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IACS-010759, a potent inhibitor of glycolysis-deficient
hypoxic tumor cells, inhibits mitochondrial respiratory
complex | through a unique mechanism
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The small molecule IACS-010759 has been reported to
potently inhibit the proliferation of glycolysis-deficient hypoxic
tumor cells by interfering with the functions of mitochondrial
NADH-ubiquinone oxidoreductase (complex I) without exhib-
iting cytotoxicity at tolerated doses in normal cells. Considering
the significant cytotoxicity of conventional quinone-site inhib-
itors of complex I, such as piericidin and acetogenin families, we
hypothesized that the mechanism of action of IACS-010759 on
complex I differs from that of other known quinone-site in-
hibitors. To test this possibility, here we investigated IACS-
010759’s mechanism in bovine heart submitochondrial parti-
cles. We found that IACS-010759, like known quinone-site
inhibitors, suppresses chemical modification by the tosyl re-
agent AL1 of Asp'® in the 49-kDa subunit, located deep in the
interior of a previously proposed quinone-access channel. How-
ever, contrary to the other inhibitors, IACS-010759 direction-
dependently inhibited forward and reverse electron transfer and
did not suppress binding of the quinazoline-type inhibitor
['2°1]AzQ to the N terminus of the 49-kDa subunit. Photoaffin-
ity labeling experiments revealed that the photoreactive deriva-
tive ['2°I]IACS-010759-PD1 binds to the middle of the mem-
brane subunit ND1 and that inhibitors that bind to the 49-kDa
or PSST subunit cannot suppress the binding. We conclude that
IACS-010759’s binding location in complex I differs from that
of any other known inhibitor of the enzyme. Our findings, along
with those from previous study, reveal that the mechanisms of
action of complex I inhibitors with widely different chemical
properties are more diverse than can be accounted for by the
quinone-access channel model proposed by structural biology
studies.

Hypoxia is a well-recognized hallmark of different types of
growing solid tumors (1, 2). Adaption to hypoxia is critical for
tumor survival and growth. Response of mammalian cells to
hypoxia is mediated by a family of transcription factors known
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as hypoxia-inducible factors (HIFs),”> which regulate a large
number of hypoxia-induced genes (3-5). Because HIF-1 plays a
key role in tumor development and progression (5-7), it has
been considered to be a potential druggable target for cancer
therapy. Accordingly, many efforts have been devoted to screen
for low-molecular-weight chemicals that modulate HIF-1 with
desirable pharmacological properties and toxicity (safety) pro-
files required for useful pharmaceutical agents (8 —12).

Ellinghaus et al. (10) identified BAY 87-2243 (Fig. 1) via
high-throughput screening of a chemical library consisting of
~830,000 compounds using a luciferase-driven HIF-1 reporter
cell line under hypoxia. BAY 87-2243 inhibited hypoxia-in-
duced HIF-1 target gene expression in human lung cancer cell
lines at low nanomolar concentrations without affecting the
gene expressions that are not regulated by HIF-1/hypoxia.
Extensive studies on the mechanism of action of BAY 87-2243
revealed that it modulates the HIF pathway by inhibiting
mitochondrial NADH-ubiquinone oxidoreductase (respiratory
complex I) and thereby reducing HIF protein levels under
hypoxia (10). Afterward, Schockel et al. (11) demonstrated that
the inhibition of complex I by BAY 87-2243 is associated with
the enhanced production of reactive oxygen species (ROS), a
decrease in total ATP production, activation of AMP-activated
protein kinase, and reduced viability of melanoma cells. They
also showed that BAY 87-2243 treatment significantly reduces
tumor growth in various BRAF mutant melanoma xenografts
and patient-derived melanoma mouse models.

Through structural modification of BAY 87-2243, Molina
et al. (12) produced a new complex I inhibitor, IACS-010759
(Fig. 1). They reported that treatment with IACS-010759 sig-
nificantly inhibits proliferation and induces apoptosis in brain
tumor and acute myeloid leukemia cells, which are largely de-
pendent on oxidative phosphorylation for maintaining ATP
levels. Metabolomic analyses suggested that the IACS-010759-
mediated effects result from a combination of energy depletion
and reduced aspartate production that leads to impaired nucle-

2 The abbreviations used are: HIF, hypoxia-inducible factor; 49 kDa-Asp'®°,
Asp'®®in the 49-kDa subunit; AL1, acetogenin ligand 1; AQ, amino-quinaz-
oline; Asp-N, endoprotease Asp-N; AzQ, azido-quinazoline; Bistris, bis(2-
hydroxyethyl)iminotris(hydroxymethyl)methane; BN-PAGE, blue native
PAGE; CBB, Coomassie Brilliant Blue; complex |, proton-translocating
NADH-quinone oxidoreductase; LDT, ligand-directed tosyl; Lys-C, lysylen-
dopeptidase; ROS, reactive oxygen species; STQEL, suppressor of site
lo electron leak; SMP, submitochondrial particle; TAMRA, 6-carboxy-
N,N,N",N'-tetramethylrhodamine; TMH, transmembrane helix; UQ, ubiqui-
none; ANOVA, analysis of variance.
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IACS-010759 is a unique inhibitor of mitochondrial complex |

otide biosynthesis (12). In mouse models of brain cancer and
acute myeloid leukemia, tumor growth was inhibited by IACS-
010759 treatment at well-tolerated doses. However, a decrease
in the core body temperature and death were observed at the
highest doses in preclinical animal tests, which are anticipated
effects of the excessive inhibition of oxidative phosphorylation
(12). Molina et al. (12) also proposed that the binding position
of IACS-010759 in complex I is the membrane-embedded ND1
subunit because amino acid substitution at Leu®® (to Phe) in
this subunit, which faces the proposed ubiquinone-access
channel interior (13) (see Fig. S1), took place in H292 clones
with reduced susceptibility to IACS-010759 (reduced by 3-70-
fold compared with parental cells). It is, however, still unclear
whether IACS-010759 directly interacts with Leu®® if this
mutation induces long-range structural changes in distant
regions around the interface between the hydrophilic and
membrane domains.

Thus, specific inhibitors of mitochondrial complex I are
anticipated to become the seeds of anticancer agents for
hypoxic tumors at well-tolerated doses. Regarding the energy
metabolic background, hypoxic tumor cells with a reduced
capacity for compensatory glycolysis may be more susceptible
to the inhibition of oxidative phosphorylation (11, 12). If so, this
view raises an important practical question: Do all complex I
inhibitors have the potential to be anticancer agents? (Note that
rotenone should be ruled out from this argument because this
inhibitor is considered to elicit cytotoxicity not only by the inhi-
bition of complex I but also by other mechanisms such as
microtubule destabilization mediated by glycogen synthase
kinase-38 (14). An answer to the question is not so simple
because the balance between glycolysis and oxidative phosphor-
ylation for ATP production is intricately regulated by multiple
mechanisms that fluctuate via sensing concentrations of glu-
cose, O,, and ROS in tumor cells (15-17) and because cytotox-
icity profiles required for practical pharmaceutical agents must
be deliberated (11, 12). Taking the example of the latter, aceto-
genin and piericidin families, very strong natural inhibitors of
mammalian complex I (18), exhibit potent antitumor activity to
some tumor cell lines in vitro, whereas they also display signif-
icant cytotoxicity in normal cells (19 —24). Nevertheless, in light
of the tolerability of IACS-010759 in preclinical toxicity tests
(12), we cannot rule out the possibility that a mechanism of the
inhibitory action of IACS-010759 in complex I somewhat dif-
fers from that of other known quinone-site inhibitors and, con-
sequently, this difference may be responsible for its relatively
reduced cytotoxicity in normal cells. To advance biorational
molecular design for new complex I inhibitors as promising
seeds for anticancer drugs, it is essential to clarify the differ-
ence, if any, in the inhibitory action between IACS-010759 and
known quinone-site inhibitors.

Therefore, here we investigated the action mechanism
of IACS-010759 in bovine heart submitochondrial particles
(SMPs) using three specific ligands as helpful benchmarks: AL1
(25, 26), [**°1]AzQ (27, 28), and ['*°1]SIQEL1.1-PD1 (29),
shown in Fig. S2, the binding positions of which have been
defined in complex I. To identify the binding position of IACS-
010759 in complex I, we also carried out photoaffinity labeling
experiments using a photoreactive IACS-010759 derivative,
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Figure 1. Structures of BAY 87-2243, IACS-010759, and ['*I]IACS-
010759-PD1.

["**I]TIACS-010759-PD1 (Fig. 1). The results obtained in this
study revealed that the binding position of IACS-010759 in
complexIis different from that of any other quinone-site inhib-
itors. IACS-010759 may not occupy the proposed binding cav-
ity for quinone; rather, it may indirectly affect the quinone
redox reactions by inducing structural changes of the quinone-
binding pocket through binding to the middle of the ND1 sub-
unit. This unique inhibitory action would be responsible for the
interesting profiles of antitumor/cytotoxic activities of IACS-
010759. Note that according to common terminology used in
the complex I research field, we refer to the inhibitors that
interfere with the terminal electron transfer step in complex I as
“quinone-site inhibitors” throughout this work, although it is
debatable whether all quinone-site inhibitors indeed occupy
the proposed quinone-binding cavity (29, 30).

Results
Syntheses of IACS-010759 and its photoreactive analogue

IACS-010759 was synthesized in our laboratory by the
method described in Scheme S1. To conduct photoaffinity
labeling experiments, we also synthesized its photoreactive
derivative ['*°I]JTACS-010759-PD1 (Fig. 1 and Scheme S2).
[*?°I]IACS-010759-PD1 possesses a diazirine ring and radioac-
tive '°I as a photolabile group and detecting tag, respectively.
Introduction of '*°I makes it possible to conduct the labeling
experiments with the lowest possible concentrations, thus min-
imizing the probability of nonspecific labeling that is a primary
cause of false-positive results. Replacement of -OCF; (in IACS-
010759) by -'2°I (in ['**I]IACS-010759-PD1) may maintain
hydrophobic nature of the right benzene ring moiety.

Inhibition of electron transfer in complex | by IACS-010759

We examined the inhibitory effect of IACS-010759 on the
forward and reverse electron transfer in complex I using bovine
heart SMPs. The forward electron transfer was evaluated as the
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Figure 2. Dose-response curves for the inhibition of electron transfer in
complex | by IACS-010759. The inhibition of forward (closed circles) and
reverse (open circles) electron transfer by IACS-010759 was examined. The
forward electron transfer reaction (NADH oxidase activity (0.60 = 0.05 wmol
of NADH/min/mg of proteins)) was initiated by adding NADH (final concen-
tration: 50 um) after the incubation of SMPs with IACS-010759 for 4 min at
30 °C. The reverse electron transfer reaction (ubiquinol-NAD™ oxidoreduc-
tion (0.056 = 0.004 umol of NAD"/min/mg of proteins)) was initiated by
adding ATP (1.0 mwm) after the incubation of SMPs with IACS-010759 for 4 min
at 30 °C. The mitochondrial protein concentration was set at 100 ng/ml for
both assays. Values in graphs are means * S.E. (error bars) (n = 3).
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NADH oxidase activity. The reverse electron transfer was
assessed as the ubiquinol-NAD™ oxidoreductase activity,
which was driven by succinate oxidation with support of the
proton motive force due to ATP hydrolysis. SMPs were incu-
bated with IACS-010759 for 4 min before initiating the forward
and reverse reactions by adding NADH (final concentration, 50
uM) and ATP (1.0 mm), respectively. As the reverse electron
transfer is considerably slower than the forward electron trans-
fer, the concentration of SMP proteins was set at a high level
(100 pg/ml) for both assays.

The inhibitory potencies of IACS-010759 for the forward
and reverse reactions, in terms of the IC,, value that is the
molar concentration required to reduce the control activity by
50%, were 460 *+ 45 and 41 * 6 nw, respectively (Fig. 2), indi-
cating that the inhibition of reverse electron transfer is more
efficient (~10-fold) than that of the forward reaction. Thus,
IACS-010759 turned out to elicit significant direction-depen-
dent inhibition of electron transfer. Such significant direction
dependence has not been reported for known quinone-site
inhibitors. For example, the IC, values of bullatacin (an aceto-
genin family member) for the forward and reverse electron
transfer were 5.8 = 0.4 and 4.6 £ 0.5 nM, respectively, under the
same experimental conditions. Based on the quinone-access
channel model in mammalian complex I (13), this result leads
to a question of how IACS-010759 selectively interferes with
one of the two opposite quinone-redox reactions that take place
inside a common narrow cavity. On the other hand, IACS-
010759 achieved almost complete inhibition (>95%) of both
activities at high concentrations (Fig. 2), as observed for known
potent quinone-site inhibitors.

Effects of IACS-010759 on the alkynylation of Asp™®® in the
49-kDa subunit (49 kDa-Asp’®°) by AL1

Ligand-directed tosyl (LDT) chemistry is a powerful method
to covalently attach a chemical tag of choice to a target protein
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with high position specificity (31, 32). We previously demon-
strated that 49 kDa-Asp'®®, which is located deep inside the
proposed quinone-access channel (13, 33, 34), can be specifi-
cally alkynylated (Asp'®°(COO)-(CH,),-C=CH) through this
technique using acetogenin-type ligand AL1 (Figs. S2 and S3)
(25, 26). The pinpoint alkynylation can be achieved by incubat-
ing SMPs with AL1 for several hours and visualized by conju-
gating the fluorescent tag TAMRA-N, to Asp'°°(COO)-
(CH,),-C=CH via click chemistry after solubilizing SMPs (Fig.
S3). The alkynylation was completely blocked by various qui-
none-site inhibitors (piericidin A, aminoquinazoline (AQ), bul-
latacin, and fenpyroximate) (25, 26).

To obtain an insight into the binding position of IACS-
010759 in complex I, we examined the effects of IACS-010759
on the alkynylation of 49 kDa-Asp*®° by AL1. SMPs were incu-
bated with AL1 (0.10 um) for 12 h at 35 °C in the presence of
different concentrations of IACS-010759. IACS-010759 sup-
pressed the alkynylation in a concentration-dependent manner
(Fig. 3). BAY 87-2243 (30 um), a parent compound of IACS-
010759, also remarkably suppressed the chemical modification.
Asareference, we confirmed that excess bullatacin (10 um) that
binds to the ND1 subunit completely blocks the alkynylation

(Fig. 3).

Effects of IACS-010759 on the binding of ['**[]AzQ to the
49-kDa subunit

We previously showed that the quinazoline-type inhibitor
['**T]AzQ (Fig. S2) binds at the interface of the 49-kDaand ND1
subunits in bovine complex I (27, 28). The labeled regions in
49-kDa and ND1 were the N-terminal domain (Asp*'-Arg®?)
and the matrix-side third loop connecting the transmembrane
helices (TMHs) 5 and 6 (Asp'*°~Lys>?), respectively, although
radioactivity was predominantly distributed into the former.
The binding of ['*’I]AzQ to the enzyme was completely sup-
pressed by other quinone-site inhibitors (rotenone, piericidin
A, fenpyroximate, and bullatacin) (27).

We examined whether IACS-010759 suppresses the binding
of [***1]JAzQ (5.0 nm) to the predominant target, the 49-kDa
subunit. Notably, IACS-010759 did not suppress the binding of
[*2°1]AzQ up to 20 um (4000-fold excess over [***I]AzQ) (Fig.
4). Excess BAY 87-2243 (20 uM) also exhibited no influence on
the labeling. We confirmed, as a reference, that AQ and bullata-
cin (5.0 um each, 1000-fold) almost completely suppressed the
binding of [***1]AzQ (Fig. 4). These results strongly suggest that
the binding position of IACS-010759 differs from that of tradi-
tional quinone-site inhibitors.

Effects of IACS-010759 on the binding of ['**I]STQEL1.1-PD1 to
the ND1 subunit

S1QELs (suppressors of site I, electron leak) are chemical
suppressors of ROS production from the ubiquinone reaction
site during reverse electron transfer through complex I in rat
skeletal muscle mitochondria (35). SIQELs show no significant
concomitant interferences with bioenergetic functions of mito-
chondria (including forward electron transfer) at their effective
concentrations (35). Among S1QELs reported, SIQEL1.1 (Fig.
S2) exhibited the suppressive effect at the lowest concentration
range (~0.01 um). To localize the binding position of SIQELSs

J. Biol. Chem. (2020) 295(21) 7481-7491 7483
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Figure 3. Effects of IACS-010759 on alkynylation of 49 kDa-Asp'®® by
AL1. Alkynylation of 49 kDa-Asp'®° in SMPs (2.0 mg of proteins/ml) was per-
formed via LDT chemistry using AL1 (0.10 um) in the presence of different
concentrations of IACS-010759. The alkynylation can be visualized by conju-
gating a fluorescent tag, TAMRA-N;, to Asp'®°(CO0)-(CH,),-C=CH via click
chemistry after solubilizing SMPs. Bullatacin (10 um) and BAY 87-2243 (30 um)
were used as references. Approximately 30 pg of proteins were loaded in
each well. Top, gel image of SDS-PAGE analysis used for LDT chemistry; bot-
tom, the extent of suppression by test compounds. Values in graphs are
means * S.E. (error bars) (n = 3).

in bovine heart complex I, we previously conducted photoaffin-
ity labeling experiments using a synthetic photoreactive deriv-
ative of SIQEL1.1 ([***I]S1QEL1.1-PD1 (IC,, = 23 nm); Fig. S2)
and found that ['**I]SIQEL1.1-PD1 binds to a region in the
ND1 subunit, which is under the matrix-side third loop con-
necting TMHs 5-6 (29). We also showed that in contrast to
known quinone-site inhibitors, SIQELs do not occupy the
binding cavity for ubiquinone; rather, they may indirectly
modulate the ubiquinone redox reactions through inducing
structural changes of the cavity by binding to the middle of
ND1 (29). Thus, [**°1]S1QEL1.1-PD1 is also a helpful bench-
mark sample for investigating the binding position of IACS-
010759 in complex I.

We examined the effects of IACS-010759 on the specific
binding of [***I]SIQEL1.1-PD1 (5.0 nm) to the ND1 subunit.
IACS-010759 suppressed the binding in a concentration-de-
pendent manner (Fig. 5). However, the suppression was satu-
rated at an incomplete level (~50%), and complete suppression
was not achieved even in the presence of excess IACS-010759
(20 wm, 4000-fold). Similarly, ~20% radioactivity remained in
the presence of excess BAY 87-2243 (20 um). We previously
demonstrated that fenpyroximate and AQ, which predomi-
nantly bind to the 49-kDa subunit (27, 28, 36), do not suppress
the labeling by ['*’I]SIQEL1.1-PD1, but bullatacin that binds to
the ND1 subunit (37) almost completely suppresses the labeling
(29). As a reference, the suppression by bullatacin (5.0 um) is
presented in Fig. 5. Overall, these results strongly suggest that
IACS-010759 binds to the ND1 subunit, as proposed by Molina
et al. (12), whereas the binding position of IACS-010759 in this
subunit is not identical to that of SIQELIL.1, as further exam-
ined later.
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Figure 4. Effects of IACS-010759 on the specific binding of ['2°I]AzQ to
the 49-kDa subunit. The photoaffinity labeling of the 49-kDa subunit by
['**11AzQ (5.0 nm) was carried out in SMPs (2.0 mg of proteins/ml) in the
presence of different concentrations of IACS-010759 (up to 20 um, 4000-
fold excess). Bullatacin (5.0 um), aminoquinazoline (5.0 um), and BAY
87-2243 (20 um) were used as references. Approximately 30 ug of proteins
were loaded in each well. Top, gel image of SDS-PAGE analysis used for the
photoaffinity labeling; bottom, the extent of suppression by test com-
pounds. Values in graphs are means = S.E. (error bars) (n = 3). n.s., not
significant compared with control (one-way ANOVA followed by Dun-
nett’s test).

The binding subunit of ['**IJIACS-010759-PD1 in complex |

To identify the binding subunit of IACS-010759 in bovine
complex I, we conducted photoaffinity labeling experiments
using photoreactive ['**I]TACS-010759-PD1 (Fig. 1), which was
synthesized using IACS-010759 as a template. The IC,, value of
[*2°I]IACS-010759-PD1, determined in the NADH oxidase
assay using its nonradioactive derivative, was 1700 = 140 nm
(with 100 pg of SMP proteins/ml). Although the inhibitory
potency of ['*’I]IACS-010759-PD1 decreased compared
with IACS-010759 (460 nM), we offered this derivative to the
photoaffinity labeling experiments because its IC,, value was
at the one-digit micromolar level. Additionally, the IC,,
value of [**°I]IACS-010759-PD1, determined in the reverse
electron transfer reaction (with 100 ug of SMP proteins/ml),
was 630 * 34 nu, indicating that the direction dependence
of the inhibitory potency of IACS-010759-PD1 (~3-fold)
somewhat decreased compared with the parent IACS-
010759 (~10-fold).

SMPs (4.0 mg of proteins/ml) were labeled by [***IJIACS-
010759-PD1 (10 nm) according to the method described under
“Experimental procedures.” The radiolabeled complex I was
isolated by BN-PAGE, followed by resolution on doubled SDS
gel using 10 and 16% Schégger-type SDS gels (38). The labeling
by [**’I]IACS-010759-PD1 gave a major ~30-kDa radioactive
spot above a diagonal axis (Fig. 6A4), which corresponds to the
position of the ND1 subunit (29). We verified this assignment
by Western blotting using a rabbit anti-bovine ND1 antibody
(Fig. 6A).
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Figure 5. Effects of IACS-010759 on the specific binding of
['2511S1QEL1.1-PD1 to the ND1 subunit. The photoaffinity labeling of
the ND1 subunit by ['*°I]STQEL1.1-PD1 (5.0 nm) was carried out in SMPs
(2.0 mg of proteins/ml) in the presence of different concentrations of
IACS-010759 (up to 20 um, 4000-fold excess), followed by the isolation of
complex | by BN-PAGE and resolution of complex | subunits by SDS-PAGE.
Bullatacin (5.0 um) and BAY 87-2243 (20 um) were used as references.
Approximately 30 ng of proteins were loaded in each well. Top, gel image
of SDS-PAGE analysis used for the photoaffinity labeling; bottom, the
extent of suppression by test compounds. Values in graphs are means =
S.E. (error bars) (n = 3). n.s., not significant among the three (one-way
ANOVA followed by Tukey’s test).

Effects of different ligands on the photoaffinity labeling by
["*°IIACS-010759-PD1

The effects of IACS-010759 on the specific binding of three
benchmark ligands (AL1, [***I]AzQ, and [***I]S1QEL1.1-PD1)
were examined in the above sections (Figs. 3-5). Here, we
examined the effects of these ligands on the specific binding of
[*2°1]IACS-010759-PD1 (5.0 nm) to the ND1 subunit. An excess
amount of IACS-010759 and BAY 87-2243 (5.0 uM each, 1000-
fold molar excess) significantly suppressed the labeling by
['*°1]IACS-010759-PD1 (Fig. 7). Approximately 30% of radio-
activity in the control lane remained in the presence of excess
S1QEL1.1 (5.0 um), consistent with the result shown in Fig. 5.
Excess bullatacin that binds to the ND1 subunit completely
blocked the labeling, whereas fenpyroximate and AQ slightly
(~20-30%) suppressed the labeling (Fig. 7). Considering high
binding affinities of fenpyroximate and AQ to complex I (their
IC,, values are one-digit nanomolar levels (27, 36)), it is reason-
able to consider that their suppressive effects may be saturated
at these low levels. Although IACS-010759 hardly suppressed
the labeling by ['*°1]AzQ (Fig. 4), AQ slightly suppressed the
binding of ['**I]IACS-010759-PD1 (Fig. 7). This is probably
because different pairs of inhibitors were examined in the two
competition tests. Collectively, the results shown in Figs. 4 and
7 indicate that IACS-010759 and known inhibitors, which bind
to the 49-kDa or PSST subunit, show only very limited interfer-
ence with each other.
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The binding position of ['**IJIACS-010759-PD1 in the ND1
subunit

Tolocalize the position labeled by [***T]IACS-010759-PD1 in
the ND1 subunit, the labeled ND1 was isolated from the SDS gel
and digested by lysylendopeptidase (Lys-C) or endoprotease
Asp-N (Asp-N), whose theoretical cleavage sites (Lys and Asp)
are few. The digestion by Lys-C and Asp-N gave major digests
at ~16 and ~14 kDa, respectively (Fig. 6B). Based on the theo-
retical cleavage sites, the Lys-C and Asp-N digests may be the
peptide Tyr'?’—Lys®** (15.2 kDa) and Asp'®~Thr?'® (13.8 kDa,
containing an uncleavable site at Asp®®? (29)), respectively
(Fig. 6C). These results indicate that the position labeled by
[*?°I]IACS-010759-PD1 is assigned to the region Asp'®°—
Lys*®* (Fig. 6C, shadowed in yellow), which includes the matrix-
side third loop connecting TMHs 5 and 6, and TMHs 6 and 7
(Fig. 84, brown spheres).

The quinazoline-type inhibitor [***I]AzQ binds at the inter-
face of the N terminus (Asp*'—Arg®®) of the 49-kDa subunit and
the loop connecting TMHs 5 and 6 of the ND1 subunit (27, 28).
The results shown in Figs. 4 and 7 indicate that IACS-010759
and quinazoline analogues do not affect each other’s binding to
complex L. Taking these facts into consideration, IACS-010759
(and [**°T]TACS-010759-PD1) may bind to a domain under this
loop of ND1 (the loop Asp*®?~Ala*'” is shown in red spheres in
the right panels in Fig. 8A). It is noteworthy that Leu®® in ND1,
whose substitution (to Phe) reduced susceptibility to IACS-
010759 (13), lies near the region labeled by [*2°I]IACS-010759-
PD1 (the labeled region is in red in Fig. 8B).

Although we were unable to pinpoint the residue(s) labeled
by [***I]IACS-010759-PD1 because of low reaction yields of a
photoaffinity labeling technique, the labeled region (Asp'®’—
Lys®®?) is identical to that labeled by [***1]SIQEL1.1-PD2 (29).
Nevertheless, the modes of inhibitory action are different
between TACS-010759 and S1QELs, as discussed later.

Discussion

HIF-1 in hypoxic tumor cells is a potential druggable target
for cancer therapy (5-7). Extensive efforts have been devoted to
screen low-molecular-weight chemicals that modulate HIF-1
via inhibition of mitochondrial respiratory enzymes (8-12).
Molina et al. (12) reported that IACS-010759 potently inhibits
the proliferation of hypoxic tumor cells by interfering with the
functions of respiratory complex I without exhibiting signifi-
cant cytotoxicity in normal cells. Because mechanistic details of
how IACS-010759 inhibits complex I remain to be elucidated,
we herein addressed this issue via chemical biology approaches
using bovine heart SMPs.

We found that IACS-010759, unlike traditional quinone-site
inhibitors, exhibits the marked direction-dependent inhibition
of electron transfer (the inhibition of reverse electron transfer
was stronger than that of forward electron transfer; Fig. 2) and
cannot suppress the binding of ['*°I]AzQ to the N terminus of
the 49-kDa subunit (Fig. 4). The photoaftinity labeling experi-
ments revealed that IACS-010759 specifically binds to the
region under the matrix-side third loop connecting TMHs 5-6
in the ND1 subunit (Figs. 6 and 8). These features resemble
those elicited by SIQELSs (29), which were originally reported to
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Figure 6. Photoaffinity labeling of complex I by ['>*I]IACS-010759-PD1. A, SMPs (4.0 mg of proteins/ml) were cross-linked by ['2*[JIACS-010759-PD1 (10
nm), followed by the purification of complex | by BN-PAGE and electroelution. Isolated complex | was resolved by doubled SDS-PAGE, and the SDS gel was
subjected to silver staining, autoradiography, or Western blotting using anti-bovine ND1 antibody. All data are representative of three independent experi-
ments. B, localization of the region labeled by ['**]IACS-010759-PD1. The labeled ND1 subunit was digested by Lys-C or Asp-N. The digests were resolved on
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be specific suppressors of superoxide production from the qui-
none reaction site in complex I during reverse electron transfer
(35). In fact, IACS-010759 and S1QEL derivatives competitively
bound to the ND1 subunit despite the lack of definite structural
similarity (Figs. 5 and 7), although complete suppression was
not achieved even in the presence of an excess of either inhibi-
tor. To explain the direction-dependent and incomplete (max-
imally ~30 —80%) inhibition of electron transfer by SIQELSs, we
previously proposed that SIQELs do not occupy the binding
cavity for ubiquinone; rather, they may indirectly affect the
ubiquinone redox reactions by inducing structural changes of
the cavity through binding to the middle of the ND1 subunit
(29). Wong et al. (39) recently reported that the binding of
S1QELs to complex I in rat skeletal muscle mitochondria (at
concentrations exhibiting no electron transfer inhibition)
influences conformation of the binding sites for rotenone and
piericidin A, resulting in a decrease in the inhibitory potencies
of both inhibitors. On the basis of comprehensive interpreta-
tions of the present results, it is likely that IACS-010759 also
indirectly affects the ubiquinone redox reactions by binding to
the ND1 subunit.

Nevertheless, it should be stressed that there are distinct dif-
ferences in the inhibitory actions between IACS-010759 and
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S1QELs. First, IACS-010759, not S1QELs, suppressed the
chemical modification of 49 kDa-Asp'®® by AL1 (Fig. 3). Sec-
ond, TACS-010759 attained complete inhibition (>95%) of
both forward and reverse electron transfer (Fig. 2), whereas the
extents of maximum inhibition by SIQELSs, except SIQEL1.1,
were saturated at incomplete levels (~30-80%) (29). Third,
complete suppression was not achieved in the competition tests
between [**°I]SIQEL1.1-PD1 and IACS-010759 (Fig. 5) or
between ['*°I]TACS-010759-PD1 and S1QEL1.1 (Fig. 7). The
effects of IACS-010759 and S1QELs on the events that take
place above the third loop connecting TMHs 5 and 6 in ND1
(i.e. quinone redox reactions (Fig. 2), the modification of 49
kDa-Asp'®° by AL1 (Fig. 3), and the binding of ['**I]AzQ to the
49-kDa subunit (Fig. 4)) were summarized in Table 1, including
bullatacin, which also binds to the ND1 subunit (37). It is evi-
dent that the effects of each of the three on the events were
different from the other two. These findings strongly suggest
that the structural changes in ND1 induced by the inhibitor
binding dynamically propagate to the “upper” region (the
PSST/49-kDa subunits) in different manners, depending on
their binding positions reflecting varying chemical frameworks.
A part of the third loop connecting TMHs 5 and 6 in ND1,
which is in contact with the N terminus of the 49-kDa subunit,
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Figure 7. Effects of different inhibitors on the labeling of the ND1
subunit by ['?°I]IACS-010759-PD1. The photoaffinity labeling of the
ND1 subunit by ['**I]IACS-010759-PD1 (5.0 nm) was carried out in SMPs
(2.0 mg of proteins/ml) in the presence of different inhibitors (5.0 um each,
1000-fold), followed by the isolation of complex | by BN-PAGE and resolu-
tion of complex | subunits by SDS-PAGE. Top, gel image of SDS-PAGE anal-
ysis used for the photoaffinity labeling; bottom, the extent of suppression
by test compounds. Values in graphs are means = S.E. (error bars) (n = 3).
*,p < 0.05; **, p < 0.001 compared with control (one-way ANOVA followed
by Dunnett’s test).

is disordered in X-ray crystallographic and cryo-EM struc-
tures (13, 33, 40, 41). This flexible loop could mediate the
dynamic propagation. Taken together, we conclude that the
manner of action of IACS-010759 is unique and different
from that not only of traditional quinone-site inhibitors but
also of SIQELSs.

Molina et al. (12) proposed that IACS-010759 enters the pro-
posed quinone-access channel because the L55F mutation in
the ND1 subunit in H292 clones leads to moderate resistance to
IACS-010759 (4-70-fold compared with parental cells). Based
on the structural model of bovine complex I (13), this residue
lies close to the entrance of the channel (Fig. S1). If IACS-
010759 enters the channel and is in direct contact with Leu®,
the channel is almost completely covered by this compound. In
that case, quinazoline-type inhibitors (such as [**°I]AzQ),
which are supposed to enter and transit to near the “top” of
the channel (40, 42), would no longer enter the channel, but
this was not the case. An excess amount of IACS-010759 did
not suppress the binding of [**°I]AzQ to the 49-kDa subunit
(Fig. 4). This result also suggests that the manner of action of
IACS-010759 cannot be explained simply by the scenario
based on the channel model. Nonetheless, we do not exclude
the possible contribution of Leu®” to the inhibitory action of
IACS-010759 because this residue lies near the binding
region of IACS-010759 identified in this study (Fig. 8B). We
will further discuss the action mechanisms of a variety of
complex I inhibitors with relevance to the quinone-access
channel model below.

SASBMB

Mitochondrial complex I is a promising target not only for
anticancer drugs (10—12) but also for anthelmintic reagents
(43, 44) and agrochemicals (45, 46). Structural biology studies
have proposed that quinone-site inhibitors enter into a narrow
and long (~30 A) quinone-access channel and prevent the cat-
alytic reaction of quinone by being “caged” inside the channel
(40, 47). This proposal was originally derived from electron
density attributed to bound piericidin A, which was observed to
overlie electron density attributed to bound #-decyl-ubiqui-
none in crystallographic maps from Thermus thermophilus
complex I (48). It should be realized, however, that this view of
the binding of quinones or inhibitors has yet to be established
experimentally. We note that excess piericidin A (up to 4000-
fold) partially suppressed the binding of [*2°I]IACS-010759-
PD1 to complex I (by ~60%) but hardly affected the binding of
[***1]S1QEL1.1-PD1 (Fig. S4). Through photoaffinity labeling
experiments using different types of quinone-site inhibitors, we
previously demonstrated that the inhibitors do not necessarily
enter the proposed channel; rather, they bind around the chan-
nel (30). The present and previous (29) studies disclosed diverse
binding positions of new inhibitors of complex I (i.e. IACS-
010759 and S1QELSs), which do not overlap with those of known
quinone-site inhibitors. Taken together, the action mecha-
nisms of complex I inhibitors with widely different chemical
frameworks are far more diverse than hitherto considered
based on the channel model (13, 40, 47, 48). We recently dem-
onstrated that complex I in bovine SMPs can catalytically
reduce oversized ubiquinones, which are highly unlikely to
transit the narrow channel because their side chain includes a
significantly bulky block (30, 49). This fact may call into ques-
tion whether the current channel model fully reflects the phys-
iologically relevant states. The cryo-EM structure of Yarrowia
lipolytica complex I showed a tightly bound UQ, molecule in
the proposed quinone-access tunnel (50). However, as the posi-
tion of the head-ring of the bound UQ, is at distance from the
Fe-S cluster N2 (~27 A), the functional significance of the
observed position of UQ, in the catalytic cycle remains to be
elucidated.

The present study was initiated to answer the question of
why IACS-010759, unlike other traditional quinone-site
inhibitors, can elicit antitumor activity in glycolysis-defi-
cient tumor cells by inhibiting complex I without displaying
significant cytotoxicity in normal cells at tolerated doses
(12). To answer this question, many critical factors in differ-
ent cell lines must be considered, such as the balance
between glycolysis and oxidative phosphorylation for ATP
production and superoxide generation involved in the inhi-
bition of electron transfer (both forward and reverse).
Regarding superoxide generation, inhibitors of the ubiqui-
none reaction step in complex I elicit opposite effects,
depending on the direction of electron transfer; namely, they
enhance and reduce superoxide generation during the for-
ward and reverse electron transfer, respectively (51, 52).
Moreover, although IACS-010759 inhibits the reverse elec-
tron transfer more efficiently (by ~10-fold) than the forward
electron transfer (Fig. 2), it is unclear whether, and how
much, the reverse electron transfer occurs in intact cells
under conditions that favor forward electron flux through
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Figure 8. The region labeled by ['**I]IACS-010759-PD1 in the ND1 subunit. A, ['**I]IACS-010759-PD1 labeled the region Asp'®°~Lys?®? (brown spheres) in
the ND1 subunit (brown). The third loop connecting the TMHs 5 and 6 (Asp'°°~Ala?'?) is presented in red spheres on the right. The 49-kDa and PSST subunits are
shown in pink and purple, respectively. Here, we used the structural model of ovine complex | (Protein Data Bank entry 5LNK) (33) because the third loop of ND1
is disordered in the deactive state of the bovine enzyme (13). The quinone-access channel proposed in the current models was generated using MOLE with a
1.4-A probe (RRID:SCR_018314) (61) and is shown in black. The hydrophilic domain above the dotted line shown in a was deleted in b for clarity. B, close-up of
the ND1 subunit (brown). The positions of Leu®® (a space-filling model in cyan) and the region labeled by ['#*I]IACS-010759-PD1 (Asp'?°~Lys?? in red) are shown

with the quinone-access channel (black).

Table 1

Effects of inhibitors on the events that take place above the third loop
connecting TMHs 5 and 6 in the ND1 subunit

Modification of 49  Binding of Inhibition of electron
Inhibitors kDa-Asp'®%~ [12°1]AzQ” transfer®
TACS-010759 Suppress Not suppress Complete
SIQELs Not suppress Not suppress Incomplete?
Bullatacin® Suppress Suppress Complete

“ Effects of the inhibitors on the chemical modification of 49 kDa-Asp'®° by ALL.

? Effects of the inhibitors on the specific binding of ['?°I]AzQ to the N terminus of
the 49-kDa subunit.

¢ The extent of inhibition of the forward and reverse electron transfer. IACS-
010759 and bullatacin almost completely inhibit both activities (>95%).

 The extents of maximum inhibition by SIQELSs were saturated at incomplete
levels (~30-80%), except SIQELI1.1 (29).

¢ Conventional quinone-site inhibitors (aminoquinazoline, fenpyroximate,
piericidin A, and rotenone) exhibit the same effects as those of bullatacin
(25, 29, 30).

complex I (12, 51, 52). (Note that there is indirect evidence
that the reverse electron transfer is an important physiolog-
ical process that underlies mitochondrial redox signaling
under various conditions (53, 54).) With all things com-
bined, it may be practically impossible to precisely predict
how IACS-010759 treatment affects the total ATP produc-
tion and superoxide generation at the cell level. Therefore,
we currently have no definite answer to the question above.
Nevertheless, the present study revealed IACS-010759 to be
a unique inhibitor of complex I, the manner of action of
which is different from that of any other quinone-site inhib-
itors. This unique manner of action of IACS-010759 at the
enzyme level may be responsible for its interesting profiles of
antitumor/cytotoxic activities. Besides IACS-010759 and
BAY 87-2243, recent cancer chemotherapeutic studies
showed that a cellular target of mubritinib (an inhibitor of
acute myeloid leukemia (55); Fig. S1) and quinazoline diones
(inhibitors of non-small-cell lung carcinoma (56); Fig. S1) is
also mitochondrial complex I. Given the diverse manners of
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action of complex I inhibitors, there could be considerable
room for producing further unique inhibitors (or modula-
tors) that elicit a broad spectrum of biological activities.

Experimental procedures
Materials

Bullatacin, piericidin A, and fenpyroximate were kindly pro-
vided by J. L. McLaughlin (Purdue University, West Lafayette,
IN), S. Yoshida (RIKEN, Saitama, Japan), and Nihon Nohyaku
Co., Ltd. (Tokyo, Japan), respectively. Acetogenin-type ligand
(AL1) was the same sample as that used previously (32).
[*?°I]AzQ was synthesized by the previously reported proce-
dure (27, 28). BAY 87-2243 was purchased from ChemScene
(Monmouth Junction, NJ). Protein standards (Precision Plus
Protein Standards) for SDS-PAGE were purchased from Bio-
Rad. [***I]Nal was purchased from PerkinElmer Life Sciences.
All other reagents were analytical grade.

Preparation of bovine heart SMPs and measurement of
complex | activity

Mitochondria were isolated from bovine heart. SMPs were
prepared by the method of Matsuno-Yagi and Hatefi (57) and
stored in buffer containing 250 mm sucrose and 10 mm Tris-
HCI (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 ' cm™ ') at 30 °C (29). The reaction was initiated by
adding 50 um NADH after the equilibration of SMP with an
inhibitor for 4 min. The reaction medium (2.5 ml) contained
0.25 M sucrose, 1.0 mm MgCl,, and 50 mMm phosphate buffer (pH
7.4). The final mitochondrial protein concentration was set to
30 or 100 ug of proteins/ml, depending on the experimental
purpose. The IC,, values of inhibitors were calculated by Prism
(version 8, GraphPad Software, La Jolla, CA) using sigmoid
dose-response curve fitting.
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Measurement of reverse electron transfer in complex |

The reverse electron transfer (ubiquinol-NAD ™ oxidoreduc-
tase activity) was driven by the oxidation of succinate and hy-
drolysis of ATP (58). The reaction was measured spectropho-
tometrically by following the reduction of NAD" with a
Shimadzu UV-3000 spectrophotometer (340 nm, € = 6.2 mm ™~ *
cm ™ 1) at 30 °C. The reaction was initiated by the addition of 1.0
mM ATP after the equilibration of SMP with an inhibitor for 4
min. The reaction medium (2.5 ml) contained 0.25 M sucrose,
7.0 mMm sodium succinate, 6.0 mm MgCl,, 1.0 mm KCN, 1.0 mm
NAD™, and 50 mm Tris-HCI (pH 7.5), and the final protein
concentration of SMPs was 100 ug/ml. We confirmed that the
reverse electron transfer is fully sensitive to SF6847 (protono-
phoric uncoupler) or oligomycin (ATP synthase inhibitor).

Alkynylation of complex | in SMPs by AL-1 (ligand-directed
tosyl chemistry)

Bovine SMPs (2.0 mg of protein/ml, 100 -200 ul), suspended
in a buffer containing 250 mm sucrose, 1.0 mm MgCl,, and 50
mwm KP; (pH 7.4), were incubated with AL1 (0.10 um) in the
presence or absence of a competitor for 12 hat 35 °C (25). SMPs
were then collected by ultracentrifugation (200,000 X g, 20 min,
4°C) and denatured in 1.0% (w/v) SDS (25-50 wl). To visualize
the proteins alkynylated by AL1, they were conjugated with a
fluorescent TAMRA-N,, tag via Cu™ -catalyzed click chemistry
using the Click-iT reaction buffer kit (Life Technologies,
Inc.) according to the manufacturer’s protocols. Proteins
were recovered by precipitation with methanol/chloroform
(4:1, v/v) and subjected to Laemmli-type 12.5% SDS-PAGE,
followed by Coomassie Brilliant Blue (CBB) stain and fluo-
rescent gel imaging.

Photodffinity labeling of complex I in SMPs by ['**1]AzQ,
["*°I]S1QEL1.1-PD1, and ['**IJIACS-010759-PD1

Bovine SMPs (2.0 mg/ml, 100 ul), which were previously
incubated with a competitor of choice at room temperature for
10 min, were incubated with [***I]AzQ (5.0 nMm) in buffer con-
taining 250 mm sucrose, 50 mm KP, (pH 7.4), and 5.0 mm MgCl,
at room temperature for 10 min, and then 50 umM 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 (27). The reaction was quenched by the addition of
4X Laemmli sample buffer (34 ul). Samples were separated on
a 12.5% Laemmli gel, which was stained with CBB, dried,
exposed to an imaging plate (BAS-MS2040, Fujifilm, Tokyo,
Japan), and visualized with the Bio-imaging analyzer FLA-5100
(Fujifilm) or Typhoon-FLA 9500 (GE Healthcare, Buckingham-
shire, UK). The incorporated radioactivity of each band
was quantified using Multi Gauge (Fyjifilm) or ImageQuant
(GE Healthcare). The photoaffinity labeling experiments by
[**°I]SIQEL1.1-PD1 and [***’I]IACS-010759-PD1 in the pres-
ence or absence of a competitor were conducted by the same
procedures as those for ['*°I]AzQ above, with the exception
that the labeled complex I was isolated by BN-PAGE and it was
further separated on a SDS gel.

SASBMB

Identification of the subunit labeled by ['**I[IACS-010759-PD1

SMPs labeled by ['**T]IACS-010759-PD1 (10 nm) were solu-
bilized in sample buffer containing 50 mwm Bistris-HCI (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 (30) 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 (59) or Schigger-type 10% SDS gel containing
6.0 M urea (60).

Doubled SDS-PAGE was conducted as described previously
(30, 38). In brief, the labeled complex I was separated on a first-
dimensional 10% Schigger-type gel (10% T, 3% C, containing
6.0 M urea). The gel slice was then acidified with 100 mm Tris-
HCI (pH 2.0) for 30 min, followed by second-dimensional sep-
aration on a 16% Schagger-type gel (16% T, 3% C). Typically,
complex I equivalent to 200 ug of SMPs was separated on a
mini-size gel (80 X 90 mm, 1 mm). The resolved proteins
were visualized by MS-compatible silver staining (Wako Sil-
ver stain MS kit, Wako Pure Chemicals, Osaka), followed by
autoradiography.

To detect the ND1 subunit, proteins were separated on a
Schégger-type SDS gel and transferred onto a polyvinylidene
difluoride membrane (27, 60). The membrane was blocked with
1% (w/v) gelatin in TBS buffer (10 mm Tris-HCl buffer (pH 7.4)
and 0.9% (w/v) NaCl) containing 0.5% (w/v) Tween 20 (Tween
TBS) and then probed with a rabbit anti-bovine ND1 antibody
(a kind gift from Dr. Takao Yagi, Scripps Research Institute, La
Jolla, CA), followed by incubation with the alkaline phos-
phatase— conjugated anti-rabbit secondary antibody (Sigma-—
Aldrich). The membrane was washed three times with Tween
TBS and developed with nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate colorimetric reagents (Bio-Rad).
The primary and secondary antibodies were diluted with
Tween TBS at the ratios of 1:3000 and 1:8000, respectively.

Proteomic analysis

For the exhaustive digestion of the ND1 subunit, the subunit
labeled by ['**I]JIACS-010759-PD1 was recovered from the gel
by electroelution in 10 mm Tris-HCl buffer (pH 8.0) containing
0.025% (w/v) SDS. The partially purified ND1 subunit was
digested with lysylendopeptidase (Wako Pure Chemicals,
Osaka, Japan) or endoprotease Asp-N (Roche Applied Science)
in 50 mm Tris-HCI buffer (pH 8.5) containing 0.1% SDS or 50
mwm NaP; buffer (pH 8.0) containing 0.01% SDS, respectively.
The digests were resolved on a Schigger-type SDS gel (60),
followed by autoradiography.

Data availability

All data are contained within the article and associated sup-
porting information.
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