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Site-specific suppressors of superoxide production (named
S1QELs) in the quinone-reaction site in mitochondrial respira-
tory complex I during reverse electron transfer have been previ-
ously reported; however, their mechanism of action remains
elusive. Using bovine heart submitochondrial particles, we
herein investigated the effects of S1QELs on complex I func-
tions. We found that the inhibitory effects of S1QELs on com-
plex I are distinctly different from those of other known qui-
none-site inhibitors. For example, the inhibitory potencies of
S1QELs significantly varied depending on the direction of elec-
tron transfer (forward or reverse). S1QELs marginally sup-
pressed the specific chemical modification of Asp160 in the
49-kDa subunit, located deep in the quinone-binding pocket, by
the tosyl chemistry reagent AL1. S1QELs also failed to suppress
the binding of a photoreactive quinazoline-type inhibitor
([125I]AzQ) to the 49-kDa subunit. Moreover, a photoaffinity
labeling experiment with photoreactive S1QEL derivatives indi-
cated that they bind to a segment in the ND1 subunit that is not
considered to make up the binding pocket for quinone or inhib-
itors. These results indicate that unlike known quinone-site
inhibitors, S1QELs do not occupy the quinone- or inhibitor-
binding pocket; rather, they may indirectly modulate the qui-
none-redox reactions by inducing structural changes of the
pocket through binding to ND1. We conclude that this indirect
effect may be a prerequisite for S1QELs’ direction-dependent
modulation of electron transfer. This, in turn, may be responsi-
ble for the suppression of superoxide production during reverse
electron transfer without significantly interfering with forward
electron transfer.

Excessive production of reactive oxygen species (ROS)2 from
mitochondria is associated with a wide range of age-associated

diseases, such as diabetes, cardiovascular disease, neurodegen-
eration, and cancer (1–5). However, a growing body of evidence
indicates that ROS produced in mitochondria serve as a critical
cellular signal in physiological pathways (6 –9). Progress in
defining the sites of ROS production revealed that many sites
exist in mitochondria, such as respiratory complexes (com-
plexes I-III), the electron-transferring flavoprotein-ubiquinone
oxidoreductase, and sn-glycerol-3-phosphate dehydrogenase
(10). The contribution of particular mitochondrial sites varies
with different respiratory substrates due to different entry
points of reducing equivalents during metabolism and the
resulting different redox states of the enzymes and a quinone/
quinol pool. It is likely that mitochondria in resting skeletal
muscle produce ROS primarily from four sites: site IQ (the
ubiquinone-binding site in complex I active during reverse
electron transport), site IF (the flavin (FMN) site in complex I),
site IIF (the flavin (FAD) site in complex II), and site IIIQo (the
quinol oxidation site in complex III) (11). Although sites IF and
IIIQo are generally recognized as major sites of ROS production,
sites IQ and IIF are also considered to have the potential to
significantly produce ROS under specific conditions (10).

In respiratory complex I, site IQ generates ROS at high rates
during reverse electron transfer from ubiquinol in a ubiqui-
none/ubiquinol pool, which is supported by a high proton-mo-
tive force formed across the inner mitochondrial membrane
(12). Inhibition of site IQ by the so-called “quinone-site inhibi-
tors” (such as rotenone and piericidin A) completely suppresses
ROS production from this site by preventing ubiquinol oxida-
tion. In contrast, site IF is a prominent ROS production site
during forward electron transfer from the NADH pool in the
mitochondrial matrix and has a much lower rate of ROS pro-
duction than site IQ in intact mitochondria (12). The presence
of quinone-site inhibitors increases ROS production from site
IF by enhancing the reduction state of FMN (12). It should be
noted that some research groups argue that ROS are predomi-
nantly produced at site IF by a single, unified mechanism that is
applied during both forward and reverse electron transfer (13,
14). The inhibition of complex I by rotenone or neurotoxic
N-methyl-4-phenylpyridinium has been considered to be asso-
ciated with parkinsonism in both rodents and humans, suggest-
ing a link between ROS production due to dysfunctional com-
plex I and neurodegeneration (15, 16). Comparative analyses
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suggested an inverse relationship between maximal ROS pro-
duction from site IQ, but not site IF, and the maximum lifespan
across vertebrate species (17, 18). Taking these into consider-
ation, selective modulators of ROS production from a definite
site in the respiratory complexes would become powerful
chemical tools to investigate the roles of mitochondrial ROS in
biochemical and physiological studies.

In this context, antioxidants are also useful chemical tools for
this aim. Many years of research on antioxidants have provided
many natural and synthetic chemicals, which modulate ROS
with different selectivity and efficiency within different cellular
compartments depending on their diverse chemical properties
(19 –22). However, because antioxidants scavenge ROS down-
stream from production sites and, hence, are unable to fully
suppress the production of ROS, they cannot substitute for the
selective modulators of ROS production mentioned above.

Brand and colleagues (23, 24) developed a panel of high-
throughput screening assays to identify low-molecular-weight
chemicals, which suppress ROS production during reverse
electron transfer through complex I (from site IQ) in mitochon-
dria isolated from rat skeletal muscle without significant
concomitant interferences with bioenergetic functions of mito-
chondria (including forward electron transfer (i.e. NADH-qui-
none oxidoreductase activity)). They named the chemicals
“S1QEL,” suppressor of site IQ electron leak (23, 24). Through
screening of 635,000 compounds, they discovered two struc-
tural classes of S1QELs, named S1QEL1 (thiazole-type) and
S1QEL2 (piperazine-type) families (24). They showed that
S1QEL1 and S1QEL2 analogues protect against stress-induced
stem cell hyperplasia in Drosophila intestine in vivo and against
ischemia-reperfusion injury in the perfused mouse heart (24).
Although the detailed mechanism of action of S1QELs remains
elusive, their unique action may be explained by considering
that each S1QEL only modulates ubiquinol oxidation (reverse
electron transfer) and not quinone reduction (forward electron
transfer) in a definite concentration range. However, referring
to the architecture of the quinone/inhibitor-access channel in
mammalian complex I modeled by single-particle cryo-elec-
tron microscopy (25–27), this leads to a critical question of how
S1QELs selectively modulate one of the two opposite quinone-

redox reactions that take place inside a common narrow chan-
nel (note that we recently questioned whether the quinone/
inhibitor-access channel models fully reflect physiologically
relevant states present throughout the catalytic cycle (28)).
Brand et al. (24) did not investigate the binding position of
S1QELs in complex I; however, this is absolutely necessary to
fully define the mechanism of action of these unique chemicals.

Here, we synthesized some S1QELs as reported in Ref. 24
(Fig. 1) in our laboratory and investigated their effects on the
functions of complex I in bovine heart SMPs. To identify the
binding position of S1QELs, we carried out photoaffinity label-
ing experiments with photoreactive derivatives that were syn-
thesized using original S1QEL as a template (Fig. 1). We found
that all S1QELs examined have the potential to inhibit both
forward and reverse electron transfers. However, their inhibi-
tory effects were unique and distinctly different from those
observed for known quinone-site inhibitors such as quinazoline
and bullatacin; therefore, we concluded that S1QELs are a new
type of inhibitor of complex I. Based on the results obtained in
the present study, we discuss the causal connection between the
unique inhibitory actions of S1QELs and their behavior as sup-
pressors of superoxide production during reverse electron
transfer.

Results

Syntheses of S1QEL analogues

Among S1QELs discovered by Brand et al. (24), we picked up
S1QEL1.1/S1QEL1.5 and S1QEL2.1/S1QEL2.3 from S1QEL1
(thiazole-type) and S1QEL2 (piperazine-type) families, respec-
tively. We synthesized these four compounds in our laboratory
by the methods described under Schemes S1 and S2. We also
synthesized three derivatives of S1QEL1.1 (S1QEL1.1_D1,
S1QEL1.1_D2, and S1QEL1.1_D3, Scheme S3) and one
derivative of S1QEL1.5 (S1QEL1.5_D1, Scheme S1) to examine
the structure-activity relationship (Fig. 1), although these deriva-
tives were not reported in the earlier work (24). To conduct pho-
toaffinity labeling experiments, we synthesized [125I]S1QEL1.1_
PD1 (Scheme S4) and [125I]S1QEL1.1_PD2 (Scheme S5), which

Figure 1. Structures of S1QELs and their derivatives studied in the present study. S1QEL1.1, S1QEL1.5, S1QEL2.1, and S1QEL2.3 were reported in Ref. 24.
S1QEL1.1_D1, S1QEL1.1_D2, S1QEL1.1_D3, and S1QEL1.5_D1 were derived from corresponding parent S1QELs. Photolabile [125I]S1QEL1.1_PD1 and
[125I]S1QEL1.1_PD2 were used for photoaffinity labeling experiments.
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possess an azido group and 125I as a photolabile group and a
detecting tag, respectively (Fig. 1).

Inhibition of forward electron transfer by S1QELs

Brand et al. (24) reported that S1QEL1.1, S1QEL1.5,
S1QEL2.1, and S1QEL2.3 elicit no inhibitory effect on respira-
tion driven by succinate plus rotenone (covering complexes II,
III, and IV) and by glutamate plus malate (covering complexes I,
III, and IV) in mitochondria isolated from rat skeletal muscle at
10 �M or 20 � IC50 (i.e. 20-fold of the IC50 value that is the
molar concentration required to suppress superoxide produc-
tion from site IQ by 50%). S1QEL1.1 had the lowest IC50 value
(0.07 �M) among S1QELs that they discovered (24). We exam-
ined the effects of S1QELs and their derivatives on NADH oxi-
dase activity in bovine heart SMPs (covering complexes I, III,
and IV). SMPs were incubated with a test compound for 4 min
before initiating the reaction by adding NADH (final concen-
tration: 50 �M).

The inhibitory potencies of S1QELs, in terms of the EC50
value, which is the molar concentration needed to reduce the
control NADH oxidase activity by 50%, are listed in Table 1.
Their inhibitory potencies widely varied depending on their
structural features. S1QEL1.1 was the most potent inhibitor of
forward electron transfer (EC50 � 0.059 �M). The extent of
inhibition by S1QEL1.5 and S1QEL1.5_D1 was just �10 –30%
even at 50 �M, as shown in Fig. 2 (trace b) taking S1QEL1.5 as an
example. The residual NADH oxidase activity in the presence
of these compounds was completely inhibited (�95%) by the
addition of other quinone-site inhibitors, such as bullatacin and
quinazoline. Considering marked structural similarities between
S1QEL1.1 and S1QEL1.5/S1QEL1.5_D1, these results seem to be
peculiar at first glance.

To characterize the inhibitory actions of S1QEL1.5 and
S1QEL1.5_D1, they were added to SMPs at �2 min after initi-
ation of the reaction by adding NADH (i.e. during catalytic
turnover). Unexpectedly, both compounds exhibited definite
inhibition of the NADH oxidase activity, as shown in Fig. 2
(trace c) taking S1QEL1.5 (50 �M) as an example. Furthermore,

their inhibitory effects gradually diminished with time and sig-
nificant inhibition was no longer observed �6 min after the
addition (Fig. 2). These results strongly suggest that S1QEL1.5
and S1QEL1.5_D1 gradually decomposed during incubation
with SMPs. This may be a cause of the weak inhibitory effects
when they were previously incubated with SMPs before initiat-
ing the reaction (trace b). In support of this, the longer the
incubation period, the weaker their inhibitory effects (Fig. 3A).
Note that the inhibitory effects of other S1QELs were not
affected by changing the order of addition of inhibitor and
NADH.

For comparison of the inhibitory potencies of S1QEL1.5 and
S1QEL1.5_D1 with those of other S1QELs, their EC50 values,
which were expediently evaluated from the inhibition observed
at 1 min after the addition of these compounds during the cat-
alytic turnover (i.e. a dotted line on trace c in Fig. 2), are listed in

Table 1
Summary of the inhibitory potencies (EC50) of S1QELs
The EC50 value is the molar concentration (�M) needed to reduce the control NADH oxidase activity (forward electron transfer) or ubiquinol-NAD� oxidoreductase
activity (reverse electron transfer) in SMPs by 50%, except for S1QEL1.5 and S1QEL1.5_D1. SMPs concentrations are 30 and 100 �g of proteins/ml for forward and reverse
electron transfer measurement, respectively. The EC50 values that were normalized by protein concentrations (nmol of inhibitor/mg of proteins) are also listed in the
parentheses. Values are mean � S.E. (n � 3– 4).

S1QELs
Forward electron transfer EC50 (�M)

(nmol inhibitor/mg of proteins)
Reverse electron transfer EC50 (�M)

(nmol inhibitor/mg of proteins)
Ratioa

(forward/reverse)

S1QEL1.1 0.059 � 0.006 (2.0 � 0.20) 0.038 � 0.005 (0.38 � 0.05) 5.2
S1QEL1.5 1.9 � 0.38b (63 � 13) 0.31 � 0.07c (3.1 � 0.7) 20
S1QEL2.1 0.29 � 0.044 (9.7 � 1.5) 0.060 � 0.003 (0.60 � 0.03) 16
S1QEL2.3 0.54 � 0.08 (18 � 2.8) 0.13 � 0.02 (1.3 � 0.20) 14
S1QEL1.5_D1 1.4 � 0.16b (47 � 5.2) 0.24 � 0.047c (2.4 � 0.47) 20
S1QEL1.1_D1 0.89 � 0.04 (30 � 1.0) 1.25 � 0.06 (12.5 � 0.6) 2.4
S1QEL1.1_D2 0.88 � 0.07 (29 � 2.0) 0.50 � 0.02 (5.0 � 0.2) 5.8
S1QEL1.1_D3 0.32 � 0.02 (11 � 0.6) 0.43 � 0.04 (4.3 � 0.4) 2.5
Bullatacin 0.0020 � 0.0002 (0.070 � 0.007) 0.0046 � 0.0006 (0.046 � 0.006) 1.4

a The ratio of EC50 (forward)/EC50 (reverse) values in terms of nanomole of inhibitor/mg of proteins.
b The EC50 value was expediently evaluated from the inhibition observed at �1 min after the addition of a test compound during catalytic turnover; namely, we read a slope

of the dotted line indicated for trace c in Fig. 2.
c Because the maximum inhibition by this compound was �40% (Fig. 4B), the molar concentration that attained 20% inhibition was determined.

Figure 2. The inhibition of the NADH oxidase activity in SMPs by
S1QEL1.5. Trace a, the NADH oxidase activity without inhibitor (control);
trace b, the NADH oxidase activity initiated by adding NADH (200 �M) after 4
min incubation with S1QEL1.5 (50 �M); trace c, S1QEL1.5 (50 �M) was added to
SMPs at �1 min after initiation of the reaction by adding NADH (200 �M). The
final mitochondrial protein concentration was 10 �g/ml.
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Table 1. Under the experimental conditions, the maximum
inhibition of the NADH oxidase activity by S1QEL1.5 and
S1QEL1.5_D1 was �80%. It should be noted that although
S1QEL2.1 and S1QEL2.3 elicited inhibition at lower than single
digit micromolar level, they also did not achieve complete inhi-
bition (�95%) of the NADH oxidase activity: �20 –30%
enzyme activity remained even in the presence of excess com-
pounds (Fig. 4A, open and closed circles). These residual enzyme
activities are greater than those observed with known quinone-
site inhibitors such as piericidin A and bullatacin, which gener-
ally attain �95% inhibition, as shown in Fig. 4A taking bullata-
cin (open triangles) as an example.

S1QEL1.1 elicited the most potent inhibition of the forward
electron transfer (Table 1) and achieved almost complete inhi-
bition (Fig. 4A, closed triangles). To know which structural fac-
tors are important for the inhibitory activity of S1QEL1.1, we
synthesized its derivatives S1QEL1.1_D1, S1QEL1.1_D2, and
S1QEL1.1_D3. As shown in Table 1, modifications of the
acetylamino group in S1QEL1.1 resulted in a significant
decrease in the inhibitory potencies, indicating that this func-
tional group is important for tight interaction with complex I.

Inhibition of reverse electron transfer by S1QELs

We next examined the effects of S1QELs on the reverse
electron transfer (the quinol-NAD� oxidoreductase activity)
driven by succinate oxidation with support of proton-motive
force due to ATP hydrolysis in bovine SMPs (Table 1). Because

reverse electron transfer is considerably slower than forward
electron transfer, a higher concentration of SMPs was used in
the reverse electron transfer assay (100 versus 30 �g of proteins/
ml). Accordingly, to compare the inhibitory potencies between
the forward and reverse events, the EC50 values that were nor-
malized by protein concentrations (nanomole inhibitor/mg of
proteins) are also listed in parentheses in Table 1. As for for-
ward electron transfer, each test compound was incubated with
SMPs for 4 min before the reverse reaction started by the addi-
tion of ATP (final concentration: 1.0 mM). We preliminary con-
firmed that reverse electron transfer is completely blocked in
the presence of SF6847 (a protonophoric uncoupler) or oligo-
mycin (FoF1-ATPase inhibitor).

S1QEL1.1, S1QEL2.1, S1QEL2.3, and S1QEL1.1 analogues
(S1QEL1.1_D1	S1QEL1.1_D3) achieved almost complete
inhibition (�90%) of reverse electron transfer, as shown in Fig.
4B taking S1QEL1.1 (closed triangles) as an example. Their
inhibitory potencies determined for reverse electron transfer,
in terms of EC50 (mole inhibitor/mg of proteins), were stronger
than those for forward electron transfer (�5-fold), indicating a
direction-dependent inhibition. It is noteworthy that the extent
of inhibition by S1QEL1.5 (closed circles) or S1QEL1.5_D1
(open circles) was saturated at �40% (Fig. 4B). The substantial

Figure 3. Time-dependent disappearance of the inhibitory effects of
S1QEL1.5 and S1QEL1.5_D1. A, the inhibition of NADH oxidase activity (for-
ward electron transfer) by S1QEL1.5 (5.0 �M, black bars) or S1QEL1.5_D1 (5.0
�M, gray bars) was determined after different incubation periods with SMPs at
30 °C. The averaged control forward electron transfer activity was 580 � 55
nmol of NADH/min/mg of proteins. The final mitochondrial protein concen-
tration was 30 �g/ml. B, the inhibition of ubiquinol-NAD� oxidoreductase
activity (reverse electron transfer) by S1QEL1.5 (6.3 �M, black bars) or
S1QEL1.5_D1 (6.3 �M, gray bars) was determined after different incubation
periods with SMPs at 30 °C. The averaged control reverse electron transfer
activity was 50 � 6.0 nmol of NADH/min/mg of proteins. The final mitochon-
drial protein concentration was 100 �g/ml. Values in graphs are mean � S.E.
(n � 3).

Figure 4. Dose-response curves for the inhibition of electron transfer in
complex I. A, the inhibition of NADH oxidase activity by S1QELs. The reaction
was initiated by adding NADH (final concentration: 50 �M) after incubation of
SMPs with each test compound for 4 min at 30 °C. S1QEL2.1, closed circles;
S1QEL2.3, open circles; S1QEL1.1, closed triangles; bullatacin, open triangles.
The final mitochondrial protein concentration was 30 �g/ml. B, the inhibition
of reverse electron transfer by S1QELs. The reaction was initiated by adding
ATP (final concentration: 1.0 mM) after incubation of SMPs with each com-
pound for 4 min at 30 °C. S1QEL1.5, closed circles; S1QEL1.5_D1, open circles;
S1QEL1.1, closed triangles. The final mitochondrial protein concentration was
100 �g/ml.
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residual activity was completely blocked by the addition of
known inhibitors such as quinazoline and bullatacin. For
these compounds, the molar concentrations that achieved
20% inhibition (in place of 50% inhibition) are tentatively
listed in Table 1.

The inhibitory effects of S1QEL1.5 and S1QEL1.5_D1 on the
reverse electron transfer also gradually disappeared during
incubation with SMPs (Fig. 3B), as observed with forward elec-
tron transfer. If the disappearance of inhibitory activities is
attributable to their decomposition, a possible mechanism
would be hydrolysis at -NH-CO-CO-NH-, because there is no
other partial structure that is anticipated to be unstable under
the experimental conditions, although we have not experimen-
tally verified the mechanism. The substantial residual activity
observed for S1QEL1.5 and S1QEL1.5_D1 may not be ex-
plained solely by their decomposition because the extent of
inhibition was �40% even after a short incubation (10 s, Fig. 3B)
and saturated at this level irrespective of further increases in
concentrations of these compounds added (Fig. 4B).

The order of the suppressive efficiencies of the four S1QELs
against ROS production from site IQ, in terms of the IC50 values,
was S1QEL1.1 � S1QEL2.1 � S1QEL2.3 � S1QEL1.5 (24). This
order is identical to that of the inhibitory potencies (EC50)
against the reverse electron transfer determined in the present
study (Table 1), although complex I samples differ between the
two studies (rat skeletal muscle mitochondria versus bovine
heart SMPs).

Effects of S1QELs on the alkynylation of 49 kDa-Asp160 by AL1

Ligand-directed tosyl (LDT) chemistry (29, 30), which is
based on a principle of affinity labeling, provides a powerful
means to covalently attach a synthetic tag of choice to target
protein with a high location-specificity. Using this technique,
we previously demonstrated that Asp160 in the 49-kDa subunit
(49 kDa-Asp160), which is located deep inside the predicted
quinone-access channel (25–27), can be specifically alkynylated
(Asp160(COO)-(CH2)2-C'CH) by incubating SMPs with ace-
togenin-type ligand AL1 (Figs. S1 and S2) (31, 32). This alkyny-
lation was completely suppressed by various quinone-site
inhibitors, such as quinazoline, bullatacin, and fenpyroximate
(31, 32). To elucidate the action manner of S1QELs, we exam-
ined the effects of S1QELs on the alkynylation of 49 kDa-Asp160

by AL1.
Alkynylation by AL1 (0.1 �M) can be visualized by conjugat-

ing a fluorescent tag TAMRA-N3 to [Asp160(COO)-(CH2)2-
C'CH] via click chemistry after solubilizing SMPs (Fig. S2)
(31, 32), as shown in Fig. 5A (control lane). We confirmed that
bullatacin (10 �M) completely suppressed the alkynylation (Fig.
5A). The extents of suppression by S1QELs (10 �M each, 100-
hold of AL1) varied depending on their structures (Fig. 5A), but
none exhibited a remarkable suppressive effect like bullatacin.
Even S1QEL1.1, with the most potent inhibitory activity among
the S1QELs tested, suppressed the alkynylation by �70% at far
over the concentration giving full inhibition of forward electron
transfer. This incomplete suppression is not due to an insuffi-
cient amount of S1QEL1.1 added because the extent of sup-
pression by S1QEL1.1 had already reached a plateau (�70%) by
�5 �M and did not further increase with increasing concentra-

tions up to 50 �M (Fig. 5B). S1QEL1.5 and S1QEL1.5_D1 hardly
effected the alkynylation, consistent with the fact that these
inhibitors markedly lost their inhibitory effects during incuba-
tion with SMPs (Figs. 2 and 3). Taken together, it is obvious that
the binding positions of S1QELs and known quinone-site
inhibitors are considerably different.

Effects of S1QELs on the binding of [125I]AzQ to the 49-kDa
subunit

We previously demonstrated that quinazoline-type inhibitor
[125I]AzQ (Fig. S1) binds at the interface of the 49-kDa and ND1
subunits in bovine complex I, although radioactivity was pre-
dominantly distributed into the former (33, 34). The labeled
regions in the 49-kDa and ND1 subunits were the N-terminal
(Asp41–Arg63 in mature sequence numbering) and the third
matrix loop connecting transmembrane helices (TMHs) 5 and
6 (Asp199–Lys262), respectively. The binding of [125I]AzQ to the
enzyme was completely suppressed by an excess of other qui-
none-site inhibitors such as rotenone, piericidin A, and bullata-
cin (33, 34).

Figure 5. Effects of S1QELs on alkynylation of 49 kDa-Asp160 by AL1. A,
alkynylation of 49 kDa-Asp160 in intact complex I was achieved via LDT chem-
istry using AL1 (0.1 �M). The alkynylation can be visualized by conjugating a
fluorescent tag TAMRA-N3 to [Asp160(COO)-(CH2)2-C'CH] via click chemistry
after solubilizing SMPs (see “Experimental procedures” and Fig. S2). Approx-
imately 30 �g of proteins were loaded into each well. Upper panel, gel image
of SDS-PAGE analysis used for LDT chemistry; lower panel, the extent of sup-
pression by S1QELs (10 �M each, 100-fold of AL1). Values in graphs are
mean � S.E. (n � 3– 4). **, p 
 0.001 compared with control (one-way ANOVA
followed by Dunnet’s test). B, suppression of the alkynylation by different
concentrations of S1QEL1.1 (5.0 –50�M). Data are representative of three inde-
pendent experiments.
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We examined whether S1QELs (5.0 �M each) suppress the
binding of [125I]AzQ (5.0 nM) to the predominant target, the
49-kDa subunit. We confirmed, as a control, that bullatacin (5.0
�M) completely suppressed the binding of [125I]AzQ (Fig. 6). It
is noteworthy that none of the S1QELs (1000-fold of [125I]AzQ)
efficiently suppressed the binding of [125I]AzQ (Fig. 6). Al-
though S1QEL1.1 moderately suppressed the alkynylation of 49
kDa-Asp160 by AL1 (Fig. 5A), this inhibitor hardly suppressed
the binding of [125I]AzQ. These results also strongly suggest
that the binding position of S1QELs significantly differ from
that of ordinary quinone-site inhibitors.

The binding position of S1QELs in complex I

To identify the binding position of S1QELs in complex I,
we performed photoaffinity labeling experiments using two pho-
toreactive derivatives ([125I]S1QEL1.1_PD1 and [125I]S1QEL1.1_
PD2, Fig. 1), which were derived using S1QEL1.1 as a synthetic
template. We selected S1QEL1.1 (the most efficient S1QEL
reported in Ref. 24) to produce as potent derivatives as possible to
minimize nonspecific labeling, which is a primary cause of false-
positive results. The EC50 values of [125I]S1QEL1.1_PD1 and
[125I]S1QEL1.1_PD2, determined with the NADH oxidase assay
using their nonradioactive derivatives, were 23 (�3.0) and 290
(�42) nM, respectively. Introduction of an azido (	N�N��N	)
group into the left benzene ring was significantly unfavorable for
the inhibition. This is because the interaction between this moiety
and the enzyme is critical for the inhibitory action, as demon-
strated by the structure-activity relationship study above.

SMPs (4.0 mg of proteins/ml) were incubated with
[125I]S1QEL1.1_PD1 (10 nM), irradiated with a UV lamp on ice,

and the radiolabeled complex I was isolated by BN-PAGE, fol-
lowed by the resolution on doubled SDS gel (35) using 10 and
16% Schägger-type SDS gels (Fig. 7A, left). The labeling of com-
plex I by [125I]S1QEL1.1_PD1 gave a major �30 kDa radioac-
tive spot above a diagonal axis (Fig. 7A, center), which corre-
sponds to the position of the hydrophobic ND1 subunit
(identified by MS, Table S1).

We previously showed that complex I inhibitors having a
photoreactive azidophenyl group concomitantly bind to the
ADP/ATP carrier and 3-hydroxybutyrate dehydrogenase for an
unknown reason (28, 33, 36), although the labeling yields varies
depending on chemical frameworks of inhibitors. The weak
radioactive spot at �35 kDa on a diagonal axis (Fig. 7A, center)
was identified as a ADP/ATP carrier by MS (Table S1).

[125I]S1QEL1.1_PD2 also cross-linked to the ND1 subunit,
although incorporated radioactivity into the protein was
10 –20% of that by [125I]S1QEL1.1_PD1 (Fig. 7A, right). This is
the reason why [125I]S1QEL1.1_PD2 appears to predominantly
cross-link to AAC and to a lesser extent to ND1. In light of the
EC50 values (290 versus 23 nM), the lower radioactivity observed
for [125I]S1QEL1.1_PD2 must be primarily due to its lower
binding affinity to the enzyme. Altogether, S1QEL1s turned out
to exclusively bind to the ND1 subunit.

The binding position of S1QELs in the ND1 subunit

To localize the position labeled by photoreactive S1QEL1s in
the ND1 subunit, the ND1 labeled by [125I]S1QEL1.1_PD1 or
[125I]S1QEL1.1_PD2 was isolated from the SDS gel and
digested with Lys-C or Asp-N, whose theoretical cleavage sites
(Lys and Asp) are relatively few (Fig. 7C). The digests of the
ND1 labeled by [125I]S1QEL1.1_PD1 was resolved on a 16.5%
Schägger-type SDS gel to provide single radioactive bands at
�7 and �18 kDa, respectively (Fig. 7B). On the basis of the
theoretical cleavage sites, these digests must be assigned to the
peptides Glu59–Lys126 (7.4 kDa) and Asp51–Phe198 (16.3 kDa),
respectively. These results indicate that the position labeled by
[125I]S1QEL1.1_PD1 is within the Glu59–Lys126 region (Fig.
7C), which includes part of the matrix-side first loop and TMHs
2–3.

The digestion of the ND1 labeled by [125I]S1QEL1.1_PD2
gave major digests at �16 and �14 kDa, respectively (Fig. 7B).
The Lys-C and Asp-N digests appeared to be peptides Tyr127–
Lys262 (15.2 kDa) and Asp199–Thr318 (13.8 kDa, containing a
uncleavable site at Asp283), respectively. The results indicate
that the position labeled by [125I]S1QEL1.1_PD2 is assigned to
the Asp199–Lys262 region (Fig. 7C). This region includes the
matrix-side third loop connecting TMHs 5– 6, which is adja-
cent to the N-terminal domain of the 49-kDa subunit. Taken
together, it was revealed that irrespective of substituted posi-
tions of a photolabile azido group, S1QEL1s bind to the ND1
subunit that is situated in the inner mitochondrial membrane.
This finding strongly suggests that the whole S1QEL1 molecule
is buried in this hydrophobic subunit.

Effects of different inhibitors on the binding of
[125I]S1QEL1.1_PD1 to the ND1 subunit

We next examined the suppressive effects of different inhibitors
on the binding of [125I]S1QEL1.1_PD1 to the ND1 subunit.

Figure 6. Effects of S1QELs on specific binding of [125I]AzQ to the 49-kDa
subunit. The photoaffinity labeling of the 49-kDa subunit in intact complex I
using [125I]AzQ (5.0 nM) was carried out in the presence of different S1QELs
(5.0 �M each, 1000-fold). Approximately 30 �g of proteins were loaded into
each well. Upper panel, gel image of SDS-PAGE analysis used for the photoaf-
finity labeling; lower panel, the extent of suppression by S1QELs. Values in
graphs are mean � S.E. (n � 3– 4). *, p 
 0.01; **, p 
 0.001 compared with
control (one-way ANOVA followed by Dunnet’s test).
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Because radioactivity incorporated into ND1 by [125I]S1QEL1.1_
PD2 was �10–20% of that by [125I]S1QEL1.1_PD1 (Fig. 7A), we
used [125I]S1QEL1.1_PD1 to obtain definite results in the compe-
tition tests (Fig. 8). The concentration of all test compounds was
set at 5.0 �M, 1000-fold of [125I]S1QEL1.1_PD1 (5.0 nM).

An important finding from the competition tests is that
the suppressive effects of known quinone-site inhibitors
were significantly different. Namely, although bullatacin
completely suppressed the labeling by [125I]S1QEL1.1_PD1,
fenpyroximate and amino-quinazoline failed to suppress the
labeling. These differences are not explained by their differ-
ent binding affinities to the enzyme because the three com-
pounds are equally very potent inhibitors. The marked sup-
pression by bullatacin is consistent with the fact that this
inhibitor also binds to the ND1 subunit (37). Such significant
differences in the suppressive efficiencies among quinone-
site inhibitors are the first for photoaffinity labeling experi-
ments conducted so far in our laboratory (28, 33, 34, 36, 37)
and will be discussed in connection with the binding position
of S1QELs in the ND1 subunit later.

Although we did not perform the photoaffinity labeling
experiments using an analogue derived from the S1QEL2 fam-
ily (piperazine-type), S1QEL2.1 and S1QEL2.3 moderately sup-
pressed the labeling by [125I]S1QEL1.1_PD1 (Fig. 8). These
results strongly suggest that the binding positions of S1QEL1
and S1QEL2 families, the structural frames of which are con-
siderably different, are not identical but close to each other.
S1QEL1.5 and S1QEL1.5_D1 hardly affected the labeling by
[125I]S1QEL1.1_PD1 because of decomposition during incuba-
tion with SMPs in the labeling experiments.

Effects of BSA on the inhibitory action of S1QEL1.5

The results obtained in this study raise another question:
although S1QEL1.5 was decomposed during incubation with
SMPs for a few minutes (Figs. 2 and 3), why did it pass a panel of
high-throughput screening with mitochondria isolated from rat
skeletal muscle (24)? In these screening assays, incubation periods
varied depending on the assays (15–30 min) but were longer than
that adopted in the present study. Because the mechanism of
decomposition of S1QEL1.5 (also S1QEL1.5_D1) in SMPs

Figure 7. Photoaffinity labeling of bovine complex I by photoreactive [125I]S1QEL1.1 derivatives. A, SMPs (4.0 mg of proteins/ml) were cross-linked by
[125I]S1QEL1.1_PD1 or [125I]S1QEL1.1_PD2 (5.0 nM each), followed by the purification of complex I by BN-PAGE and electroelution. Isolated complex I was
resolved by doubled SDS-PAGE, and the SDS gel was subjected to silver staining or autoradiography. The black arrow indicates an ADP/ATP carrier, which was
labeled by an azidophenyl group (28, 36). Proteins equivalent to �200 �g of SMPs were loaded into each gel. All data are representative of three independent
experiments. B, localization of the region labeled by [125I]S1QEL1.1_PD1 or [125I]S1QEL1.1_PD2. The ND1 subunit labeled by [125I]S1QEL1.1_PD1 or
[125I]S1QEL1.1_PD2 was exhaustively digested with Lys-C or Asp-N. The digests were resolved on a 16% Schägger-type SDS gel (16% T, 6% C, containing 6.0 M

urea), followed by autoradiography. Proteins equivalent to �50 �g of SMPs were loaded into each well. C, schematic representation of the exhaustive
digestion of the ND1 subunit with Lys-C or Asp-N. The TMHs were assigned according to the structures of bovine (25) or ovine (26) complex I. Predicted
cleavage sites are denoted by arrowheads and marked with their residue numbers in the matured sequences of the bovine ND1 subunit (SwissProt entry
P03887).
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remains elusive, we have no definite answer to this question at
present. Nevertheless, it should be pointed out that Brand et al.
(24) used assay medium containing 0.3% (w/v) fatty acid-free
bovine serum albumin (BSA) for assays of mitochondrial functions
to prevent mitochondrial uncoupling (38). Because BSA tends to
absorb hydrophobic chemicals, we cannot rule out the possibility
that BSA protected S1QEL1.5 from decomposition by moderately
or transiently absorbing it.

To examine this possibility, we determined the inhibition
of forward electron transfer by S1QELs in reaction buffer
containing 0.3% fatty acid-free BSA. The concentrations of
S1QELs were set to around their EC50 values. As shown in
Fig. 9A, the extents of inhibition by S1QELs were generally
reduced in the presence of BSA, indicating that BSA absorbs
S1QELs. In this experiment, the inhibition by S1QEL1.1,
S1QEL2.1, and S1QEL2.3 was determined after incubation
with SMPs for 4 min, and the inhibition by S1QEL1.5 and
S1QEL1.5_D1 was evaluated at �1 min after addition of the
compound to respiring SMPs (cf. trace c in Fig. 2). Further-
more, to examine whether BSA protects S1QEL1.5 and
S1QEL1.5_D1 from decomposition, the inhibition by these
compounds was determined after incubation with SMPs for
4 min in the presence of 0.3% BSA. As a result, BSA did not
significantly enhance their inhibitory activities (Fig. 9B).
These results indicate that BSA absorbs S1QELs, but does
not necessarily protect them from decomposition. Thus, it
remains unclear how S1QEL1.5 maintained its inhibitory

effects in the previous high-throughput screening with iso-
lated mitochondria (24).

Discussion

Brand et al. (24) discovered S1QELs as specific modulators of
superoxide production at site IQ during reverse electron trans-
fer in mitochondria isolated from rat skeletal muscle. S1QELs
exhibited no inhibition against mitochondrial enzymes and
transporters presiding over ATP production via oxidative phos-
phorylation at 10 �M or 20 � IC50. The present study was con-
ducted to address the question of how each S1QEL selectively
modulates reverse electron transfer (quinol oxidation) but not
forward electron transfer (quinone reduction) in complex I at a
definite concentration range, even though both take place
inside a common reaction pocket. To this end, we examined
their inhibitory action using bovine heart SMPs in detail, and
found that regardless of family types (S1QEL1 or S1QEL2),
S1QELs inherently have the potential to inhibit forward and
reverse electron transfers in complex I. However, the features of
their inhibitory actions were distinctly different from those of
various known quinone-site inhibitors. We will discuss the
potential relationship between the unique inhibitory action of
S1QELs and their function as the site IQ-specific suppressors of
superoxide production from two aspects: one is the direction-

Figure 8. Effects of different inhibitors on the labeling of the ND1 sub-
unit by [125I]S1QEL1.1_PD1. The photoaffinity labeling of the ND1 subunit
by [125I]S1QEL1.1_PD1 (5.0 nM) was carried out in the presence of different
inhibitors (5.0 �M each, 1000-fold of [125I]S1QEL1.1_PD1), as described under
“Experimental procedures.” Proteins equivalent to �50 �g of SMPs were
loaded into each well. Upper panel, gel image of SDS-PAGE analysis used for
photoaffinity labeling; lower panel, the extent of suppression (values in
graphs are mean � S.E. (n � 3– 4)). **, p 
 0.001 compared with control
(one-way ANOVA followed by Dunnet’s test).

Figure 9. Effects of BSA on the inhibitory action of S1QELs. A, the inhibi-
tion of forward electron transfer by S1QELs was examined after incubation
with SMPs for 4 min in the absence (black bars) or presence (gray bars) of 0.3%
fatty acid-free BSA in assay buffer, except for S1QEL1.5 and S1QEL1.5_D1. The
inhibition by S1QEL1.5 and S1QEL1.5_D1 was evaluated at �1 min after addi-
tion of the compound to respiring SMPs (cf. trace c in Fig. 2). The concentra-
tions of S1QELs were: S1QEL1.1 (0.062 �M), S1QEL1.5 (1.2 �M), S1QEL1.5_D1
(2.0 �M), S1QEL2.1 (0.28 �M), and S1QEL2.3 (0.37 �M). B, the inhibition by
S1QEL1.5 (1.2 �M) and S1QEL1.5_D1 (2.0 �M) was examined after incubation
with SMPs for 4 min in the absence (black bars) or presence (gray bars) of 0.3%
fatty acid-free BSA in assay buffer. Values in graphs are mean � S.E. (n � 3– 6).
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dependent inhibition of electron transfer, and the other is the
indirect effect on the quinone-redox reactions (although the
two factors are inseparably related to each other).

First, the inhibitory potencies of all S1QELs examined varied
depending on the direction of electron transfer (forward or
reverse). Their potencies observed with the reverse electron
transfer, in terms of EC50 (mole inhibitor/mg of proteins), were
considerably stronger than those observed with forward elec-
tron transfer (�5-fold, Table 1). Such distinct differences have
not been reported for known quinone-site inhibitors. It is likely
that a structural difference in the ND1 subunit between forward
and reverse electron transfer is a primary cause of different
binding affinities of each S1QEL between the two events.
Accordingly, there may be a concentration range for each
S1QEL, where they only modulate reverse electron transfer
without distinct interference with forward electron transfer.
Moreover, it is important to note that to evaluate the inhibitory
effects of test compounds on forward electron transfer, Brand
et al. (24) measured the NADH oxidase activity using gluta-
mate/malate as substrates in the presence of a test compound
solely at a one-point concentration (10 �M or 20 � IC50), and
not a range of concentrations, with a high throughput Seahorse
XF24 analyzer. Overall, it is conceivable that test compounds
solely modulating reverse electron transfer at 10 �M or 20 �
IC50 without distinct interference with forward electron trans-
fer were passed as S1QELs in the screening. In contrast, test
compounds that did not elicit such definite direction-depen-
dent inhibition at 10 �M or 20 � IC50 might have been dis-
carded in the screening.

Next, we consider a second point. Some S1QELs did not
achieve complete (�95%) inhibition of the forward and/or
reverse electron transfer, even though they elicited the inhibi-
tion at or lower than single digit micromolar levels. In particu-
lar, as much as �60% of the reverse electron transfer activity
remained in the presence of excess S1QEL1.5 or S1QEL1.5_D1.
Moreover, S1QELs were unable to efficiently suppress the alky-
nylation of 49 kDa-Asp160 by AL1 and the binding of [125I]AzQ
to the 49-kDa subunit. These results strongly suggest that
S1QELs do not occupy the binding pocket for quinone and
ordinary quinone-site inhibitors; rather, they may indirectly
modulate the quinone-redox reactions through inducing struc-
tural changes of the pocket by binding to the enzyme.

In support of this, the photoaffinity labeling experiments
revealed that [125I]S1QEL1.1_PD1 and [125I]S1QEL1.1_PD2
label the Glu59–Lys126 (including TMHs 2–3) and Asp199–
Lys262 regions (including TMHs 6 –7), respectively, in the ND1
subunit (Figs. 7 and 10) and that some quinone-site inhibitors
(fenpyroximate and quinazoline) failed to suppress the binding
of [125I]S1QEL1.1_PD1 to ND1 (Fig. 8). Although we were
unable to identify their binding positions at a single amino acid
level, comprehensive interpretation of these results as well as
the above findings strongly suggest that the binding position of
thiazole-type S1QELs is located “under” the matrix-side third
loop connecting TMHs 5– 6 of the ND1 subunit. This loop is
adjacent to the N-terminal domain of the 49-kDa subunit, to
which fenpyroximate and quinazoline bind (33, 34, 36). Refer-
ring to the structural models (25–27), this predicted position is
not considered to make up the quinone-access channel cavity
(Fig. 10). Bullatacin also binds to the ND1 subunit (37) and, in
fact, significantly suppressed the labeling of this subunit by
[125I]S1QEL1.1_PD1 (Fig. 8). However, because bullatacin

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 10. The regions labeled by [125I]S1QEL1.1_PD1 and [125I]S1QEL1.1_PD2. [125I]S1QEL1.1_PD1 and [125I]S1QEL1.1_PD2 labeled the Glu59–Lys126

(yellow spheres, including TMHs 2–3) and Asp199–Lys262 regions (orange spheres, including TMHs 6 –7), respectively, in the ND1 subunit (orange). The labeled
regions are shown in a structural model of ovine complex I (Protein Data Bank entry 5LNK). Here, we used the ovine enzyme (26) because the matrix-side third
loop (Thr201–Ala217) connecting the TMHs 5– 6 of the ND1 subunit is disordered in the deactive state of the bovine enzyme (25). For reference, the third loop
(Thr201–Ala217) of ND1 is presented in red spheres (right figure). The 49-kDa and PSST subunits are in pink and blue, respectively. The quinone/inhibitor-access
channel was generated using MOLE (https://mole.upol.cz)3 (46) and is shown in black. The hydrophilic domain above the dotted line shown in a was deleted in
b for clarity.
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completely suppresses both the alkynylation of 49 kDa-Asp160

by AL1 (31, 32) and the labeling of the 49-kDa subunit by
[125I]AzQ (33, 34) (also see Figs. 5 and 6), it is obvious that the
binding positions of S1QELs and bullatacin in ND1 somewhat
differ from each other. Taken together, it is highly likely that
S1QELs indirectly modulate the quinone-redox reactions
through inducing structural changes of the pocket by binding to
the bottom of ND1. This indirect effect may be a prerequisite
for the direction-dependent inhibition mentioned above; for
example, susceptibility of the quinone-redox reactions against
the structural changes may considerably differ between quinol
oxidation and quinone reduction.

We previously proposed that in contrast to the predicted
quinone-access channel models in complex I (25–27, 39, 40),
the binding pocket for quinone and quinone-site inhibitors is
considerably “open” to allow a wide range of ligands access to
deep inside (28). The possible entrance of this open space may
be the area where the regions labeled by different types of pho-
toreactive inhibitors are in contact or close to one other: the
labeled regions are the N terminus Asp41–Glu67 of 49 kDa,
Lys33–Tyr67 of PSST, the loop connecting TMHs 5– 6 of ND1,
and the C terminus Thr227–Lys283 of 39 kDa. Based on the
structural models (25–27), the binding position of thiazole-
type S1QELs proposed above is located under this possible
entrance (Fig. 10). This binding position is consistent with the
finding that S1QELs hardly affected the reactions that take
place above the loop connecting TMH5– 6 of the ND1 subunit
(i.e. alkynylation of 49 kDa-Asp160 by AL1 and labeling of the
49-kDa subunit by [125I]AzQ). It is also reasonable that fenpy-
roximate and quinazoline, both of which bind to the region
above this loop of ND1 (28, 33, 34, 36), failed to suppress the
labeling of ND1 by [125I]S1QEL1.1_PD1 (Fig. 8). Thus, the pres-
ent study is the first to demonstrate the existence of inhibitors
that modulate terminal electron transfer in complex I without
occupying the binding pocket for quinone and the so-called
quinone-site inhibitors.

In conclusion, the present study was aimed at defining how
S1QELs selectively modulate one of the two opposite quinone-
redox reactions that take place inside a common binding pocket
in complex I. Our results revealed that in contrast to various
known quinone-site inhibitors, S1QELs do not occupy the
binding pocket for the quinone/inhibitor; rather, they may indi-
rectly modulate the quinone-redox reactions through inducing
structural changes of the pocket by binding to the bottom of the
ND1 subunit. This indirect effect may be a prerequisite for the
direction-dependent modulation of electron transfer, which, in
turn, is responsible for the suppression of superoxide produc-
tion during reverse electron transfer without distinct interfer-
ence with forward electron transfer.

Experimental procedures

Materials and methods

Ubiquinone-1 (UQ1) was a kind gift from Eisai (Tokyo,
Japan). Bullatacin and fenpyroximate were kindly provided by
J. L. McLaughlin (Purdue University, West Lafayette, IN) and
Nihon Nohyaku Co., Ltd. (Tokyo, Japan). Acetogenin-type
ligand (AL1) was the same sample that was used previously (31).

A photoreactive [125I]AzQ was synthesized by the previously
reported procedure (33). Protein standards (Precision Plus Pro-
tein Standards, Hercules, CA) for SDS-PAGE were purchased
from Bio-Rad. [125I]NaI was purchased from PerkinElmer Life
Sciences. Other reagents were all of analytical grade.

Preparation of bovine heart SMPs and measurement of
complex I activity

Mitochondria were isolated from bovine heart. SMPs were
prepared by the method of Matsuno-Yagi and Hatefi (41) and
stored in buffer containing 250 mM sucrose and 10 mM Tris-
HCl (pH 7.4) at 	80 °C until used. The NADH oxidase activity
(forward electron transfer) in SMPs was measured spectro-
metrically with a Shimadzu UV-3000 instrument (340 nm, � �
6.2 mM	1 cm	1) at 30 °C (28). The reaction medium (2.5 ml)
contained 0.25 M sucrose, 1.0 mM MgCl2, and 50 mM phosphate
buffer (pH 7.4). The final mitochondrial protein concentration
was 30 �g of protein/ml. The reaction was initiated by adding
50 �M NADH after the equilibration of SMPs with an inhibitor
for 4 min. The EC50 values of inhibitors were calculated by
Prism (version 6, GraphPad, La Jolla, CA) using sigmoid dose-
response curve fitting.

Measurement of reversed electron transfer in complex I

Reverse electron transfer (the quinol-NAD� oxidoreductase
activity) was driven by the oxidation of succinate and the hy-
drolysis of ATP (42, 43). The reaction was measured spectro-
photometrically by following the reduction of NAD� with a
Shimadzu UV-3000 (340 nm, � � 6.2 mM	1 cm	1) at 30 °C. The
reaction medium (2.5 ml) contained 0.25 M sucrose, 7.0 mM

sodium succinate, 6.0 mM MgCl2, 1.0 mM KCN, 1.0 mM NAD�,
and 50 mM Tris-HCl (pH 7.5), and the final protein concentra-
tion of SMPs was 100 �g of protein/ml. The reaction was initi-
ated by the addition of 1.0 mM ATP after the equilibration of
SMPs with inhibitor for 4 min. The activity was fully sensitive to
SF6847 (protonophoric uncoupler) or oligomycin (ATP syn-
thase inhibitor).

Alkynylation of complex I in SMPs by AL-1 (LDT chemistry)

Bovine SMPs (2.0 mg of protein/ml, 100 –200 �l), suspended
in a buffer containing 250 mM sucrose, 1.0 mM MgCl2, and 50
mM potassium Pi (pH 7.4), were incubated with AL1 (0.10 �M)
in the absence or presence of a competitor for 24 h at 35 °C (31).
SMPs were then collected by ultracentrifugation (20,000 � g, 20
min, 4 °C) and denatured in 1.0% (w/v) SDS (25–50 �l). For
visualization of proteins alkynylated by AL1, they were conju-
gated with a fluorescent TAMRA-N3 tag via Cu�-catalyzed
click chemistry using the Click-iT reaction buffer kit (Life
Technologies) according to the manufacturer’s protocols. Pro-
teins were recovered by precipitation with methanol/chloro-
form, and subjected to Laemmli-type 12.5% SDS-PAGE, fol-
lowed by the fluorescent gel imaging and Coomassie Brilliant
Blue stain.

Photoaffinity labeling of complex I in SMPs by [125I]AzQ

Bovine SMPs (2.0 mg/ml, 100 �l), which were preincubated
with S1QELs or bullatacin at room temperature for 10 min,
were incubated with a photoreactive quinazoline-type inhibitor
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[125I]AzQ (6.0 nM) in buffer containing 250 mM sucrose, 50 mM

potassium Pi (pH 7.4), and 5.0 mM MgCl2 at room temperature
for 10 min, then 50 �M NADH was added for a further 5 min.
The mixture was then irradiated with a long wavelength UV-
lamp (Black-lay model B-100A, UVP, Upland, CA) on ice for 10
min at a distance of 10 cm from the light source (33). The reac-
tion was quenched by the addition of 4� Laemmli sample
buffer (34 �l). Samples were separated on a 12.5% Laemmli gel,
which was stained with Coomassie Brilliant Blue, dried,
exposed to an imaging plate (BAS-MS2040, Fuji Film, Tokyo,
Japan), and visualized with the Bio-imaging analyzer FLA-5100
(Fuji Film) or Typhoon-FLA 9500 (GE Healthcare). The incor-
porated radioactivity of each band was quantified using Multi
Gauge (Fuji Film) or Image Quant (GE Healthcare).

Photoaffinity labeling of complex I in SMPs by
[125I]S1QEL1.1_PD1 or [125I]S1QEL1.1_PD2

Bovine SMPs (4.0 mg/ml, 100–500 �l) were labeled by
[125I]S1QEL1.1_PD1 or [125I]S1QEL1.1_PD2 (6–15 nM) accord-
ing to the same procedures described for [125I]AzQ. When the
competition test was conducted, the mixture was incubated with
other complex I inhibitors for 10 min at room temperature prior to
the treatment with the [125I]S1QEL1s.

Electrophoresis

SMPs labeled by [125I]S1QELs were solubilized in sample
buffer containing 50 mM BisTris-HCl (pH 7.2), 50 mM NaCl,
10% (w/v) glycerol, 1.0% (w/v) dodecyl maltoside, and 0.001%
(w/v) Ponceau S on ice for 1 h, and the samples were separated
by BN-PAGE (28, 36) using a 4 –16% precast gel system (Life
Technologies) according to the manufacturer’s protocol. The
isolated complex I was further solved on a Laemmli-type 12.5%
SDS gel (44) or Schägger-type 10% SDS gel containing 6.0 M

urea (45).
Doubled SDS-PAGE was conducted as described previously

(28, 35, 36). In brief, the labeled complex I was separated on a
first dimensional 10% Schägger-type gel (10% T, 3% C, contain-
ing 6.0 M urea). The gel slice was then acidified with 100 mM

Tris-HCl (pH 2.0) for 30 min, followed by second dimensional
separation on a 16% Schägger-type gel (16% T, 3% C). Typically,
complex I equivalent to 200 �g of SMPs was separated on a
mini-size gel (80 � 90 mm, 1 mm). The resolved proteins were
visualized by mass spectrometry (MS)-compatible silver stain-
ing (Wako Silver stain MS kit, Wako Pure Chemicals, Osaka,
Japan), followed by autoradiography.

Proteomic analysis

For exhaustive digestion of the ND1 subunit, the subunit
labeled by [125I]S1QELs was recovered from the gel by electro-
elution or direct diffusion in 10 mM Tris-HCl buffer (pH 8.0)
containing 0.025% (w/v) SDS. The partially purified ND1 sub-
unit was digested with lysylendopeptidase (Wako Pure Chem-
icals, Osaka, Japan) or endoprotease Asp-N (Roche Applied
Science) in 50 mM Tris-HCl buffer (pH 8.5) containing 0.1%
SDS or 50 mM NaPi buffer (pH 8.0) containing 0.01% SDS,
respectively. The digests were resolved on a Schägger-type SDS
gel (45), followed by autoradiography. Proteins were identified
by MS according to previous procedures (28) using Bruker

Autoflex III Smartbeam (MALDI-TOF MS, Bruker Daltonics,
Billerica, MA) or AXIMA-Performance (MALDI-TOFMS,
Shimadzu).
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