Discovery of bis-sulfonamides as novel inhibitors of mitochondrial
NADH-quinone oxidoreductase (complex I)
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ABSTRACT: Mitochondrial oxidative phosphorylation (OXPHOS) is an essential cellular metabolic process that generates ATP.
The enzymes involved in OXPHOS are considered to be promising druggable targets. Through screening of an in-house synthetic
library with bovine heart submitochondrial particles, we identified a unique symmetric bis-sulfonamide (KPYC01112, 1) as an in-
hibitor targeting NADH-quinone oxidoreductase (complex I). Structural modifications of KPYC01112 (1) led to the discovery of the
more potent inhibitors 32 and 35 possessing long alkyl chains (ICso = 0.017 and 0.014 uM, respectively). A photoaffinity labeling
experiment using a newly synthesized photoreactive bis-sulfonamide (['*°I]-43) revealed that it binds to the 49-kDa, PSST, and ND1
subunits, which make up the quinone-accessing cavity of complex I.
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Mitochondrial oxidative phosphorylation (OXPHOS) is an
essential metabolic process that generates ATP, which in turn,
drives various cellular functions. OXPHOS consists of a series
of respiratory chain enzymes [NADH-quinone oxidoreductase
(complex I), succinate-quinone oxidoreductase (complex II),
quinol-cytochrome ¢ oxidoreductase (complex III), and cyto-
chrome c oxidase (complex V)], which couple electron transfer
to proton translocation across the inner mitochondrial mem-
brane, and FoFi-ATP synthase (complex V), which produces
ATP driven by the proton gradient (Figure S1). The enzymes
involved in OXPHOS are promising targets for the develop-
ment of pharmaceuticals, antimicrobials, and agrochemicals.'
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Figure 1. Representative inhibitors of the NADH-quinone oxidore-
ductase (complex I).

Because OXPHOS inhibitors such as IACS-010759, BAY
87-2243, and mubritinib (Figure 1), all of which target complex
I, are anticipated to be candidate compounds for anticancer
drugs, screening studies of inhibitors of OXPHOS, particularly
complex I, have been extensively conducted. For example, Ne-
amati et al. identified a series of benzene-1,4-disulfonamides
(including DX3-235) as novel complex I inhibitors from a phe-
notypic screen using a patient-derived pancreatic cancer cell
line (Figure 1).”® The Bayer group identified BAY-179 as a
novel complex I inhibitor through an ATP-dependent luciferase
reporter assay.” We expected that screening of our original com-
pound library using an enzyme-based assay would lead to the
identification of novel inhibitors of the respiratory chain en-
zymes with an unprecedented mode of action and/or structural
framework. In the present study, we identified a unique sym-
metric bis-sulfonamide (KPYCO01112, 1, Figure 2) as an inhib-
itor targeting bovine mitochondrial complex I. Structural mod-
ifications of this compound led to more potent derivatives. Pho-
toaffinity labeling experiments showed that these bis-sulfona-
mides bind to the 49-kDa, PSST, and ND1 subunits, which
make up the quinone-accessing cavity of complex I.

Compound library screening. To find novel inhibitors of
the mitochondrial respiratory enzymes, we selected 107 low-
molecular-weight compounds with diverse scaffolds from our
in-house compound library, consisting of the originally synthe-
sized compounds with unique structures. Using submitochon-
drial particles (SMPs) prepared from bovine heart mitochondria,
evaluation of their inhibitory activities against NADH oxidase
activity (covering complexes I, I1I, and IV activities) resulted in
12 hit compounds showing <30% residual activity at 5 uM (Fig-
ure S2). Through evaluation of the concentration dependency,
we identified the most potent compound KPYCO01112 (1) (ICso
= 0.87 uM, Figure 2). This compound was previously synthe-
sized by Ibuka ef al. in their study of aza-Payne rearrange-
ment,'® where its biological activity was not reported. Therefore,
we subjected KPYC01112 to a SAR study focusing on ring size,



stereochemistry, structural symmetricity, junction part, and the
sulfonamide moiety to improve its inhibitory activity.
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Figure 2. The structure of KPYC01112 (1) and the structure opti-
mization strategy.

A typical synthesis of the KPYCO01112 derivatives is shown
in Scheme 1. The dimeric methylene acetal moiety was con-
structed in accordance with the method reported by Ibuka et
al.'® Thus, treatment of alcohol 2 (2 equiv.) with ~BuOK in
CH2Clz gave the methylene acetal 3 in 41% yield. Hetero-cou-
pling of non-identical alcohols was performed according to
Undheim et al.'' Methylthiomethylation of 4 via the Pummerer
rearrangement with dimethyl sulfoxide in the presence of acetic
acid and acetic anhydride'? followed by chlorination using sul-
furyl chloride gave the chloromethyl ether 5. The hetero-dimer
6 was obtained by coupling of 5 with the stereoisomeric alcohol
ent-4. Other KPYCO01112 derivatives were synthesized in a
similar manner (see Supporting Information).
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Scheme 1. Synthesis of the KPYCO01112 derivatives.

Ring size and stereochemistry. The synthesized
KPYCO01112 derivatives were evaluated for their inhibition of
NADH oxidase activity in SMPs as conducted in the library
screening above. The pyrrolidine derivative 7 maintained the
inhibitory activity (ICso = 0.89 uM), whereas the piperidine de-
rivative 3 showed decreased inhibitory activity (ICso = 2.6 uM).
Similarly, the cyclohexane-fused pyrrolidine 8 and methyla-
mine derivative 9 lacking the ring structure exhibited signifi-
cantly lower inhibitory activity (ICso = 5.8 uM and 6.4 uM, re-
spectively). From these results, the azetidine and pyrrolidine de-
rivatives were deemed to be suitable for the inhibition of NADH
oxidase activity. Further structural optimization of the pyrroli-
dine derivatives was performed because of the availability of
the starting materials and ease of synthesis.

To estimate the relationship between the stereochemistry and
the enzyme inhibitory activity, we evaluated the activity of ent-
7 and 6 having the (R,R)- and (S,R)-configuration, respectively.
The inhibitory activity of the meso-derivative 6 (ICso = 0.81
uM) was comparable to the parent compound 7 (ICso = 0.89
uM), while the activity of ent-7 (ICso = 3.1 pM) was decreased
to one-fifth that of 7. These results suggested that at least one
of the stereocenters should be S to interact with the target mol-
ecule(s). The monomeric alcohol 4 was almost inactive (ICso

>230 uM), indicating the importance of the dimeric and/or ace-
tal structure.

Table 1. Structure-activity relationship of the KPYCO01112 de-
rivatives.”
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4 1Cso values are the molar concentrations needed to reduce the
control NADH oxidase activity in SMPs by 50%. Data shown are
average values of at least two independent measurements.

Symmetricity and junction part. KPYCO01112 (1) and the
pyrrolidine congener 7 have a characteristic symmetrical acetal
structure where the two N-heterocycles are connected to each
other at the 2-position. Thus, we next investigated the unsym-
metrical acetals as well as the symmetric dimers connected at
the different position. The unsymmetrical acetal derivatives 10
(R =Me; ICs0 =85 uM), 11 (R =Bn; ICs0 = 4.6 uM), and 12 [R
= (CH2)3Ph; ICso = 1.1 puM], in which one ring structure was
replaced by an alkyl group, tend to be all less potent inhibitors
than 7. Among these substituents, the larger structures are more
active, with compound 12 having a 3-phenylpropyl group
showing an activity close to 7. Dimeric pyrrolidine 13 con-
nected at the pyrrolidine 3-position showed approximately the
same activity (ICso = 1.3 uM) as 7. A lower inhibitory activity
was observed with derivative 14 (ICso = 31 uM), where the
number of atoms between N and N’ was seven as in derivative
7. By comparison, homoprolinol-type compound 15, bearing a
one-carbon-longer tether connected at the 2-position showed
comparable inhibitory activity (ICso = 0.62 uM) to that of 7.
These results indicate that the linkage of the pyrrolidine rings at
the 2-position is important, although the linker length has some
flexibility.

Sulfonamide moiety. Next, we proceeded to investigate the
sulfonamide moiety (Table 2). Because the amide 16 was less
active (ICso = 5.0 uM), we focused on the derivatization of the
sulfonamides. The activities of benzenesulfonamides 17 (R =
H) and 18 (R = OMe) with a different substitution pattern at the



para position were less effective (ICso =4.1 and 4.4 pM, respec-
tively), while 19 (R = Cl) showed nearly equal activity (ICso =
1.1 uM) to 7. Introduction of a longer carbon chain at the para
position showed an interesting tendency: n-butyl (20) and n-
pentyl (21) derivatives exhibited ca. 6-fold more potent inhibi-
tory activity (ICso=0.14 and 0.15 puM, respectively) than 7, and
the activity was maximal when the carbon chain length was six
(22, ICs0 = 0.098 uM). On the other hand, the inhibitory activi-
ties of the n-heptyl (23) and n-octyl (24) derivatives were rela-
tively poor (ICso = 3.6 and 3.4 uM, respectively). Furthermore,
the benzene ring of the sulfonamide was not essential: among
the sulfonamides 25-27 having a C8, C10, or C12 linear alkyl
group, the 1-decanesulfonamide 26 showed the most potent in-
hibitory activity (ICso = 0.088 uM). It is worth noting that the
optimized benzenesulfonamide 22 (n-hexylphenyl) and al-
kanesulfonamide 26 (n-decanyl) have a similar carbon chain
length.

Table 2. Investigation of the sulfonamide moiety.”

16: ICsp = 5.0 M 7(R=Me): ICs=0.89 uM
17 (R=H) ICs=4.1uM
18 (R = OMe): ICsp = 4.4 uM
19 (R=Cl): ICs=1.1uM
CH3(CH2)n
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20 (n=3):ICs0=0.14 pM 25(n=7): ICsy=0.36 uM
21 (n = 4): [Cgp = 0.15 M 26 (n=9): ICsy = 0.088 uM
22 (n=5): ICsp = 0.098 pM 27 (n=11):IC50 =6.5 pM
23 (n=6): IC5p=3.6 UM

24 (n=7): ICsp = 3.4 M

@ ICso values are the molar concentrations needed to reduce the
control NADH oxidase activity in SMPs by 50%. Data are average
values of at least two independent measurements.

Further structural optimization of the long-chain alkyl group
was performed (Table 3). Introduction of an oxygen atom to the
alkyl chain slightly increased the inhibitory activity by approx-
imately 1.8-fold (28, ICso = 0.048 uM), while introduction of
two oxygen atoms slightly decreased the activity (29, ICso =
0.26 uM). By using the oxygen atom in the alkyl group, we in-
vestigated the introduction of an aromatic ring with a view to
probe the synthesis. Among the phenyl ethers having a phenyl,
tolyl, or para-iodophenyl group(s) (30-35), the para-iodo-
phenyl derivatives 32 and 35 showed good inhibitory activity
(ICs0o = 0.017 and 0.014 pM, respectively). Interestingly, ana-
logs 32 and 35 showed almost the same activities, although the
other oxygen-containing symmetrical analogs (29, 33 and 34)
showed weaker activities than the corresponding asymmetrical
ones (28, 30 and 31, respectively). This can be attributed to the
hydrophobic effect of the para-iodophenyl group, which could
cancel the negative effect of the second oxygen atom in 35.
Thus, we identified 3-(aryloxy)propanesulfonamides 32 and 35

having approximately 60-fold more potent inhibitory activity
compared with compound 1.

Table 3. Investigation of the alkanesulfonamides.*
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30 (R=H): ICg =0.15puM 33 (R=H): ICg=2.4pM
31 (R = Me): ICg = 0.072 uM 34 (R = Me): IC50 = 0.27 uM
32(R=I: ICs=0.017 M 35(R=1I): ICg=0.014 uM

4 1Cso values are the molar concentrations needed to reduce the
control NADH oxidase activity in SMPs by 50%. Data are average
values of at least two independent measurements.

Investigation of the target enzyme. The target enzyme(s) of
compounds 32 and 35, which showed the most potent inhibitory
activity, was investigated. The NADH-Q oxidoreductase activ-
ity (only complex I activity) was significantly inhibited by 32
and 35 (ICso = 0.040 and 0.026 uM, respectively), whereas the
succinate-cytochrome ¢ oxidoreductase activity (covering com-
plexes II and III activities) was not blocked [ICso >20 pM, (Ta-
ble 4)]. These results indicate that the target enzyme of these
compounds is complex 1. To exclude the possibility that the ap-
parent inhibition is related to some nonspecific disturbance of
the lipid bilayer phase of SMPs, we checked the effects of 1, 32,
and 35 on the formation of the membrane potential in SMPs
driven by ATP hydrolysis. The addition of 1, 32, or 35 to SMPs
did not attenuate the membrane potential (Figure S3), implying
that these compounds specifically inhibit complex I among the
respiratory enzymes.

Table 4. Identification of the enzyme targeted by the inhibitors.

1Cso (uM)*
NADH-Q succinate-cytochrome ¢
32 0.040 >20
35 0.026 >20

4 1Cso values are the molar concentrations needed to reduce the
control NADH-Q: oxidoreductase activity or succinate-cyto-
chrome ¢ oxidoreductase activity in SMPs by 50%. Data are aver-
age values of at least two independent measurements.



To identify the binding site in complex I, we designed a pho-
toreactive derivative ['2°1]-43 based on 32, which has a diazirine
ring and '’ as a photoreactive group and detection tag, respec-
tively. As shown in Scheme 2, sulfonylation of the known pro-
tected prolinol 36 with 37 followed by diazirine formation as
reported by Abe et al.'® and desilylation gave diazirine alcohol
40. By comparison, sulfonylation of 36 with sulfonyl chloride
41 bearing an iodophenoxy group and removal of the silyl group
afforded 42. Dimeric acetal formation of 40 and 42 using di-
chloromethane in the presence of +-BuOK gave 43, which was
converted to the '*I-labeled derivative via tributylstannyla-
tion.'* The inhibitory activity of the cold compound 43 (ICso =
0.016 uM) against the NADH oxidase activity was comparable
to the parent compound 32 (ICso = 0.017 uM).
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Scheme 2. Synthesis of the '*I-labeled probe ['*1]-43.

Using ['*I]-43, we conducted photoaffinity labeling experi-
ments to identify its binding subunit(s) in complex 1. After bo-
vine heart SMPs were labeled with ['2°1]-43, the labeled com-
plex I was isolated by Blue Native PAGE (BN-PAGE) and sep-
arated by doubled SDS-PAGE. ['*I]-43 primarily labeled the
49-kDa, ND1, and PSST subunits in complex I (Figure 3A, Fig-
ure S4). These three subunits make up the canonical quinone-
accessing cavity of complex I (Figure 3B).">!7 Therefore, it is
likely that ['**I]-43 binds to the cavity or around the cavity.

Next, the effects of using an excess of other inhibitors on the
labeling by ['*°1]-43 (5 nM) were investigated by a competition
test (5 uM, 1000-fold molar excess). Here we used a cold form
0f'43, the parent compounds 32 and 35, and the known “quinone
site” inhibitors bullatacin and aminoquinazoline (AQ). These
competitors significantly suppressed the labeling by ['*1]-43
(Figure 4). These results strongly suggest that compounds 32
and 35 also bind to the quinone-accessing cavity or around the
cavity.
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Figure 3. Photoaffinity labeling of complex I by ['%1]-43. (A)
SMPs (4.0 mg of protein/mL) were labeled by ['2°1]-43 (10 nM),
followed by the purification of complex I by BN-PAGE and elec-
troelution. The isolated complex I was resolved by doubled SDS-
PAGE, and the SDS gel was subjected to silver staining or autora-
diography. (B) The subunits labeled by ['2°1]-43 in bovine complex
I. The 49-kDa (pink), ND1 (orange), and PSST (blue) subunits in
complex 1 (PDB ID: 5031)!® are shown. The quinone-accessing
cavity is formed at the interface of the 49-kDa, ND1, and PSST
subunits as indicated by a black sphere generated using MOLE
with a 1.4-A probe (https:/mole.upol.cz).'®
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Figure 4. Effects of various inhibitors (i.e., competitors) on the
specific binding of [2°1]-43 to the 49-kDa subunit.

In conclusion, through the screening of an in-house library,
we identified KPYCO01112 (1) possessing a unique framework
as a specific inhibitor of mitochondrial complex I. Structural
optimization based on a SAR study produced novel sulfona-
mide derivatives 32 and 35, which are approximately 60-fold
more potent than the parent KPYCO01112. The photoaffinity la-
beling experiments indicated that the sulfonamide derivatives
bind the quinone-accessing cavity or around the cavity in com-
plex L.
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