5 37 GBq) were
suitable to proceed (17). Electron transport particles (ETP)
and bacterial membranes were used with the target enzyme in
situ rather than as the isolated complex to ensure the intactness
of mitochondrial complex I and bacterial NDH-1 (13).

MATERIALS AND METHODS

Materials. Standard procedures were used to prepare ETP
(18), cholate-treated membranes of P. denitrificans (19) and
membranes of T. thermophilus HB-8 (20). The synthesis of
[3H]TDP has been described (17). Sources for the inhibitors
were rolliniastatin I from E. Estornell (University of Valencia,
Spain); bullatacin from J. McLaughlin (Purdue University,
West Lafayette, IN); others from the authors’ laboratories.

Enzyme Activity. NADH oxidase activity and the effect of
inhibitors were determined according to Singer (21) at 30°C
for ETP and membranes of P. denitrificans and at 65°C for
membranes of T. thermophilus.

Photoaffinity Labeling. ETP (1 mg of protein) in 10 ml of
buffer (250 mM sucrose in 50 mM sodium phosphate at pH 7.5)
was treated with [3H]TDP (final concentration 0.6 to 240 nM,
actual value determined by radioassay, introduced in 10–100
ml of ethanol) for 10 min at room temperature, and then with
NADH (400 mM) and sodium pyruvate (1 mM) for 10 min.
L-Lactate dehydrogenase (3 units) was added to destroy
NADH, and after 2 min the suspension was cooled to 10°C and
irradiated in a Rayonet photochemical reactor equipped with
a merry-go-round apparatus and four RPR-3500A lamps at a
distance of 3 cm for 20 min at 10°C; this irradiation condition
completely photodecomposes the radioligand. The proteins
were pelleted (12 min, 144,000 3 g, 4°C) for analysis by
electrophoresis and immunoprecipitation. Competitive inhib-
itors (in ethanol or dimethyl sulfoxide, ,1% final concentra-
tion) were added 10 min before [3H]TDP.

Photoaffinity labeling of the bacterial membranes (1 mg of
protein in 10 ml of buffer) was carried out in the same way
except with 80 nM [3H]TDP.

Electrophoresis. Sodium dodecyl sulfateypolyacrylamide
gel electrophoresis (SDSyPAGE) was performed according to
Laemmli (22) on 13.5% slab gels (82 3 55 3 1.5 mm for
analysis or 160 3 130 3 1.5 mm for preparative isolations).
Blue native PAGE on 5–8% gels (160 3 130 3 1.5 mm) used

n-dodecyl b-D-maltoside as the detergent (3% final concen-
tration) according to Schägger and von Jagow (23). Their
procedure was also used for electroelution of complex I from
blue native PAGE gels (23). For localization and analysis of
labeled protein bands the gels were cut into 1- to 2-mm slices,
which were individually incubated with 0.5 ml of 30% hydrogen
peroxide overnight at 55°C and acidified with 0.1 ml of 2 M
hydrochloric acid, and the radioactivity was determined by
liquid scintillation counting in 5 ml of Hionic Fluor (Packard
Instrument, Meriden, CT) scintillation cocktail.

Immunoprecipitation. The procedure of Anderson and Blo-
bel (24) was applied to complex I purified by blue native PAGE
or bacterial membranes, using antibodies against P. denitrifi-
cans (Pd) NQO6 (19), T. thermophilus (Tth) NQO6 (25), and
ND1 (26). The PSST subunit shares 67% sequence identity
with NQO6 of the P. denitrificans NDH-1, and antibodies
raised against Pd NQO6 crossreact with its bovine counterpart
(19). The labeled protein preparation in 240 ml of dilution
buffer (1.25% Triton X-100y190 mM sodium chloridey6 mM
EDTAy0.1 mM phenylmethanesulfonyl f luoride in 60 mM
Triszhydrochloride at pH 7.4) was treated with subunit-specific
antiserum (5 ml) and incubated overnight at 4°C. Protein
A-Sepharose CL-4B beads as a suspension (30 ml, equilibrated
with 50 mM Triszhydrochloride at pH 7.4) were added, and the
mixture was incubated at room temperature for 2 hr. The beads
were pelleted and washed four times with 1.0 ml of buffer A
(0.1% Triton X-100y0.02% SDSy150 mM sodium chloridey5
mM EDTAy0.1 mM phenylmethanesulfonyl f luoride in 50
mM Triszhydrochloride at pH 7.4) then once with buffer B
(same as buffer A but without Triton X-100 and SDS). The
samples were incubated in Laemmli’s 13 sample buffer [6.0%
SDSy20% (volyvol) glyceroly0.005% bromophenol blue in 80
mM Triszhydrochloride at pH 6.8] for 2 hr at room temperature
and pelleted, and the supernatants were applied to SDSy
PAGE for analysis of the labeled immunoprecipitated pro-
teins.

RESULTS

Photoaffinity Labeling of ETP. Photoaffinity labeling of
ETP with a low concentration (8 nM) of [3H]TDP results in
only one labeled protein region, with an apparent molecular
mass of 23 kDa on SDS-PAGE. At a [3H]TDP concentration
of 80 nM an additional labeled region of 30 kDa molecular

FIG. 1. Structures of the photoaffinity probe (trif luoromethyl)diazirinyl[S-C3H2]pyridaben ([3H]TDP) and other NADH-quinone oxidoreduc-
tase inhibitors. Pyridaben is an analog of the photoaffinity probe with a t-butyl group instead of the (trif luoromethyl)diazirinyl substituent.
Rolliniastatin I (structure not shown) is a stereoisomer of bullatacin.
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mass is also evident (Fig. 2A). Labeling at the 23-kDa site
reaches half of the maximum value at a [3H]TDP concentration
of '6 nM, approximating the level required for 50% inhibition
of NADH oxidase activity; in fact, binding of [3H]TDP to the
23-kDa protein correlates with inhibition of enzyme activity
(Fig. 2B). The second labeled region, the 30-kDa protein, does
not saturate up to 240 nM, far beyond the level completely
inhibiting the enzyme (Fig. 2B).

Identification of the High-Affinity Specific Binding Site
Protein and the Second Labeled Protein in ETP. Identification
of the labeled 23- and 30-kDa proteins required purification of
complex I from ETP followed by protein sequencing or
immunoassay of the proposed subunits. Separation by blue
native PAGE of ETP photoaffinity-labeled with [3H]TDP at 8
nM gave only the complex I region with high radioactivity
relative to protein (data not shown). Fractionation by SDSy
PAGE of purified complex I labeled at 12 and 130 nM
[3H]TDP gave the same 23- and 30-kDa-labeled subunits as

determined with ETP directly (Fig. 3A), demonstrating that
both radiolabeled sites reside in complex I. Tryptic digestion
of the 23-kDa subunit thus obtained yielded peptides with
sequences of PSST (27), namely (Leu)33-(Asp)34-Asp35-Leu36-
Ile37-Asn38-(Trp)39-Ala40 and Phe72-Gly73-Val74-(Val)75-Phe76

(parentheses indicate amino acids predicted but not conclu-
sively identified).

Immunoprecipitation of the complex I high-affinity binding
site protein with anti-Pd NQO6 antibody established its iden-
tity as PSST, and precipitation of the 30-kDa labeled protein
with anti-ND1 antibody defined that it is ND1 (Fig. 3B).

Identification of the Specific Binding Site Protein in Bac-
terial Membranes. The enzyme complexes of P. denitrificans
and T. thermophilus are sensitive to the same inhibitors as
complex I with strong inhibition by pyridaben, rotenone,
piericidin A, bullatacin, and rolliniastatin I at 100 nM and
49-decyl-MPP1 at 100 mM. The inhibition site of bacterial
NADH-quinone oxidoreductase is therefore a suitable model

FIG. 2. Photoaffinity labeling with [3H]TDP of specific binding sites at apparent molecular masses of 23 and 30 kDa in ETP. (A) SDSyPAGE
analysis with a 13.5% gel establishes labeling of only the 23-kDa region at 8 nM [3H]TDP and of 23- and 30-kDa regions at 80 nM. (B) Labeling
of the 23-kDa region (high-affinity site) correlates with inhibition of NADH oxidase activity. Labeling of the 30-kDa region (low-affinity site) does
not undergo saturation up to 240 nM [3H]TDP. Conditions as in A but varying the [3H]TDP level. Values for [3H]TDP bound at above saturation
levels are less reliable than at lower concentrations because of increasing background.

FIG. 3. Identification of the photoaffinity-labeled complex I high-affinity binding site protein (molecular mass 23 kDa) as PSST and the 30-kDa
protein as ND1 and of the photoaffinity-labeled bacterial NDH-1 site protein (molecular mass 23 kDa) as NQO6. (A) SDSyPAGE analysis as in
Fig. 2A but complex I isolated from ETP by blue native PAGE after labeling. Two of the darkest protein bands at 52 and 56 kDa are from complex
V. (B) Immunoprecipitation of labeled complex I involved blue native PAGE followed by treatment with anti-Pd NQO6 antibody for PSST and
anti-bovine ND1 antibody for ND1. Immunoprecipitation of labeled bacterial membranes involved direct treatment of P. denitrificans and T.
thermophilus preparations with anti-Pd NQO6 antibody and anti-Tth NQO6 antibody, respectively.
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for that of the mammalian enzyme. The photoaffinity probe
with both bacterial membranes labeled the NQO6 subunit
(molecular mass 23 kDa) of NDH-1—i.e., the counterpart of
PSST of mitochondria, based on immunoprecipitation assays
(Fig. 3B).

Common High-Affinity Binding Site for Structurally Di-
verse Inhibitors. We compared the binding site(s) of various
unlabeled inhibitors with that of [3H]TDP by allowing them to
compete before irradiation and analysis of the potentially
reduced labeling for the 23-kDa subunit. High-affinity binding
was completely prevented by pyridaben, rotenone, piericidin
A, bullatacin, and rolliniastatin I (individually tested at 2 mM)
and 49-decyl-MPP1 (100 mM) (data not shown), levels at which
each of these compounds fully blocked NADH oxidase activ-
ity. No competition with [3H]TDP was observed for antimycin
A at 2 mM or MPP1 at 1 mM, concentrations that did not
inhibit activity at complex I. Photoaffinity labeling of the ND1
subunit was not reduced by pyridaben, rotenone, piericidin A,
bullatacin, or rolliniastatin I at 2 mM.

DISCUSSION

There is a common high-affinity binding domain for structur-
ally diverse inhibitors associated with the inhibition of NADH-
ubiquinone oxidoreductase activity. This has been shown with
beef heart ETP using [14C]rotenone (28), [14C]piericidin A
(29), and [3H]fenazaquin (30) and with insect submitochon-
drial particles and partially purified complex I by using [3H]di-
hydrorotenone and a [3H]aminopyrimidine (31, 32). In all
cases inhibition of radioligand binding by a variety of com-
pounds was proportional to inhibition of enzyme activity but
the lack of a suitable photoaffinity probe and high nonspecific
binding ruled out subunit localization in complex I.

NADH-ubiquinone oxidoreductase in ETP is photoaffinity-
labeled by [3H]TDP at low concentration (e.g., 8 nM) at a
specific site on a protein of 23 kDa. The labeling is high affinity
and saturable and correlates with inhibition of enzyme activity.
The 23-kDa protein that contains the high-affinity binding site
is therefore the primary target of [3H]TDP action in mito-
chondrial membranes. Isolation and sequencing of this labeled
protein identified it as the PSST subunit of complex I, a finding
confirmed by immunoprecipitation with anti-Pd NQO6, a
crossreacting antibody developed against the bacterial equiv-
alent of PSST. Bacterial membranes of P. denitrificans and T.
thermophilus are also photoaffinity labeled by [3H]TDP, and
this occurs specifically at the NQO6 subunit as determined by
immunoprecipitation. All of these findings support the label-
ing of an equivalent specific high-affinity site in ETP and
bacterial membranes—i.e., this is a conserved binding site in
mitochondrial complex I and its bacterial counterpart NDH-1.
The labeling of PSST with [3H]TDP is displaced by pyridaben,
rotenone, piericidin A, bullatacin, rolliniastatin-I, and 4-decyl-
MPP1. Hence, the photoaffinity labeling and identification of
the high-affinity binding site in PSST establishes that diverse
inhibitors bind in a mutually exclusive way—i.e., at the same or
closely coupled sites or overlapping subsites similar to the
observation by x-ray crystallography for the Qo site inhibitors
of complex III (33).

A second site in ETP is labeled at higher [3H]TDP levels
(e.g., 80 nM) and is not saturated up to 240 nM radioligand,
a concentration well above that required for complete inhibi-
tion of NADH-ubiquinone oxidoreductase activity. Labeling
at the secondary site involves high specificity in binding and
reaction with a single 30-kDa protein within a mixture of .100
proteins in ETP. Immunoprecipitation identifies this second-
ary binding site for [3H]TDP as residing in ND1. Interestingly,
this is the same protein photoaffinity-labeled in isolated
complex I by two rotenone analogues (15, 16). Thus, the site
labeled with rotenone derivatives as photoaffinity probes was
not the PSST high-affinity site identified here with [3H]TDP

but instead the ND1 secondary site. There are three possible
explanations for labeling ND1 instead of PSST with the
rotenone derivatives: the specific activity of [3H]aryla-
zidoamorphigenin (0.02 Ciymmol; ref. 15) was too low to
detect the high-affinity binding site; photoaffinity labeling with
[3H]dihydrorotenone (58 Ciymmol; ref. 16) was inefficient
despite the arylketone moiety; NADH-ubiquinone oxi-
doreductase activity of isolated complex I is less sensitive than
that of ETP to rotenone and piericidin A (13), possibly due to
changes in the high-affinity site. An important observation is
that photoaffinity labeling of the ND1 subunit with [3H]TDP
is not displaced by the complex I inhibitors studied, including
rotenone, at levels that totally block labeling of the high-
affinity site. On this basis the ND1 subunit is not directly
involved in the action of the complex I inhibitors studied here.

Two inhibitor-binding sites in ETP have been proposed for
rotenone, piericidin A, and MPP1, in part on the basis of
radioligand binding experiments in the presence of bovine
serum albumin; these two sites have similar affinities but
unequal contribution to the inhibition and both must be
occupied for complete block of NADH oxidation (34–36). A
single inhibitor-binding site is observed in other studies with
partially purified insect complex I and bovine submitochon-
drial particles (32). The current photoaffinity studies without
albumin show a single high-affinity binding region responsible
for inhibition of enzyme activity. However, they do not define
the stoichiometry of [3H]TDP binding sites relative to the
PSST and ND1 subunits.

Several lines of evidence assign the PSST subunit as the final
protein component involved in electron transfer from iron–
sulfur cluster N2 to quinone (Fig. 4). Cluster N2 has the highest
redox potential and is therefore considered to be the final
iron–sulfur cluster. Electron paramagnetic resonance studies
establish that rotenone and piericidin A interrupt electron
transfer between cluster N2 and quinone (14). The PSST
subunit and its bacterial counterpart are identified here as the
target protein for [3H]TDP and in the former case also for
rotenone, piericidin A, and other potent complex I inhibitors.
PSST and NQO6 have highly conserved cysteine motifs in their
primary structure and are therefore homologous candidate
subunits for housing N2. These two subunits are located at the
interface between the hydrophilic extramembrane portion and
the hydrophobic intermembrane region (11, 37). We therefore
propose that PSST or NQO6 is directly associated with iron–
sulfur cluster N2 and serves as a conduit in the transfer of
electrons to the quinone. Localization of the high-affinity
inhibitor-binding site in the PSST and NQO6 subunits of
mammalian and bacterial NADH-quinone oxidoreductases
provides a crucial step in developing an architectural and
mechanistic model for the electron and proton transport by
complex I.
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FIG. 4. Scheme showing proposed molecular architecture of com-
plex I components involved in the terminal steps of electron transfer
to quinone. See text for details.
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