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Characterization of the Inhibitor Binding Site in Mitochondrial NADH—Ubiquinone
Oxidoreductase by Photoaffinity Labeling Using a Quinazoline-Type Inhibitor’
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ABSTRACT: The diverse inhibitors of bovine heart mitochondrial complex I (NADH—ubiquinone oxi-
doreductase) are believed to share a common large binding domain with partially overlapping sites, though
it remains unclear how these binding sites relate to each other. To obtain new insight into the inhibitor
binding domain in complex I, we synthesized a photoreactive azidoquinazoline {['*1]-6-azido-4-
(4-iodophenethylamino)quinazoline, ['*1]AzQ}, in which a photolabile azido group was introduced into
the toxophoric quinazoline ring to allow specific cross-linking, and carried out a photoaffinity labeling
study using bovine heart submitochondrial particles. Analysis of the photo-cross-linked proteins by peptide
mass fingerprinting and immunoblotting revealed that ['*I]AzQ specifically binds to the 49 kDa and
ND1 subunits with a frequency of ~4:1. The cross-linking was completely blocked by excess amounts of
other inhibitors such as acetogenin and fenpyroximate. Considerable cross-linking was also detected in
the ADP/ATP carrier and 3-hydroxybutyrate dehydrogenase, though it was not associated with dysfunction
of the two proteins. The partial proteolysis of the ['*I]JAzQ-labeled 49 kDa subunit by V8-protease and
N-terminal sequencing of the resulting peptides revealed that the amino acid residue cross-linked by
['>I]1AzQ is within the sequence region Thr25—Glul43 (118 amino acids). Furthermore, examination of
fragment patterns generated by exhaustive digestion of the ['*I]JAzQ-labeled 49 kDa subunit by V8-
protease, lysylendopeptidase, or trypsin strongly suggested that the cross-linked residue is located within
the region Asp41—Arg63 (23 amino acids). The present study has revealed, for the first time, the inhibitor
binding site in complex I at the sub-subunit level.

The proton-pumping NADH—ubiquinone oxidoreductase
(complex I)' is the first energy-transducing enzyme of the
respiratory chains of most mitochondria and many bacteria.
It catalyzes the oxidation of NADH by ubiquinone, coupled
to the generation of an electrochemical proton gradient across
the membrane that drives energy-consuming processes such
as ATP synthesis and flagella movement (/). Complex I is
the most complicated multisubunit enzyme in the respiratory
chain; e.g., the enzyme from bovine heart mitochondria is
composed of 45 different subunits with a total molecular
mass of about 1 MDa (2). Recently, the crystal structure of
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the hydrophilic domain (peripheral arm) of complex I from
Thermus thermophilus was solved at 3.3 A resolution,
revealing the subunit arrangement and the putative electron
transfer pathway (3). However, our knowledge about the
functional and structural features of the membrane arm, such
as the ubiquinone redox reaction, proton translocation
mechanism, and mode of action of numerous specific
inhibitors, is still highly limited (4—7).

A variety of inhibitors act at the terminal electron transfer
step of bovine complex I (§—10). Although these inhibitors
are generally believed to act at the ubiquinone reduction site
(11), there is still no strong experimental evidence to verify
this (/2, 13). Radio-ligand and fluorescent-ligand binding
studies (/4, 15) suggested that the chemically diverse
inhibitors share a common large binding domain with
partially overlapping sites in bovine complex I, though it
remains unclear how the binding sites of the inhibitors relate
to each other. Mutagenesis studies using the yeast Yarrowia
lipolytica and Rhodobacter capsulatus (16—19) and photo-
affinity labeling studies (20—23) have indicated that the
PSST, 49 kDa, ND1, and ND5 subunits contribute to the
inhibitor binding domain. On the other hand, taking into
consideration the unique inhibitor Alac-acetogenins whose
site of action entirely differs from that of traditional
inhibitors (23—25), one cannot exclude the possibility that
there are further diverse chemicals that disturb the function
of the membrane domain differently depending on their
structural specificity.
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The photoaffinity labeling technique is a powerful means
of studying the interaction of biologically significant chemi-
cals with their target macromolecules (26, 27). The method
allows for the identification of the target and also the binding
domain within the target protein. In general, a photoaffinity
probe is synthesized by attaching a photolabile cross-linking
group, such as aryldiazirine and arylazido, and an indicator
tag such as biotin to the ligand (27). However, the incorpora-
tion of a bulky tag often causes a significant decrease in the
ligand’s affinity for the target. The steric hindrance due to
the incorporation of a tag can be overcome by introducing a
radioisotope, whereas the incorporation of a photolabile
group is crucial. Therefore, to avoid a significant decrease
in affinity, the photolabile group is generally introduced at
a position remote from a toxophoric moiety and inherently
unessential for exhibiting high affinity.

Actually, the same holds true for the photoaffinity inhibitor
probes used in researching complex 1. In earlier photoaffinity
labeling studies using pyridaben (27) and fenpyroximate (22)
derivatives, a photolabile aryldiazirine group was attached
to the moiety where it is remote from the toxophoric
heterocyclic ring and merely enhances the hydrophobicity
of the molecule. However, this strategy in the compound
design has fundamental problems: (i) the region cross-linked
by the photolabile group may not be responsible for critical
interaction with the inhibitor and hence for important
functionality of the enzyme and (ii) the unessential moiety
of the inhibitor may be too flexible to fix the position of a
photolabile group in the enzyme. In fact, some phenomena
that would be associated with these problems can be observed
in early photoaffinity labeling studies. For instance, a pyr-
idaben derivative predominantly bound to the PSST sub-
unit, but with significant nonspecific binding to the ND1
subunit (27). A fenpyroximate derivative bound to the ND5
subunit (22). This subunit is however suggested to be located
far from the peripheral arm, i.e., at the distal end of the
membrane arm (28, 29).

It would therefore be ideal if some photoreactive group
could substitute for a toxophoric core structure with no loss
of function. Although this idea seems unrealistic at first sight,
several examples of photoaffinity probes are of particular
interest. For instance, by synthesizing a photoreactive
analogue of retinal in which the $-ionone ring was substituted
with a photoreactive diazo ketone, Nakanishi and colleagues
succeeded in identifying the amino acid residues binding 11-
cis-retinal before the crystal structure of rhodopsin was
available (30). We have synthesized a photolabile acetogenin
derivative (['®I]TDA) in which an aryldiazirine group serves
as a substitute for the toxophoric y-lactone ring as well as a
photoreactive group (23). Using this inhibitor probe, we
revealed that the acetogenin binds to the ND1 subunit with
high specificity (23). Although the ND1 has been implicated
in the proton-pumping activity of bovine complex I (31, 32),
our study unequivocally revealed that it is one of the subunits
constructing the inhibitor binding domain.

Quinazoline-type chemicals are strong inhibitors of bovine
heart mitochondrial complex I and highly fluorescent (14, 15).
In the present study, we focused our attention on quinazolines
as test compounds for two reasons. First, on the basis of
competition experiments taking advantage of a partial
quenching of the fluorescence of quinazolines upon specific
binding to complex I, it was suggested that a variety of
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FIGURE 1: Structure of quinazoline-type inhibitors examined in this
study and 3-azido-ubiquinone-2.

complex I inhibitors share a common binding domain (74, 15).
Second, an azido derivative of quinazoline (compound 1,
Figure 1), which possesses a photolabile azido group on the
toxophoric quinazoline ring, maintains a strong inhibitory
effect on bovine complex I (33) and hence is suitable as a
candidate photoaffinity probe, as described above. Thus
identification of the binding site of quinazolines is important
for elucidating the inhibitor binding site in complex I. We
here synthesized a '»I-labeled azidoquinazoline (6-azido-4-
(4-iodophenethylamino)quinazoline, AzQ, Figure 1) and
carried out photoaffinity labeling experiments with bovine
complex 1. Our study revealed that ['>I]AzQ specifically
binds to the 49 kDa and NDI subunits with a frequency of
~4:1. The combination of different proteolysis of the cross-
linked 49 kDa subunit indicated the binding site of ['*1]AzQ
to be located within the region Asp41—Arg63 (23 amino
acids). The present study has revealed, for the first time, the
inhibitor binding site in complex I at the sub-subunit level.

EXPERIMENTAL PROCEDURES

Materials. Bullatacin and piericidin A were kindly pro-
vided by Drs. J. L. McLaughlin (Purdue University, West
Lafayette, IN) and S. Yoshida (The Institute of Physical and
Chemical Research, Saitama, Japan), respectively. Rabbit
anti-ND1 antibody was a generous gift from Dr. T. Yagi
(The Scripps Research Institute, La Jolla, CA). Ubiquinone-1
(Qy) and -2 (Q,) were kindly provided by Eisai Co. (Tokyo,
Japan). 6-Amino-4-(4-tert-butylphenethylamino)quinazoline
(AQ) was the same sample used previously (/5). Protein
standards (Precision Plus Protein Standards and Kaleidoscope
Polypeptide Standards) for SDS—PAGE were purchased
from Bio-Rad (Hercules, CA). ['*T]Nal was purchased from
Perkin-Elmer (Waltham, MA). Rat monoclonal anti-30 kDa
subunit (in complex I) and ADP/ATP carrier antibodies were
from MitoSciences (Eugene, OR). Other reagents were all
of analytical grade.

Synthesis of AzQ and ['*I]AzQ. The procedures used to
produce photoreactive AzQ and its '*I-labeled derivative
(['*1]1AzQ) are outlined in Scheme 1. The radiochemical
yield from the initial ['*I]Nal was 65%, and the specific
radioactivity was 2000 Ci/mmol. Radiochemical purity was
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°C, 1 h, (ii) I, Ph(OCOCF;),l, room temperature, 15 h, (iii) 15% NaOH,

CH;0H, room temperature, 1 h, 34% (3 steps); (b) HCONH,, 140 °C, 6 h, 73%; (c) PCls, POCl;, 110 °C, 5 h; (d) (Et);N, benzene, 80°C, 12 h, 30%
(2 steps); (e) Fe, CH;COOH, H,O—EtOH (2:3), reflux, 4 h, 60%:; (f) (i) NaNO,, H,O/MeOH/HCI (2:1:1), 4 °C, 1 h, (ii) NaN3, 4 °C, 74% (2 steps);
(g) hexabutylditin, Pd(PPh;),, dioxane, 50 °C, 12 h, 15%; (h) ['*I]Nal (2000 Ci/mmol), chloramine T, aqueous NaH,PO, (0.2 M).

examined by HPLC and silica gel TLC (thin-layer chroma-
tography) and determined to be over 99%. Synthetic details
and spectral data for the compounds are described in the
Supporting Information.

Preparation of Bovine Submitochondrial Particles and
Enzyme Assays. Mitochondria were isolated from bovine
heart (34). Submitochondrial particles (SMP) were prepared
by the method of Matsuno-Yagi and Hatefi (35) using a
sonication medium containing 250 mM sucrose, 1 mM
succinate, 1.5 mM ATP, 10 mM MgCl,, 10 mM MnCl,, and
10 mM Tris-HCI (pH 7.4) and stored in a buffer containing
250 mM sucrose and 10 mM Tris-HCI (pH 7.4) at —80 °C
until use. NADH oxidase activity in SMP was measured
spectrometrically with a Shimadzu UV-3000 (340 nm, € =
6.2 mM~! cm™!) at 30 °C. The reaction medium (2.5 mL)
contained 250 mM sucrose, 1 mM MgCl,, and 50 mM KP;
buffer (pH 7.4), and the final protein concentration was 30
ug/mL. The reaction was started by adding 50 uM NADH
after the equilibration of SMP with an inhibitor for 4 min.
NADH—Q; activity was measured under the same experi-
mental conditions, except that the reaction medium contained
50 uM Qy, 0.2 uM antimycin A, and 2 mM KCN.

The activities of ADP/ATP carrier and 3-hydroxybutylate
dehydrogenase in SMP were determined as described by
Majima et al. (36) and Mclntyre et al. (37), respectively.

Photoaffinity Labeling of SMP by ['*I]AzQ. Bovine SMP
(0.3—1.0 mg of protein/mL, 100 4L in a 1.5 mL tube) were
incubated with ['**I]AzQ (3—10 nM) in a buffer containing
250 mM sucrose, 1| mM MgCl,, and 50 mM KP; (pH 7.4)
for 10 min at room temperature. Then, the samples were
irradiated for 10 min with a long-wavelength UV lamp
(Black Ray model B-100A, UVP, Upland, CA) on ice at a
distance of 15 cm from the light source. When the competi-
tion was examined, a competitor was added and incubated
for 10 min at room temperature prior to treatment with
['*T1AzQ.

1D Electrophoresis. Sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis (SDS—PAGE) was performed
according to Laemmli (38). Briefly, photoaffinity-labeled
samples were added to 4x Laemmli’s sample buffer and
incubated at 35 °C for 1 h. These denatured samples were
separated on 12.5% gels. After electrophoresis, the gels were

(A) (=) §
S g
8 B
m e} [a0] [e}
o s o 5
o < O <
O <
75kDa-|
-
50 kDa -'
37 kDa -
25 kDa - I .
20kDa-| |
— | |

FIGURE 2: SDS—PAGE analysis of ['*I]AzQ-labeled SMP and
electroeluted complex 1. (A) Bovine heart SMP (0.3 mg of protein/
mL) were photo-cross-linked by ['*I]AzQ (3 nM) according to the
Experimental Procedures and analyzed by SDS—PAGE on a 12.5%
SDS gel. Proteins were visualized by CBB and subjected to
autoradiography. (B) Complex I was electroeluted from BN-PAGE
of SMP (1.0 mg of protein/mL) cross-linked by ['*1]AzQ (10 nM).
Proteins were resolved on a 12.5% SDS gel and subjected to CBB
staining and autoradiography.

stained with Coomassie brilliant blue R-250 or silver (silver
stain MS kit; Wako Pure Chemical Industries, Osaka, Japan)
and exposed to an imaging plate (BAS-MS2040; Fuji Film,
Tokyo, Japan). The migration pattern of radiolabeled proteins
was analyzed and visualized with a bio-imaging analyzer
FLA-5100 (Fuji Film). The radioactivity of each band was
quantified from the digitalized data using “Multi Gauge”
software (Fuji Film) or directly from the dried gel slices using
a y-counting system (COBLA II; Packard).

Analytical blue native (BN)-PAGE (analytical scale) was
performed using the native PAGE Novex Bis-Tris gel system
with a 4—16% precast gel (Invitrogen, Carlsbad, CA), accord-
ing to the manufacturer’s protocol. Electrophoresis was per-
formed at a voltage of 150 V with a limited current of 15 mA/
gel in a cold room. After electrophoresis, the complex I band



Quinazoline-Type Inhibitor of Mitochondrial Complex I

(A) Blue Native-PAGE

Biochemistry, Vol. 48, No. 4, 2009 691

(B)

Isoelectric foucusing
pH 3 »pH 10

75 kDa - ‘ - a
e S - -
50 kDa - - ,_L
. . T i
~®v’\"°"’ -
o w
37 kDa - A ; o
- <
Q\ ’ Q-
- - A
# D gl (©
25 kDa - el N
20 kDa - o 4
o . "
75kDa-| |
50kDa-| | | "
5.5 A .
e i A
37kDa-| | D
i . .
- - D
25kDa-| | *iB ®
20 kDa -

FIGURE 3: Resolution of ['*°1]AzQ-labeled SMP by 2D electrophoresis. Bovine heart SMP (1.0 mg of protein/mL) were photoaffinity labeled
with ['*I]AzQ (10 nM) and resolved by two different types of 2D electrophoresis. (A) BN/SDS—PAGE. The labeled SMP (20 ug) were
separated on a 4—16% BN gel in the first dimension. Lanes were excised from the BN gel and subjected to SDS—PAGE on a 12.5%
Laemmli’s gel in the second dimension. Proteins were visualized by silver staining (upper) and subjected to autoradiography (lower). The
dotted lane indicates the components of complex 1. (B) IEF/SDS—PAGE. The labeled SMP (80 ug) were separated by IEF on an immobilized
pH gradient strip (pH 3—10, first dimension), followed by SDS—PAGE (second dimension). Proteins were visualized by CBB (upper) and
autoradiographed (lower). Letters show the spots identified by peptide mass fingerprinting as the binding proteins of ['*T]JAzQ: spot A, 49
kDa subunit (complex I); spot B, ND1 subunit (complex I); spot C, ADP/ATP carrier; spot D, 3-hydroxybutylate dehydrogenase.

was identified by staining “in-gel” activity with the NADH/
NBT system (39) and autoradiographed as described above.
Preparative BN-PAGE was performed using a 6% isocratic
hand-cast gel (160 x 180 x 2 mm), and complex I was isolated
by electroelution as described procedures (23, 40). The complex
I obtained was stored at —80 °C until use.

2D Electrophoresis. For the isoelectric focusing (IEF)/
SDS 2D analysis, first dimensional IEF was carried out using
the IPGphor system (GE Healthcare, Buckinghamshire, U.K.)
with an Immobiline DryStrip (7 cm, pH 3—10, GE Health-
care). Prior to loading of the proteins, labeled SMP (solu-
bilized in 1% SDS) and complex I electroeluted by BN-
PAGE were precipitated with a 2D-CleanUp Kit (GE
Healthcare) according to the manufacturer’s protocols. The
precipitated proteins were solubilized in a rehydration buffer
containing 7 M urea, 2 M thiourea, 4% CHAPS, 0.5% IPG
buffer, 40 mM DTT, and 0.002% BPB. Immobilized pH
gradient strips were rehydrated in 125 uL of the rehydration
buffer containing mitochondrial proteins for 12—20 h at 20
°C and 20 V, followed by successive voltages of 300 V (30
min, step), 1000 V (30 min, gradient), S000 V (1 h 20 min,
gradient), and 5000 V (1 h, step). After IEF was completed,
the strips were reduced with 5 mL of equilibration buffer
(50 mM Tris-HCI, 6 M urea, 1% SDS, 30% glycerol, a trace
of BPB, pH 8.8) containing 0.25% (w/v) DTT for 10 min

and alkylated with 5 mL of the same equilibration buffer
containing 4.5% (w/v) iodoacetamide. The treated strips were
subjected to a second dimensional analysis using Laemmli’s
12.5% SDS gel. The protein spots were visualized with CBB
R-250 or silver (silver stain MS kit; Wako) and subjected to
autoradiography.

For the BN/SDS 2D analysis, first dimensional BN-PAGE
was performed on a 4—16% precast gel (Invitrogen) as
described above. After BN-PAGE was completed, one lane
was excised and denatured in the same way as the IEF strip
and subjected to a second dimensional analysis on Laemmli’s
gel.

Immunochemical Analysis. Electrophoresed mitochondrial
protein or complex I was electroblotted onto a PVDF
membrane (Immn-blot PVDF membrane, 0.2 um; Bio-Rad,
Hercules, CA) in a buffer containing 10 mM NaHCO;, 3
mM Na,CO3, and 0.025% (w/v) SDS overnight at 35 V (100
mA) in a cold room (47). The blotted membrane was blocked
with 1% gelatin in Tween TBS (10 mM Tris-HCI, pH 7.4,
09% NaCl, and 0.05% Tween 20) for 1 h at room
temperature. In the case of the anti-ADP/ATP carrier
monoclonal antibody, the blocking solution provided and
Tween PBS were used. The blocked PVDF membrane was
probed with primary antibodies for 1 h at room temperature
and then incubated for another 1 h with AP-conjugated
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FIGURE 4: Effect of heating on resolution of the ND1 subunit with
SDS—PAGE. The ['*I]AzQ-labeled complex I was analyzed on a
12.5% Laemmli’s gel (equivalent to 50 ug of SMP protein/well).
The samples were treated with a Laemmli’s SDS—PAGE sample
buffer and incubated at 35 °C for 1 h (—boil) or heated at 95 °C
for 5 min (+boil). After the electrophoresis, proteins were visualized
by CBB, autoradiographed, and subjected to the Western blotting
using anti-bovine ND1 antibody.

secondary antibodies (Daiichi Pure Chemicals, Tokyo, Japan)
at room temperature. The treated membrane was washed with
Tween TBS (10 min x 3 times) and developed with NBT/
BCIP chromogenic substrates (AP color development Kkit;
Bio-Rad).

Mass Spectrometric Analysis. Radioactive gel spots were
identified by peptide mass fingerprinting at the APRO Life
Science Institute, Inc. (Tokushima, Japan) with a Voyager-
DE STR (MALDI-TOF MS system; Applied Biosystems,
Foster City, CA). Each gel spot identified by CBB or silver
staining was in-gel digested by trypsin, and the extracted
peptides were subjected to MALDI-TOF MS. The spectra
were scanned in the refrector and positive-ion mode from
800 to 4000 (m/z) and externally calibrated with des-Arg!-
bradykinin (m/z 904.4681), angiotensin I (m/z 1296.6853),
Glu!-fibrinopeptide B (m/z 1570.6744), ACTH (clip 1—17,
mlz 2093.0867), and ACTH (clip 18—39, m/z 2465.1989).
a-Cyano-4-hydroxycinnamic acid was used as a matrix.
Obtained monoisotopic masses were compared against
NCBInr databases (Bos taurus) using the MASCOT program
(http://www.matrixscience.com), with a peptide mass toler-
ance of 20 ppm and maximum missed cleavage of 1. The
calbamidomethylation of cysteine residues and oxidation of
methionine residues were set to variable modifications.

Limited Proteolysis of the 49 kDa Subunit. Peptide
mapping of the 49 kDa subunit was carried out according to
the Cleveland method (42) with some modifications by
Omori et al. (43). Complex I isolated from the BN-PAGE
gel was separated on a 12.5% SDS gel. The CBB-stained
49 kDa subunit was excised and subjected to digestion by
V8-protease in an EDTA-containing 15% mapping gel
(90 x 80 x 1 mm). Prior to the insertion of the gel pieces,
1 ug of V8-protease was loaded into each well and buried
in the stacking gel by preelectrophoresis. The V8 digestion
was carried out at the boundary between the stacking gel
and the separating gel for 30 min at room temperature. After
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FIGURE 5: Suppression of cross-linking of the 49 kDa and ND1
subunits by other inhibitors. Bovine SMP (1.0 mg of protein/mL)
were cross-linked by ['®I]AzQ (5 nM) in the presence of various
complex I inhibitors at 1.0 uM (200-fold). SMP were solubilized
with 1% (w/v) DDM and separated by BN-PAGE (4—16%). The
complex I band was cut out from the gel and subjected to second
dimensional SDS—PAGE on a 12.5% Laemmli’s gel. Residual
radioactivity in the 49 kDa and ND1 subunits is indicated. The
averaged control radioactivity in the 49 kDa and ND1 bands is
660 (£100) and 180 (£37) cpm, respectively. Data are the means
of three independent measurements =+ the standard deviation, but
the data for rotenone and piericidin A are from a single experimental
run.

electrophoresis, partially digested peptides on the SDS gel
were transferred onto a PVDF membrane (Immobilon-P5Q;
Millipore, Billerica, MA) and identified by CBB staining and
autoradiography. The radioactive bands were subjected to
the N-terminal sequence analysis using the Procise 494 HT
and 494 cLC protein sequencing system (Applied Biosys-
tems).

For complete digestion of the 49 kDa subunit, ['*1]AzQ-
labeled SMP were partially purified by SDS—PAGE on
12.5% Laemmli’s gel, and the radioactive area around the
subunit was excised. The gel slices containing the ['*I]AzQ-
labeled 49 kDa subunit were subjected to electroelution using
a Centrilutor equipped with a Centricon YM-10 (Millipore).
Typically, more than 80% of the radioactivity was recovered
from the gel. The isolated 49 kDa subunit was digested with
V8-protease (Roche Applied Science, Penzberg, Germany),
lysylendopeptidase (Lys-C; Wako Pure Chemicals), or
trypsin (Promega, Madison, WI) in 50 mM anmmonium
bicarbonate buffer (pH 7.8), 20 mM Tris-HCI buffer (pH
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FIGURE 6: Proteolytic mapping of the 49 kDa subunit with V8-
protease. The ['*’I]AzQ-labeled complex I (equivalent to 400 ug
of SMP protein/well) was separated on a 12.5% Laemmli’s gel.
The CBB-stained 49 kDa subunit was transferred to the 15%
mapping gel and subjected to partial digestion with V8-protease
(1 ug/well). (A) Electrophoresed digests were transferred to PVDF
membrane and stained by CBB and autoradiographed. From
fragments A and B, the indicated N-terminal sequences were
obtained. (B) A schematic presentation of proteolytic mapping of
the 49 kDa subunit. Residue numbers refer to the mature sequence
of the 49 kDa subunit (P17694) in bovine complex L.

9.0), or 50 mM Tris-HCI buffer (pH 8.5), respectively.
Protease/substrate ratios were set to 1/30—1/15, and the
digestion was continued overnight at 37 °C. The digests were
lyophilized and further analyzed by reverse-phase HPLC or
tricine—SDS—PAGE (16.5% T/6% C; ref (44)).
Bioinformatics Studies. Sequence alignments were per-
formed using the Clustal W program. GenBank accession
numbers of the 49 kDa sequences of representative organisms
are as follows: B. taurus (bovine) 49 kDa (P17694), Y.
lipolytica 49 kDa (XP_505527), Paracoccus denitrificans
Nqo4 (P29916), T. thermophilus Nqo4 (Q56220), and
Escherichia coli NuoC/D (P33599). The crystal structure of
the peripheral arm from 7. thermophilus was obtained from
the Protein Data Bank in the PDB format (PDB code: 2FUG)
and visualized using Mac PyMOL software (version 0.99,
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downloaded from http://pymol.org/). The mobility shifts of
enzymatic digests on tricine gel were predicted using Peptide
Mass (http://expasy.org/tools/peptide-mass.html) and Peptide
Cutter (http://expasy.org/tools/peptidecutter/).

RESULTS

Synthesis and Characterization of ['*’I]JAzQ. We previ-
ously showed that an azido derivative of quinazoline
(compound 1) exhibits a potent inhibitory effect on bovine
complex I at the nanomolar level (33). To synthesize a
photoaffinity labeling probe by introducing '*I-label, we tried
to substitute a tert-butyl group of compound 1 with an iodine,
giving AzQ (Figure 1). The inhibitory effect of AzQ was
examined with NADH oxidase activity in SMP (30 ug of
protein/mL). The ICs, values of compound 1 and AzQ were
2.3 (£0.3) and 4.5 (£0.6) nM, respectively, indicating that
AzQ is slightly less active due to less hydrophobicity (tert-
butyl vs iodine) but still has a potent inhibitory effect. We
therefore chose AzQ as a photoaffinity labeling probe and
synthesized '»I-labeled AzQ (['*I]AzQ, ~2000 Ci/mmol).

Photoaffinity Labeling of Bovine SMP by ['*I]AzQ. For
photoaffinity labeling, SMP were used to ensure the intact-
ness of complex I (27). UV irradiation of SMP (0.3 mg of
protein/mL) in the presence of ['*I]AzQ (3 nM) resulted in
four photo-cross-linked bands on the 1D SDS gel (Figure
2A). Nearly complete labeling (>90%) was established
within 10 min of UV irradiation. When complex I was
isolated by electroelution from the BN-PAGE gel, the relative
intensity of ~45 and ~25 kDa bands remarkably increased
(Figure 2B). These results mean that ['*’I]JAzQ also cross-
linked to mitochondrial proteins which are not components
of complex I.

In order to characterize each band cross-linked by ['%]-
AzQ, we tried to resolve bovine SMP proteins by two types of
different 2D electrophoresis, i.e., BN/SDS—PAGE and IEF/
SDS—PAGE. BN/SDS—PAGE is an efficient method for the
analysis of mitochondrial respiratory complexes (45, 46). As
shown in Figure 3A (upper), photoaffinity-labeled SMP were
solubilized in 1% DDM, and five respiratory complexes were
separated on the first dimensional BN gel. After separation
on the BN gel, the excised lane was subjected to second
dimensional SDS—PAGE. Components of the five respiratory
complexes were separated in vertical lanes in Figure 3A.
Figure 3A (lower) shows an autoradiograph of the BN/SDS
gel. Radioactivity was distributed into two spots (spots A
and B) with a frequency of ~4:1 in the vertical lane
consisting of complex I subunits and two other spots (spots
C and D). Spots C and D were not resolved as clear bands
on the first dimensional BN-PAGE gel. These results show
that ['1]AzQ cross-links to two proteins in complex I and
two additional proteins which are not components of complex
I. Since spot D was markedly unclear and difficult to identify
on the silver-stained BN/SDS gel, we separated it on a
conventional IEF/SDS gel (Figure 3B). Spots B and C on
the BN/SDS gel (Figure 3A) were not detected on the IEF/
SDS gel, suggesting that both spots were highly hydrophobic
proteins (47).

Thus we succeeded in visualizing the labeling pattern of
['2I]AzQ by using two different 2D gels. To identify the
[25I]AzQ-labeled proteins, nonradioactive spots on the 2D
gels (i.e., spots A, B, and C on the BN/SDS gel and spot D
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FIGURE 7: Exhaustive digestion of the 49 kDa subunit by V8-protease, Lys-C, or trypsin. The ['*’I]AzQ-labeled 49 kDa subunit was purified
by Laemmli’s SDS—PAGE and electroelution. The isolated protein was digested with V8-protease, Lys-C, or trypsin as described in the
Experimental Procedures. (A) Proteolytic digests were separated by tricine/SDS—PAGE (16.5% T/6% C) and autoradiographed. (B) A
schematic presentation of proteolytic mapping of fragment B (Thr25—Glu143).

on the IEF/SDS gel) were subjected to in-gel tryptic digestion
and peptide mass fingerprinting by MALDI-TOF MS. The
mass spectrometric analysis revealed that the labeled proteins
are the 49 kDa (spot A, 59% sequence coverage) and ND1
(spot B, 15%) subunits in complex I and ADP/ATP carrier
(spot C, 40%) and 3-hydroxybutylate dehydrogenase (spot
D, 48%) (Table S1 of the Supporting Information). The
apparent p/ of 3-hydroxybutylate dehydrogenase on IEF/SDS
gel was somewhat consistent with the predicted value (8.9),
and the mobility shift of ADP/ATP carrier on the BN/SDS
gel was also examined by Western blotting (Figure S2 of
the Supporting Information). While we examined the effect
of AzQ (up to 20 uM) on the activities of both ADP/ATP
carrier and 3-hydroxybutylate dehydrogenase, the binding
of AzQ was not associated with dysfunction of the two
proteins; therefore, we did not investigate these proteins
further.

In spot B, we also observed tryptic digests derived from
the 30 kDa subunit of complex I. However, we exclude the
possibility that ['»I]AzQ binds to this subunit for the
following reasons: first, the 30 kDa subunit is located in
the upper position of the NDI subunit on the 12.5%
Laemmli’s gel (confirmed by the Western analysis), and
second, the 30 kDa subunit can be resolved on the 2D (IEF/
SDS) gel (confirmed by the Western analysis and also see
ref 48).

Using complex I isolated by electroelution from the BN-
PAGE gel, we obtained similar migration patterns of the
labeled 49 kDa subunit on the 1D and 2D (IEF/SDS) gels
and the ND1 subunit on the 1D gel (Figure S3 of the
Supporting Information). The mobility shift of the 49 kDa
subunit and disappearance of the ND1 subunit on the 2D
gel are consistent with the observation made by Carroll et
al. (48). In addition, when the samples were boiled for 4
min before SDS—PAGE, the CBB-stained ND1 band and
the radioactivity on the SDS gel disappeared (Figure 4), as
mentioned in ref 23. It should be noted that a close cor-
relation was found between the incorporation of the radio-
activity into the 49 kDa and ND1 subunits and the inhibition

of NADH oxidase activity (Figure S4 of the Supporting
Information).

Effect of Other Complex I Inhibitors on [*1]AzQ Labeling.
Previous photoaffinity labeling studies revealed that pyrida-
ben, fenpyroximate, and acetogenin analogues specifically
bind to the PSST, NDS5, and ND1 subunit, respectively (21 —23).
These bindings were suppressed in the presence of excess
amounts of other complex I inhibitors. We therefore exam-
ined whether the labeling of the 49 kDa and NDI subunits
by ['®I]AzQ is suppressed by other inhibitors. Including a
strong quinazoline-type inhibitor AQ, other inhibitors (bul-
latacin, fenpyroximate, pyridaben, rotenone, and piericidin
A) markedly suppressed the labeling of both subunits at a
concentration of 1 uM (200-fold), as shown in Figure 5. The
simplest interpretation of these results is that all inhibitors
examined share a large common binding domain, being
consistent with the concept proposed by Okun et al. (/4).
Nevertheless, on the basis of a mechanistic study on novel
piperazine-type inhibitors (49), we recently proposed that
the apparent competitive behavior among various complex
I inhibitors does not necessarily mean the occupation of the
same binding site but rather is due to structural change at
the binding site induced by a competitor.

It is noteworthy that an excess amount of other inhibitors,
except AQ having the same core structure, did not suppress
the cross-linking of ADP/ATP carrier and 3-hydroxybutylate
dehydrogenase by ['*T]AzQ.

Effect of Short-Chain Ubiquinones on ['*1]AzQ Labeling.
Although various complex I inhibitors are generally believed
to act at the ubiquinone reduction site, there is still no hard
experimental evidence to verify this. Rather, photoaffinity
labeling studies using photoreactive ubiquinones suggested
that the inhibitor binding site is not the same as the
ubiquinone reduction site (/2, 13). We therefore examined
the suppression effect of Q, (K, = 3 uM, ref 50) on the
cross-linking of ['*I]AzQ (3 nM) to the 49 kDa and ND1
subunits. At a concentration of 30 uM (10000-fold), being
nearly the solubility limit, Q, suppressed the cross-linking
of both subunits by only 10—20%. We also carried out the
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FIGURE 8: The bmdmg site of ['®I]AzQ in complex I. (A) The crystal structure of the peripheral arm of complex I from 7. thermophzlus
(3): Nqo4 (49 kDa in blue) and Nqo6 (PSST in magenta). (B) Close-up of the Nqo4 and Nqo6 subunits. As some N-terminal residues in
the sequence corresponding to the labeled region Asp41—Arg63 in bovine were not modeled in the crystal structure due to lack of electron
density (3), only the resolved region Pro35—Arg42, which corresponds to Pro56—Arg63 in bovine, is shown in red. (C) Amino acid sequence
alignment of the 49 kDa subunit from various organisms. The sequence corresponding to Asp41—Arg63 in bovine is surrounded by a
dotted red line. In 7. thermophilus Nqo4, the region Pro35—Arg42 modeled in the crystal structure is shown in red.

competition test using a photoreactive 3-azido-Q, (K = 5
uM, Figure 1), which is able to cross-link to the enzyme by
UV irradiation, as demonstrated with the cytochrome bd
complex from E. coli (51). 3-Azido-Q, also suppressed the
cross-linking by just 10—20% at 30 uM (10000-fold).
These results cannot be simply interpreted to mean that
['*1]AzQ does not bind to the ubiquinone reduction site
because (i) the competition experiment between ['>I]AzQ
and an exogenous short-chain ubiquinone is virtually im-
practical since the binding affinities of the two ligands are
too different (about 3 orders of magnitude) to examine
efficient competition behavior in a limited concentration
range and (ii) high concentrations of hydrophobic chemicals
(i.e., ubiquinones) accumulated in SMP may alter the
properties of membrane proteins in a nonspecific manner.

Analysis of the Cross-Linked Region of ['*IJAzQ in the
49 kDa Subunit. According to the crystal structure of the
peripheral arm of complex I from 7. thermophilus, the Nqo4
(49 kDa in bovine) and Nqo6 (PSST), which contains a
terminal Fe—S cluster N2, subunits are believed to construct
the quinone binding cavity. On the basis of site-directed
mutagenesis studies in Y. lipolityca, Brandt and colleagues
suggested that the 49 kDa subunit comprises the ubiquinone/
inhibitor binding domain (/9, 52). Thus, the 49 kDa subunit
is a key component of complex I in terms of the function of
the enzyme.

We therefore tried to identify the binding region of
['»T]JAzQ in the 49 kDa subunit by limited proteolysis. The
['#1]AzQ-labeled complex I was separated on a SDS gel,
and the Coomassie stained 49 kDa subunit was excised from
the gel and subjected to partial digestion using V8-protease.
This proteolytic mapping experiment reproducibly produced
two major radioactive bands at ~28 (fragment A) and ~13
kDa (fragment B) on the SDS gel and PVDF membrane
(Figure 6A). When the sample was digested by a large
amount of V8-protease, the radioactivity shifted to fragment
B. These results indicate that ['>I]AzQ was incorporated into
fragment B, which is a further digest of fragment A.

The N-terminal sequencing of the two bands provided
partial amino acid sequences: NH,-TAHWK- and NH,-
TAH(W)KP- for fragments A and B, respectively. Consider-
ing the apparent molecular mass of these bands on the SDS
gel and theoretical cleavage sites of V8-protease, fragment
A is predicted to be the peptide Thr25—Glu248 (224 amino
acids, 26.0 kDa), which was further cleaved at Glul43 and
gave fragment B (Thr25—Glul43, 118 amino acids, 13.7
kDa). A summary of the digestion map of the ['*I]AzQ-
labeled 49 kDa subunit is shown in Figure 6B.

To further localize the cross-linked site of ['*I]AzQ, the
49 kDa subunit isolated from the SDS gel was exhaustively
digested by V8-protease, Lys-C, or trypsin (Figure 7A).
Exhaustive digestion of the ['*I]AzQ-labeled 49 kDa subunit
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by V8-protease revealed the migration of a radioactive band
with an apparent molecular mass of ~5 kDa on the tricine
gel. Careful analysis of the cleavable site of V8-protease in
the region of fragment B provided the sequence Thr25—Glu67
with a calculated molecular mass of 4.8 kDa (Figure 7B).
Similar digestion using Lys-C and trypsin gave a radioactive
band at ~4 and ~3 kDa, respectively (Figure 7A). Reverse-
phase HPLC resolution of the tryptic digests of the ['*I]AzQ-
labeled 49 kDa subunit resulted in one major photo-cross-
linked peak, which is thought to be the ~ 3 kDa band on
the SDS gel (Figure S5 of the Supporting Information). This
result strongly suggests the presence of one ['*°1]AzQ-labeled
site in the peptide fragment with high specificity. Along with
the result of V8-protease digestion, examination of the
cleavable sites of these proteases indicated that the former
and latter are the peptides Asp41—Lys75 (3.8 kDa) and
Asp41—Arg63 (2.5 kDa), respectively. All together, the
cross-linked site of ['2I]AzQ should be within the sequence
region Asp41—Arg63 (Figure 7B).

Unfortunately, we could not identify the cross-linked
region in the NDI subunit because of its remarkably
hydrophobic nature and the low yield of the cross-linking
reaction.

DISCUSSION

Our knowledge about the mechanism of complex I
including the action manner of numerous specific inhibitors
is still largely limited. Detailed studies on the action manner
of the inhibitors are necessary to obtain further insights into
the function of the membrane domain of the enzyme (49).
In the present study, the synthesis of ['*’I]AzQ allowed us
to identify the binding site of a core structure of quinazoline-
type inhibitors with a photoaffinity labeling technique.
Specific cross-linking with complex I was detected in the
49 kDa and ND1 subunits with a frequency of ~4:1. We
recently demonstrated that photoreactive acetogenin and
piperazine-type inhibitor specifically binds to the ND1 and
49 kDa subunits, respectively (23, 49). Concerning aceto-
genin, a photoreactive phenyldiazirine group was attached
to one of the two toxophoric core structures. Further, a
number of studies indicated the functional importance of the
two subunits for the enzyme activity (5, 7, 17—19, 31). Taken
together, the 49 kDa and NDI1 subunits must be key
components connecting the redox reaction in the peripheral
arm and the proton pumping event in the membrane arm.
The earlier photoaffinity labeling studies indicated that
pyridaben (27) and fenpyroximate (22) derivatives bind to
the PSST and the NDS5 subunits of bovine complex I,
respectively. It should however be realized that as a
photoreactive phenyldiazirine group of the two derivatives
was attached to the “side chain” moiety which is far from
the toxophoric heterocyclic rings, one cannot exclude the
possibility that the positions of the heterocyclic rings at bound
state in the enzyme are not necessarily on the PSST and ND5
subunits.

It is worth discussing the implications of the finding that
['*1]AzQ cross-linked to two different subunits at the same
time. In this context, Casida and colleagues (53) showed that
a photoreactive agonist [*H]azidoepibatidine ([*H]AzEPI) of
the homopentameric mollusk acetylcholine binding protein
(AChBP) cross-links to either Tyr195 of loop C or Metl16
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of loop E at a similar frequency. Considering that the
calculated bond angle of —N=N"=N" for phenylazido is
165°, not 180°, and hence there are two azido conformers
with similar energy levels, they interpreted the result to mean
that the azido group of [PH]AzEPI is positioned between
Tyr195 and Met116 which exist close to each other, and one
conformer reacts to Tyr195 and the other to Metl116. The
docking model of AzEPI into AchBP supported this scenario.

Thus, the fact that an azido group takes two stable
conformations against the benzene ring plane is important
to elucidate the manner of the cross-linking of this photo-
labile group. Although the crystal structure of the membrane
domain of complex I is not available at present, our results
strongly suggest that the 49 kDa and ND1 subunits are in
contact with each other and that the azido group of ['*1]AzQ
is located between them. The sequence region Asp4l—
Arg63 (23 amino acids) in the 49 kDa subunit is a possible
area of contact with the NDI subunit. This notion is
consistent with a 3D model of E. coli complex I proposed
by Sazanov and colleagues (29). That is, they arranged the
NuoH (ND1) and NuoD (49 kDa) subunits adjacent to each
other in the interfacial region of the peripheral and membrane
arms. Schuler et al. reported that a photoreactive pyridaben
analogue binds to the PSST, which is a neighbor of the 49
kDa subunit (3) and NDI1 subunits at low (<20 nM) and
high (~50—250 nM) concentrations, respectively (27).
However, they concluded that the binding to the ND1 subunit
is not associated with the inhibition of the enzyme’s activity;
i.e., it is nonspecific. Although we here hypothesized that
the photo-cross-linking of the two subunits is due to two
conformers of the azido group, we cannot exclude the
possibility that complex I in situ has two or more conformers.

On the basis of an amino acid sequence alignment of the
49 kDa subunit from various organisms, we will next
consider the functionality of the labeled region (i.e.,
Asp41—Arg63). In the crystal structure of the Nqo4 subunit
(49 kDa) in T. thermophilus (3), some N-terminal residues
corresponding to this region were not observed due to a lack
of electron density and so were not modeled (Figure 8).
Nevertheless, taking into consideration the overall architec-
ture of the hydrophilic domain of complex I in 7. thermo-
philus, this region must be located in the membrane domain
and probably comprises the quinone/inhibitor binding pocket,
as illustrated in Figure 8A,B (3, 29). It may be noted that
the position of the 49 kDa subunit in this model is fairly
different from that proposed for Y. lipolytica complex I based
on antibody labeling study (54). On the other hand, from
the mutagenesis studies of Y. lipolytica, Brandt and col-
leagues concluded that a broad cavity formed by the PSST
and 49 kDa subunits comprises the active site for ubiquinone
reduction and the binding domain for traditional inhibitors
(19). They showed that His95, Leu98, and Arg99 in the Y.
lipolytica 49 kDa subunit are critical for the quinone
reduction activity (/9). These residues are actually located
within the area corresponding to the labeled region found in
the present study (Figure 8C). In contrast, the mutagenesis
of strictly conserved residues (E211, E218, R224, and L.225)
far from the labeled region had virtually no effect on
sensitivity to the quinazoline-type inhibitor DQA or the
enzyme activity (/9).

In conclusion, we carried out a photoaffinity labeling study
using a newly synthesized ['>’I]AzQ which has a photore-
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active group in the core scaffold. ['*I]AzQ specifically binds
to the 49 kDa and NDI1 subunits with a frequency of about
~4:1. A combination of different proteolyzes of the cross-
linked 49 kDa subunit revealed the binding site of the core
scaffold of ['I]AzQ to be located within the sequence
Asp41—Arg63, which may be located in the membrane arm
and also critical for the quinone binding.
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