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SUMMARY

Using high-throughput screening we identified small molecules that suppress superoxide and/or
H»0, production during reverse electron transport through mitochondrial respiratory complex |
(site Ig) without affecting oxidative phosphorylation (suppressors of site I electron leak,
“S1QELs”). SIQELs diminished endogenous oxidative damage in primary astrocytes cultured at
ambient or low oxygen tension, showing that site g is a normal contributor to mitochondrial
superoxide-H,0, production in cells. They diminished stem cell hyperplasia in Drosophila
intestine in vivo and caspase activation in a cardiomyocyte cell model driven by endoplasmic
reticulum stress, showing that superoxide-H,O, production by site lq is involved in cellular stress
signaling. They protected against ischemia-reperfusion injury in perfused mouse heart, showing
directly that superoxide-H,O, production by site Ig is @ major contributor to this pathology.
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S1QELs are tools for assessing the contribution of site Ig to cell physiology and pathology and

have great potential as therapeutic leads.
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Cell signaling and pathology

INTRODUCTION

Mitochondria generate ATP by oxidative phosphorylation, but they can also produce reactive
oxygen species (ROS) from at least 11 distinct sites associated with substrate oxidation and
electron transport (Brand, 2010, 2016; Goncalves et al., 2016; Quinlan et al., 2013a). The
relative contributions of these sites differ depending on metabolic context (Brand, 2016;
Goncalves et al., 2015; Quinlan et al., 2013b), as do their potential roles in intracellular
signaling and oxidative damage (Brand, 2016; Shadel and Horvath, 2015; Sies, 2014). It is
likely that mitochondria in resting skeletal muscle produce superoxide and/or H,0, at
significant rates from only four of these sites: site I (the site in respiratory complex I active
during reverse electron transport, nominally the ubiquinone-binding site), site Ilg (the flavin
site of complex 11), site 111, (the outer ubiquinone-binding site of complex 111), and site I¢
(the flavin site of complex 1) (Goncalves et al., 2015). Direct evidence for superoxide-H,0O,
production by site Ig in cells is lacking (Brand, 2010, 2016; Quinlan et al., 2013a), but
indirect evidence links it to longevity (Lambert et al., 2007; Scialo et al., 2016), oxygen
sensing by carotid body cells (Fernandez-Agiera et al., 2015), and ischemia-reperfusion
injury (Chouchani et al., 2014, 2016).

Until very recently, it was difficult to characterize and manipulate superoxide-H,O,
production from specific mitochondrial sites because classical respiratory inhibitors or
genetic manipulations alter electron flow, which inevitably changes superoxide-H,0,
production at other sites and also severely disrupts energy metabolism. To overcome this
problem we have identified suppressors of superoxide-H»O» production; these prevent
superoxide-H,O, production at specific sites but, crucially, do not affect the underlying
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electron flow or oxidative phosphorylation. In a small pilot screen, we identified A-
cyclohexyl-4-(4-nitrophenoxy) benzenesulfonamide (CN-POBS) as the first suppressor of
superoxide-H,O; production at site I (Orr et al., 2013). CN-POBS has a concentration
causing 50% inhibition (ICgp) of <5 M, albeit with off-target effects at concentrations
greater than ~10 uM. In a much larger screen, we recently identified several suppressors of a
different site, Illgo, that have high affinity and selectivity (Orr et al., 2015). These are
suppressors of site I11g, electron leak (S3QELS; pronounced “sequels”).

Here, using high-throughput chemical screening and extensive validation, we introduce two
different structural classes of compounds that are high-affinity site-specific suppressors of
site 1g electron leak (S1QELs; pronounced “cycles”) but do not interfere with respiration or
oxidative phosphorylation. We show that site g is an active contributor to superoxide-H,O,
production in cells, isolated organs, and in vivo and that both classes of SIQELSs strongly
attenuate specific cellular signaling pathways and protect a variety of cells and tissues
against damage. In particular, SIQELS protect against stress-induced stem cell hyperplasia
in Drosophila intestine in vivo and against ischemia-reperfusion injury in perfused mouse
heart. By enabling experimental dissociation of superoxide-H,0, production at site Ig from
energy metabolism, S1IQELSs are unique tools to address the roles of site I in health and
disease and hold wide-ranging promise as lead therapeutics.

Identification and Characterization of SIQELsS

S1QELs were initially identified using an Amplex UltraRed-based fluorescent H,0,
detection assay to screen 635,000 small molecules against H,O, production caused by
electron leak at sites Ig, 111, or Hg in isolated muscle mitochondria (Orr et al., 2015). In
Orr et al. (2015), we pursued and exploited S3QELs, which suppress at site Il1g,. Here, we
concentrated instead on site g and eliminated compounds that were unselective for site Ig
or inhibited electron transport or oxidative phosphorylation (Table 1). Two families of
compounds, exemplified by SIQEL1.1 and S1IQEL2.2 (Figure 1), met our stringent criteria
by potently suppressing superoxide-H,O, production specifically at site Iq without
impairing bioenergetic functions in isolated mitochondria or affecting cell growth. The ICsg
values against superoxide-H,0O, production from site I were 0.07 pM for SIQEL1.1
(Figure 1A) and 1.5 uM for S1IQEL2.2 (Figure 1H). SIQEL2.1 was the most potent
S1QEL2 identified in the screen, with an I1Csg of 0.29 uM (Figure 1G), but was unavailable
for further characterization.

The two families of SIQELs (S1QELs 1.1-1.6 and S1QELs 2.2-2.4) had strict selectivity
for site 1o (Figure 2A). At 10 uM, these S1QELSs suppressed superoxide-H,O, production
from site I by 40%-85% but did not affect (by >20%-30%) superoxide-H,O, production
from site Ie+DH (partly site Ig, but mainly the upstream NAD-linked dehydrogenases,
particularly the 2-oxoglutarate dehydrogenase complex, site O [Quinlan et al., 2014]), site
g, site llg, or site Gq (the ubiquinone-binding site of mitochondrial glycerol 3-phosphate
dehydrogenase). In isolated mitochondria, SIQELSs at 10 uM had no effect on resting
respiration (states 2 and 40) or respiration driving ATP synthesis (state 3) driven by
succinate plus rotenone to drive complexes 11, I11, and IV (Figure 2B). At 20 x I1Cs; against
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superoxide-H,O; production by site 1, SLQELS also had no effect on respiration driven by
glutamate plus malate to drive complexes I, ll1, and IV (Figure 2C). Thus, the two families
of SIQELs were selective suppressors of superoxide-H,O, production by site Ig, and we
found no effects on oxidative phosphorylation in isolated mitochondria, even at 20 x ICgq
against site lg.

Calculation of octanol-water partition coefficients gave predicted log;g (cLogP) values of
2.4 for SIQEL1.1, 5.5 for SIQEL2.1, and 6.3 for SIQEL2.2, suggesting reasonable or high
ability of the compounds to enter cells. SIQELSs did not inhibit cellular respiration, even
when cells had torely solely onmitochondrial metabolism. Basal and uncoupled respiration
of HEK?293 cells driven by pyruvate, glutamine and galactose were unaffected by exposure
for more than 3 hr to high levels of SIQELSs (20 x 1Cgq against superoxide-H,O, production
by site Iq in isolated skeletal muscle mitochondria) (Figure 2D). Similarly, the viability
ofHEK?293 cells was unaffected by exposure for 72 hr to SIQELSs at 10 uM or at 20 x ICxg
against site I (Figure 2E) (except for SIQEL2.4,which was therefore discarded). Thus, the
two families of SIQELS had no effect on oxidative phosphorylation or the viability
INHEK293 cells, even at 20 x ICg against site lq.

S1QELs Protect Metabolically Resting Primary Astrocytes against Endogenous Oxidative

Damage

It is unknown whether site Ig runs or generates superoxide-H,O5 to significant levels in
resting cells (Brand, 2016). To explore this issue, we tested the effect of SIQELS on
inactivation of succinate dehydrogenase and aconitase activity by the relatively mild
oxidative stress experienced by primary astrocytes cultured at 20% or 3% oxygen. Three
S1QELs from two different families each increased the succinate dehydrogenase activity of
astrocytes above control levels by about 40% during culture at 20% (Figure 3A) or 3%
oxygen (Figure 3B). SIQELSs tended to increase the total content of succinate
dehydrogenase subunit B and ATP synthase subunit 8, but this effect was not statistically
significant (Figure 3B). Succinate dehydrogenase activity normalized to succinate
dehydrogenase subunit B (SDHB) was increased (Figure 3C), consistent with SIQELSs
diminishing matrix superoxide and therefore decreasing direct inhibition of succinate
dehydrogenase activity. Similar protection by S3QELs (Figure 3D) showed that site 111q,
also generates matrix superoxide in these cells. The results with SIQELSs were corroborated
using total cellular aconitase activity. Three SIQELSs from two different families each
increased the aconitase activity of astrocytes above control levels by about 40% during cell
culture (Figure 3E). They also increased citrate synthase activity (Figure 3F), suggesting
mitochondrial proliferation. Aconitase activity normalized to citrate synthase still trended
higher with SIQEL treatment (Figure 3G), supporting the results with succinate
dehydrogenase (Figure 3C), but, in this case, the effect did not reach statistical significance.
We draw three important conclusions. First, site Ig runs in metabolically resting primary
astrocytes cultured at 20% or even 3% oxygen and raises superoxide levels enough to cause
significant oxidative damage to succinate dehydrogenase. Second, SIQELSs are active in
these cells—they suppress site Ig and protect against lo-derived endogenous oxidative
damage. Third, superoxide-H,0O, generated by site lg negatively regulates the amount of
mitochondria.
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S1QELs Protect against Stem Cell Hyperplasia in Drosophila In Vivo

To examine the involvement of site 1g in oxidative stress signaling in vivo and whether such
signaling can be suppressed by treatment with SIQELS, we tested the effects of dietary
S1QELs on ROS-induced stem cell hyperplasia in live Drosophila melanogaster. First, we
checked whether two different SLIQELS were effective in mitochondria isolated from
Drosophilaand found that they decreased superoxide-H,O, production from site I (Figure
4A) without affecting oxidative phosphorylation (Figures 4B and 4C). We then tested
whether S1QELSs affect physiological H,O; signaling from site lg in vivo using the well-
characterized model system of stem cell division in Drosophila intestine driven by
endoplasmic reticulum (ER) stress. In this model, the ER stressor tunicamycin induces
activation of c-Jun N-terminal kinase (JNK) and causes increased ROS production in
intestinal stem cells. Intestinal stem cell hyperproliferation is triggered by both elevated
ROS and activated JNK, likely through a mitochondrial ROS signal (Biteau et al., 2008;
Hochmuth et al., 2011; Wang et al., 2014; Win et al., 2014). Dietary S1IQEL1.1 or
S1QEL2.2 at 800 nM suppressed the tunicamycin-induced increase in the mitotic marker
phospho-histone H3 by up to 45% (Figures 4D and 4E). To check that suppression was not
due to effects of SIQELSs on feeding and tunicamycin intake, we overexpressed an
oncogenic RasV12 mutant that causes ROS-dependent hyperplasia in fly tissues, including
intestinal stem cells, without tunicamycin treatment (Biteau and Jasper, 2011; Ohsawa et al.,
2012). In this system, S1IQELSs again decreased hyperplasia (Figure 4F). Control
experiments demonstrated that SIQELS did not affect stem cell division in unstressed
conditions (Figure 4G) or alter the distribution of cell types in the tissue (see Experimental
Procedures). These findings demonstrate that mitochondrial superoxide-H,0, production
specifically by site I signals ER stress in intestinal stem cells in vivo and that dietary
S1QELs can pharmacologically attenuate this signaling pathway. Similar effects were
obtained with S3QEL3 (Figures 4H-4J), showing that site I11o, also contributes to this
signaling pathway.

S1QELs Decrease Caspase Activation in a Mammalian Cell Model of ER Stress

Tunicamycin treatment also triggers ER stress and signaling pathways that lead to apoptosis
in mammalian cells, and we have shown that S3QELSs suppress such signaling through site
I1lg in INS-1E insulinoma cells (Orr et al., 2015). To test whether site Iq is also involved in
tunicamycin signaling in mammalian cells, we tested the effects of SIQELs in a
cardiomyocyte cell model (H9c2 cells). SIQEL1.1 strongly attenuated caspase activation,
and the less-potent SIQEL2.2 also did so at higher concentrations (Figure 5A), showing that
site Ig is involved in the ER stress signaling pathway in these cells. S3QEL2.1 also
attenuated caspase activation (Figure 5B), as we previously found in INS-1E cells (Orr et al.,
2015), showing that site 111o, also contributes to this signaling pathway in these cells.

S1QEL1.1 Decreases Ischemia-Reperfusion Injury in Perfused Mouse Heart

Chouchani et al. (2014) recently proposed that oxidative damage during cardiac ischemia-
reperfusion injury is caused specifically by ROS produced at complex | during reverse
electron transport driven by succinate accumulated during ischemia (i.e., site lg). To test
whether such damage can be suppressed by treatment with SIQELS at the time of
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reperfusion, we used the Langendorff-perfused mouse heart model of ischemia-reperfusion
injury as previously described (Wojtovich et al., 2013) without and with SIQEL1.1
treatment. SIQEL 1.1 had no baseline impact on cardiac function (see Experimental
Procedures), suggesting compatibility with complex organ physiology. SIQEL1.1
significantly improved the post-ischemic recovery of cardiac function (rate x pressure
product, i.e., heart rate multiplied by left ventricular developed pressure) (Figure 6A) and
caused a small but significant decrease in infarct size (Figure 6B). We infer that site 1
produces damaging superoxide-H»O» during ischemia-reperfusion injury in perfused heart,
and treatment with SIQEL1.1 at the time of reperfusion can decrease this production and
thus attenuate the oxidative damage.

DISCUSSION

Our high-throughput screen and subsequent counter-screening and validation have identified
two independent families of SIQELs (S1QEL1s and S1QEL2s) with the desired properties
of low ICgq against superoxide-H,O, production by site I in isolated mitochondria, lack of
effects on other sites or on oxidative phosphorylation, and the ability to act in cells and
organs. Their mechanism of action is unknown, but we speculate that they bind to complex |
and alter its conformational flexibility or the redox states of critical electron transport
centers. Reverse electron transport is very sensitive to protonmotive force (both membrane
potential and ApH), and superoxide-H,O, production by site lq is exquisitely sensitive to
ApH (Lambert and Brand, 2004a), both of which are decreased by mild uncoupling.
Therefore, we tested extensively for effects on protonmotive force and discarded about
35,000 initial hits that probably worked by mild uncoupling. Specifically, we showed by
direct assay that SIQELSs do not lower mitochondrial membrane potential (Table 1, steps 3
and 5) or affect state 2 or state 40 respiration, which are even more sensitive to protonmotive
force (Figures 2B-2D, 4B, and 4C). Empirically, the assay of site Ir+DH is very sensitive to
changes in protonmotive force, and Figure S1 shows how we used that assay to triage all but
one of the hits at steps 5-7 of Table 1 and to ensure that the final hits were clean at step 11.
Indeed, two compound series (SLQEL3s and S1QEL4s) had some members that affected the
Ir+DH assay, so the whole SIQEL3 and S1QEL4 families were discarded late in the
screening. The two series that remained, SIQEL1s and S1QEL2s, showed no correlation
between potency and any effects of particular members on membrane potential, providing a
strong argument that the most active compounds in these series do not work by mild
uncoupling.

Using these SIQELSs we have made three important discoveries. First, the large increase in
succinate dehydrogenase activity (a marker of superoxide in the mitochondrial matrix)
caused by S1QELSs in primary astrocytes cultured at 3% oxygen provides strong evidence
that site I generates superoxide-H,O, at physiologically-relevant rates in resting
unstimulated cells. The physiological relevance of site 1o has been debated ever since high
H»0, production from complex | was first demonstrated in isolated mitochondria running
reverse electron transport on conventional substrates such as succinate or glycerol 3-
phosphate, with most authors considering it to be an interesting in vitro reaction but
physiologically insignificant (reviewed by Brand, 2010, 2016; see also Scialo et al., 2016).
Primary astrocytes cultured for only 5 days at 3% oxygen are a classic example of resting
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unstimulated cells that have not been selected for growth in vitro or exposed to the relatively
high oxidative stress of a 20% oxygen atmosphere, yet the effects of SIQELS on this marker
of matrix superoxide are significant, showing that site lq is generating superoxide in these
cells. Whether this site I activity results from reverse electron transport (Lambert and
Brand 2004a) or stalled forward electron transport under conditions of adequate substrate
availability and low energy demand (Lambert and Brand 2004b) remains to be determined.

Second, the use of S1IQELSs illuminates roles of superoxide-H,0, production specifically
from mitochondrial site I in stress signaling in cells and in vivo. S1IQEL inhibition of stem
cell hyperplasia in Drosophila intestine confirms other evidence that ER stress signaling
requires a mitochondrial ROS signal (Hochmuth et al., 2011; Wang et al., 2014). It provides
evidence that this signaling uses site Iq (and the effects of S3QELs show that the signal
pathway also uses site 111go). Similarly, the use of SIQELs and S3QELSs shows that these
sites are required for mammalian ER stress signaling in insulinoma cells (Orr et al., 2015)
and cardiomyocytes (Figure 5). The mechanism by which sites Iq and Illg, are stimulated is
of great interest (see Chambers and LoGrasso, 2011; Win et al., 2014, 2016). Because both
S1QELs and S3QELs attenuate this stress signaling, the mitochondrial signal is probably the
only cytosolic species they both affect: cytosolic H,O,. This is generated directly by
endogenous superoxide dismutase 1 from superoxide produced in the cytosol (site I11go) or
indirectly following outward diffusion of H,O, generated from matrix superoxide by
superoxide dismutase 2 (sites Ig and I1go).

Third, the use of SIQELS provides the first direct evidence for the critical involvement of
superoxide-H,O, production specifically from mitochondrial site Ig in ischemia-reperfusion
injury in the heart. Based on metabolite analysis showing accumulation of succinate during
ischemia and its rapid oxidation during reperfusion, the protective effects of rotenone, and
other indirect lines of evidence, Chouchani et al. (2014, 2016) propose that reverse electron
transport through complex | during reperfusion drives ROS production and ischemia-
reperfusion injury. The results in Figure 6 showing protection by SIQEL1.1 support their
model and suggest a potential therapeutic strategy to protect against such damage caused by
excess production of superoxide-H,O; specifically by site Iq.

We conclude that site I of mitochondrial complex I can generate superoxide and/or H,0, at
significant rates in cultured primary cells and cell lines, perfused heart, and intestinal
epithelium stem cells in vivo and that the superoxide-H,O, produced by site Iq is used in
signaling and can cause oxidative damage during imposed stresses. SIQELSs are cell-
permeant and specific suppressors of superoxide-H,O, production by site lo and, hence,
inhibitors of this signaling and damage. S1QELSs provide an exciting way to identify and
target signaling and damage caused by mitochondrial production of superoxide or H,O, at
site 1g in biological systems and hold promise for the development of novel therapeutics.

EXPERIMENTAL PROCEDURES

Animals

Female Wistar rats were from Charles River (5-6 weeks old) or Harlan (8 weeks old). Male
Sprague Dawley rats were from Taconic Biosciences (8 weeks old). Rat skeletal muscle
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mitochondria were prepared as described by Affourtit et al. (2012). Primary astrocytes were
isolated from CD1 mice (Charles River). Langendorff-perfusion experiments used male 8—
12-week-old C57BL/6J mice (Jackson Laboratory). All animal studies were conducted
according to the guidelines of the relevant Institutional Animal Care and Use Committee.

Reagents and Compounds

Screening

Reagents were from Sigma-Aldrich unless stated otherwise. The GNF Academic Screening
Collection was composed from multiple sources and designed to select for optimal
compound properties and eliminate undesirable functional groups (see Table S1). For further
assays, S1QELs were obtained from Life Chemicals: SIQEL1.1 (catalog ID F2011-1277),
S1QEL1.2 (F2053-0281), SIQEL1.3 (F2053-0279), SIQEL1.4 (F2053-0293), SIQEL1.5
(F2053-0321), SIQEL1.6 (F2011-1334), SIQEL2.2 (F2068-0013), SIQEL2.3
(F2068-0653), and S1IQEL2.4 (F2068-0141). The purity of powder stocks was confirmed by
high performance liquid chromatograph mass spectrometry (HPLC MS); HPLC purity at
254 nm was greater than 95% and confirmed as molecule as acid (M+H) or molecule as
sodium salt (M+Na).S3QELs were obtained as before (Orr et al., 2015). Except where stated
otherwise, S1IQEL stocks were 10mMin DMSO, with DMSO vehicle controls diluted to the
same extent as these stocks. Where a series of SIQELS was used at 20 x 1Cg, the vehicle
control corresponding to the highest ICsq was used.

The overall high-throughput screening strategy and the initial screen (step 1 in Table 1) are
described in Orr et al. (2015). A library of ~635,000 compounds was screened at 10 UM in
1,536-well format in assays to identify suppressors of superoxide-H,0O, production from
sites I, Illgo, and g in freshly isolated rat skeletal muscle mitochondria. To identify
compounds that selectively suppressed superoxide-H,O, production from site 1o without
affecting oxidative phosphorylation or other superoxide-H,0,-producing sites, in the present
study we performed a series of triaging assays for selectivity and potency (subsequent steps
in Table 1). Superoxide-H,0, production by site Io was defined as rotenone-sensitive H,O,
production (after dismutation of superoxide by endogenous or exogenous superoxide
dismutases) during reverse electron transport from complex Il to complex I driven by the
oxidation of added succinate in respiratory state 2 (high protonmotive force; no ADP or
uncoupler added). H,0, production was measured using the Amplex UltraRed assay (Life
Technologies), in which horseradish peroxidase uses H,O, to oxidize non-fluorescent
Amplex UltraRed to a highly fluorescent resorufin product. Data were normalized to the
plate median signal. Rotenone was included on each plate as a “positive” inhibitor of site I.
It inhibited the fluorescent signal by >85%.

Mitochondrial Respiration

Respiration of mitochondria isolated from rat skeletal muscle on 5 mM succinate plus 4 uM
rotenone or 5 mM glutamate plus 5 mM malate was assayed in the Seahorse XF24 at 37°C
as described in Supplemental Experimental Procedures.
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Superoxide Dismutase Activity

S1QELs 1.1, 1.2, 2.1, and 2.2 had undetectable superoxide dismutase activity (< 0.002
U/ml) at 1, 10, and 15 uM using the Cayman Chemical Company Superoxide Dismutase
Assay Kit (item No. 706002) and protocol.

Respiration and Superoxide-H,O» Production in Drosophila Mitochondria

Drosophila melanogaster (strain Oregon Red) were cultured at 25°C with a 12-hr light-dark
cycle on standard yeast and molasses-based food (9% [v/v] molasses; 2.5% [w/v] dry yeast;
0.65% [w/v] agar, and 6.9% [w/v] cornmeal) and used at 10-15 days old. Mitochondria were
isolated from ~200 whole flies by homogenizing up to 10 strokes in ice-cold STE (250 mM
sucrose, 5 mM Tris-HCI, 2 mM EGTA, pH 7.4) supplemented with 1% (w/v) fatty acid-free
bovine serum albumin and then centrifuging as described by Goncalves et al. (2014). Protein
was determined by Bradford assay (Biorad). Respiration on 10 mM pyruvate plus 10 mM
proline or 10 mM glycerol 3-phosphate plus 2 UM rotenone was assayed in the Seahorse
XF24 at 28°C as described in Supplemental Experimental Procedures. To induce
superoxide-H,O, production from site Ig in fly mitochondria, 20 mM glycerol 3-phosphate
was added to isolated mitochondria (0.3 mg protein » mI~1) in respiration medium
supplemented with 50 uM Amplex UltraRed, 5 U » mI~1 horseradish peroxidase and 25 U «
ml~1 superoxide dismutase. Values were scaled to DMSO as the negative control (100%)
and rotenone as the positive control (0%). Fluorescence was monitored using a microplate
reader (Pherastar FS, BMG Labtech) at Aeycitation = 540 nM, Aemission = 590 nm.

Cellular Respiration

Respiration of HEK293 cells in the presence of pyruvate, glutamine, and galactose was
assayed in the Seahorse XF24 as described in Supplemental Experimental Procedures.

Succinate Dehydrogenase Activity, Aconitase Activity, and Protein Levels in Primary

Astrocytes

Succinate dehydrogenase activity is a known target of superoxide in the mitochondrial
matrix, which probably directly damages iron-sulfur (FeS) centers and decreases specific
activity and indirectly decreases the protein level (Hinerfeld et al., 2004; Melov et al., 1999;
Powell and Jackson, 2003). To validate the use of succinate dehydrogenase activity as a
probe of matrix superoxide levels, we used primary astrocytes from mice lacking matrix
superoxide dismutase, where matrix superoxide levels are elevated, particularly at higher
oxygen concentrations, but matrix H,O5 levels are presumably lowered. In primary
astrocytes from wild-type mice, succinate dehydrogenase activity was unaffected by oxygen
level, whereas in astrocytes from mice lacking matrix superoxide dismutase, succinate
dehydrogenase activity was decreased to 57% of control at 3% oxygen and to 6% at 20%
oxygen (Figure S2), corroborating the conclusion that succinate dehydrogenase activity
inversely reflects matrix superoxide levels. The strengths of using succinate dehydrogenase
activity as an assay are the specificity for matrix superoxide over hydrogen peroxide
(inferred from Figure S2) and the insolubility of the product of the assay reaction, which
means that the product marks individual cells and enables the use of microscopy and image
processing to measure the activity (and hence matrix superoxide levels) in very small
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numbers of cells. No other assay has these advantages of compartmentation, specificity, and
sensitivity.

Primary cortical astrocytes were prepared from 3-day-old mouse pups, succinate
dehydrogenase activity in adherent cell monolayers was measured by densitometry in an
epifluorescence microscope, and expression levels of SDHB and ATP synthase B were
assayed as described in Supplemental Experimental Procedures. Aconitase and citrate
synthase activity were measured in lysed cells by enzymatic assay as described in
Supplemental Experimental Procedures.

In Vivo Stem Cell Proliferation Assays

Drosophila melanogaster were maintained on yeast and molasses-based food at 25°C, unless
otherwise noted, with a 12-hr light-dark cycle. To test the effects on tunicamycin-induced
stem cell proliferation, w;esgGal4,UAS-GFP; virgins were crossed to Oregon Red males.
Six-day old offspring were starved for 4 hr to synchronize feeding, then transferred to5%
(w/v) sucrose containing 0.8% (v/v) DMSO and S1QELSs at the indicated concentrations.
After 24 hr flies were starved for 1 hr, then transferred to the same food containing 50 uM
tunicamycin. 24 hr later fly intestines were dissected, stained and imaged. To test effects on
RasV12 induced stem cell proliferation, w;esgGal4,UAS-GFP; tubGal80ts virgins were
crossed to yw;UAS-RasV12 males at 18°C. 4-day-old offspring were starved for 4 hr to
synchronize feeding and then transferred to 5% (w/v) sucrose containing 0.8% (v/v) DMSO
and S1QELs at the indicated concentrations. After 24 hr, flies were transferred to 29°C to
induce RasV12 expression. Food was supplemented daily for 3 days, then fly intestines were
dissected, stained for pH3, and imaged.

Adult female Drosophila intestines were dissected in 1x PBS, fixed for 45 min at room
temperature (100 mM glutamic acid, 25 mM KCI, 20 mM MgSOy,, 4 mM sodium phosphate,
1 mM MgCly, and 4% [v/v] formaldehyde), washed for 1 hr at 4°C (1x PBS, 0.5% [w/V]
bovine serum albumin and 0.1% [v/v] Triton X-100), then incubated with primary antibodies
(4°C overnight) and secondary antibodies (4°C for 4 hr or overnight) in washing buffer,
washing 3x 10 min after each antibody. For Delta staining, we used methanol-heptane
fixation as described by Li et al. (2013).

Using mosaic analysis with a repressible cell marker (Lee and Luo, 2001) to fluorescently
label daughter cells arising from a single stem cell over 7 days, we found that SIQELSs did
not affect stem cell division in unstressed conditions (Figure 4G). MARCMB82A:hsFIp,UAS-
GFP;;tubGal4,FRT82,tubGal80 virgins were crossed to w;FRT82 males at 18°C. 4-day-old
offspring were heat shocked for 45 min at 37°C to induce clone formation, then returned to
18°C. After 7 days, intestines were dissected; stained for Delta, Armadillo, and Prospero;
and imaged. We also stained markers of stem cells, enteroblasts, and enterocytes to test for
differences in differentiation and/or toxicity and observed no differences in cell type
distribution after treatment with SIQELS; ~90% of clones had an identifiable stem cell
progenitor with and without S1QELSs.

Primary antibodies and dilution are as follows: rabbit anti-phospho-Histone H3 Ser 10
(Upstate, 1:1,000), mouse anti-Armadillo (DSHB, 1:100), mouse anti- Prospero
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(Developmental Studies Hybridoma Bank, DSHB, 1:250), and rat anti-Delta (gift from M.
Rand, University of Vermont, 1:1,000). Fluorescent secondary antibodies were from Jackson
Immunoresearch. DAPI was used to stain DNA. pH3 positive cells were counted manually
on a Zeiss dissecting fluorescent microscope; images for clone analysis were taken on a
Zeiss LSM 700 confocal microscope and processed using Image J and Adobe Illustrator.

ER Stress Protection Assay

To assess the ability of SIQELs and S3QELSs to protect H9c2 rat cardiomyoblasts under
ROS-induced cell stress, we induced ER stress using tunicamycin. 8,000 cells were plated
per well in a 384-well plate and incubated for 24 hr in 25 yl DMEM with 10% (v/v) FBS.
DMSO vehicle (1% v/v) or compounds were added and 0.5 pg « mI~1 tunicamycin was
added 15 min later. After a further 24 hr, caspase 3/7 activation was measured on a
luminometer to quantify relative levels of apoptotic cell death (Caspase Glo 3/7, Promega)
(Figure 5). Luminescence with tunicamycin plus SIQELs was normalized to vehicle-treated
cells exposed to tunicamycin, following background subtraction of luminescence from cells
untreated with tunicamycin.

Cardiac Ischemia-Reperfusion Injury

To assess the effect of SIQEL1.1 in intact mouse hearts, an ex vivo Langendorff-perfusion
model of ischemia-reperfusion injury was used (Wojtovich et al., 2013). Following
anesthesia with tribromoethanol, the heart was excised then cannulated on a retrograde
perfusion system and perfused (4 ml/min constant flow mode) with modified Krebs-
Henseleit buffer supplemented with 5 mM glucose, 0.1 mM palmitate/BSA, 1.2 mM lactate,
and 0.2 mM pyruvate as respiratory substrates. After equilibration for 20 min, hearts were
exposed to 25 min global no-flow ischemia and 60 min reperfusion. At the onset of
reperfusion, 0.05% (v/v) DMSO vehicle or SIQEL1.1 (final concentration 1.6 UM, ~20 x
ICsq) was infused via a port immediately above the perfusion cannula for 5 min. Left
ventricular pressure was monitored using a pressure transducer linked to a water-filled
polyethylene balloon inserted into the ventricle. A second pressure transducer recorded
aortic root pressure. Data was collected digitally (Dataq) at 1 kHz. At the end of reperfusion,
hearts were sliced, stained with 1% (w/v) triphenyl tetrazolium chloride (TTC), fixed in
formalin, and imaged for quantitation of infarct size.

Before the main experiment, a dosage ramp of SIQEL1.1 was performed in two additional
hearts to check for effects on cardiac function. After equilibration, SIQEL1.1 concentrations
from 0.08 pM (~1 x ICsq against site lq in isolated rat skeletal muscle mitochondria) to 1.6
UM (=20 x 1C5q) were perfused, each for 5 min followed by 10 min wash-out before the next
dose. No effect was observed on heart rate, left ventricular systolic or diastolic pressure, or
rhythm.

Cardiac function (rate x pressure product) was calculated by multiplying the heart rate by
the left ventricular developed pressure averaged over five consecutive beats sampled at
various times during perfusion. Data are shown for eight time points: just before ischemia
(baseline, 20 min), just before reperfusion (45 min), and every 10 min after the onset of
reperfusion until 60 min post-reperfusion. Values for each heart were normalized to the
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respective pre-ischemic baseline measurement (set at 100%). Differences between control
and S1QEL1.1-treated hearts (n = 6 per group) were compared at each time point by non-
paired two-tailed Student’s t tests. For each heart, infarct size was measured from 4-6 slices
and averaged. Values for control and S1QEL1.1-treated hearts were compared by non-paired
two-tailed Student’s t test. Both rate x pressure product and infarct size were measured,
because it is common to see differences in magnitude of protection by the two measures in
cardioprotection studies (Guo et al., 2012).

Statistical Analysis

Unpaired two-tailed Student’s t tests or one-way or repeated-measures ANOVA with
Dunnett’s, Tukey’s, or Holm-Sidak’s posthoc analysis were used for statistical analysis
where indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

S1QELs suppress site 1o ROS production without affecting oxidative
phosphorylation

Site 1o generates superoxide-HyO, in resting cells and in stress
signaling

Site lq drives ischemia-reperfusion injury in perfused heart and
S1QELs protect

S1QELs are tools to assess the contribution of site I and therapeutic
leads
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In Brief

In this article, Brand et al. identified small molecules (S1QELS) that suppress superoxide-
H,0, production during reverse electron transport through mitochondrial respiratory
complex | (site 1g) without affecting oxidative phosphorylation. SIQELs diminished
endogenous oxidative damage in primary astrocytes, stress signaling in vivo, and
ischemia-reperfusion heart injury.
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Figure 1. Specific Suppression by SIQELs of Superoxide-H,0 Production from Site 1 in
Isolated Rat Skeletal Muscle Mitochondria

(A-F) Structures of SIQEL 1s and dose-response curves against site I (site of respiratory
complex | active during reverse electron transport, nominally the ubiquinone binding site),
site Iz+DH (flavin site of complex | and predominantly the 2-oxoglutarate dehydrogenase
complex, site Of), and site Il (outer ubiquinone-binding site of complex 111) normalized
to DMSO control = 1.0.
(G-J) Structures of SIQEL2s and dose-response curves.
Data are means + SE of n = 3 technical replicates (n = 2 for Ig+DH) (step 10 in Table 1).
ICs values against superoxide-H,O, production from site I are means + SE,n=3 (n =5

for SIQEL1.1 and S1QEL2.1).
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Figure 2. Specificity of SIQELSs for Superoxide-H»O; Production from Site g in Isolated Rat
Skeletal Muscle Mitochondria without Effects on Oxidative Phosphorylation or Cell Growth

(A) Effects of 10 uM S1QELSs on rates of H,O, production from different sites measured by
Amplex UltraRed assay (normalized to DMSO control as 0% change and the appropriate
positive control [Orr et al., 2013, 2015] as —100%). Dotted lines indicate control and + 20%
changes used to assess specificity. Sites g, Ir+DH, and Illq, are defined in Figure 1; I1lg,
(a), assay at 5 mM succinate; Illg, (b), assay at 4 mM succinate plus 1 mM malonate; Ilg,
flavin site of complex I1; Gq, ubiquinone-binding site of mitochondrial glycerol 3-phosphate
dehydrogenase. Data are from one experiment.

(B and C) Effect of SIQELS on mitochondrial respiration measured in a Seahorse XF24
driven by (B) 5 mM succinate plus 4 uM rotenone with S1QELSs added at 10 uM or (C) 5
mM glutamate plus 5 mM malate with SIQELs added at 20 x ICs against superoxide-H,O»
production by site Ig. Substrate alone (respiratory state 2) was followed by sequential
addition of 5 mM ADP (phosphorylating state 3) then 1 ug » ml~1 oligomycin (non-
phosphorylating state 40). DMSO was used as vehicle control. 2 pM myxothiazol (in B) and
4 UM rotenone (in C) were controls for conventional inhibition. Data are means + SE of n =
3 biological replicates (each comprising three technical replicates). Values with SIQELSs
were not significantly different from values with DMSO (one-way ANOVA).

(D) Effect of SIQELS on respiration of HEK293 cells in the presence of 4 mM pyruvate, 2
mM glutamine, and 20 mM galactose after acute addition of SIQELS at 20 x ICsg against
superoxide-H,O, production by site 1. Where indicated, respiration was uncoupled (and
ATPase was inhibited) by addition of 0.6 uM FCCP plus 1 pg » mI~1 oligomycin, and non-
mitochondrial oxygen consumption was revealed using 4 uM antimycin A plus 4 uM
myxothiazol. Data were normalized to baseline in each well before addition of DMSO or
S1QEL. Values are means + SE of three or four biological replicates (each comprising three

Cell Metab. Author manuscript; available in PMC 2017 October 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brand et al.

Page 19

technical replicates). Dotted lines indicate the normalized baseline rate and + 20% changes.
Values with SIQELSs were not significantly different from values with DMSO (one-way
ANOVA).

(E) Effect of SIQELS on growth of HEK293T cells cultured in glucose-free DMEM
containing 10% v/v fetal bovine serum, 2 mM pyruvate, 2 mM glutamine, and 20 mM
galactose. Cell number was assessed after 72 hr as total ATP measured with Cell Titer Glo.
The average effect of compounds was normalized to the intraplate median signal and
expressed relative to DMSO control = 1.0. Data are means + SE (n = 3). ICx values are
means = SD.
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Figure 3. Effects of SIQELs and S3QELs in Primary Cortical Astrocytes
Mouse primary astrocytes were cultured with DMSO vehicle or SIQELs or S3QELSs under

3% oxygen for 5 days or 20% oxygen for 3 days.

(A) Titration of succinate dehydrogenase activity in astrocytes cultured with SIQELSs under
20% oxygen. Data are means *+ SE (n =5).

(B) Effect of SIQEL1.1 (1.3 uM), SIQEL1.2 (0.2 uM), and S1QEL2.3 (8.4 uM) on
succinate dehydrogenase activity and levels of SDH subunit B and ATP synthase 8 subunit
determined by immunofluorescence in astrocytes cultured under 3% oxygen with S1QELSs.
Data are means + SE (n = 6).

(C) Effect of SIQELSs on succinate dehydrogenase activity normalized to SDH subunit B
levels determined by immunofluorescence. Astrocytes were cultured under 3% oxygen in
the presence of 1.3 yM S1QEL1.1, 0.2 pM S3QEL1.2, or 8.4 uM S1QEL2.3. Data are
means + SE (n = 4).

(D) Effect of S3QEL2.3 and S3QEL3 on succinate dehydrogenase activity in astrocytes
cultured under 20% oxygen in the presence of the compounds. Data are means + SE (n = 5).
(E-G) Effect of SIQELSs on (E) aconitase activity per mg protein, (F) citrate synthase
activity per mg protein and (G) aconitase activity/citrate synthase activity in astrocytes
cultured under 20% oxygen for 5 days with 0.1% (v/v) DMSO or S1QEL1.1 (0.5 pM),
S1QEL1.2 (0.2 uM), or SIQEL2.3 (5 uM). Data are means + SE (n =5 for SIQEL1.1;n=8
for SIQELs 1.2 and 2.3).

Cell Metab. Author manuscript; available in PMC 2017 October 11.

*k K

140+
120
1004




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brand et al.

Page 21

In all panels, statistics compare values to the appropriate DMSQOcontrol. ns, not significant;
*p < 0.05; **p < 0.01; ***p < 0.001 by ANOVA followed by Holm-Sidak’s posthoc test.
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Figure 4. Effects of SLQELs and S3QELs on Mitochondria and Intestinal Stem Cell
Hyperproliferation in Drosophila
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(A-C) Effect of SIQELs 1.1 and 2.2 on mitochondria isolated from Drosophila. (A)
Superoxide-H,0, production from site lo. The 100% value was established in the presence
20 mM glycerol 3-phosphate (dotted line). HO, production from site Ig was assumed to be
0% after addition of 5 pM rotenone. (B and C) The effect of SIQEL1.1 and SIQEL2.2 at 20
x ICg (against site Iq in rat skeletal muscle mitochondria) on respiration rate in Drosophila
mitochondria driven by (B) 10 mM pyruvate plus 10 mM proline or (C) 10 mM glycerol 3-
phosphate is shown. Substrate alone (respiratory state 2) was followed by sequential
additions of 1 mM ADP (phosphorylating state 3) and 1 pg  mI~1 oligomycin (non-
phosphorylating state 40). DMSO was used as vehicle control. 4 uM rotenone or 2 uM
myxothiazol were added as positive controls to show conventional inhibition. Data are
means + SE of three biological replicates (each comprising four technical replicates). Values
with SIQELs were not significantly different from values with DMSO (one-way ANOVA).
(D-J) Effects of SIQELs (D-G) and S3QELs (H-J) on ROS-dependent induction of stem
cell proliferation in vivo in Drosophila. SLQELSs and S3QELSs were administered at the
concentrations indicated 24 hr before and during treatments. (D) Dose optimization for
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inhibition of stem cell division by SIQELs 1.1 and 2.2, measured by staining of phospho-
histone H3 (pH3), following feeding with 0.8% (v/v) DMSO or 50 uM tunicamycin (TM)
(final DMSO concentration 0.8% [v/v]). (E and F) Effect of 0.8 pMS1QELSs on intestinal
stem cell hyperproliferation in vivo in Drosophila. Stimulation was measured following (E)
50 pMdietary tunicamycin (TM) or (F) temperature-controlled expression of the Ras¥12
oncogene. (G) Effect of SIQELSs on unstressed stem cell division tracked using the
MARCM system to label individual stem cell progeny with GFP. Clone size was assessed at
day 7 for 50-60 clones per condition from 6-8 intestines. (H) Dose optimization for
inhibition of stem cell division by S3QEL3 (same protocol as D). (I and J) Effect of 0.8 uM
S3QEL3 following (1) 50 uM dietary TM or (J) temperature-controlled expression of the
RasV12 mutant (same protocols as E and F).

For (D)-(J), horizontal bars show mean + SE; dots represent individual intestines. ns, not
significantly different from DMSO alone; *p < 0.05; **p < 0.001; ***p < 0.0001 versus
tunicamycin or RasV12 alone (ANOVA with Tukey’s post-test).
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Figure 5. Effects of SLQELs and S3QELs on Activation of Caspase 3/7 by Tunicamycin in H9¢c2
Cells

(A) Effect of SIQELSs.
(B) Effect of SSQEL2.1.
Values are means + SE, n = 6.
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Figure 6. Effect of SIQEL1.1 on Ischemia-Reperfusion Injury in Perfused Mouse Heart
(A) The rate-pressure product in Langendorff-perfused hearts after 20 min equilibration was

set to 100%. Flow was stopped for 25 min ischemia (gray). Reperfusion included either
0.05% v/v DMSO vehicle or 1.6 pM S1QEL1.1 for 5 min (green), then continued with no
additions.

(B) Infarct size measured at the end of the experiment in the same hearts using tetrazolium
chloride staining. Bars are means; dots represent individual hearts. Representative images
(white, necrotic infarct; red, live tissue) are shown (left two hearts, DMSO; right two hearts,
S1QEL1.1).

Data are means + SE (n = 6 hearts per group); *p < 0.05 versus control by Student’s t test.
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