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ABSTRACT: Biochemical characterization of the inhibition mechanism of Alac-acetogenins synthesized in our
laboratory indicated that they are a new type of inhibitor of bovine heart mitochondrial NADH—ubiquinone
oxidoreductase (complex I) [Murai, M., et al. (2006) Biochemistry 45,9778—9787]. To identify the binding site
of Alac-acetogenins with a photoaffinity labeling technique, we synthesized a photoreactive Alac-acetogenin
(["**I)diazinylated Alac-acetogenin, [ > IJDAA) which has a small photoreactive diazirine group attached to a
pharmacophore, the bis-THF ring moiety. Characterization of the inhibitory effects of DAA on bovine
complex I revealed unique features specific to, though not completely the same as those of, the original Alac-
acetogenin. Using ['*I]DAA, we carried out photoaffinity labeling with bovine heart submitochondrial
particles. Analysis of the photo-cross-linked protein by Western blotting and immunoprecipitation revealed
that ['*’I)DAA binds to the membrane subunit ND1 with high specificity. The photo-cross-linking to the ND1
subunit was suppressed by an exogenous short-chain ubiquinone (Q,) in a concentration-dependent manner.
Careful examination of the fragmentation patterns of the cross-linked ND1 generated by limited proteolysis
using lysylendopeptidase, endoprotease Asp-N, or trypsin and their changes in the presence of the original
Alac-acetogenin strongly suggested that the cross-linked residues are located at two different sites in the third

matrix-side loop connecting the fifth and sixth transmembrane helices.

The proton-pumping NADH—ubiquinone oxidoreductase
(complex I)! is the first energy-transducing enzyme of the res-
piratory 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 (/). Complex I is the most complicated multi-
subunit 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). The crystal
structure of the hydrophilic domain (peripheral arm) of complex
I from Thermus thermophilus was solved at a resolution of 3.3 A,
revealing the subunit arrangement and the putative electron
transfer pathway (3). However, information about the structural
and functional features of the membrane arm, such as the
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ubiquinone redox reaction, proton translocation mechanism,
and mode of action of numerous specific inhibitors, is still highly
limited (4—6).

A variety of inhibitors act on mitochondrial complex I at the
terminal electron transfer step (7—9). Although these inhibitors
are generally believed to act at the ubiquinone reduction site,
there have been conflicting reports (10, 11). Earlier photoaffinity
labeling studies demonstrated that rotenone, pyridaben, and
fenpyroximate bind to the NDI, PSST, and NDS subunit,
respectively (/12— 15). Recently, we indicated that a photoreactive
acetogenin mimic (['*I[TDA, Figure 1) binds to the region of the
fourth to fifth transmembrane helices (Vall44—Glu192) in the
ND1 subunit of bovine heart complex I (16, /7). We also revealed
that a quinazoline-type inhibitor binds to the interfacial region of
the ND1 (membrane domain) and 49 kDa (hydrophilic domain)
subunits and that the photo-cross-linked residue in the 49 kDa
subunit is located within the region Asp41—Arg63 (23 amino
acids) (/8). On the other hand, mutagenesis studies using the
yeast Yarrowia lipolytica (19, 20) and Rhodobacter capsulatus (21)
indicated that the PSST and 49 kDa subunits contribute to the
inhibitor binding domain. Taken together, the results indicate
that subunits PSST, 49 kDa, ND1, and ND5 construct the inhi-
bitor binding pocket in complex I. As the contribution of the
NDS5 subunit is debatable (22), reinvestigation of the photoaffi-
nity labeling may be necessary using a different photoreactive
fenpyroximate derivative (15).

Acetogenins such as bullatacin (Figure 1) and rolliniastatin-1
are among the most potent inhibitors of bovine heart mitochon-
drial complex I (7—9). Although they have little structural simila-
rity with classical complex I inhibitors such as piericidin A and
rotenone, acetogenins may share a common binding domain with
the other inhibitors (16, 23). On the basis of structure—activity
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FIGURE 1: Structures of the test compounds used in the present study.

relationship for a series of acetogenins, we disclosed important
structural factors required for the inhibitory action (24—28). In the
course of modifying natural acetogenins, we deleted a y-lactone
ring, a structural feature common to a large number of natural
acetogenins, from the mother skeleton and named the resultant
derivatives “Alac-acetogenins” (29). Unexpectedly, Alac-aceto-
genins (e.g., compounds 1 and 2, Figure 1) retained strong inhibi-
tory activity against bovine complex I at the nanomolar level.
Detailed biochemical characterization revealed the Alac-aceto-
genins to be a new type of complex I inhibitor, as summarized
below (16, 30, 31). First, the most characteristic feature of Alac-
acetogenins is that they induce superoxide production from
bovine heart complex I, regardless of whether endogenous or
exogenous ubiquinone is used, at much lower rates than do
classical inhibitors (30, 31). Second, their inhibitory effect on
ubiquinol-NAD™ oxidoreductase activity (reverse electron
transfer) is significantly weaker than that on NADH oxidase
activity (forward electron transfer); i.e., they are direction-specific
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inhibitors (/6, 37). Third, unlike traditional inhibitors such as
rotenone and piericidin A, Alac-acetogenins do not prevent
the specific photo-cross-linking of the ND1 subunit by ['*I]-
TDA (16). Thus, the inhibition mechanism of Alac-acetogenins is
quite different from that of traditional inhibitors. In view of the
proposed dynamic function of the membrane domain (32—35), it
is not strange that there are diverse chemicals that disturb this
function differently depending on their structural nature.

Considering the unusual effects of Alac-acetogenins, further
exploration of their inhibitory mechanism including the identi-
fication of their binding site would provide valuable insights into
the terminal electron transfer step of complex 1. We here
synthesized a photoreactive Alac-acetogenin mimic (['*I)diaziny-
lated Alac-acetogenin, ['*’IJDAA, Figure 1), which has a small
photolabile diazirine group attached to the pharmacophore, i.e.,
bistetrahydrofuran (THF) ring moiety, and carried out photo-
affinity labeling with bovine heart submitochondrial particles
(SMP). The results revealed that the binding site of [*I]DAA
resides in the ND1 subunit of the membrane domain. Limited
proteolysis of the NDI cross-linked by ['**IJDAA using various
proteases and changes in the presence of original Alac-acetogenin
indicated that the hydrophilic bis-THF ring moiety binds at two
different sites in the third matrix side loop connecting the fifth
and sixth transmembrane helices.

EXPERIMENTAL PROCEDURES

Materials. Bullatacin and piericidin A were kindly provided
by Drs. J. L. McLaughlin (Purdue University, West Lafayette,
IN) and S. Yoshida (The Institute of Physical and Chemical
Research, Saitama, Japan), respectively. The rabbit anti-ND1
antibody was a generous gift from Dr. T. Yagi (The Scripps
Research Institute, La Jolla, CA). Representative Alac-acetogen-
ins (1 and 2) and 6-amino-4-(4-tert-butylphenethylamino)quina-
zoline (6-aminoquinazoline) were the same samples used pre-
viously (31, 36). Protein standards (Precision Plus protein stan-
dards and Kaleidoscope polypeptide standards) for SDS—PAGE
were purchased from Bio-Rad (Hercules, CA). ['*I|Nal was
purchased from Perkin-Elmer (Waltham, MA). Other reagents
were all of analytical grade.

Synthesis of DAA and ['* I\ DAA. The procedures used to
synthesize the photoreactive DAA and its '*I-labeled derivative
(["°TIDAA) are described in the Supporting Information. The
radiochemical yield from the initial ['*I]Nal was 68%, and the
specific radioactivity was ~2000 Ci/mmol. Radiochemical purity
was examined by HPLC and determined to be over 99%.

Preparation of Bovine Submitochondrial Particles and
Enzyme Assays. Submitochondrial particles (SMP) were pre-
pared from isolated bovine heart mitochondria (37) by the
method of Matsuno-Yagi and Hatefi (38) 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 and reverse electron
transfer (ubiquinol—-NAD™ oxidoreductase activity) in SMP were
measured according to the procedures described previously (16, 39).
The amount of superoxide generated from complex I in SMP was
measured using (+4)-epinephrine (bitartarate salt) as described
previously (16, 40).

Photoaffinity Labeling of SM P. Bovine SMP (0.6—1.0 mg
of protein/mL, 100 L in a 1.5 mL tube) were incubated with
['*TIDAA (6—250 nM) in 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 photoirradiated for 10 min
with a long-wavelength UV lamp (Black Ray model B-100A;
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UVP, Upland, CA) on ice at a distance of 10 cm from the light
source. When competition was examined, a competitor was
added and incubated for 10 min at room temperature prior to
the treatment with ['*I]DAA.

Electrophoresis. Sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) was performed according to
Laemmli (4/). Briefly, photoaffinity-labeled samples were added
to 4x Laemmli’s sample buffer and incubated at 35 °C for 1 h to
avoid protein aggregation. These denatured samples were sepa-
rated on 12.5% Laemmli’s gels. After the electrophoresis, the gels
were stained with CBB R-250, dried, and exposed to an imaging
plate (BAS-MS2040; Fuji Film, Tokyo, Japan). The migration
patterns of radiolabeled proteins were analyzed and visualized
with a bio-imaging analyzer FLA-5100 (Fuji Film). The radio-
activity 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). The SMP
photo-cross-linked by ['*IJDAA were solubilized with 1% (w/v)
DDM for 1 h on ice and mixed with 4x sample buffer and 5%
(w/v) Serva blue G (CBB G-250). Electrophoresis was performed
at a voltage of 150 V with a limited current of 15 mA/gel in a cold
room. After the electrophoresis, the complex I band was identi-
fied by staining “in-gel” activity with the NADH/NBT sys-
tem (42) and autoradiographed as described above.

Preparative BN-PAGE was performed using a 6% isocratic
hand-cast gel (160 x 180 x 2 mm) (43). Complex I was isolated by
electroelution in an elution buffer containing 25 mM tricine and
7.5 mM Bis-tris (adjusted to pH 7.0 with HCI) using a Centrilutor
equipped with a Centricon YM-100 (Millipore, Billerica, MA).
The complex I obtained was stored at —80 °C until used.

Immunochemical Analysis. The mobility of the NDI sub-
unit on the SDS gel was profiled by Western blotting as described
previously (44). Electrophoresed mitochondrial protein or com-
plex I was transferred onto a PVDF membrane (Immn-blot
PVDF membrane, 0.2 um; Bio-Rad, Hercules, CA) in a buffer
containing 10 mM NaHCO;, 3 mM NaCOs;, and 0.025% (w/v)
SDS overnight at 35 V (100 mA) in a cold room. The blotted
membrane was blocked with 1% gelatin in Tween TBS (0.9%
NacCl, 0.05% Tween 20, and 10 mM Tris-HCI (pH 7.4)) for | h at
room temperature. The blocked PVDF membrane was probed
with the rabbit anti-bovine ND1 antibody (2000x dilution) for
1 h at room temperature and then incubated for another 1 h with
alkaline phosphatase (AP) conjugated 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 kit; Bio-Rad).

Immunoprecipitation of the ND1 subunit was carried out
according to the procedures described previously using the
electroeluted complex I as a starting material (/4, 16). The electro-
eluted complex I was denatured with 1.25% SDS (60 L) and
diluted with binding buffer (240 uL) containing 1.25% Triton
X-100, 190 mM NaCl, 6mM EDTA, 0.1 mM PMSF, and 60 mM
Tris-HCI (pH 7.4). The rabbit anti-bovine ND1 antiserum (5 uL)
was added to the mixture (300 uL) and incubated overnight in a
cold room. Protein A—Sepharose 4 (30 uL slurry, equilibrated
with the binding buffer; GE Healthcare, U.K.) was added and
rotated for 2 h at room temperature. The suspension was washed
four times (0.8 mL) with a washing buffer containing 0.1%
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Triton X-100, 0.02% SDS, 150 mM NaCl, 5 mM EDTA, and
50 mM Tris-HCI (pH 7.4) and once (0.8 mL) with a washing
buffer without detergents. The captured NDI on the resin was
released by treating with 1x Laemmli’s buffer and subjected to
SDS—PAGE and autoradiography.

Isolation and Limited Proteolysis of the NDI Subunit.
For limited proteolysis of the ND1 subunit, the SMP cross-linked
by ['®I]DAA were partially isolated by SDS—PAGE on 12.5%
Laemmli’s gel according to the previous procedure (/7). Limited
proteolysis was performed using lysylendopeptidase (Lys-C;
Wako Pure Chemicals, Osaka, Japan), endoprotease Asp-N
(Roche Applied Science, Penzberg, Germany), or trypsin
(Promega, Madison, WI) in 20 mM Tris-HCl buffer (pH 9.0, con-
taining 0.1% SDS), 50 mM phosphate buffer (pH 8.5, containing
0.01% SDS), or ammonium bicarbonate buffer (pH 7.8, contain-
ing 0.01% SDS), respectively (/7). The digestion was continued
overnight at 37 °C. The digestion was quenched with 4x sample
buffer, and the sample was further analyzed by tricine/
SDS—PAGE (16.5% T/6% C) (49).

Sequence Analysis and Topology Prediction of the ND1
Subunit. The number of transmembrane helices and membrane
topology of the bovine ND1 subunit were predicted as described
previously (/7). The mobility shifts of enzymatic digests on tricine
gel were compared with theoretical digests of the published
protein sequences of the bovine ND1 (Swiss Prot: P03887) using
Peptide Mass (http://expasy.org/tools/peptide-mass.html).

RESULTS

Design Concept for a Photoreactive Alac-Acetogenin.
When synthesizing a probe for photoaffinity labeling, particular
attention should be given to avoid significant loss of the inherent
biological activity of the inhibitor due to the introduction of a
photolabile cross-linking group. Therefore, the identification of
critical structural factors of the inhibitor is necessary. Previous
structure—activity studies concerning numerous Alac-acetogenins
revealed several important structural factors required for a
potent inhibitory effect. First, the number of carbon atoms
deciding the hydrophobicity of the alkyl side chains remarkably
influences the inhibitory effect (29). Second, the balance of the
hydrophobicity of the two chains attached to the C,-symmetric
bis-THF portion is also an important factor: the greater the loss
of this balance, the weaker the inhibitory effect (46). Third,
deletion of both hydroxyl groups results in an almost complete
loss of activity, but the presence of one of the two hydroxyl
groups can sustain fairly strong activity (30). Fourth, the
stereochemistry around the hydroxylated bis-THF ring moiety
significantly influences the inhibitory effect (47); the R-configu-
ration at all chiral centers as in compounds 1 and 2 is the most
favorable for the inhibition. All together, it is concluded that the
hydroxylated bis-THF ring moiety is the only critical structural
unit of Alac-acetogenins and no specific functional group is
required in the alkyl tail moieties.

Based on the results of structure—activity studies, there were
two choices as to where a photolabile group should be attached:
the alkyl tails and the bis-THF ring moiety. From a synthetic
point of view, the former choice is much easier since no specific
structure in the tails, except large hydrophobicity, is required for
the activity. However, we did not choose this option because (i)
the region of the enzyme cross-linked by the photolabile group
attached to the unessential moiety of the inhibitor would not be
responsible for critical interaction with the inhibitor and (ii) the
alkyl tails may be too flexible to fix the position of the photolabile
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group in the enzyme. Consequently, to explore the critical
interaction between the inhibitor and the enzyme, we decided
to introduce a small diazirine group adjacent to the essential bis-
THF ring (DAA, Figure 1). Extensive hydrophobicity of the tail
moieties was attained by introducing two benzene rings, one of
which bears a radioisotope tag ('*I).

Characterization of Inhibitory Effect of DAA. To exam-
ine whether DAA is a possible candidate for a photoaffinity
probe of Alac-acetogenins, we characterized its inhibitory effect
on bovine complex I. First, the inhibitory effect of DAA was
examined with the NADH oxidase activity in SMP (30 ug of
protein/mL). The ICs, values of DAA, 2, and bullatacin were
1.2(£0.10),0.90 (£0.11), and 0.85 (£0.07) nM, respectively. This
result indicates that DAA retains strong inhibitory activity
irrespective of the displacement of a hydroxy group attached to
the bis-THF ring with a diazirine group.

Next, we measured the superoxide production from complex I
induced by DAA in the NADH oxidase assay using bullatacin
and 2 as references (Figure 2). It should be noted that complete
inhibition of the electron transfer activity by these inhibitors was
attained below ~0.5 nmol/mg of protein under the experimental
conditions, as shown in Figure 2 taking DAA as an example. The
level of superoxide production induced by 2 was markedly lower
than that induced by bullatacin throughout the range of con-
centrations examined, as reported previously (3/). DAA also
induced much less superoxide than bullatacin over the concen-
tration range achieving specific inhibition of the electron transfer
activity. However, the level of superoxide production increased
gradually with an increase in the inhibitor concentration far
beyond the level completely inhibiting the electron transfer event.

Finally, we compared the inhibitory activity of DAA between
the forward and the reverse electron transfer events. The ICs,
values (picomoles of inhibitor per milligram of protein) for the
forward and reverse electron transfer activity and the ratio of
ICsy (reverse) to 1Cs, (forward) are listed in Table 1, with
bullatacin, rotenone, and 2 as references. Compared to classical
inhibitors, DAA inhibited the reverse electron transfer more
weakly than the forward event, as observed with 2 (31).

With all things combined, we conclude that the inhibitory
action of DAA is not identical to that of original Alac-acetogen-
ins due to the structural modification; nevertheless, DAA actu-
ally has unique inhibitory effects specific to the Alac-acetogenins.
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Table 1: Inhibitory Effects on the Forward and Reverse Electron Transfer
Activities

ICs values (pmol of inhibitor/mg of protein)”

forward electron reverse electron ICs0 (R)/
inhibitor transfer transfer ICso (F)°
rotenone* 130+ 14 62+8.0 0.48
bullatacin 284+3.7 28+4.4 0.93
piericidin A“ 81+7.1 48+43 0.59
compound 2 30+2.3 180 £21 6.0
DAA 39+33 317+£25 8.1

“Values are the mean + SD of three independent experiments. “The
ratio of ICsq (reverse) to ICs, (forward). “From ref 31.

Therefore, DAA can be regarded as a candidate for a photo-
affinity probe directed toward identification of the binding site of
Alac-acetogenins.

Photoaffinity Labeling of Bovine SMP Using [ I|DAA.
For the photoaffinity labeling experiment, SMP were used to
ensure the intactness of complex I. When SMP (0.6 mg of protein/
mL) were UV-irradiated in the presence of 6 nM ['*I|DAA,
which causes 5—15% inhibition of NADH oxidase activity, only
one cross-linked protein, with an apparent molecular mass of
approximately 30 kDa, was found on the SDS gel (Figure 3A).
We next examined the correlation between the incorporation of
the radioactivity into the 30 kDa protein and the inhibition of the
NADH oxidase activity. Even at higher concentrations of
['*IIDAA up to 640 nM, the radioactivity in other regions on
the SDS gel was less than 5% of that in the 30 kDa region. As
shown in Supporting Information Figure S1, the incorporation
of the radioactivity into the 30 kDa protein was not saturated at
high concentrations far beyond the level completely inhibiting the
electron transfer activity. This phenomenon may be related to the
concentration dependency observed for the superoxide produc-
tion induced by DAA (Figure 2), as described later.

Identification of the Cross-Linked 30 kDa Protein. The
30 kDa protein cross-linked by ['*IJDAA was identified as des-
cribed previously (16). The ['*I]DAA-labeled SMP were sub-
jected to blue-native (BN) PAGE and resolved into five oxidative
phosphorylation enzyme complexes (Figure 3B, left). The com-
plex I band was identified by the activity staining using a
NADH-NBT system (Figure 3B, center). Major radioactivity
was detected in this band (Figure 3C, right).

Next, the radiolabeled complex I was isolated by electroelution
and subjected to SDS—PAGE for further separation. As shown
in Figure 3C (center), we detected major radioactivity in an
~30 kDa protein, indicating that the ['**IJ]DA A-labeled protein is
a component of complex I. When samples were boiled for 10 min
prior to the SDS—PAGE analysis, extensive aggregation of the
protein took place (Figure 3C, center). This observation along
with the apparent molecular mass of the protein strongly suggests
that this protein is the ND1 subunit in the membrane domain. To
verify this, we carried out Western blotting (Figure 3C, right) and
immnoprecipitation (Figure 3D) using the anti-bovine ND1 anti-
body. The results clearly indicated that the radiolabeled protein is
the ND1 subunit.

Suppression of the Specific Labeling of NDI by Other
Complex I Inhibitors. We examined the effect of various
complex [ inhibitors, including an original Alac-acetogenin (2),
on the specific cross-linking of the ND1 subunit by [’ I|DAA. As
shown in Figure 4A, classical inhibitors such as bullatacin and
rotenone suppressed the cross-linking at a concentration ranging
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lane for CBB and autoradiography, respectively). (B) SMP (1.5 mg of protein/mL) were photo-cross-linked by 10 nM ['**TJDAA. The labeled
SMP were solubilized with 1% (w/v) DDM and resolved on a 4—15% BN gel according to the Experimental Procedures, stained with NBT/
NADH, and autoradiographed. (C) Complex I photo-cross-linked by ['*’IIDAA (15 nM ['*I]DAA at 1.5 mg of protein/mL) was isolated from
the preparative BN gel by electroelution. The isolated complex I was analyzed by SDS—PAGE on 12.5% Laemmli’s gel (equivalent to 50 ug of

SMP protein per lane), followed by CBB staining (left), autoradiography (center), and Western blotting using the ND1 antibody (ri%ht). In order

to examine its stability, the samples were heated at 95 °C for 10 min. (D) For the identification of the 30 kDa protein cross-linked by ['

TIDAA, the

isolated complex I was subjected to immunoprecipitation with the bovine ND1 antibody as described in the Experimental Procedures.

from 30 to 3000 nM (5—500-fold excess of [ **IJDAA). 6-Amino-
quinazoline and piericidin A also completely suppressed the
cross-linking at 3000 nM (data not shown). It is worth noting
that a 50-fold excess of bullatacin, a reversible inhibitor forming
no covalent bond with the enzyme, completely blocked the cross-
linking. This suppression was the most pronounced effect among
the photoaffinity labeling studies performed in our labora-
tory (16—18). Unexpectedly, 30—40% of the radioactivity was
retained in the ND1 subunit even in the presence of a 500-fold
excess of 2, suggesting that there is an additional binding site(s)
for DAA, which Alac-acetogenin cannot access.

Suppression of the Specific Labeling of ND1 by Exogenous
Quinone. Recently, we showed that an excess amount of short-
chain ubiquinones such as ubiquinone-2 (Q,) suppressed the

photo-cross-linking of the ND1 subunit by an acetogenin mimic,
['IITDA, in a concentration-dependent manner (/7). Among
early photoaffinity labeling studies using photoreactive inhibitors
or quinones (/0—15, 18, 23), the paper was the first to report
direct evidence that an inhibitor and ubiquinone competitively
bind to the enzyme. It should be noted that competition experi-
ments between strong inhibitors and exogenous short-chain
ubiquinones would be difficult since the affinity of the two
ligands differs too greatly (by about 3 orders of magnitude) to
examine efficient competitive behavior over a limited concentra-
tion range.

We examined the competition between ['*’IJDAA and Q, by
determining the suppressive effect of Q, on the cross-linking
of the ND1 subunit by ['*I|DAA. Actually, Q, suppressed the
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FIGURE 4: Effect of various complex I inhibitors or Q, on the specific
cross-linking of ['**IJDAA. (A) SMP (0.6 mg of protein/mL) were
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concentration of complex I inhibitors. The labeled SMP were sepa-
rated on 12.5% Laemmli’s gel, and the residual radioactivity in the
NDI subunit was measured: bullatacin (closed circles), rotenone
(open circles), and compound 2 (open squares). The average control
radioactivity in the ND1 subunit is 1200 cpm. (B) SMP (0.6 mg of
protein/mL) were photo-cross-linked by 6 nM ['*I]DAA in the
presence of a given concentration of Q,. Data are the mean of three
independent experiments £ SD.

cross-linking in a concentration-dependent manner (Figure 4B).
Complete suppression was not observed in the concentration
range studied. The use of higher concentrations of Q, than those
examined in Figure 4B was impractical because of the solubility
limit. It may be mentioned that photo-cross-linking of the 49 kDa
and NDI subunits by a quinazoline-type inhibitor (['*I]AzQ)
was suppressed only by ~10% in the presence of 30 uM Q, under
the same experimental conditions (/8), indicating that the suppre-
ssion of [**IJDAA binding is not due to nonspecific perturbation
of the enzyme (or the membrane) structure by hydrophobic Q,.

Analysis of the Cross-Linked Region of ' I|DAA in the
NDI Subunit. We tried to identify the binding site of ['*I|DAA
in the ND1 subunit by analyzing fragmentation patterns of the
cross-linked ND1 generated by limited proteolysis using different
proteases. The digestion of the cross-linked ND1 by Lys-C gave
a single radioactive band with an apparent molecular mass of
~15 kDa on a tricine gel (Figure 5, left). Careful analysis of the
sites cleavable by Lys-C (Figure 6A) provided the sequence
Tyr127—Lys262 with a calculated molecular mass of 15.1 kDa,
which covers the fourth to seventh transmembrane helices.

The Asp-N treatment of the cross-linked ND1 subunit gave
two radioactive digests with apparent molecular masses of ~17
and ~9 kDa at a frequency of ~3:2 (Figure 5, center). Taking
into consideration the theoretical sites of cleavage by Asp-N
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FIGURE 5: Proteolytic analysis of the ND1 subunit cross-linked by
["*IIDAA. The cross-linked ND1 was partially purified by
SDS—PAGE and electroelution as described in the Experimental
Procedures. The isolated ND1 subunit was digested by lysylendo-
peptidase (Lys-C, left), endoprotease Asp-N (center), or trypsin
(right). The digestion was quenched by the addition of 4x sample
buffer, followed by tricine/SDS—PAGE (16.5% T/6% C). The
amounts of proteases added are indicated on the top of each auto-
radiogram. Data shown are representative of three independent
experiments.

(Figure 6A) along with the result of the Lys-C digestion, these
fragments must be Asp51—Phe198 (covering the second to fifth
transmembrane helices, 16.3 kDa) and Aspl99—Tyr282
(covering the sixth to seventh transmembrane helices, 9.7 kDa).
This result indicates that [*IIDAA has two different cross-
linking sites in the NDI subunit. It is unclear whether the
radioactivity frequency of the two bands (~3:2) accurately reflects
the ratio of the occupancy of the two sites by ['**IJDAA because
photo-cross-linking yields are not necessarily identical at the two
sites.

The tricine/SDS—PAGE analysis of the triptic digests of the
cross-linked ND1 subunit also gave two radioactive bands with
apparent molecular masses of ~9 and ~6 kDa at a frequency of
~1:1 (Figure 5, right), though the radioactivity in the two bands
was much lower than that in the bands generated by Asp-N
treatment. From the theoretical sites of cleavage by trypsin
(Figure 6A) along with the results of Lys-C and Asp-N treatment,
these fragments must be Ala196—Lys262 (covering the sixth to
seventh transmembrane helices, 7.5 kDa) and Alal35—Argl95
(covering the fourth to fifth transmembrane helices, 6.8 kDa).

To pinpoint the amino acid residue(s) cross-linked by
['®IIDAA, we carried out MALDI-TOF MS analysis of the
tryptic digests of the ND1 subunit. However, the region covering
the fourth to seventh transmembrane helices was not detected
because of low sequence coverage (~15%). Similar low coverage
of the hydrophobic ND1 subunit was reported in previous mass
spectrometric studies of this subunit (18, 48).

Effect of Alac-Acetogenin on the Binding of [/ I|DAA to
the Different Sites. The above results strongly suggested that
['IIDAA has two different binding sites in the region covering
the fourth to seventh transmembrane helices of the ND1 subunit.
For convenience, the putative two sites located in the Tyr127—
Phe198 and Asp199—Lys262 regions, the common regions gene-
rated by Asp-N and Lys-C treatment, are termed “site A” and
“site B”, respectively (Figure 6B). Itis critical to establish whether
both sites are responsible for the binding of a bis-THF ring moiety
of the original Alac-acetogenins. As ~40% of the radioactivity
was retained in the NDI subunit when the photo-cross-linking
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was carried out in the presence of a 500-fold excess of 2
(Figure 4A), we examined the residual radioactivity in the two
fragments generated by Asp-N or trypsin in the presence of 2.

SMP (0.6 mg of protein/mL) were cross-linked with 15 nM
['**TIDAA in the presence of 750 nM or 3 uM 2, digested by Asp-N,
and subjected to a tricine/SDS—PAGE analysis. As shown in
Figure 7A, radioactivity was incorporated into the fragment
AspS51—Phe198 containing site A, but its incorporation into the
fragment Asp199—Tyr282 containing site B was blocked by 2ina
concentration-dependent manner. A 200-fold excess of 2 com-
pletely blocked the cross-linking to site B. This result indicates
that the original Alac-acetogenin predominantly binds to site B.

Digestion with trypsin provided a result different from that
obtained with the Asp-N. Namely, the incorporation of radio-
activity into the fragment A196—K262 containing site B was not
completely blocked even by a 200-fold excess of 2, though the
level of radioactivity was slightly reduced compared to that in the
fragment Alal135—Argl95 (Figure 7B). To explain these contra-
dictory results, we propose that there are two cross-linked
residues at site A: one on the N-terminal side of Argl95 and
the other between Alal96 and Phel98, as shown by asterisks in
Figure 6B. In light of the inhibition mechanism of natural
acetogenins, we will discuss this point later.

We also examined the effect of Q, on the cross-linking of the
two fragments generated by Asp-N. SMP (0.6 mg of protein/mL)
were cross-linked with 15 nM ['*I]DAA in the presence of 125 uM
Q,, digested by Asp-N, and subjected to a tricine/SDS—PAGE
analysis. Interestingly, the cross-linking to the fragment Asp199—
Tyr282 was predominantly blocked by Q, (Figure 7C).

DISCUSSION

The inhibitory mechanism of Alac-acetogenins is different
from that of numerous classical inhibitors of complex
1(16,29—31). Nevertheless, the photoaffinity labeling performed
in the present work revealed that the binding site of Alac-
acetogenin resides in the membrane subunit ND1, which also
accommodates classical inhibitors such as rotenone (12, 13),
natural acetogenin (/6, 17), and quinazoline (/8). The NDI
subunit is one of seven mitochondrially encoded hydrophobic
subunits of the membrane arm of complex I and a mutational hot
spot for mitochondrial diseases like LHON (49) and
MELAS (50), underscoring its physiological role. This subunit
has been assumed to play key roles in assembly/communication
between the peripheral and membrane domains (57). In support
of this notion, a series of photoaffinity labeling studies carried out
in our laboratory indicated that the ND1 is one of the subunits
which construct a large inhibitor binding domain in bovine heart
complex I (16—18).

Careful examination of the fragmentation patterns of the
cross-linked ND1 generated by various proteases indicated
that the hydroxylated bis-THF moiety of ['*’IJDAA binds to
two different regions, Tyr127—Phe198 (containing site A) and
Asp199—Lys262 (containing site B), and that the presence of an
excess amount of original Alac-acetogenin (2) predominantly
blocks the cross-linking of the latter region. To predict the
binding sites of the bis-THF ring moiety in these regions, infor-
mation from structure—activity studies for numerous Alac-
acetogenins may be helpful. We previously demonstrated that a
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FiGURE 7: Comparison of the digestion patterns of the cross-linked ND1 subunit in the presence or absence of Alac-acetogenin (2) or Q,. SMP
(1.5 mg of protein/mL) were cross-linked by 15 nM ['*’IJDAA in the presence of 2 [750 nM (50-fold) or 3.0 uM (200-fold)] or Q, [125 uM (8300-
fold)]. The cross-linked ND1 was partially purified by SDS—PAGE and subjected to Asp-N or tryptic digestion, followed by tricine/SDS—PAGE
as shown in Figure 5. (A, B) Effect of 2 on the Asp-N and tryptic digests, respectively, of the cross-linked ND1. (C) Effect of Q, on the Asp-N
digests of ND1. For comparison, the radioactivity of each lane was set to be identical (800 cpm per lane). The Asp-N digest (Asp199-Tyr282,
9.7 kDa) and the tryptic digest (Ala196-Lys262, 7.5 kDa) are surrounded by red rectangles. Data shown are representative of three independent

experiments.

balance of the hydrophobicity of the two tails is critical for strong
activity: the greater the loss of this balance, the weaker the
inhibitory effect (30, 46). It is reasonable to consider that the
hydrophilic bis-THF ring moiety of these amphiphilic inhibitors
resides at or close to the polar membrane surface. The hydro-
phobic tails may decide the precise location of the bis-THF ring in
the membrane surface area by anchoring into the hydrophobic
enzyme or membrane environment. Therefore, the hydrophilic
bis-THF ring of DAA may reside in the third matrix side loop,
which is highly enriched in invariantly conserved charged resi-
dues (51, 52), as illustrated in Figure 8. Taking the results of the
competition test using 2 into consideration, the bis-THF ring
moiety of original Alac-acetogenins may bind predominantly to
site B.

Neither the extent of the photo-cross-linking of ND1 by
['*TIDAA nor the production of superoxide induced by DAA
was saturated at up to about 1.5 nmol of inhibitor/mg of protein,
concentrations far beyond that required for complete inhibition
of the electron transfer activity. However, it should be realized
that the labeling at high concentrations involves high specificity
in the binding and reaction with a single subunit (ND1) within a
mixture of many proteins in SMP. To explain these observations,
we speculate that the binding of DAA to site B induces just a little
superoxide, as observed for 2, but the binding to site A, which
increases with an increase in the DAA concentration, results in
enhanced superoxide production. It is difficult at present to know
which is dominant in terms of the inhibition of electron transfer
and by how much.

We previously carried out photoaffinity labeling using a
photoreactive analogue of natural acetogenin (['*’I]TDA,
Figure 1). In this probe, as the phenyldiazirine ring acts as a
mimic of the y-lactone ring of natural products as well as a photo-
reactive functional group, the inhibitory effects of TDA on
bovine complex I are identical to those of natural acetogenins (/6).
The photoaffinity labeling revealed that the residue cross-linked
by the phenyldiazirine ring is located within the region of the
fourth to fifth transmembrane helices (Vall44—Glul192) of the
NDI1 subunit (/7). Structure—activity studies for numerous
acetogenins strongly suggested that the y-lactone ring buries into
the hydrophobic environment of the enzyme with the support of

Intermembrane
space

FIGURE 8: A hypothetical spatial arrangement of binding sites A and
B in the membrane topology model of the ND1 subunit.

the hydrophobic alkyl spacer (27, 28). On the basis of these
findings along with the present results, it is reasonable to consider
that the amino acid residue cross-linked by the phenyldiazirine
ring of ['**I]TDA resides in the hydrophobic fourth or fifth trans-
membrane helix. If so, site A may be the site which accommodates
the hydroxylated bis-THF ring of natural acetogenins. This idea is
in agreement with the above model; namely, the greater the
occupation of site A, the greater the superoxide production. On
the other hand, structure—activity studies for natural acetogenins
also revealed that the hydroxylated bis-THF ring moiety is
recognized by complex I in a fairly loose way (24—28); for ins-
tance, neither the number of THF rings nor the stereochemistry
around the hydroxylated THF ring moiety is an essential factor
for the inhibition. It is therefore not strange that the photoreactive
diazirine group attached to the bis-THF ring cross-links with
different amino acid residues at site A.

Furthermore, an excess amount of Alac-acetogenin (2) did not
block the cross-linking of ['*IDAA to site A (Figure 7). This
result is consistent with the previous observation that the level of
superoxide production induced by bullatacin was not affected in
the presence of 2 at excess concentrations (see Figure 5 in ref 37).
Thus, the results of the competition tests lead us to believe that
the binding site of Alac-acetogenins may not overlap with that of
natural acetogenins. The extremely efficient suppression of the



4802  Biochemistry, Vol. 49, No. 23, 2010

binding of ['*I]DAA to site B by bullatacin (Figure 4) may be
due to a structural change at site B induced by bullatacin (i.e., an
allosteric effect). Therefore, the results of the present study can be
explained by assuming that the bis-THF ring moiety of natural
acetogenins and Alac-acetogenins resides at site A and site B,
respectively, in the third matrix side loop. Given that an excess of
Q, predominantly blocked the binding of [*IJDAA to site B
(Figure 7C), this site may participate in the binding or the access
path of ubiquinone to the “quinone cavity” which may be formed
by the PSST and 49 kDa subunits (6).

Rotenone, piericidin A, and 6-aminoquinazoline completely
suppressed the binding of [*IJDAA to both sites A and B at
higher concentration than that required for bullatacin (Figure 4).
Our previous studies strongly suggested that the binding site of
Alac-acetogenins might not overlap with that of the classical
inhibitors (16, 30, 3I). The suppression of the binding of
['®IJDAA to site B by the classical inhibitors may also be due
to an allosteric effect. Solely from the competition test performed
in the present study, it is hard to answer as to whether the
suppression of the binding of ['*IJDAA to site A is due to true
competitive behavior or allosteric effect. It remains to be learned
how the binding positions of chemically diverse classical inhibi-
tors are related to each other.

Elucidation of the mechanism of superoxide generation from
complex I is critical for the formulation of causative connection
between the enzyme defects and pathological effects. Most
research groups working in the complex I field favor the idea
that superoxide is primarily generated at the reduced FMN in
isolated enzyme (53—356). However, it is difficult to unambigu-
ously pinpoint the site of superoxide generation from complex I
in intact mitochondria or SMP in the presence of “quinone-site
inhibitors” (57, 58). There is some controversy about the presence
of two separate sites in complex I (FMN and ubiquinone-binding
site) rather than a single site (56, 59). We reproducibly confirmed
that during the forward electron transfer, Alac-acetogenins
induce superoxide generation from bovine complex I at a much
lower rate than do classical inhibitors (30, 31). Now the binding
site of these unique inhibitors appeared to reside in the membrane
subunit ND1, which is located downstream of all the redox
cofactors (FMN and iron—sulfur clusters) residing in the hydro-
philic domain. Therefore, the present findings are of value for
discussing the site of superoxide generation. When the reduction
of ubiquinone in complex I is fully blocked by classical inhibitors
or Alac-acetogenin, the extent to which electrons accumulate in a
linear chain of the cofactors should be comparable (57, 58).
Therefore, the difference in superoxide generation would not be
attributable to a difference in the electron leak from the cofactors
to molecular oxygen. It is most likely that the blocking effect of
Alac-acetogenin on the reduction of ubiquinone causes less
electron leak from ubisemiquinone to molecular oxygen than
that of classical inhibitors. Considering that an excess of Q,
completely blocked the binding of [**IJDAA to site B, but not
site A (Figure 7C), Alac-acetogenins may be a more effective
competitor against ubiquinone than natural acetogenins and
hence be better to reduce the formation of ubisemiquinone
radical. Genova and colleagues (60) argued that the ubisemiqui-
none radical is not a candidate for a direct donor of electrons to
molecular oxygen in the presence of a “quinone-site inhibitor”
since the inhibitor remarkably diminished the formation of
ubisemiquinone radical as revealed by EPR spectroscopy (61).
However, one cannot exclude the possibility that a destabi-
lized ubisemiquinone, perhaps undetectable by EPR under the
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experimental conditions, and/or the residual ubisemiquinone
serves as an electron donor to molecular oxygen (38, 62).

In conclusion, we synthesized a photoreactive Alac-acetogenin
mimic, ['**[J]DAA. Photoaffinity labeling using [ *’I]DAA strongly
suggested that the photo-cross-linked residues are located at
two different sites, site A in the Alal35—Phe198 region and site
B in the Asp199—Lys262 region, in the third matrix-side loop
connecting the fifth and sixth transmembrane helices in the ND1
subunit. Site A and site B may be the site that accommodates the
bis-THF ring moiety of natural acetogenins and Alac-acetogenins,
respectively. Site B may contribute to the binding or the access path
of ubiquinone to the “quinone cavity” formed by the PSST and
49 kDa subunits.
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