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Abstract

Mitochondrial dysfunction has been recognized as an essential contributor to many human
diseases including neurodegenerative disorders. However, the exact pathological role of
mitochondrial dysfunction, especially for mitochondrial reactive oxygen species associated
oxidative stress, remains elusive, partially due to the lack of chemical probes with well-defined
mechanisms of action. Herein, we describe the characterization and discovery of the rationally
designed small molecule ZCM-I-1 as a selective modulator of the production of reactive oxygen
species from mitochondrial complex | that does not alter mitochondria membrane potential and
bioenergetics. Chemical biology studies employing photoaffinity probes derived from ZCM-|-1
demonstrated its novel mechanism of action of modulating complex | via interactions with the
flavin mononucleotide site, proximal in the reaction pathway within complex I.

INTRODUCTION

Mitochondria are dynamic organelles contributing vital roles in cellular functions that
control energy production, redox signaling, and cell fate under stress.l: 2 Mitochondrial
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dysfunction and oxidative stress have been linked to the development of many pathological
conditions such as cancer, cardiovascular disease, and neurodegenerative disorders including
Alzheimer’s disease (AD).3-12 The bioenergetic function of mitochondria is coordinated by
oxidative phosphorylation (OXPHOS) driven by the electron transport chain (ETC). This is
also where the majority of reactive oxygen species (ROS) are produced through complexes |
and 111 of the ETC.13-15 Despite the fact that the pathological roles of mitochondrial
dysfunction and oxidative stress in these diseases have become increasingly clear, it is still
under debate whether they are the cause or merely a consequence of other pathological
injuries. For example, in AD, a mitochondria cascade hypothesis suggests a causal role in
AD development.16-19 However, there are also studies arguing against mitochondrial
dysfunction being the early driver of AD pathogenesis.2%-2% Therefore, it would be
important and valuable if mitochondria-targeted small molecule probes with specificity and
well-defined mechanisms of action (MOA) were available to complement ongoing
molecular and genetic studies to elucidate the exact pathological roles of mitochondrial
dysfunction in disease development and progression. As many of these diseases are not well
served by currently available treatments, isolating the role for mitochondria through such
probes may lead to paths towards novel, effective and highly specific therapeutics.

Recently, our laboratory has successfully developed a new chemical scaffold by
incorporating some of the essential structural features of known natural products that show
protective activities in models of neurodegenerative disorders.3% 31 Our pilot medicinal
chemistry studies to optimize the chemical scaffold and to remove the concerns of the
promiscuous Pan-Assay Interference Compounds (PAINS)32 led to the identification of one
lead compound, ZCM-I-1 (1, Fig. 1), with promising neuroprotective activities in AD
models both /in vitroand in vivo. Although the MOA for the protective activity offered by
ZCM-I-1 was not clear at first, our studies confirmed that it is apparently different from
curcumin, melatonin, or the combination of these two.30 Furthermore, early studies using the
“rule-out principle” suggested mitochondria to be the likely target of this lead compound.3°
Herein, we report the characterization of ZCM-I-1 using /n vitro, ex vivo, and in vivo
models combined with a photoaffinity labeling technique and molecular docking. The results
revealed ZCM-I-1 is a selective mitochondrial complex | modulator via interactions with the
flavin mononucleotide (FMN) site of mitochondrial complex I (Ig), which represents a novel
MOA.

ZCM-I-1 selectively suppresses the production of ROS from complex I.

Since our early studies suggested mitochondria as the potential target organelle for ZCM-I-1
and this compound suppressed the production of total ROS in MC65 cells,39 we examined
the effects of ZCM-I-1 on the production of mitochondrial ROS (mitoROS) in MC65 cells.
As shown in Fig. 2A, ZCM-I-1 dose-dependently suppressed mitoROS production as
measured by mitoSOX fluorescence, comparable to its protective activity (Supplemental Fig.
1A). Since most of the ROS produced by mitochondria are from the activity of complexes |
and 111 of the ETC,13-15 we next evaluated how ZCM-1-1 would affect the mitoROS
production induced by corresponding known inhibitors. As shown in Fig. 2B, without
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rotenone,, a complex | inhibitor that binds to the ubiquinone site (Ig), no mitoROS was
produced in MCB65 cells, while addition of rotenone induced the production of mitoROS
with time. Notably, treatment with ZCM -1-1 suppressed the production of mitoROS induced
by rotenone (Fig. 2B, ROS release rate: 8.3 vs 5.8 RFU/min for vehicle treated compared to
ZCM-I-1 treated). A similar suppression was also observed in cultured primary mouse
cortical neurons (Fig. 2C, ROS release rate: 3.3 vs 2.0 RFU/min for vehicle treated
compared to ZCM-I-1 treated). No effect was observed on mitoROS induced by antimycin
A, a complex Il inhibitor (Supplemental Fig. 1B). Furthermore, ZCM-I-1 dose dependently
reversed mitochondrial depolarization induced by MPP*, a known complex | inhibitor,33 in
both primary mouse cortical neurons (Fig. 2E) and SHSY5Y cells (Fig. 2D). However,
known antioxidants NAC and trolox did not show any rescue effects at 10 uM (Fig. 2D).
This suggests that the rescue effects on mitochondrial membrane potential by ZCM-I-1
might be due to itsspecific targeting of complex | of mitochondria, not due to the general
antioxidant activity. In addition, we confirmed that ZCM-1-1 has no effects on
mitochondrial membrane potential and the level of ATP (Supplemental Fig. 1C and Fig. 1D)
in MC65 cells, suggesting no effects on the coupling and bioenergetics of mitochondria. We
then tested this compound using detergent-solubilized mouse brain mitochondria to confirm
this. As shown in Fig. 2F, ZCM-I-1 suppressed the production of mitoROS when NADH
was used as the complex | substrate. Taken together, the results strongly assert that
mitochondrial complex I is the target of ZCM-I-1.

ZCM-I-1 selectively targets mitochondrial complex | via interactions with the I site.

To elucidate the mode of action of ZCM-I-1 on its specific targeting of complex I, we
designed a photoaffinity chemical probe PAL-1 (2, Fig. 3) to investigate its subcellular
destination and interactions with complex I. The pilot structure-activity relationship (SAR)
studies of ZCM-I-1 revealed that structural modifications on the methylene moiety between
the carbonyl moieties would not decrease the activity. Therefore, in the design of PAL-1, the
linker was attached to the methylene position of ZCM-1-1 and a diazirine was incorporated
as the photoaffinity labeling moiety to covalently link interacting proteins. On the other end
of the linker, a 7-nitrobenzo-2-oxa-1,3-diazole (NBD) moiety was incorporated as the
fluorescent tag via click chemistry to allow the following visualization and detection. We
also designed a second photoaffinity probe PAL-2 (3, Fig. 3) with a biotin tag instead of the
NBD fluorescent tag to further confirm the interaction of ZCM -1-1 with its binding proteins.
Upon incubation with PAL -2 and photo-activation, the interacting proteins from complex |
with the probe should be identifiable by pull down assay using streptavidin resins. The
chemical syntheses of the designed PAL -1 and PAL -2 were achieved by the conditions
shown in Scheme 1. Briefly, ester-amide exchange reaction of 4 with 5-methoxyrtryptamine
yielded compound 5. Alkylation of 5 with 6, synthesized following reported procedure,
afforded the alkyne intermediate 7. Removal of the protecting TBS group of 7 followed by
click reaction with corresponding NBD-N3 or Biotin-N3 gave the designed probes PAL-1
and PAL-2.

After chemical synthesis, rescue studies of MC65 cells confirmed PAL-1’s protective
potency being 96.8 £ 2.9 nM, a ~ 3-fold decrease in potency compared to that of ZCM-I-1.
However, PAL -2 lost its potency (> 3 uM) and this is probably due to cell penetration issues
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as we observed either significant decrease or loss of activities in compounds when a biotin
moiety was attached (unpublished data). PAL-2 (1 uM) also shows no effects to suppress the
mitoROS production in MC65 cells upon TC removal (Supplemental Fig. 1E). We expect
that this probe should nonetheless recognize the interacting proteins from purified complex I
since no membrane penetration is required. Immunocytochemistry (ICC) studies indicated
that PAL -1 co-localizes with the mitochondria of MC65 cells and mouse primary cortical
neurons (DIV 10-12) (Fig. 4A, 4B). Photoaffinity labeling studies using mitochondria
isolated from the cerebral cortex of C57BL/6 mice with PAL-1 and colorless native gel
isolation clearly demonstrated dose-dependent labeling of complex I by this probe (Fig. 4C).
Next, complex | was purified from mouse brain mitochondria to study how PAL-1 interacts
with the subunits of this complex. The results should shed light on the mode of action for
ZCM-I-1. As shown in Fig. 5A, the probe PAL -1 could label subunits of 75 kDa, 51 kDa,
49 kDa, 24 kDa and 13 kDa in a dose-dependent manner. These subunits correspond to the
human complex | subunit NDUFS1, NDUFV1, NDUFS2, NDUFV2, and NDUFS6
orthologues, respectively. Importantly, the labeled subunits, except for that of 49 kDa,
compose the I site of complex 1,34-36 indicating that ZCM-I-1 binds to the I site to exert
the observed activities on its selective modulation of mitochondrial respiration and mitoROS
production. The fact that PAL-1 labeling of these subunits was outcompeted by ZCM-I-1,
NADH, and FMN, but not by rotenone, a known I site inhibitor,37 also supports this notion
(Fig. 5A). To further confirm the interaction of ZCM -1-1 with the I site, PAL-2 was
incubated with purified complex | and the samples were photo-activated to induce covalent
interactions. As shown in Fig. 5B, among the recruited proteins from purified mouse
complex | by PAL-2 are subunits 75 kDa, 49 kDa and 24 kDa. In addition, the interactions
are blocked by ZCM-I1-1, consistent with the photoaffinity labeling results of PAL-1. Taken
together, the results from the photoaffinity labeling and pull down studies using designed
chemical probes established that ZCM-I-1 binds to the I site of mitochondria.

Next, we conducted computational docking studies to illuminate how ZCM-I-1 interacts
with the I site, given that X-ray or cryo-EM structures of complex | of different species
have been reported.36: 38. 39 To this end, we exploited as the template for homology
modeling the 7. thermophiles complex | X-ray structure (pdbid: 31AM)*C within which the
Ig site shares 76.7% identity with that of human complex | and explored the potential
interactions of ZCM -1-1 with key residues within the I site. Poses were generated using
GOLD5.6%! and rescored with HINT,#2 a program developed by us. The results (Fig. 6A)
supported the interactions of ZCM -1-1 with the I site with a HINT score of 410,
comparable to NADH’s HINT score of 412. Specifically, as shown in Fig. 6B, the model
suggests that residues E185, A68 and Y180 can form H-bond interactions with the indole
nitrogen, the amide, and the phenol of ZCM-I1-1, respectively. A potential hydrophobic
pocket may be formed with the 5-CH30-indole ring of ZCM-I-1 by residues of F70, F78,
and F205. Notably, each of these residues is involved in the binding of NADH to subunit
nqo1,%0 an orthologue of the NDUFV1 subunit (51 kDa), consistent with the photoaffinity
labeling results.
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ZCM-I-1 selectively modulates the respiration of mitochondrial complex | both ex vivo and

in vivo.

With the established MOA, we next tested how this compound influences the respiration of
mitochondria and whether its action remains specific to complex I. First, we tested ZCM-I-1
in isolated mitochondria from the cerebral cortex of C57BL/6 mice to determine the effect
on OXPHOS. As shown in Fig. 7A, ZCM-I-1 modulated the maximal rate of ADP
stimulated respiration of pyruvate as the complex | substrate, but not with succinate as the
complex Il substrate. The respiratory control ratio (RCR, state 3/state 4) and the ADP/O
ratio were not changed by the treatment with ZCM-I-1 (4.7 and 3.1, respectively) compared
to vehicle treatment (5.3 and 2.9, respectively). The results indicated that despite the
suppression of oxidation of pyruvate, the coupling and bioenergetic ability of mitochondria
are preserved following treatment with ZCM-I-1, consistent with results from studies in
MCS65 cells. ZCM-I-1 also only moderately inhibited the complex I activity (~20%) when
the ETC enzymatic activities were measured (Fig. 7B).

We then decided to examine whether such selective modulation on mitochondria OXPHOS
would be maintained by ZCM-I-1 jn vivo using transgenic AD mice since mitochondrial
dysfunction has been indicated as an important contributor to AD development.19: 16 To this
end, we employed 3xTg AD mice, a triple transgenic AD mouse model that exhibits both
plagues and tangles as well as early mitochondrial dysfunction.#3-45 As shown in Fig. 7C,
compared to the vehicle group, ZCM-I-1 treatment (50 mg/kg, oral gavage, 5 times/week)
only led to moderate but statistically significant suppression (9%) of the maximal rate of
ADP stimulated respiration of pyruvate, the complex I substrate, in 5 months old 3xTg AD
mice (N=8 per group, half males and half females), an age by which intracellular Ap and
mitochondrial dysfunction start to appear.*3 44 This is consistent with the results from the ex
vivo studies. In addition, moderate but significant suppression on the state 3 respiration of
pyruvate was observed (Supplemental Fig. 2A), and the RCR and ADP/O ratio were not
changed by the treatment of ZCM-1-1 (Table 1). In another study cohort, 3xTg AD mice at
10 months old, an age that AD pathologies become apparent,*3: 44 were treated with ZCM -
I-1 (50 mg/kg, once daily dosing by oral gavage, N=8 per group, half males and half
females) for 8 weeks to mimic a clinically relevant therapeutic treatment. A similar
modulation pattern upon treatment with ZCM-I-1 on the maximal ADP stimulated
respiration (Fig. 7D) and state 3 respiration (Supplementary Fig. 2B) of pyruvate was
observed as that from studies in the younger 3xTg AD mice, though the suppression is more
significant in the 3xTg AD mice of 10 months old (25% suppression vs. 9% suppression).

DISCUSSION

Mitochondria are the organelle that produce ATP, but they also generate the majority of ROS
that have both physiological functions as signaling molecules and pathological roles
associated with oxidative stress.13-15 Mitochondrial dysfunction and oxidative stress have
been shown to have roles in a variety of human diseases including neurodegenerative
disorders.* 812 However, the contributions of mitochondria produced ROS are not clear,
especially whether their pathological roles are causal versus merely a consequence of other
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disease-mediated injuries. This lack of understanding is due to, at least partially, the lack of
effective and specific /n vivo chemical probes with well-defined MOA.

The production of mitoROS is mostly from the reduction of molecular oxygen by electrons
leaked from complexes during the OXPHOS.46: 47 Multiple sites on the mitochondrial ETC,
mainly located on complex I, complex Il, and complex 11, have been shown to be
responsible for the production of mitoROS.13: 48. 49 Numerous compounds, such as
mitochondria-targeted antioxidants and inhibitors of the ETC complexes,>%: °1 have been
identified to target mitochondria. However, many drawbacks associated with these
compounds have limited their further use as chemical probes. For example, most of the
mitochondria-targeted antioxidants are generic ROS scavengers and cannot differentiate the
site-specific roles of mitoROS. The majority of the known complex | inhibitors are also
mitochondria toxins and typically interfere with the overall function of mitochondria
including its bioenergetics. In addition, although the g site has been indicated as the binding
site, the binding sites for most complex I inhibitors remain unknown. Recently, small
molecule inhibitors that selectively target the ubiquinone site of complex | and complex Il
have been identified,*6: 2. 53 and studies employing these inhibitors as chemical probes have
provided valuable information on the pathological roles of site-specific mitoROS on
different pathological disorders. The discovery of such inhibitors attests to the interest in
developing novel small molecule compounds that specifically target the ETC of
mitochondria and possess well-defined MOA as chemical probes and potential therapeutics.

Recently, we successfully developed a novel chemical scaffold and identified a lead
compound ZCM-I-1 with promising neuroprotective activities in animal models of
neurodegenerative disorders including AD.3%: 31 |n this study, we conducted experiments
using /n vitro, ex vivo, in vivo, and used chemical biology approaches to elucidate the MOA
of this compound. Our studies demonstrated that ZCM-I -1 dose-dependently inhibited the
production of mitoROS in MC65 cells, a cellular AD model,>* %° and in isolated mouse
brain mitochondria when NADH was used as the complex | substrate. Further studies using
cellular models established that ZCM-1-1 suppresses mitoROS production and reverses the
mitochondrial membrane potential change induced by known complex | inhibitors. More
importantly, this compound does not interfere with the mitochondria membrane potential
and ATP production in MC65 cells. The results suggested that ZCM -I-1 specifically targets
mitochondrial complex I, while not interfering with the coupling and bioenergetics roles of
mitochondria. ICC studies using chemical probe derived from ZCM-1-1 in cell cultures
confirmed that the probe co-localizes with the mitochondria. Photoaffinity labeling studies
in isolated mouse brain mitochondria and purified mitochondrial complex | demonstrated
that the probe selectively interacts with and labels subunits that comprise the I site.
Competition studies using the parent compound, endogenous ligands and the Iq site
inhibitor also support this notion. In addition, molecular docking studies using the structure
of complex | of 7. thermophilies (pbdid: 31AM) supported the interactions of ZCM-1-1 with
the I site via H-bond and hydrophobic interactions. Further analysis of its effects on the
OXPHOS of mouse brain mitochondria revealed that ZCM -1 -1 selectively modulates the
respiration of pyruvate, a NADH-linked complex | substrate, but not succinate, a complex Il
substrate. Its effects on the RCR and ADP/O ratio are also consistent with the results from
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studies using cellular models in that ROS production is decreased yet coupling of respiration
and mitochondria membrane potential to support OXPHOS is not altered. The selective
modulation on the respiration of pyruvate was observed /n vivoin 3xTg AD mice after
treatment with ZCM-1-1 (50 mg/kg) from two cohorts of studies with animals at different
ages. The /n vivo study results provided evidence to support the compound’s selective
engagement and modulatory effects on mitochondrial complex I.

CONCLUSIONS

The mechanistic studies from /n vitro, ex vivo, in vivo and chemical biology models
established that ZCM-I-1 is a selective modulator of the complex I without effects on
mitochondria membrane potential and bioenergetics via interaction with the Ig site, thus
representing a first-in-class MOA.. Screening of ZCM -1-1 against the major CNS receptors
using services from the NIMH PDSP program confirmed that no significant inhibition was
observed at 10 uM. Given the crucial roles of mitochondrial complex I in the regulation of
ATP, selective and moderate modulation of complex I, rather than strong inhibition, may be
the key for development of potential therapeutics, especially for AD, as supported by studies
from heart mitochondria.>® 57 Thus, the current study strongly favors the use of ZCM-I-1 as
a chemical tool for the further study of the roles of complex | mitoROS produced at the I
site in human health and diseases, and SAR studies based on ZCM-I-1 as a lead compound
may lead to development of novel and effective AD therapeutics.

EXPERIMENTAL SECTION

Chemistry.

Reagents and solvents were obtained from commercial suppliers and used as received unless
otherwise indicated. Flash column chromatography was performed on silica gel (200-300
mesh, Fisher Scientific) using solvents as indicated. 1TH NMR and 13C NMR spectra were
recorded on Bruker Ultrashield Plus-400MHz spectrometer. The NMR solvent used was
CDCl3 or DMSO-djsas indicated. Tetramethylsilane (TMS) was used as the internal
standard. HRMS were recorded on PerkinElmer AXION 2 TOF mass spectrometer. The
purity of target compounds was determined by HPLC using a Varian 100-5 C18 250x4.6
mm column with UV detection (280 nm and 360 nm) (50% H»0O in acetonitrile and 0.1%
TFA, and 30-50% H,0 in methanol and 0.1% TFA, two solvent systems) to be = 95%.

5-(4-((tert-Butyldimethylsilyl)oxy)phenyl)-N-(2-(5-methoxy-1H-indol-3-
ylethyl)-3-oxopentanamide (5): Compound 4 (3.2 mmol) and 2-(5-methoxy-1H-
indol-3-yl)ethan-1-amine (3.8 mmol) were dissolved in toluene (30 mL). The mixture was
refluxed overnight. After cooling to room temperature, the solvents were removed by
rotavap under reduced pressure. The residue was purified by flash chromatography (CH,Cl,/
methanol: 100/1) to obtain 2. H-NMR (400 MHz, DMSO-djs) 0.15 (s, 6H), 0.93 (s, 9H),
2.66-2.71 (m, 2H), 2.76-2.80 (m, 4H), 3.30-3.31 (m, 4H), 3.75 (s, 3H), 6.69-6.75 (m, 3H),
7.00-7.11 (m, 4H), 7.23 (d, /=8.72 Hz, 1H), 8.15 (t, /=5.60 Hz, 1H), 10.63 (s, 1H).

2-(2-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)ethyl)-5-(4-((tert-butyldimethylsilyl)oxy)-
phenyl)-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)-3-oxopentanamide (7): Compound
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5 (0.2 mmol) and K,CO3 (0.5 mmol) were added to acetone (4 mL) at 0 °C, then compound
6 (0.5 mmol), synthesized following the reported procedure,® was added. The mixture was
heated to 80 °C for 12 h. After cooling to room temperature, solvents were removed by
rotavap under reduced pressure. The residue was dissolved in CH,Cl, (20 mL) and dried
over anhydrous Na,SO4 overnight. After filtration and removal of solvents, the crude
product was purified by flash chromatography (CH,Clyo/methanol: 100/1) to obtain 7. 1H
NMR (400 MHz, CDCI3) 0.17 (s, 6H), 0.97 (s, 9H), 1.48-1.55 (m, 4H), 1.91-1.95 (m, 3H),
2.63 (s, 1H), 2.73-2.75 (m, 3H), 2.91 (t, /£6.64 Hz, 2H), 3.16 (t, ~£7.24 Hz, 1H), 3.54 (s,
4H), 3.87 (s, 3H), 6.02 (t, /£5.64 Hz, 1H), 6.74 (d, /=8.40 Hz, 2H), 6.88 (dd, J;=2.44 Hz,
J=8.80 Hz, 1H), 6.93 (d, /~2.32 Hz, 1H), 6.98 (d, /~8.40 Hz, 2H), 7.01 (d, /~2.44 Hz, 1H),
7.24-7.25 (m, 1H), 7.92 (s, 1H).

2-(2-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)ethyl)-5-(4-hydroxyphenyl)-N-(2-(5-
methoxy-1H-indol-3-yl)ethyl)-3-oxopentanamide (8): Compound 7 (0.5 mmol) was
dissolved in THF (5 mL), then 1N TBAF (1 mmol) was added. The mixture was stirred at
room temperature. After adding EtOAc (30 mL), the organic layer was washed with water
for 3 times, dried over anhydrous Na,SQOy4. After filtration and removal of solvents, the crude
product was purified by flash chromatography (CH,Cl,/methanol: 50/1) to obtain 8. H-
NMR (400 MHz, DMSO-djp) 1.21-1.28 (m, 2H), 1.38-1.46 (m, 2H), 1.57 (t, /=7.28 Hz,
2H), 1.97-2.01 (m, 2H), 2.64-2.72 (m, 4H), 2.80-2.85 (m, 3H), 3.29-3.31 (m, 1H), 3.37-
3.41 (m, 2H), 3.79 (s, 3H), 6.67 (d, /~£8.48 Hz, 2H), 6.76 (dd, J;=2.40 Hz, J=8.68 Hz, 1H),
6.95 (d, ~8.48 Hz, 2H), 7.04 (d, ~~2.44 Hz, 1H), 7.10 (d, /~2.36 Hz, 1H), 7.27 (d, /8.56
Hz, 1H), 8.36 (t, ~=5.64 Hz, 1H), 9.15 (s, 1H), 10.68 (s, 1H).

5-(4-Hydroxyphenyl)-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)-2-(2-(3-(2-(1-(3-((7-
nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)propyl)-1H-1,2,3-triazol-4-yl)ethyl)-3H-
diazirin-3-yl)ethyl)-3-oxopentanamide (PAL-1): Compound 8 (0.05 mmol) and NBD-
N3 (0.05 mmol) were dissolved in THF/H,0 (2/1, 2 mL), then sodium ascorbate (0.025
mmol) and CuSO, (0.025 mmol) were added. The mixture was stirred for 1 h at room
temperature. CH,Cl, (15 mL) was added and the mixture was washed with water, and dried
over anhydrous Nay,SQOy4. After filtration and removal of solvents, the crude product was
purified by flash chromatography (CH,Clo/methanol: 50/3) to obtain PAL-1. H-NMR (400
MHz, DMSO-dp) 1.16-1.24 (m, 2H), 1.35-1.42 (m, 2H), 1.70 (t, /=8.08 Hz, 2H), 2.20-2.27
(m, 2H), 2.39 (t, /=7.6 Hz, 2H), 2.55-2.66 (m, 4H), 2.79 (t, /=7.40 Hz, 2H), 3.28-3.30 (m,
1H), 3.35-3.38 (m, 2H), 3.75 (s, 3H), 4.12 (q, /5.28 Hz, 2H), 4.47 (t, /=6.92 Hz, 2H), 6.36
(d, /=9.00 Hz, 1H), 6.63 (d, /=8.44 Hz, 2H), 6.72 (dd, J;=2.40 Hz, J=8.72 Hz, 1H), 6.91 (d,
J=8.52 Hz, 2H), 6.99 (d, J=2.44 Hz, 1H), 7.06 (d, /=2.32 Hz, 1H), 7.22 (d, /=8.76 Hz, 1H),
7.87 (s, 1H), 8.33 (t, ~5.60 Hz, 1H), 8.50 (d, /~8.92 Hz, 1H), 9.11 (s, 1H), 9.49 (s, 1H),
10.64 (s, 1H). 13C-NMR (100 MHz, DMSO-dj) & 204.87, 167.74, 155.35, 152.92, 145.30,
137.79, 131.35, 130.88, 128.92, 127.40, 123.25, 122.14, 116.07, 114.97, 111.95, 111.23,
110.96, 100.08, 99.48, 99.33, 68.35, 58.60, 55.31, 52.91, 46.92, 42.33, 40.67, 31.69, 29.65,
28.39, 28.07, 25.00, 21.89, 19.58.

HRMS (AP-ESI) m/z calcd for C3gH41N1107 [M + Na]* 786.3088, found 786.3105.
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PAL-2 was prepared similarly using 8 and Biotin-N3. H-NMR (400 MHz, DMSO-djp) 1.22—
1.64 (m, 10H), 1.71 (t, ~7.96 Hz, 2H), 2.08 (t, /~7.44 Hz, 2H), 2.41 (t, /~7.88 Hz, 2H),
2.56-2.68 (m, 5H), 2.76-2.83 (m, 3H), 3.06-3.11 (m, 1H), 3.15-3.21 (m, 2H), 3.27-3.29
(m, 1H), 3.33-3.39 (m, 4H), 3.45-3.52 (m, 4H), 3.76 (s, 3H), 3.79 (t, /~5.28 Hz, 2H), 4.11-
4.14 (m, 1H), 4.32 (t, /~6.92 Hz, 1H), 4.47 (t, /=5.24 Hz, 2H), 6.40 (d, /~21.76 Hz, 2H),
6.64 (d, /=8.44 Hz, 2H), 6.73 (dd, J;=2.40 Hz, J=8.76 Hz, 1H), 6.92 (d, /~8.44 Hz, 2H),
7.01 (d, ~2.44 Hz, 1H), 7.07 (d, ~2.28 Hz, 1H), 7.23 (d, /~8.72 Hz, 1H), 7.78-7.81 (m,
2H), 8.33 (t, £5.68 Hz, 1H), 9.12 (s, 1H), 10.64 (s, 1H). 13C-NMR (101 MHz, DMSO-dp) &
204.88, 172.10, 167.75, 162.66, 155.36, 152.93, 145.13, 131.36, 130.89, 128.93, 127.42,
123.26, 122.34, 114.98, 111.96, 111.24, 110.98, 100.08, 69.48, 69.36, 69.09, 68.74, 61.01,
59.17, 58.60, 55.37, 55.32, 49.24, 42.35, 38.38, 35.06, 31.77, 29.65, 28.39, 28.15, 28.08,
28.00, 25.22, 25.00, 21.90, 19.58.

HRMS (AP-ESI) m/z calcd for C45HgoN100gS [M + Na]* 923.4214, found 923.4227.

Biological assays

Animals: All animal experiments were conducted under the guidelines of the “Guide for
the care and use of laboratory animals” published by National Institutes of Health (revised
2011) and approved by the Institutional Animal Care and Use Committees (IACUC) of the
McGuire VA Medical Center and Virginia Commonwealth University. C57BL/6 mice were
purchased from the National Cancer Institute (Bethesda, MD). 3xTg AD mice carrying the
APP695 gene with Swedish mutations (KM670/671NL/M596L), along with the PSEN1
mutation (M146V) and the MAPT mutation (P301L) on the C57B/6J background were
purchased from Jackson Laboratory (Bar Harbor, ME).

For /n vivo studies, mixed male and female 3xTg AD mice at the age of 5 mo or 10 mo were
used. Animals were divided into two groups blinded receiving either ZCM-I-1 (50 mg/kg)
or vehicle (2% DMSO + 10% cremophore) via oral gavage (N=8/age/group, half males and
half females). For 5 mo animals, treatment was given 5 times/week for 2 weeks, whereas the
10 mo animals received single daily dosing for 8 weeks to mimic clinically relevant
therapeutic strategies. After completing the treatment, animals were sacrificed, and fresh
cerebral cortex and hippocampus were dissected and processed for mitochondria isolation
and measurement as previously reported.>®

Cells: MC65 cells were kindly provided by Dr. George M. Martin at the University of
Washington, Seattle and were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Life Technologies, Inc., Grand Island, NY) supplemented with 10% of heat-inactivated fetal
bovine serum (FBS) (Hyclone, Logan, UT), 1% penicillin/streptomycin (P/S) (Sigma-
Aldrich), tetracycline (TC) (1 pg/mL, Sigma-Aldrich) and 0.2 mg/mL G418 (Invitrogen).
SHSYS5Y cells (ATCC, Manassas, VA) were cultured in DMEM supplemented with 10%
FBS and 1% P/S. All cells were maintained at 37 °C in a fully humidified atmosphere
containing 5% CO,.

Cortex from E15.5 embryos of C57BL/6J mice were dissected then enzymatically
dissociated in neurobasal medium containing trypsin (2.5 mg/mL, Sigma-Aldrich) and
DNase | (15 pg/mL, Sigma-Aldrich) for 30 min at 37 °C, washed in neurobasal medium,
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then triturated using fire-polished Pasteur pipettes. Cell suspensions were passed through a
70 um strainer to remove debris. Cells were plated on poly-D-lysine (Sigma Aldrich) coated
plates or glass-bottomed dish and cultured in neuronal culture media (neurobasal medium
supplemented with B27, GlutaMax (0.5 mM) and penicillin/streptomycin/amphotericin B).
Neuronal culture media were changed by one-half volume exchange every 3 days.
Cytarabine (1 pM final, Sigma-Aldrich) was added from day in vitro (DIV) 3 to 6 to inhibit
glial proliferation.

MitoROS Assay

MCB65 cells suspended in Opti-MEM (Invitrogen) were seeded in 6-well plates (1.6x106
cells/well), and incubated with ZCM-I-1 at 37 °C under +TC or —TC condition for 48 h.
Cells were collected and suspended in HBSS. MitoSOX (2.5uM) was added at 37 °C for 20
min. After centrifugation and washing twice with HBSS, cells were suspended in HBSS and
the mean fluorescent intensity was recorded by flow cytometry.

Mouse primary cortical neurons (DIV14) were seeded in 24-well plates (1x10° cells/well).
MCB65 cells were seeded in 6-well plates (1.6x108 cells/well) under +TC conditions. After
incubation with ZCM-I-1 at 37 °C for 1 h, cells were collected and suspended in HBSS.
MitoSOX (2.5uM) was added for 20 min. After centrifugation and washing twice with
HBSS, cells were suspended in HBSS and added rotenone (500 nM), then the mean
fluorescent intensity was recorded at different time point by flow cytometry.

Mitochondrial Membrane Potential Assay

SH-SYS5Y cells (4x10° cells) plated in 12 well plates or mouse primary cortical neurons
(DIV 14) plated in 96 well plates (5x10* cells/well) were treated with ZCM-I1-1 and MPP*
for 24 h. TMRM was then added to a final concentration of 100 nM (SHSY5Y cells) or 1
UM (cortical neurons) and the cells were further incubated for 30 min. For SHSY5Y cells,
cells were detached by trypsinization. After centrifugation, the cell pellet was suspended in
PBS and fluorescence was analyzed by flow cytometry. For cortical neurons, cells were
washed twice with PBS and then solubilized with 50% DMSO and 0.5% Triton in distilled
water to disperse TMRM from the cells. The fluorescence intensity was measured using a
FlexStation 3 plate reader at EX/Em: 548/574 nm.

Mitochondria ROS assay

The rate of H,O, production in mitochondria was determined using the oxidation of the
fluorogenic indicator amplex red in the presence of HRP as we reported before.#” The
concentrations of HRP and amplex red in the incubation were 0.1 unit/ml and 50 pM,
respectively. Fluorescence was recorded in a microplate reader (1420 Victor2, PerkinElmer
Life Sciences) with 530 nm excitation and 590 nm emission wavelengths. Standard curves
obtained by adding known amounts of H,O, to assay medium in the presence of the
reactants (amplex red and HRP) were linear up to 2 uM. Isolated mitochondria were
incubated at 0.1 mg of protein/ml at 30 °C with compound for 1 h. H,O, production was
initiated in mitochondria using glutamate (10 mM) + malate (2.5 mM), or succinate (5 mM)
as substrates. Rotenone (2.4 uM) was added into incubation medium to inhibit the activities
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of complex | when succinate was used as complex 11 substrate. The rate of H,O, production
was linear with respect to mg of mitochondrial protein.

Confocal Microscopy Images

MCB65 cells were plated for 24 h on coverslips coated with poly-D-lysine. Cells were treated
with PAL-1 (3 uM) for 3.5 h, after which Mitotracker Red (300 nM) was added for 30 min.
After washing with PBS, the cells were fixed with 4% formaldehyde for 15 min and washed
with PBS once. DAPI (2.5 pg/mL) was then added and incubated for 5 min. Cells were
washed with PBS three times, mounted, and solidified overnight. The samples were
analyzed on a Zeiss LSM 700 on an Axio Imager 2 stand using the Plan-Apochromat 63x/
1.40 oil DIC M27 objective lens. Images were analyzed using both the Zen Blue (version
2.6) and Zen Black software suites for colocalization coefficients and visualization.

Photoaffinity Labeling and Pull-down assays with Purified Complex |

Mitochondria were isolated from the brain cortex of C57BL/6 mice as described previously.
59 |solation of complex | was performed using a complex | immunocapture kit (Abacam,
ab109711) according to the instructions provided by the manufacturer. Purified complex |
was added to a solution of no BSA buffer (215 mM mannitol, 75 mM sucrose, 1 mM EGTA,
20 mM HEPES in purified water, pH 7.4). Samples were incubated with DMSO or ZCM-
I-1 at the indicated concentration for 45 min at 4 °C. DMSO or PAL -1 at the indicated
concentration was then added and incubated for 30 min at 4 °C. Samples were irradiated at
365 nm for 10 min on ice. After adding the Laemmli with p-ME buffer, samples were
denatured and resolved by SDS-PAGE. After washing with water, gels were fixed overnight
with 50% methanol and 10% acetic acid in purified water. After washing with purified
water, gels were visualized on a Bio-Rad ChemiDoc MP imaging system with excitation of
488 nm.

Purified complex | (2.4 ug) in no BSA buffer (215 mM mannitol, 75 mM sucrose, 1 mM
EGTA, 20 mM HEPS in purified water, pH 7.4) was incubated with DMSO or ZCM-I-1 at
the indicated concentration for 45 min at 4 °C. DMSO or PAL-2 at the indicated
concentrations was then added and the samples were incubated for 30 min at 4 °C. After
irradiation at 365 nm for 10 min on ice, streptavidin Agarose Resins (100 L,
Number20349, Thermo Scientific, #20349, Pre-washed with PBS three times) was added.
The samples were then transferred to the tube with PBS (final volume: 500 pL), and
incubated overnight at 4 °C. The resins were spun down at 2000 x g and 4 °C and washed
with 1% NP-40 in PBS (pH 7.4) three times, 0.1% SDS in PBS (pH 7.4) three times, and
PBS three times. After adding loading buffer (1x, 50 pL), the samples were centrifuged for 3
min at 2000x g at 4 °C. Supernatants (30 uL per lane) were resolved by SDS-PAGE and
stained following the silver staining protocol.

Photoaffinity Labeling with Mitochondria Lysate

Mitochondria (0.1 mg) were incubated with DMSO or ZCM-I-1for 1 h at 4 °C. DMSO or
PAL -1 were added and the mixture was incubated for an additional 1 h at 4 °C. The samples
were irradiated at 365 nm for 10 min on ice. Samples were incubated with NativePAGE ™
sample buffer, purified H,O, and 1% digitonin (final concentration) on ice for 30 min. After
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centrifugation at 160009 for 20 min at 4 °C, to the supernatant was added 2 pL Ponceau S
solution (10 mg Ponceau S, 5 mL 50% v/v glycerol). The samples were separated with a 3—
12% colorless NativePAGE Bis-Tris gel. Gels were then visualized with excitation of 488
nm on a Bio-Rad ChemiDoc MP imaging system.

Computational modeling

Models were prepared using the crystal structure of the hydrophilic portion of complex |
(PDB ID: 31AM) using Sybyl-X 2.1.1 software. All subunits except nqol were deleted and
hydrogens were added to the remaining protein model. Protonation states of E185, E184 and
K202 were evaluated and appropriate atom type modifications were made. NADH was
extracted and the protein was prepared for docking in the GOLD program. Using the
extracted NADH to define the binding site, ZCM-1-1 was docked into nqol already
containing FMN to produce 100 unique binding poses. Each pose was merged with the
unbound protein structure and minimized in Sybyl. Minimization parameters are as follows:
100000 steps for minimizing biopolymer hydrogens, sidechains, biopolymer without C-
alpha, ligands, and finally all atoms using Gastiger:Huckel charges and Tripos force fields
over 100000 iterations with a 0.02 kcal/(mol*A) cutoff energy. The resulting structures were
then scored using HINT to identify important residues for binding. As a control, NADH was
also minimized and scored using HINT. Important residues for binding included: E185 (1.9
A) contributing H-bond and ionic interactions with the indole nitrogen of ZCM-I1-1 via the
sidechain carboxylic acid, A68 (2.0 A) contributing H-bond interaction with the amide of
ZCM-I-1 via the backbone carbonyl moiety, Y180 (2.5 A) contributing H-bond interactions
with between the phenol groups. Additionally, hydrophobic interactions were formed
between residues of F70, F78, F205 and the tryptamine substructure of ZCM-I-1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AD Alzheimer’s disease
ADP/O adenosine diphosphate/oxygen ratio
AP-ES| atmospheric pressure-electrospray interface
ATP adenosine triphosphate
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HEPES
HINT
HOBt
HRMS
ICC
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LC-MSMS
LSM
MOA
mitoROS
MTT
NADH
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blood-brian barrier

Central nervous system

4’ 6-diamidino-2-phenylindole

Dichloromethane

Dulbecco’s Modified Eagle Medium

N, N-Dimethylformamide

dimethyl sulfoxide

N-(3-(dimethylamino)propyl)- A-ethyl-carbodiimide hydrochloride
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
electron transport chain

fetal bovine serum

flavin mononucleotide

Hank’s Balanced Salt Solution
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
hydropathic interactions

hydroxybenzotriazole

high resolution mass spectra
immunocytochemistry

complex | flavin nucleotide binding site
intraperitoneal

complex I quinone binding site

intravenous injection

Liquid chromatography tandem mass spectrometry
laser scanning microscope

mechanisms of action

mitochondrial reactive oxygen species
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
nicotinamide adenine dinucleotide

nitrobenzofurazan
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NIA National Institute of Aging
NMR nuclear magnetic resonance
OXPHOS oxidative phosphorylation
PAL photoaffinity label
PBS phosphate-buffered saline
PDB ID protein data bank identifier
PK pharmacokinetic
PO per os
RCR respiratory control ratio
ROS reactive oxygen species
SD standard deviation
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SEM standard error of the mean
TBAF tert-butylammonium fluoride
TC tetracycline
TEA triethylamine
3XTG triple transgenic
THF tetrahydrofuran
TMRM tetramethylrhodamine, methyl ester
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Figure 1.

Identification of ZCM-I-1 as a lead neuroprotectant.
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Figure 2. Effects of ZCM-I-1 on complex | ROS production.
A) MCB65 cells were treated with ZCM-I-1 in the presence of tetracycline (+TC) or absence

of tetracycline (=TC) conditions for 48 h. After incubation with mitoSOX (2.5 uM), cells
were analyzed by flow cytometry; MC65 cells (B) or mouse cortical neurons (DIV14) (C)
were treated with vehicle or ZCM-I-1 (1 pM) for 12 h, then the cells were collected,
washed, and suspended in HBSS. Upon addition of mitoSOX (2.5 pM) and rotenone (500
nM), the samples were analyzed by flow cytometry; SHSY5Y cells (D) or mouse cortical
neurons (DIV14) (E) were treated with ZCM-1-1 at indicated concentrations or NAC (10
um) or trolox (10 pM) and MPP* (30 uM) for 24 h. After incubation with TMRM (100 nM),
the samples were analyzed by flow cytometry; F) ROS production in permeabilized mouse
brain mitochondria (N=6) pretreated with ZCM -1-1 was measured upon addition of NADH
(10 uM) using Amplex red and HRP. Data presented as mean £ SEM. Statistical analysis by
student t-test.
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Figure 3.
Design of photoaffinity probes PAL-1 (2) and PAL-2 (3).
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Figure 4. PAL-1 localizesto the mitochondria and labels complex I.
A) MC65 cells were treated with PAL-1 (3 uM) for 3.5 h. After incubation with

MitoTracker Red (300 nM) and DAPI (2 pg/mL), samples were fixed and imaged with
confocal microscopy. Image adjustments are as follows: DAPI unmodified, MitoTracker Red
gamma adjusted to 1.15, PAL-1 NBD channel white level reduced to 13000, black increased
to 350; B) Cultured neurons (DIV 10 to 12) were incubated with PAL-1 (25 pM) for 4 h,
then incubated with Mitotracker Red CMXRos (25 nM) for 30 min. Neurons were washed x
3 by ¥ media exchanges with neuronal culture media without phenol red. Neurons were
imaged live on a Zeiss LSM710 confocal laser scanning microscope using a 63x/1.4 NA oil-
immersion objective with pin hole of 1 Airy disc unit and Nyquist sampling; C) Mouse brain
mitochondria (0.1 mg) were incubated with DMSO or PAL -1 at indicated concentrations for
1 hat4 °C. The samples were UV irradiated at 365 nm for 10 min. After lysis, the samples
were resolved by colorless Native PAGE and the gel was imaged with a BioRad imager
system with excitation of 488 nm;
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Figure5. PAL-1 interactswith the | site.
A) Complex | was purified from mouse brain mitochondria using an immuno-capture kit

(Abcam, ab109711) and was incubated with PAL -1 under indicated conditions for 30 min
(1.3 g proteins/sample). Samples were UV irradiated at 365 nm for 10 min. After SDS-
PAGE separation, the gel was imaged with a BioRad imager system with excitation of 488
nm. Image represents one of three independent experiments. Silver staining of the same gel
to illustrate the presence of proteins; B) Complex | (2.4 pg/sample) was incubated with
PAL -2 under indicated conditions for 30 min, then UV irradiated at 365 nm for 10 min.
Samples were incubated with streptavidin resin (100 uL, Thermo Scientific#20349) for 1 h.
After washing and adding loading buffer, samples were resolved by SDS-PAGE and
visualized by silver staining. Arrows indicate the subunits 75 kDa, 49 kDa and 24 kDa.
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Figure 6. Molecular docking studies of ZCM-I-1.
A) Docking orientations of ZCM-I-1 in the I site of 7. thermophiles complex | (pdbid:

31AM). Upper image illustrates the overlap of ZCM-I-1 (green) with NADH (magenta)
within the I site of ngol subunit; B) Image illustrates the interactions of ZCM-I-1 (green)
with residues of the I site and FMN (cyan).
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Figure 7. Effects of ZCM-I-1 on mouse brain mitochondria OXPHOS.
A) Oxygen consumption in isolated mouse brain mitochondria (N=6) was measured using a

Clark-type oxygen electrode at 30 °C using pyruvate/malate (20/5 mM) or succinate (20
mM) in the presence of vehicle or ZCM-I-1 (2 uM); B) Detergent solubilized mouse brain
mitochondria (N=6) were treated with ZCM-1-1 (2 uM) and the ETC activities were
determined; C) 3xTg AD mice (5 months old) were treated with vehicle or ZCM-1-1 (50
mg/kg, oral gavage, 5 times/week, N=8 per group) for 2 weeks. Cortex/hippocampal
mitochondria were isolated and oxygen consumption was measured as described above; D)
3xTg AD mice (10 months old) were treated with vehicle or ZCM-1-1 (50 mg/kg by oral
gavage, once daily for 8 weeks, N=8 per group). Cortex/hippocampal mitochondria were
isolated and measured for oxygen consumption. Data as mean * SD, statistical analysis by
student t-test.
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Table 1.

RCR and ADP/O of mitochondrial OXPHQOS from 3xTg AD mice of 5 months old treated with vehicle or
ZCM-I-1.

Pyruvate + Malate Succinate

RCR ADP/O RCR ADP/O

Mice treated with vehicle 4.1+0.7 | 2.6£0.2 | 2.5+0.2 | 1.4+0.1

Mice treated with ZCM-I-1 | 4.2+0.8 | 2.6£0.2 | 2.7+0.3 | 1.3%0.1

3xTg AD mice (5 months old) were treated with vehicle or ZCM-I-1 (50 mg/kg, oral gavage, 5 times/week, N=8 per group) for 2 weeks. Cortex/
hippocampal mitochondria were isolated and oxygen consumption was measured using a Clark-type oxygen electrode at 30 °C using pyruvate/
malate (20/5 mM) or succinate (20 mM).
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