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Abstract

The cell possesses a number of vital mechanisms to respond to different stressors.
Mitochondria are dynamic organelles which undergo constant changes in length, transport
and inner membrane structure and curvature. Invaginations of this inner membrane, cristae,
have been known to respond to the energetic state of mitochondria, but the regulation of
these changes as well as the consequences thereof remain undetermined. We find that Optic
Atrophy 1 (OPA1), a protein involved in inner membrane fusion and cristae maintenance
during cell death, can respond to the energetic state of mitochondria and the cell. Moreover,
OPAL1-dependent changes in cristae structure are required for resistance to starvation
induced cell death, proper functioning of the electron transport chain, for growth in
galactose media and for maintenance of ATP synthase assembly. Interestingly, we
demonstrate that select members of the mitochondrial solute carriers (SLC25A) interact
with OPAL1 and affect the response of OPA1 to substrate levels. Taken together, we propose
an SLC25A-dependent role for OPA1 in sensing energy substrate availability and

responding to alter cristae, bioenergetics and cellular survival.

We also identified KIAA0664 as a novel OPAL-interacting protein, describe its subcellular
localization and investigate its role in mitochondrial fusion and in mitochondrial
localization. Finally, since both known carriers of mitochondrial glutathione were
demonstrated to interact with OPAL1, we investigated the role of OPAL1 in cellular
glutathione redox. OPAL depleted cells demonstrated both increased total cellular
glutathione and a shift in redox to its reduced form. The role of OPAL in glutathione levels

and redox ratios required GTPase activity, but surprisingly not fusion. Since glutathione is



a master regulator of reactive oxygen species detoxification, these findings may shed light

on the role of OPA1 in ROS-induced cell death pathways.
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Chapter 1. Introduction

1.1 Introduction: Life with Oxygen

An explosion in photosynthesis 2.2 billion years ago resulted in the Great Oxidation Event
(Bekker et al, 2004; Lyons et al, 2014). The ensuing oxygenation of earth’s atmosphere
and water resulted in earth’s first known mass extinction. Many anaerobic organisms were
unable to cope with the toxic levels of oxygen and were lost. However, aerobic organisms
evolved in their place, thriving in this new world. The endosymbiotic theory explains how
some of these simple prokaryotic cells evolved with eubacteria, generating the first
eukaryotes around 1.5 billion years ago (Javaux et al, 2001). Host cells that took up
eubacteria likely gained an energetic advantage, allowing for an explosion of more
complex life forms. One of these early eubacteria likely became the energy producing
organelle present in almost all human cells and critical for mammalian life: the
mitochondrion. Since mitochondria are positioned at the center of cellular life and death
signaling and are dysfunctional in many diseases, understanding this organelle may lead to
breakthroughs in our understanding of basic cell biology, but also in the treatments of

neurodegeneration, ageing, cancer and many other ailments.

Here, we examine the mitochondrial shaping protein OPAL in mitochondrial function(s)
and investigate the roles of some additional OPAl-interacting partners. To begin, a brief
introduction in mitochondrial biology will be provided, emphasizing its vital role in the
brain. Then, the dynamic nature of mitochondria will be discussed, focusing on the central
role of OPAL. Novel OPAl-interacting proteins, CLUH and mitochondrial solute carriers,
will be presented along with their known biological functions. And finally, reactive oxygen

species generation and clearance will be discussed with emphasis on the glutathione

1



system.

1.2 Mitochondria

Mitochondria were discovered in the mid-1800s and named in 1898 by Carl Benda from
the greek roots, “mito” for thread and “chondrion” for granule (Ernster & Schatz, 1981).
Indeed, this nomenclature was given because of the filamentous, interconnected reticulum,
or independent granule shapes that mitochondria could adapt. As such, their size and shape
is largely context and cell-type specific, but are generally on the order of 500nm wide and
500nm-5um long. Mitochondria are abundant organelles, accounting for 10-20% of most
cell type’s mass, with more energy-dependent cell types containing a greater amount of
mitochondria (Karp, 2002). Mitochondria perform a variety of essential cellular functions
including: energy production through oxidative phosphorylation, cell death signaling,
heme synthesis and calcium buffering (Duchen, 2004). However, a recent explosion of
research interest has expanded the role of mitochondria to many other cellular processes
including stem cell differentiation, cell proliferation, steroidogenesis et cetera (Kasahara

& Scorrano, 2014; Teslaa & Teitell, 2015; Xavier et al, 2015).

1.2.1 Mitochondrial Structure and Oxidative Phosphorylation

Mitochondria are double membrane organelles: likely evidence of their evolutionary origin
and imperative to their various function(s). The mitochondrial outer membrane (OM) is in
contact with the cytoplasm and encloses mitochondria. The inner membrane (IM) isolates
the mitochondrial matrix, the location of numerous key metabolic reactions, from the
intermembrane space. While the OM is fairly permeable to a number of small molecules,
the IM is relatively impermeable. Compared to the OM which is very phospholipid rich,

the IM is especially protein rich, as up to a 6 fold difference in protein-phospholipid ratio



has been observed between the two membranes (Simbeni et al, 1991; Sperka-Gottlieb et
al, 1988). The lipid composition of the IM is also quite unique, consisting of high levels
(=20%) of cardiolipin where other membranes contain only trace amounts (Ardail et al,
1990; Schlame et al, 2000; Simbeni et al, 1991; Sperka-Gottlieb et al, 1988). Cardiolipin
has many mitochondrial functions and may be deregulated in human disease (Chicco &
Sparagna, 2007)(further discussed in section 1.5.3). Due to these described differences in
membrane compositions, the inner membrane is much less fluid than the outer membrane,
which may dictate its function. The IM is further divided into two regions: internalizations
of the membrane, termed cristae; and boundary membranes, the connections between
cristae. Far from simple invaginations, cristae form pockets of inner membrane enriched

for the machinery of energy production (Mannella, 2006; VVogel et al, 2006).

As the primary source of energy production in most eukaryotic cells, mitochondria are
popularly nicknamed the “powerhouse of the cell”. This energy production is due to their
ability to couple oxidation events with the generation of adenosine triphosphate (ATP), the
energy currency of the cell. Although the cell can utilize a number of substrates for energy
production, the monosaccharide glucose will be used to briefly describe cellular respiration
(Figure 1). Glucose enters the cell and is metabolized into pyruvate through the process of
glycolysis. This process yields a net production of 2 ATP molecules and fuels mitochondria
with pyruvate and NADH. Pyruvate is carried into the mitochondrial matrix and is oxidized
to acetyl-CoA. Acetyl-CoA is metabolized through the 8-step tricarboxylic acid (TCA)
cycle, or Krebs cycle (Krebs & Johnson, 1980). For every starting molecule of glucose, the

TCA cycle yields 6 molecules of the reducing energy substrate NADH, 2 molecules of
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Figure 1. Cellular respiration.

Under normal (high) oxygen levels, the majority of healthy cells undergo aerobic
respiration (green). For glucose metabolism, glycolysis yields a small amount of ATP,
NADH and pyruvate. Pyruvate is transported into mitochondria, and oxidized through a
number of steps in the mitochondrial matrix (TCA cycle). The resulting reducing
equivalents, NADH and FADH, are used by the electron transport chain to create a proton
gradient which is used for ATP production. Under low oxygen conditions (or certain cell
types or pathologies) cells undergo anaerobic respiration (orange) where, in mammalian
cells, pyruvate is converted to lactate and NADH is recycled.

4



FADH: and 2 molecules of ATP. NADH and FADH: provide reducing equivalents to the
electron transport chain, which couple electron transport to the generation of a proton
gradient across the IM. Oxygen, the final electron acceptor, is consumed in this process to
form water. Protons from the resulting proton gradient are transported back into the matrix
in a process coupled to ATP production (Mitchell, 1961). Alternatively, cells may undergo
anaerobic respiration, in which pyruvate bypasses mitochondria, and is instead converted
to lactic acid. Aerobic respiration, however, yields about 15 times more ATP per glucose

molecule than anaerobic respiration (Lodish, 2000).

1.2.2 The Electron Transport Chain

In 1961, amidst competing models of mitochondrial ATP generation, Mitchell proposed
his chemiosmotic hypothesis: where protons are pumped across the IM, in an electrogenic
process, driving ATP synthesis (Mitchell, 1961). In the following decades, an
overwhelming wealth of evidence supports his proton motive force (PMF) driven ATP-
production hypothesis, earning him a Nobel prize in 1978. Among these evidences were
the discoveries and characterizations of the four electron transport complexes and
associated factors, and the ATP synthase. In fact, pioneering work on the ATP synthase by
Paul Boyer (reviewed in (Boyer, 1997)) along with structural confirmations by John
Walker, won them half of the Nobel prize in 1997. Our knowledge of the electron transport
chain (ETC) and oxidative phosphorylation (OXPHOS) is now extremely well developed
and characterized (Figure 2), although mechanisms altering its function continue to be

discovered.
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Figure 2. The electron transport chain.

Top panel: The key structures of a mitochondrion. Bottom panel: Electrons donated from
NADH or succinate are transported from complex I or Il respectively, to complex Il
through coenzyme Q. Cytochrome C receives these electrons from complex Il and
transfers them to complex IV, where molecular oxygen is the final electron acceptor.
During this process, complexes I, Il and IV pump protons into the intermembrane space,
creating a proton gradient. This gradient forces protons through the ATP synthase (CV)
which transfers this potential energy to ATP production. The ATP synthase is composed
of two large subunits, Fo and F1. In red are sites of ETC inhibitors used in this work.



Briefly: Complex | (NADH dehydrogenase) receives a pair of electrons from NADH and
transfers the electrons to Coenzyme Q (CoQ or ubiquinone) (Ernster et al, 1969). Complex
| is the largest of the OXPHOS complexes, with four antiporter-like subunits effectively
transporting four protons across the IM for every pair of electrons it shuttles (Baradaran et
al, 2013). Complex Il (succinate dehydrogenase) is the only ETC component also integral
to the TCA cycle, transforming succinate to fumarate. Succinate donates a pair of electrons
through FADH, to Complex Il, which donates its electrons to CoQ. Complex Il does not
transport protons, so FADH> reducing equivalents produce less of a PMF (and thus ATP
generation) than NADH. Complex Il (ubiquione-cytochrome c reductase) accepts
electrons from CoQ, pumps four protons across the IM and transfers electrons to
Cytochrome C (CytC) (Wikstrom, 2004). Cytochrome C shuttles electrons to complex IV
(cytochrome c¢ oxidase), pumping two protons across the IM and catalyzing the final
acceptance of electrons to oxygen, producing water. The rather complex rotational
molecular motor, the ATP synthase, then uses the PMF to drive ATP synthesis from ADP

and inorganic phosphate (Boyer, 1997).

ATP synthase is a particularly “splendid molecular machine” (Boyer, 1997). The ATP
synthase is a large complex (=700 kDa) with two main portions, a smaller membrane bound
Fo portion and the catalytic F1 portion, located within the matrix. The F, portion consists
of subunits A (mtATP6), B, C, d, e, f, g, F6 and A6I(mtATP8); while the F1 portion consists
of subunits a, B, v, 6, and € (Jonckheere et al, 2012). Interestingly, mtATP6 and mtATP8
(A6I) are the only two proteins encoded by mitochondrial DNA (Anderson et al, 1981). In
other words, the entire F1 subunit is nuclear encoded. For ATP generation, protons are

passed through the C-ring of the Fo portion, causing its rotation, along with v, 6 and € in



F1. Together these components make up the rotor, while the stator anchors the ATP
synthase and consists of the subunits a, B, A, B, d, F6. This rotation is coupled to ATP
hydrolysis originally described by Boyer (Boyer, 1975), at the interface of the o, B subunits

within the F1 (Devenish et al, 2008).

Providing isolated mitochondria with different energy substrates (such as in Chapter 3.1)
energizes different ETC complexes. For example, glutamate and malate generates NADH
from the TCA cycle, which electrons to Complex I. In contrast, when succinate is provided,
Complex Il is energized directly with reducing equivalents through FADHo>. In addition,
many ETC inhibitors have been utilized to investigate OXPHQOS, five are used in this
publication: rotenone (complex | inhibitor), antimycin A (complex Il inhibitor),
oligomycin (ATP synthase inhibitor) and FCCP and CCCP which dissipate the

mitochondrial membrane potential and the PMF.

1.2.3 Mitochondrial DNA

The large majority of mitochondrial proteins are encoded by nuclear DNA and imported
via the outer and inner membrane translocases, TOM and TIM complexes (Neupert, 1997).
However, many members of the ETC are encoded by the mitochondrial genome, located
within the matrix. Specifically, of over 80 human ETC components, the mitochondrial
genome encodes for 13 (Chen & Butow, 2005). MtDNA is essential to higher eukaryotic
life. In its absence, respiratory complexes do not assemble, mitochondria fail to respire and
fail to produce ATP. The human mitochondrial genome is 16.5 kb: comparatively tiny
(0.0005%) to the nuclear genome (Anderson et al, 1981; Holt et al, 2007). However, the
mitochondrial genome is also highly polyploid (upwards of 1000 per cell) and accounts for

~1% of total DNA (Takamatsu et al, 2002). In addition to the 13 proteins involved in



respiratory complexes I, 111, IV and V, the mitochondrial genome also encodes 2 rRNAs

and 22 tRNAs, which are essential for the translation of mtDNA encoded proteins.

Mammalian mtDNA is packaged into discrete protein-DNA globular foci called
mitochondrial nucleoids, tethered to the IM (Garrido et al, 2003; Kaufman et al, 2000; Mao
& Holt, 2009; Wang & Bogenhagen, 2006). Multiple mtDNA copies are frequently
contained within one nucleoid, implying that gene mutations in multiple copies of mtDNA
are required to exert phenotypic change in mitochondrial function (Kukat et al, 2011;

Legros et al, 2004; Satoh & Kuroiwa, 1991; Taylor & Turnbull, 2005).

MtDNA may be maintained through mtDNA replication, through nucleoid stabilization,
and through mtDNA repair. Instability of the mitochondrial genome is associated with
numerous human pathologies. Mutations in twinkle helicase, DNA polymerase y 1 and 2,
optic atrophy 1 and the adenine nucleotide translocator 1 cause progressive external
ophthalmoplegia (PEO), an adult-onset neuromuscular disease associated with mtDNA
instability and mtDNA deletions, molecules that have lost large sections of the mtDNA
genome (Agostino et al, 2003; Hudson et al, 2008; Kaukonen et al, 2000; Spelbrink et al,
2001; Van Goethem et al, 2001). In addition, the concept of mtDNA instability in
neurodegenerative diseases has been gaining support. Evidence for mtDNA instability is
present in Alzheimer’s disease (de la Monte et al, 2000; Wang et al, 2005), amyotrophic
lateral sclerosis (Wiedemann et al, 2002) and Parkinson’s disease (Bender et al, 2006; Lin

etal, 2012).



1.2.4 Mitochondrial dysfunction in Neurodegeneration

Mitochondrial dysfunction in neurodegenerative disease clearly extends beyond defects in
mtDNA [reviewed in (Lin & Beal, 2006)]. Likely due to their dependence on OXPHOS
for energy production, neurons seem particularly sensitive to defects in mitochondrial
dysfunction. Although beyond the scope of this thesis, the literature surrounding
mitochondrial dysfunction in neurodegeneration is expanding at a rapid pace, with
oxidative stress playing a central role, reviewed in [(Figure 3) and in (Patten et al, 2010) —

Appendix C].

Using Parkinson’s disease (PD) as an example, the following selected evidence for
mitochondrial dysfunction in PD exist: increased oxidative stress has been reported in PD
(Alam et al, 1997); PD-related genes are associated with mitochondrial function (Bueler,
2010) and defective mitochondrial clearance, termed mitophagy (Narendra et al, 2008);
ETC inhibitors MPTP and rotenone cause PD-like disease in humans and in animal models
(Cannon et al, 2009; Langston et al, 1984; Porras et al, 2012); and a-synuclein, the primary
component of Lewy bodies (a common idiopathic PD hallmark), induces mitochondrial
dysfunction and increased oxidative stress (Devi et al, 2008; Martin et al, 2006). Moreover,
ageing is strongly associated with accumulated oxidative stress and mitochondrial
dysfunction making it the number one risk factor for Parkinson’s disease and other

neurodegenerative diseases (Lu et al, 2004; Navarro & Boveris, 2010).

10



Alzheimer’s Disease Parkinson’s Disease

Dysfunctional:

Decreased clearance
Dfdysfunctional

1 damage

'( omplex | — p
and Il ROS R 0 E
,
Decreased ROS
clearance
eeeeeee

Protein aggregates
Mitochondrial dysfunction
Mutant Mitochondrial and cellular
SOD1 damage

Cell Death

Amytrophic
Lateral Sclerosis Huntington’s Disease

Figure 3. “Schematic of factors affecting mtROS in neurodegenerative diseases.” (Patten
etal., 2010)

“Multiple pathways in neurodegenerative disease converge on the mitochondria to induce
the production of mtROS. In the case of AD, AB accumulation is toxic to mitochondrial
respiration and increases mtDNA damage and mtROS. In addition, deregulated Ca2+
levels are also detrimental to proper mitochondrial function. These two components are not
mutually exclusive in that A accumulation can deregulate Ca2+ levels and vice versa.
Mutations in PD-related genes cause protein aggregation leading to mitochondrial
dysfunction and oxidative stress. In addition, dysfunctional mitochondria are not
appropriately disposed of by mitophagy, further increasing mtROS production. Aberrant
levels of the mutant form of the protein huntingtin causes ROS generation in HD. Finally,
mutations in SOD1 in FALS hinder ROS clearance and create toxic mitochondrial
aggregates. Generation of ROS may in turn lead to further protein aggregation,
mitochondrial dysfunction, cell damage, and cell death.”
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Since the ability of the brain to regenerate is limited, neurons possess many adaptive
mechanisms to survive different stressors. For example, oxidative stress activates NRF2, a
master regulator of antioxidant genes (Bell et al, 2015). Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a) is also activated by oxidative stress to
increase mitochondrial biogenesis and respiration (Lin et al, 2004). 5 AMP-activated
protein kinase (AMPK) is a master regulator of energy metabolism, sensing changes in the
ATP/AMP ratio and responding by activating catabolic pathways and shunting anabolic
ones (Culmsee et al, 2001; Williams et al, 2011). Moreover, we have provided evidence of
an LKB1-dependent adaptive response to mitochondrial dysfunction initiated by the
deletion of the mitochondrial protein Apoptosis Inducing Factor (AIF) [(Germain et al,
2013) — Appendix D]. Haploinsufficiency of the LKB1 gene product was sufficient to
hinder the compensatory increased mitochondrial biogenesis and glycolysis, leading to

increased neuronal cell death.

As our understanding of mitochondrial function increases, so too do the number of
targetable sites for therapeutic intervention. In this regard, targeting mitochondrial
dynamics, the focus of this thesis, is quickly becoming an attractive candidate for the
treatment of neurodegenerative disease (ltoh et al, 2013; Khacho & Slack, 2015).
Mitochondrial dynamics will now be presented, highlighting its implications in

neurodegenerative disease.

1.3 Mitochondrial Dynamics
One of the fascinating aspects of mitochondria is that they constantly undergo changes to
their shape: through fission and fusion events, through movement along cytoskeletal tracks

or by regulating their cristae ultrastructure.

12



1.3.1 The Machinery

Fission and fusion is regulated by a group of mitochondrial dynamin GTPases (Figure 4).
Mitochondrial fusion requires the mitofusins (MFN1 and MFN2) for outer membrane
fusion and optic atrophy 1 (OPA1) for inner membrane fusion (Chen et al, 2003; Meeusen
et al, 2006). Mitofusins are tethered to the outer membrane through two transmembrane
domains, with both their N-terminal and C-terminal facing the cytoplasm. Mitofusins can
function as either homodimers (Mfn1-Mfnl) or heterodimers (Mfn1-Mfn2) on adjacent
mitochondria (Koshiba et al, 2004). With respect to their essential role in fusion, MFN1
and MFN2 are functionally redundant, since one alone may still result in some fusion
activity (Chen et al, 2003). However, MFNL1 is likely the more pro-fusion isoform since it
possesses higher GTPase activity and mitochondrial tethering efficiency (Cipolat et al,
2004; Ishihara et al, 2004). The GTPase domain is located at the N-terminal of both MFN1
and MFN2, and GTPase activity is likely required for membrane fusion (Ishihara et al,
2004; Santel et al, 2003). OPAL1 is the only known inner membrane protein known to
regulate mitochondrial fusion, which is believed to require both an inner membrane
tethered form and a shorter soluble form [(Akepati et al, 2008) further explained in section
1.4]. The outer and inner membrane fusion events are tightly coordinated, but independent
events, as exemplified by slight outer membrane fusion in the complete absence of inner
membrane fusion (Song et al, 2009). Although the precise molecular nature of
mitochondrial fusion has yet to be elucidated, it is believed that these dynamins dimerize
in a trans configuration and pull together their respective membranes by a SNARE-like

mechanism (Koshiba et al, 2004).
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Figure 4. Mitochondrial dynamics is regulated by a group of GTPases.

Mitochondrial fusion is mediated by OPAL1 and by MFN1 or 2 (as either homo- or
heterodimers). Mitochondrial fission involves DRP1 which is recruited by either Fis1, Mff,
Mid49 or Mid51, assemble into rings, are activated by posttranslational modifications and
constrict mitochondria via GTP-dependent conformational changes.
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It is currently not known how outer and inner membrane fusion are mechanistically linked.
While interaction between MFN1, MFN2 and OPAL has been reported and could represent
a direct link between both fusion events (Guillery et al, 2008), their interactions remain to
be corroborated by other groups. Furthermore, based on their localizations and the small
portion of mitofusins spanning the intermembrane space, a yet to be discovered

intermediate interacting protein seems more likely.

Conversely, mitochondrial fission is mediated by dynamin-related protein (DRP1, or
dynamin 1 like, DNM1L) (Bleazard et al, 1999; Smirnova et al, 2001) and its associated
factors: Fisl (Yoon et al, 2003), Mff (Otera et al, 2010), MiD49 and MiD51 (Palmer et al,
2013). DRP1 acts only on the outer mitochondrial membrane, suggesting either that DRP1
acts by constricting mitochondria across both membranes, or that the mitochondrial inner
membrane fission machinery has yet to be discovered. DRP1 requires a GTPase domain,
GTPase effector domain and a middle domain for its function in mitochondrial fission (Pitts
et al, 2004). Following recruitment to the site of fission by its associated factors and DRP1
activation, DRP1 oligomerizes forming a spiral ring that constricts mitochondria through
GTP-dependent conformational changes (Ingerman et al, 2005; Mears et al, 2011;
Smirnova et al, 2001). DRP1 activity is largely modulated by phosphorylation events. For
example, phosphorylation of DRP1 at serine-616 by cyclin dependent kinase (Cdk1)
enhances fission during mitosis (Taguchi et al, 2007). Phosphorylation of serine-637 by
PKA conversely decreases GTP activity and fission, whereas calcineurin dephosphorylates
this residue, in turn activating DRP1 (Cereghetti et al, 2008; Chang & Blackstone, 2007,
Cribbs & Strack, 2007). DRP1 activity is also regulated by ubiquitination (Park et al, 2010),

sumoylation (Zunino et al, 2009) or S-nitrosylation (Cho et al, 2009). The relative
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importance of the four identified DRP1 associated proteins may be context and cell-type
specific; however Mff is likely the major player in DRP1 recruitment in the majority of
contexts (Loson et al, 2013; Otera et al, 2010). Interestingly, the endoplasmic reticulum
may mark the sites for mitochondrial division and may aid in their constriction (Friedman

et al, 2011; Naon & Scorrano, 2014).

Mitochondrial fusion and fission are extremely important conserved processes for cells and
organisms. In this regard, genetic deletion of the fusion or fission machinery in mice is
embryonically lethal: at embryonic day 13.5 for OPA1 (Davies et al, 2007), at embryonic
day 12.5 for MFN1 (Chen et al, 2003), at embryonic day 11.5 for MFN2 (Chen et al, 2003)

and at embryonic day 12.5 for DRP1 (Ishihara et al, 2009).

1.3.2 The Function of Mitochondrial Dynamics

Mutations in the fission/fusion machinery underlie a number of human pathologies.
Mutations in OPA1 cause dominant optic atrophy (described in Chapter 1.4.1) (Alexander
et al, 2000; Delettre et al, 2000), while mutations in MFN2 cause Charcot-Marie-Tooth
neuropathy type 2A (CMT2A) (Zuchner et al, 2004). A de novo lethal DRP1 mutation has
been reported to cause abnormal brain development, optic atrophy and lactic acidemia in a
neonate (Chang et al, 2010; Waterham et al, 2007). Defects in mitochondrial dynamics
may also underlie other more common neurodegenerative diseases including Parkinson’s
disease, Alzheimer’s disease and Huntington’s disease [reviewed in (Itoh et al, 2013)]. In
Parkinson’s disease for example, mutations in many PD-associated genes results in
increased DRP-1 mediated fission and subsequently mitochondrial fragmentation (Dagda
et al, 2009; Deng et al, 2008; Wang et al, 2011). Inhibition of mitochondrial fission by the

DRP1 inhibitor mdivi-1 (Cui et al, 2010) or increased fusion through overexpression of
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MFN2 or OPAL (Lutz et al, 2009), alleviates the mitochondrial dysfunctions associated
with PD-associated gene mutations, suggesting that mitochondrial dynamics plays a central
role in mitochondrial dysfunction associated PD. Furthermore, ETC inhibitors associated
with Parkinsonism also cause widespread mitochondrial fragmentation (Betarbet et al,
2006). Finally, PD-associated genes PINK1 and Parkin mutations underlie defects in the
selective degradation of mitochondria, also termed mitophagy (Pickrell & Youle, 2015).
Mitophagy is initiated by PINK1, which accumulates on mitochondria that have lost
membrane potential (Narendra et al, 2010). Parkin is then recruited by PINK1 and
ubiquitinates the outer membrane, targeting it for selective degradation (Geisler et al, 2010;
Matsuda et al, 2010; Vives-Bauza et al, 2010). DRP1 mediated mitochondrial fission is
required for mitophagy (Tanaka et al, 2010), without which large mitochondria cannot be
engulfed by autophagosomes for their degradation (Gomes et al, 2011; Itoh et al, 2013).
Parkin may play an additional role in mitochondrial dynamics by targeting MFN1 and

MFN2 for proteasomal degradation (Tanaka et al, 2010).

While the importance of mitochondrial fusion and fission is highlighted by its conserved
machinery, required for mammalian life and mutated in human disease; their cellular
functions and relative contributions to human disease is less evident. For example,
mitochondrial fusion is required for maintenance of the mitochondrial genome (Chen et al,
2010). However, while it is postulated that mitochondrial fusion could allow for
complementation of mtDNA molecules, evidence for this model, and mechanistic insight
is lacking. Mitochondrial fusion is also clearly required for resistance to different stressors,
including UV irradiation, actinomycin D, cell starvation or neuronal hypoxia (Gomes et al,

2011; Khacho et al, 2014; Tondera et al, 2009) (Appendix E). However, since many of
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these changes in mitochondrial length are accompanied by changes in mitochondrial cristae
structure, it is currently unclear which structural change is required for the observed
protection. Finally, mitochondrial fusion also has a described role in mitochondrial
respiration. While in theory defective fusion could lead to mitochondrial fragments lacking
mtDNA, and thus OXPHOS deficiencies; even short-term knockdown of the fusion
machinery, without mtDNA depletion, results in defective respiration (Cogliati et al, 2013).
This suggests that the role of mitochondrial fusion in respiration precedes defects in
mtDNA. We believe that work presented here may help clarify some of these outstanding

issues.

Another controversial role for mitochondrial dynamics its role in apoptosis. It is well-
accepted that mitochondria fragment during apoptosis (Frank et al, 2001; Gao et al, 2001;
Jahani-Asl et al, 2007; Lee et al, 2004), but whether this facilitates the cell death process
or is merely a consequence thereof, is disputed (Sheridan & Martin, 2010). Overexpression
of dominant negative DRP1 or DRP1 downregulation inhibits cytochrome c release and
delays cell death (Breckenridge et al, 2003; Frank et al, 2001; Germain et al, 2005). OPA1
knockdown has the opposite effect where cytochrome c is more easily released and cells
are sensitized to apoptosis (Lee et al, 2004). However, these results have not been
confirmed by all groups (Sheridan et al, 2008; Sheridan & Martin, 2010). There may be
tissue/cell type specific effects responsible for this sensitivity to cell death stimuli or the

effects may involve other known, or yet to be discovered pathways.

Movement of mitochondria along the cytoskeletal network is another important aspect of
mitochondrial dynamics, critical for mitochondrial localization. Mitochondrial transport is

especially important in neurons for ATP production and calcium buffering at synapses,
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where these functions are in high demand. Here, the non-redundant roles of the mitofusins
emerge since MFN2, but not MFNL1, interacts with Milton and a calcium-binding GTPase
MIRO, connecting the microtubule motor kinesin with mitochondria for anterograde
transport (Misko et al, 2010). This process is necessary for axonal transport of
mitochondria and may explain the specificity of MFN2 CMT2A mutations in the
degeneration of neurons with long axons. Moreover, characterization of CMT2A
associated MFN2 mutations alter mitochondrial fusion, neuronal mitochondrial transport
and axonal degeneration (Misko et al, 2012). Interestingly, while OPAL depletion also
caused mitochondrial fragmentation, mitochondrial transport and axonal degeneration was
unaffected. DRP1 dependent mitochondrial fission is also required for mitochondrial
transport since long-interconnected mitochondria are sterically unable to be transported (Li
etal, 2004; Verstreken et al, 2005). Altered mitochondrial transport may also underlie other

neurodegenereative diseases, such as ALS (De Vos et al, 2007).

MFN2, but not MFN1, is also required in mammals for tethering mitochondria to the
endoplasmic reticulum (ER) (de Brito & Scorrano, 2008). It is believed that mitochondrial-
ER tethering facilitates mitochondrial calcium buffering and metabolism in healthy cells
(Bravo et al, 2011), which in some instances may facilitate apoptosis (Szabadkai et al,
2004). Additionally, mitochondria-ER association may also be required for mitochondrial
fission (Friedman et al, 2011). While the importance of the mitochondrial-ER contacts is
not in question, the requirement for MFN2 has recently become debated (Cosson et al,
2012; Filadi et al, 2015). Regardless the association between mitochondria and ER clearly
regulates its function, although mammalian tethering components likely remain to be

discovered.
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Mitochondrial dynamics also encompasses ultrastructural cristae changes. Cristae, being
invaginations of the inner membrane, form internal compartments which are connected to
the inner boundary membrane (IBM) by tight cristae junctions (Mannella et al, 1994).
Cristae possess different proteins than the IBM arguing that they are functionally distinct
compartments (Gilkerson et al, 2003; Vogel et al, 2006; Wurm & Jakobs, 2006). In this
respect, ETC complexes are more localized within cristae, while mitochondrial protein
import machinery is more highly localized to the IBM. For example, by gold
immunolabeling coupled electron microscopy, 94% of all Complex Il and ATP synthase
has been estimated to be within cristae (Gilkerson et al, 2003). OPAL, one of the major
known players in cristae regulation, mitochondrial fusion, ETC function and mitochondrial

DNA maintenance, and central to this thesis, will now be thoroughly discussed.
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1.4 OPAl

1.4.1 Autosomal Dominant Optic Atrophy and Optic Atrophy “Plus” Phenotypes

Autosomal Dominant Optic Atrophy (ADOA) is an inherited disease affecting the retinal
ganglion cells (RGC), leading to their degeneration and ascending atrophy of the optic
nerve. ADOA was first described by Dr. Poul Kjer (Kjer, 1959), and has an estimated
prevalence of up to 1:12000, depending on the population studied (Yu-Wai-Man &
Chinnery, 2013). ADOA patients generally experience a slow progressive bilateral
decrease in vision during childhood, resulting in a variable irreversible loss of vision
(Lenaers et al, 2012). To date, 8 loci have been associated with ADOA, three of which
encode mitochondrial inner membrane proteins: OPAL, OPA3 and OPA7 (Lenaers et al,

2012).

Like many other neurodegenerative disease, why a particular cell type is most affected in
ADOA remains largely a mystery. Additionally, the principle pathway leading to RGC
degeneration also remains to be elucidated. ADOA does however remain a direct example
of how defects in mitochondrial structure can underlie human disease. OPA1 mutations
account for at least 75% of cases of ADOA, while the other known loci account for an
estimated 1% of all cases combined (Lenaers et al, 2012). As such, OPAL is the primary
gene product responsible for ADOA and has received the largest amount of research
interest, due in part to its fascinating roles in mitochondrial physiology. For OPA1L, 27%
of gene mutations are missense mutations, present in many different domains (Figure 5);
while the remainder are splice variants, frame shifts, nonsense, deletion or duplications —
likely causing non-functional/degraded protein products. The nature of OPA1 mutations

suggest that DOA is caused by haploinsufficiency of the OPAL gene product.
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Figure 5. OPAL structure and mRNA splice isoforms.

A Schematic of OPA1’s major protein domains, sites of cleavage and mutation used in this work. Cleavage
at only the mitochondrial processing peptidase (MPP) site leads to long, I-OPAZL; while further cleavage at
S1 or S2 leads to short, s-OPAL. Sites of human mutations described in patients with DOA are shown, while
nonsense mutations or deletions are not. B OPAL transcription yields 8 different human variants though
alternative splicing or exons 4, 4B and 5B. Mitochondrial targeting sequence (MTS), transmembrane domain
(TM), S1 and S2 are sites for cleavage, coiled coil domain (CC), GTPase effector domain (GED). Data for

this figure was adapted from (Liesa et al, 2009) and (Olichon et al, 2007).



Since OPAL has described roles in mitochondrial fusion, cristae structure and mtDNA
maintenance (described below), it is perhaps not surprising that several patients with OPA1
mutations also present with additional symptoms. These ADOA-plus phenotypes are
predominantly neuromuscular, including deafness, progressive external ophthalmoplegia,
ataxia, myopathy and peripheral neuropathy (Amati-Bonneau et al, 2008; Hudson et al,
2008; Stewart et al, 2008). These extra-ocular neurological complications are present in as
many as 20% of all ADOA patients (Yu-Wai-Man et al, 2010). Interestingly, OPAl
mutations in ADOA-plus are mostly within the GTPase and GTPase effector domains,
hinting at a dominant-negative mode of action (Amati-Bonneau et al, 2008; Ranieri et al,

2012).

With mitochondrial dysfunction, mtDNA instability and altered quality control
mechanisms underlying both DOA-plus and Parkinson’s disease, it is particularly
interesting that OPA1 mutations were discovered in two Italian families with parkinsonism
(Carelli et al, 2015). In truth, the link between OPAl and PD had been previously
suggested. For example, the PD-associated gene parkin was previously demonstrated to
regulate mitochondrial integrity by ubiquitinating NEMO, altering OPA1 transcriptional
regulation (Muller-Rischart et al, 2013). Moreover, OPA1 overexpression can rescue
mitochondrial defects induced by parkin or PINK1 loss of function (Lutz et al, 2009) and
can rescue dopaminergic cell death in MPTP-treated mice (Ramonet et al, 2013). As such,
new understandings into OPAL function and dysfunction could be utilized to design

therapeutic interventions in the treatments of DOA, DOA-plus and PD.
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1.4.2 OPAL1 Structure

Human OPA1 possess a number of notable domains and is alternatively spiced to form 8
ubiquitously expressed human isoforms (Figure 5) (Delettre et al, 2001; Olichon et al,
2007). Mouse OPAL1 alternative splicing however, only generates 4 isoforms (Akepati et
al, 2008). OPAL isoform 1 and 7 are predominantly expressed in humans (Delettre et al,

2001; Olichon et al, 2007).

Like many mitochondrial proteins, OPA1 has a mitochondrial targeting sequence (MTS)
allowing for import of OPA1l and sorting into the mitochondrial inner membrane,
dependent on the transporter outer membrane (TOM) complex, transporter inner
membrane (TIM) complex and the sorting and assembly machinery (SAM) complex
(Branda & lIsaya, 1995). Once imported, the MTS is cleaved by the mitochondrial
processing peptidase (MPP). OPAL has two transmembrane domains, orienting both the
N- and C-terminals towards the intermembrane space with only a small region in the
mitochondrial matrix. OPA1’s GTPase domain is essential for its fusion activity, where
GTP hydrolysis likely provides the energy required for membrane merging (Cipolat et al,
2004). The coiled coil domain consists of helical structures likely regulating OPA1’s
oligomerization and protein-protein interactions (Lupas, 1996). The GTP effector domain
(GED) contains a second coiled coil domain which also regulates OPA1’s oligomerization,
along with its GTPase activity (Cipolat et al, 2004). OPA1’s large conserved middle
domain is relatively uncharacterized, but may regulate protein-protein interactions and

retention of OPA1 within mitochondria (Moore et al, 2010).
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1.4.3 OPAL1 Processing

In addition to its cleavage by MPP, OPA1 long-forms (I-OPAL) are further processed by
mitochondrial proteases to yield shorter soluble forms of OPA1 (s-OPA1) (Song et al,
2007). There is still much discrepancy in the literature with regard to OPAL proteases
(Belenguer & Pellegrini, 2013). The first identified rhomboid protease PARL may generate
small amounts of s-OPA1 (Cipolat et al, 2006). Due to the discovery of mAAA-proteases
discovered in yeast (Duvezin-Caubet et al, 2007), mammalian mAAA-proteases were
defined including paraplegin (cutting at cleavage site S1) (Ishihara et al, 2006) and YME1L
(cutting at S2) (Griparic et al, 2007; Song et al, 2007). Constitutive cleavage of OPAL at
S2 by YMELL is generally well accepted in the literature and yields both I-OPA1 and s-
OPAL1, since only 4 splice variants contain the cleavage site. Cleavage at S1, common to
all splice variants, undergoes a complex membrane potential regulated cleavage (McBride
& Soubannier, 2010). OMAL is involved in this cleavage site, potentially through
regulating expression of mAAA proteases or through direct OPA1 cleavage (Anand et al,
2014; Ehses et al, 2009; Head et al, 2009; Quiros et al, 2012). Finally, deletion of prohibitin
2 (PHB2) also results in OPAL processing, mitochondrial fragmentation and cristae loss
(Merkwirth et al, 2008). PHB2 likely serves as a scaffolding protein, organizing lipid
domains, which may regulate recruitment of mAAA proteases for OPAL processing
(McBride & Soubannier, 2010). The requirement for OPALl processing in OPAl

function(s) is debated as described below.
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1.4.4 OPAL in Mitochondrial Fusion

As previously stated, OPAL is absolutely required for mitochondrial inner membrane
fusion. In fact, OPAL is the only known mammalian inner membrane protein directly
involved in fusion. Mitochondrial fusion is believed to require both I-OPA1 and s-OPA1
since only OPAL isoforms 1, 2, 4 and 7, which can undergo cleavage to produce both long
and short forms, rescue fusion in OPA1 KO MEFs (Song et al, 2007). However, recent
work suggests that OPA1 processing is dispensable for fusion (Anand et al, 2014). This
was recently demonstrated in OPAL cleavage incompetent cell lines that I-OPAL alone can
maintain mitochondrial fusion. Moreover, through clever mutational analysis the authors
suggest that s-OPA1 possesses an additional pro-fission role (Anand et al, 2014). In conflict
with these findings, Mishra and colleagues demonstrate how ETC-activity dependent
cleavage of OPA1 stimulates mitochondrial fusion (Mishra et al, 2014). Further work is
needed to resolve these differences. Regardless, based on mutants that do not fuse
mitochondria, OPAL likely requires both oligomerization and GTPase activity for fusion
(Ban et al, 2010; Frezza et al, 2006). Finally, GTPase activity may be modified by the
ability of OPA1 to bind cardiolipin, which may regulate its oligomerization (Ban et al,

2010).

1.4.5 OPA1 in mtDNA Maintanance

Mutations in ADOA and ADOA-plus phenotypes first linked mtDNA stability with OPA1
(Amati-Bonneau et al, 2008; Hudson et al, 2008; Kim et al, 2005). Surprisingly, these
studies found multiple mtDNA deletions and mtDNA depletions associated with OPA1
mutations. Ablation of OPA1 in MEFs also significantly decreases mtDNA levels, and

likely depends upon mitochondrial fusion, since ablation of both MFN1 and MFN2 also
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resulted in a similar decrease in mtDNA levels (Chen et al, 2010). OPALl variants
containing exon 4b have been linked to mtDNA stability and may interact with nucleoids
(Elachouri et al, 2011). Surprisingly however, little else is known concerning the role of
mitochondrial fusion in mtDNA stability. It is long believed that fusion can allow for
complementation of defective mtDNA molecules and their protein products, and some
evidence indeed supports this hypothesis (Hori et al, 2011; Vidoni et al, 2013; Yang et al,
2015a). However, how complementation could rescue mtDNA depletion, and more grossly

how cells regulate and maintain mtDNA copy number in general is largely unknown.

1.4.6 OPAL in Cristae Structure

In addition to fusion, OPAL and Mgm1, the yeast homologue of OPAL, are required for
cristae structure, as their disruption drastically affects cristae morphology (Amutha et al,
2004; Frezza et al, 2006; Meeusen et al, 2006). Similar to mitochondrial fusion, the role of
OPAL in cristae morphogenesis likely requires its GED domain (Meeusen et al, 2006),
GTPase domains (Amutha et al, 2004) and coiled-coil domains (Frezza et al, 2006).
Moreover, maintenance of cristae structure by OPA1 requires its oligomerization since
during apoptosis, disruption of OPAL oligomers is necessary for cristae junction opening
and cytochrome c mobilization (Frezza et al, 2006). While OPAL1 overexpression
maintained tight cristae junctions and protected cells from cell death, mitofusins were not
required for these effects, suggesting that cristae modulation during cell death can be
separated from mitochondrial fusion (Frezza et al, 2006). Another group corroborated these
findings and demonstrated that cytochrome c release and apoptosis could be inhibited by
overexpressing mutant OPA1(Q297V), which mimics OPA1’s GTP-bound state and

remains self-assembled (Yamaguchi et al, 2008). However, in contrast to Frezza,
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Yamaguchi demonstrated that this protection and cytochrome c correlated with an apparent
widening of cristae junctions. This apparent discrepancy has yet to be resolved, although
one interpretation is that the major role of OPAL in cristae structure may not be specifically
at cristae junctions. In this regard, it would be of interest to revisit these ultrastructural
studies and investigate other aspects of cristae structure, including cristae width. While
these studies describe the essential role of OPAL in cristae mediated changes during cell
death, the impact of physiological metabolic changes on OPA1 assembly, cristae and

mitochondrial respiration is unknown.

Here, we demonstrate that OPA1 dynamically regulates cristae shape in healthy cells and
that this process is required to maintain mitochondrial activity under conditions of low
energy substrate availability. Specifically, lack of energy substrates induced OPAl
oligomerization and narrowing of cristae, which was required to promote ATP synthase
assembly and to maintain ATP linked respiration. Importantly, these changes were
independent of mitochondrial fusion and essential for cell survival. We also identified a

group of mitochondrial solute carriers that interact with OPA1 to regulate its function.

1.5 Cristae structure regulation

1.5.1 History

In the 1960’s Hackenbrock’s thesis work illustrated through electron microscopy how
isolated mitochondria can adopt different configurations (Hackenbrock, 1966;
Hackenbrock, 1968b). Hackenbrock took advantage of Chance and William’s description
of five states of a mitochondrial suspension (Chance & Williams, 1955) to investigate their
role in mitochondrial ultrastructure. In summary, Hackenbrock described how in state IlI

respiration, when mitochondria are respiring at a high rate and substrate levels are high,
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the matrix was very compacted and cristae were dilated. By contrast, when mitochondria
were left in a sucrose buffer with little substrates and low respiration (state I), the matrix
was much less condensed (electron poor) and the cristae were tight. These structural
configurations were termed “condensed” for the condensed matrix in state 111 mitochondria
and “orthodox” mitochondria for those with nice tight cristae, similar to the shape of
mitochondria following in situ fixation. These structural changes came at a time when the
generation of ATP by mitochondria was a major question in cell biology. As such,
Hackenbrock along with others advocated for, (in his words) “an energy-linked
mechanochemical process which may reside in a multienzyme respiratory assembly which
carries out electron transport and oxidative phosphorylation” (Powell, 2005). While we
now know that ATP is generated by the proton gradient passing through the ATP synthase
(the chemiosmotic theory), it remains unknown whether changes in cristae structure can
tune metabolic rates to the cellular state. Within this work we confront this significant

question in mitochondrial biology.

1.5.2 Cristae structure function

The function of cristae structural changes remains largely unknown. Tight cristae, and their
junctions, may limit diffusion of small molecules and membrane proteins in and out of
cristae (Mannella, 2006; Mannella et al, 2013; Sukhorukov & Bereiter-Hahn, 2009). This
hypothesis is based on computer modeling where simulations of mitochondria in the tight
orthodox conformation could lead to reduced local ADP levels. Likely due to technical
hurdles, experimental evidence for this model is at present lacking. More recently,
mitochondrial ultrastructure has been linked to stabilization of ETC supercomplexes which

may represent another way in which mitochondrial function can be adjusted (Cogliati et al,
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2013). Finally, changes in cristae structure have been noted during apoptosis, where cristae
junction widening is required to mobilize cytochrome c stores for release upon outer
membrane permeabilization (Frezza et al, 2006; Germain et al, 2005; Scorrano et al, 2002).
Moreover, overexpression of OPAL was able to maintain cristae structure and protect cells

from apoptosis (Frezza et al, 2006).

The ETC fluid model, as proposed by Hackenbrock, suggests that independent ETC
complexes interact randomly in a fluid membrane (Hackenbrock et al, 1986). While this
model is attractively simple (and used in Figure 2 for simplicity), recent biochemical
techniques have made it possible to visualize higher order conformations of ETC
complexes. Specifically, Blue-Native PAGE and Clear-Native PAGE have revealed that
ETC complexes self-associate and associate with others to form larger complexes,
popularly called ETC supercomplexes (Acin-Perez et al, 2008; Cruciat et al, 2000;
Schagger & Pfeiffer, 2000; Wittig & Schagger, 2009). For example, Schagger and
colleagues demonstrated that Cl assembles with CII1 and CIV, and that CIlI can assemble
with CIV, in different stoichiometric configurations (Schagger & Pfeiffer, 2000). ETC
supercomplexes can also contain CoQ and cytochrome ¢ (Acin-Perez et al, 2008). While it
had been proposed that supercomplex assembly may affect electron transfer efficiency, the
literature failed to convincingly demonstrate the functional significance of these
supercomplexes, leaving some to doubt if they were artifacts of the native-PAGE
techniques (Barrientos & Ugalde, 2013). These doubts have been mostly resolved due to
the recent discovery of ETC supercomplex assembly factors affecting mitochondrial
respiration (Lapuente-Brun et al, 2013), and the regulation of ROS production by

supercomplex assembly (Maranzana et al, 2013). The landmark Science paper by
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Lapuente-Brun also describes how different supercomplexes determine how electrons are
passed from one complex to another, creating two different pools of CoQ, one that accepts
electrons from NADH and one that accepts electrons from FADH: (Lapuente-Brun et al,
2013). In addition, Scorrano and colleagues have demonstrated that inner membrane
structure alters ETC supercomplex assembly (Cogliati et al, 2013). Furthermore, our own
BN-PAGE analyses have revealed that neuronal extracellular acidification, like that
Fassociated with stroke, increases ETC supercomplex assembly—representing one of the

first known physiological modifiers of ETC assembly (Khacho et al. 2014).

These findings have led to our current understanding of the electron transport chain: the
plasticity model, where different ETC supercomplexes assemble and disassemble in
response to physiological cues in order to regulate electron transfer efficiency and ROS
production (Acin-Perez & Enriquez, 2014). Due to their attractiveness as modifiers of
mitochondrial respiration, many groups have investigated novel factors required for the
assembly of ETC supercomplexes including: Cox7A2l/COX7RP/SCAF1 (lkeda et al,
2013; Lapuente-Brun et al, 2013), MCJ/DnaJC15 (Hatle et al, 2013) and C110rf83/UQCC3

(Desmurs et al, 2015; Wanschers et al, 2014).

Although the mammalian ATP synthase does not assemble with the other ETC complexes,
in many contexts it self-assembles, forming dimers and oligomers (Paumard et al, 2002).
In yeast, ATP synthase dimers regulate membrane curvature and efficiency of ATP
production (Minauro-Sanmiguel et al, 2005; Paumard et al, 2002). Assembly and stability
of the ATP synthase monomer represents another mechanism to regulate its function. For
example, yeast lacking mgm1, the OPA1 homologue, have a deficiency in ATP synthase

assembly and ATP production (Amutha et al, 2004). Mechanisms regulating ATP synthase
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stability are currently lacking and represent an attractive target to regulate ATP synthesis.

1.5.3 Regulators of Cristae Structure

Proteins and lipids required for proper cristae folding have received substantial recent
research attention. Mitofilin downregulation, for example, leads to concentric sheets of
cristae in both yeast and mammalian cells (John et al, 2005). In addition, mitofilin is
enriched at sites of cristae junctions (Rabl et al, 2009). Interestingly, the mitochondrial
network was undisturbed in these cells. By Blue-Native PAGE and glycerol gradient
centrifugation John et al. also discovered large a high-molecular-weight protein complex

that has led to a recent explosion in research interest (John et al, 2005).

Through immunoprecipitation-coupled mass spectrometry of the yeast mitofilin
homologue, quantitative proteomics of isolated cristae contact sites, in silico analysis and
genetic interaction assays, four independent groups identified a master protein complex
regulating cristae ultrastructure in yeast (Alkhaja et al, 2012; Harner et al, 2011; Hoppins
et al, 2011; von der Malsburg et al, 2011). Mutations in components of this complex
resulted in degradation of other components of the complex and obvious cristae defects,
most notably onion-like structures with no visible cristae junctions. Originally given
multiple names, researchers have opted to unify the nomenclature calling it MICOS for
MiItochondrial contact site and Cristae Organizing System. In addition to regulating the
contact sites, other roles for the MICOS have been investigated including ETC
supercomplex assembly, respiration and mitochondrial transcription (Alkhaja et al, 2012;
Koob et al, 2015; Yang et al, 2015b). Interestingly, OPA1 was found to interact with
members of the mammalian MICOS complex, namely CHCHD3, mitofilin and MICOS

associated factor Sam50 [(Darshi et al, 2011) and data presented herein]. Future studies on
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the MICOS complex will undoubtedly discover other protein members, their regulating

factors and functional significance.

ATP synthase dimerization and oligomerization is also a major contributor to cristae
curvature in yeast, particularly within cristae tips (Minauro-Sanmiguel et al, 2005;
Paumard et al, 2002). Interestingly, this regulation of ATP synthase
dimerization/oligomerization requires yeast subunits e, g and b, but are not required for
ATP synthase function per se (Paumard et al, 2002; Soubannier et al, 2002). These results
have been confirmed in human cancer cell lines, where e and g subunits (ATP5Il and ATP5L
respectively) are also required for ATP synthase stabilization, affecting cellular respiration
and the mitochondrial network (Habersetzer et al, 2013). In contrast, yeast cells lacking
ATP synthase subunit 6, have a marked reduction in ATP synthase activity and no defect
in cristae structure (Rak et al, 2007). Taken together, the roles of the ATP synthase on ATP
generation and cristae structure morphogenesis seem to be independent. The ATP synthase
inhibitor factor (IF1) limits the backflow of protons through the ATP synthase during
stress, allowing mitochondria to maintain membrane potential at the expense of ATP
levels. This is believed to prevent cell death in cell types that undergo limited regeneration
(ie. neurons). Recently, IF1 has been implicated in cristae structure, where its
overexpression leads to an increase in ATP synthase oligomerization and cristae density
(Campanella et al, 2008), and its downregulating decreases cristae density and sensitizes

cells to apoptosis (Faccenda et al, 2013).

In addition to protein modifiers of cristae structure, cardiolipin, the vital inner membrane
phospholipid, is also required for inner membrane curvature. The importance of cardiolipin

is exemplified by Barth syndrome, a rare X-linked recessive disease, where mutations in
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the tafazzin gene causes reduced and altered cardiolipin (Barth et al, 1983; Bione et al,
1996; Schlame & Ren, 2006). Barth syndrome manifests as a cardiomyopathy associated
with skeletal muscle weakness, neutropenia, growth retardation, and a slight cognitive
decline (Barth et al, 1983; Mazzocco & Kelley, 2001). Alterations in mitochondrial
cardiolipin (decreased by about 80%) caused by tafazzin mutations are believed to underlie
cristae and ETC defects in Barth syndrome (Schlame & Ren, 2006). The effect of
cardiolipin on ETC function is likely due to its role in ETC supercomplex assembly
(Pfeiffer et al, 2003; Zhang et al, 2002). In this regard, Barth Syndrome patient cell lines
are associated with defects in ETC supercomplexes, and in a minimalist in vitro system
ETC supercomplex function was dependent on cardiolipin (Bazan et al, 2013; McKenzie
et al, 2006). Admittedly, probably not all of the defects associated with Barth Syndrome
are dependent on cristae structural abnormalities, as cardiolipin is required for many other
mitochondrial functions, including iron homeostasis and protein import [reviewed in (Raja
& Greenberg, 2014)]. Still, cardiolipin likely enacts its role in cristae shaping through
interactions with various proteins including OPAL (Ban et al, 2010), Bid (Kim et al, 2004),
cytochrome ¢ (Tyurin et al, 2007) and members of the MICOS complex (Weber et al,
2013). With respect to OPA1 for example, cardiolipin stimulates its GTP hydrolysis,
required for membrane tubulation and fusion (Ban et al, 2010). Interestingly, cardiolipin
stimulated OPA1-GTPase activity correlated with the ability of OPAL to oligomerize (Ban
et al, 2010). DeVay et al. took advantage of this cardiolipin-stimulated oligomerization of
OPA1/Mgml to describe how membrane associated Mgml self-assembles in trans
between a I-Mgm1 and a s-Mgm1 (DeVay et al, 2009). Their work is suggestive of a model

whereby I-Mgm1 dimers are GTPase inactive, but recruits s-Mgm1 to promote GTPase—
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dependent fusion events (DeVay et al, 2009).

Research into cristae structural regulation is evolving at an astounding rate. For example,
at the time of our first OPAL interaction screen (presented herein), the MICOS complex
had not yet been described. Since its first description in 2011, dozens of papers on the
MICOS complex have defined new core components, regulating factors and their
metabolic functions. Regardless, how and why mitochondrial shape changes occur during

shifting metabolic demands remained unknown.

1.6 CLUH

Novel OPAl-interacting factors may shed light on mechanisms governing mitochondrial
dynamics, cristae structure or mtDNA maintenance. For this reason, in this thesis we
performed quantitative proteomic OPAl-interaction screen and identified numerous
potentially novel interactors. Among this list, KIAA0664, the human clueless homologue

(CLUH), of which little is known, was identified.

S. cerevisiae CLU1, and Dictyostelium discoideum cluA genes were previously
demonstrated to regulate mitochondrial distribution, where mutants had clustered
mitochondria (Fields et al, 1998; Zhu et al, 1997b). More recently, Drosophila Clu was
demonstrated to regulate a similar mechanism in mitochondrial localization (Cox &
Spradling, 2009; Sen et al, 2013). Drosophila with null mutations for Clu also showed
multiple metabolic defects including shortened lifespan, complete sterility in both males
and females, little movement and flight muscle defects (Cox & Spradling, 2009).
Interestingly, despite clear defects in mitochondrial localization and cristae structure, they
did not investigate a role of drosophila Clu within mitochondria. Many of the observed

defects in Drosophila phenocopied those associated with park and pink mutations.
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Moreover, double heterozygotes for park and Clu resulted in mitochondrial clustering
while their respective heterozygote controls had no such effect. These results suggest that
park and Clu genetically interact, implying that CLUH may represent a novel protein
involved in processes associated with Parkinson’s disease (Cox & Spradling, 2009).
Human CLUH demonstrates 53% similar to Drosophila clu, with more conserved middle
(85%) and tetratricopeptide repeats (TPR) (55%) domains. While the Clu domain has no
ascribed function, the TPR domain is believed to regulate protein-protein interactions, and
in the case of Drosophila clu may compete for TPR domains on kinesin light chain

hindering its interaction with mitochondria (Cox & Spradling, 2009).

More recently, Cox and colleagues also found a developmental increase in Clu expression
in developing neuroblasts, presumably responsible for the differentiation of neuronal cells
(Sen et al, 2013). Furthermore, they demonstrate that the mitochondrial defects are
downstream of the effect that Clu has on cellular ROS levels and suggest that the
mitochondrial defects are simply a consequence of this oxidative damage. Since larvae
depend mostly on glycolysis for energy production, defects are only apparent once reaching
adulthood where the organism relies more on mitochondrial OXPHOS. Goh and colleagues
proposed another role for Drosphila clu with respect to its role in PD associated phenotypes
(Goh et al, 2013). They advocate that clu interacts with atypical Protein Kinase C (aPKC)
regulating its activity, mislocalizing Miranda and Numb during neuroblast divisions.
Moreover clu mutations rescued brain size in lethal(2) giant larvae (Igl) mutants, which
present with defects dependent on aPKC inactivation. Since park mutant flies also present
with defects in neuroblast asymmetric divisions and double Igl/park mutants also restored

brain size, the authors provide tantalizing evidence for a link between minor early
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neurogenesis defects leading to later neurodegeneration. They also failed to investigate a

role for mitochondrial CLUH on mitochondrial function in their system.

A recent screen revealed CLUH as a novel PGC-1a target, providing the first insights into
its regulation (Nsiah-Sefaa et al, 2014). Both overexpression of PGC-1a and its activation
by AICAR resulted in the discovery of four novel target genes: Mtfpl, Mrm1, Oxnadl and
Cluh. Notably, PGC-1a activation has roles in promoting mitochondrial mass, metabolism
and antioxidants (St-Pierre et al, 2003; Wu et al, 1999), and all four novel PGC-1a

regulated genes had some role in mitochondrial function (Nsiah-Sefaa et al, 2014).

Altogether, the research on CLUH and its various homologues point to a role in
mitochondrial localization and function, although mitochondrial CLUH had not been
demonstrated prior to our studies. Furthermore, many questions surrounding the role of
CLUH in mitochondrial dynamics remains unanswered. Namely, does CLUH regulate
mitochondrial length? How would its potential interaction with the fusion machinery affect
mitochondrial function? And how conserved are the previously noted functions of CLUH

homologues?

1.7 Mitochondrial Solute Linked Carriers (SLC25)

The solute linked carriers (SLC) are a large group of highly conserved membrane proteins
which transport various substances across different cellular membranes. Located within the
inner membrane, mitochondrial transporters (SLC25) represent a growing family of
transporters, shuttling vital metabolites in and out of the matrix. Their discovery, functional

characterization and regulation are advancing at a rapid pace.

The term transporters broadly refers to the transport of a substance across a membrane,
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comprising of pumps, channels and carriers. SLC25s are therefore both transporters and
carriers, although the term carrier is more specific and will be utilized here. Carriers can
be further divided into various types transport: uniporters, symporters and antiporters.
Uniporters transport molecules across a concentration gradient. Symporters cotransport
two molecules in the same direction, one against its concentration gradient fueled by the
movement of another down its gradient. Antiporters like symporters, cotransport two
molecules, one along and one against its gradient, but in opposite directions (Lodish, 2000).
The majority of SLC25 proteins are antiporters, also termed exchangers, but a few are
uniporters or symporters or a combination antiporters and exchangers under certain
conditions. Interestingly, the inner membrane shaping phospholipid, cardiolipin, is
required for proper assembly and function of the mitochondrial solute carriers (Claypool,

2009).

1.7.1 SLC25 protein structure and function

SLC25 family proteins have a number of conserved features. Generally, they contain a
tripartite structure, three repeats of homologous domains with two a-helix transmembrane
motifs each (six in total) (Palmieri, 2013). Both N- and C-terminals face the intermembrane
space with 3 long matrix loops and two short intermembrane space loops. SLC25 protein
exists in one of two conformations: the cytoplasmic state (c-state) where the carrier can
accept substrates from the cytoplasm, and the matrix state (m-state) where the carrier
accepts substrates from the matrix. Although crystalizing SLC25s in their uninhibited
states has proven difficult, two SLC25 members have had their structures solved. The
crystal structure of the bovine ADP/ATP carrier with its inhibitor, carboxyatractyloside,

locking the carrier in the c-state (Pebay-Peyroula et al, 2003). And more recently,
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SLC25A8 (uncoupling protein 2, UCP2) was solved in a complex with GDP by nuclear
magnetic resonance (Berardi et al, 2011). These studies revealed the six transmembrane a-
helices with three a-helices within the matrix loops. Each transmembrane a-helix has two
signature motifs, PX[D/E]XX[R/K] and [D/E]JGXXXX[W/Y/F][R/K]G where the proline
residue kinks the a-helix and charged residues form salt bridges, closing the cavity. A
common substrate-binding domain likely exists between three contact points halfway
within the even numbered transmembrane o-helices, each interacting with a single
functional group of the transported substrate (Robinson & Kunji, 2006). These critical three
residues provide substrate specificity and may even help predict potential substrates for
uncharacterized SLC25 proteins. When substrates bind either the c-state or m-state of the
carrier, the protein rearranges until the transition state is reached, dependent on the
“flexible hinged helix movements” (Palmieri, 2013). As their structure and function

suggests, mitochondrial carriers largely operate as monomers (Kunji & Crichton, 2010).

There are 54 identified SLC25 proteins, 24 of which are characterized, involved in
transporting solutes required for almost all aspects of mitochondrial function (Figure 6).
Many SLC25 proteins transport nucleotides including the ADP/ATP carriers (AAC), ATP-
Mg/Pi carriers (APC), CoA and adenosine diphosphate carrier and others. ADP/ATP
carriers are the most characterized mitochondrial solute carriers, due to their dual roles in
regulating mitochondrial metabolism and cell death. In healthy cells, AACs exchange
cytosolic ADP for matrix ATP, providing substrate for the ATP synthase, and energy to
the rest of the cell. During cell death, AACs regulate the permeability transition pore
(mPTP) through interactions with cyclophilin D and voltage-dependent anion channels

(Crompton et al, 1998; Woodfield et al, 1998), although such a direct role of AACs in
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Figure 6. “Metabolic roles of MCs.” From (Palmieri, 2013).

“The scheme shows 16 functionally identified MCs catalyzing metabolite, nucleotide or
coenzyme transport through the inner mitochondrial membrane. These carriers are
involved, with partial overlap, in: oxidative phosphorylation (AAC, PiC, UCP);
oxidation/reduction pathways (AGC, OGC, DIC, CIC, CAC); synthesis and breakdown of
mitochondrial DNA and RNA (PNC); homeostasis of the intramitochondrial adenine
nucleotide pool (APC); methylation of mtDNA, mtRNA and some intramitochondrial
proteins (SAMC); import of thiamine pyrophosphate (ThPP) required for pyruvate- and
oxoglutarate-dehydrogenase complex activities (TPC); import of coenzyme A (CoA)
required for fatty acid (FA) b-oxidation, Krebs cycle, biosynthesis of heme, branched-chain
amino acid catabolism, urea cycle and mitochondrial type Il FA synthase (CoA carrier);
and amino acid metabolism (AGC, ORC, GC, ODC). The scheme does not include all of
the carriers listed in Table 1 and does not show all the metabolic pathways in which the
already identified carriers are involved. AAC, ADP/ATP carrier; AGC, aspartate glutamate
carrier; APC, ATP-Mg/Pi carrier; CAC, carnitine-acylcarnitine carrier; CIC, citrate
(tricarboxylate) carrier; CoA, coenzyme A carrier; DIC, dicarboxylate carrier; GC,
glutamate carrier; ODC, oxoadipate carrier; OGC, oxoglutarate carrier; ORC, ornithine
carrier; PIiC, phosphate carrier; PNC, pyrimidine nucleotide carrier; SAMC, S-
adenosylmethionine carrier; TPC, thiamine pyrophosphate carrier; UCP, uncoupling
protein.”
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mPTP regulation is highly debated (Kokoszka et al, 2004). Another large group of SLC25
carriers transports amino acids, including the aspartate glutamate carriers (AGC1 and
AGC?2) and 14 others. The oxoglutamate carrier (OGC), the dicarboxylate carrier (DIC),
the citrate carrier (CIC) are among the carboxylate carrier class of SLC25 proteins. Finally,
uncoupling proteins (UCP) make up a last group of solute carriers, facilitating transport of
protons across the inner membrane dissipating the proton gradient without the generation
of ATP. This dissipation produces heat, predominantly in brown adipose tissue, as well as
decreases oxidative stress at the expense of ATP generation (reviewed in (Mailloux &

Harper, 2011).

1.7.2 SLC25 in disease

As SLC25 function is pivotal to mitochondrial function, their dysfunction leads to
numerous genetic disorders. These disorders are characterized by specific metabolic
manifestations, of which 11 have been described. They are mostly autosomal recessive
diseases with the exception of autosomal dominant progressive external ophthalmoplegia
(adPEO). AdPEO can be caused by mutations in ANT1 and other non-SLC25 proteins. The
disorder manifests usually during adulthood with symptoms of eye muscle weakness and
exercise intolerance, characterized by multiple mtDNA deletions in skeletal muscle
(Agostino et al, 2003). While research into rare genetic diseases is advancing at an
incredible speed (Beaulieu et al, 2014), more novel disease gene mutations in SLC25
proteins will undoubtedly be discovered in the future. Research on four SLC25 carriers

(AGC1, AGC2, DIC and OGC) will be discussed in greater detail.
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1.7.3 AGC

AGC1 (SLC25A12/aralar) and AGC2 (SLC25A13/citrin) regulate amino acid transport of
aspartate out of the matrix and glutamate and a hydrogen ion into the matrix (Palmieri et
al, 2001). They are larger in size than other SLC25s due to their long N terminus containing
multiple EF-hand motifs. As such, AGC1&2 are known to be regulated by calcium, where
calcium increases their transport activity (Palmieri et al, 2001; Satrustegui et al, 2007). The
AGCs are central to both the urea cycle and the malate-aspartate shuttle. The urea cycle
produces urea from toxic ammonia in the liver of mammals. This process requires 5 steps,
two within mitochondria and three within the cytosol. Mitochondrial aspartate, shuttled to
the cytosol by AGC, is converted with citrulline to arginosuccinate that is then converted
to arginine, the substrate for urea synthesis. The by-products from these reactions, malate
and orthinine, are then imported into the matrix and, through a series of reactions,
reconverted to aspartate and citrulline respectively using ammonia in the process
(Satrustegui et al, 2007). The malate-aspartate shuttle (MAS) is a very important process
by which cytosolic NADH is imported into mitochondria through a series of reactions. This
increased mitochondrial NADH is particularly important during glycolysis and lactate
metabolism. Both AGC and the OGC are critical for the MAS, the net effect of which is
that cytosolic NADH is oxidized to NAD" and matrix NAD" is reduced to NADH (LaNoue

etal, 1973).

While both AGCs are expressed very early on during embryogenesis (del Arco et al, 2002),
AGCL1 is expressed in the diaphragm, skeletal muscle, heart, brain and kidney, but is not
detected in the liver; while AGC2 is expressed mainly in the liver, kidney and heart, but is

not detected in the brain (Begum et al, 2002). This tissue specificity helps explain the
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different clinical manifestations of diseases caused by mutations in AGC1 and AGC2.
AGC1 deficiency causes complete lack of function of AGC in the brain and is associated
with a very poor clinical prognosis. Infants present with halted psychomotor development,
muscle weakness and seizures (Wibom et al, 2009). Since N-acetyl aspartate is a myelin
lipid precursor AGCL1 deficiency leads to hypomyelination. Interestingly, there is also a
strong relationship between certain AGC1 mutations and the development of autism (Aoki
& Cortese, 2015). In contrast, since AGC2 is normally the only AGC present in the liver,
AGC2 deficiency leads to a defect in the urea cycle and type Il citrullinemia (CTLN2)

associated with fatal hyperammonemia comas (Kobayashi et al, 1999).

1.7.4DIC

The dicarboxylic carrier (SLC25A10/DIC) exchanges malate or succinate from the matrix
for inorganic phosphate from the cytosol (Palmieri et al, 1971; Palmieri et al, 1996). As
such, the DIC supplies substrates for Krebs cycle, gluconeogenesis, urea synthesis, sulfur
metabolism and glucose-stimulated insulin secretion (Fiermonte et al, 1998; Huypens et al,
2011). The DIC, along with the OGC, has also been implicated in mitochondrial
glutathione transport (Chen & Lash, 1998; Chen et al, 2000). This mechanism of
glutathione transport was confirmed in brain mitochondria where the inhibitor and short
hairpin RNA knockdown of the DIC increased ROS content and impaired complex |
activity (Kamga et al, 2010). Although there is mounting evidence to support the OGC and
the DIC as glutathione carriers (Lash et al, 2002; Wilkins et al, 2014; Wilkins et al, 2013,
Zhong et al, 2008), recent work has cast doubt on the direct transport of glutathione by
OGC and DIC (Booty et al, 2015). Future work will need to establish the precise role of

these carriers in mitochondrial glutathione transport and resolve these discrepancies.
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1.750GC

The oxoglutarate carrier (SLC25A11/0OGC) is responsible for the import of malate into the
matrix for 2-oxoglutarate (Fiermonte et al, 1993; Indiveri et al, 1987; Palmieri et al, 1972).
As such the OGC also plays a pivotal role in MAS, shuttling the reducing equivalents from
malate into the matrix for NADH generation. The OGC is also involved in glucose-
stimulated insulin secretion (Odegaard et al, 2010) and the oxoglutarate-citrate (isocitrate)
shuttle resulting in NADPH reducing equivalents being shuttled from the matrix to the
cytoplasm (Monne et al, 2013). OGC has also been linked to mitochondrial dynamics,
cristae structure and apoptosis (Gallo et al, 2011). Like many other SLC proteins, OGC is
not completely selective and may also transport malonate, maleate, succinate, oxaloacetate,

2-oxopimelate and, like DIC, may transport glutathione (Monne et al, 2013).

1.8 Reactive Oxygen Species and Glutathione

1.8.1 General Introduction

ROS are a group of small oxygen-containing free radicals that are extremely reactive due
to their unpaired valence electrons. ROS are generally formed by the primary ROS
superoxide (O27), which is chiefly converted to hydrogen peroxide (H202) by superoxide
dismutases (SOD) but may also be protonated to form hydroperoxyl radicals (HO?). H202
can be transformed into a number of other ROS including hydroxyl radicals (OHe),
hydroxyl anions (HO-), singlet oxygen (*O2) and hypochlorite (CIO"). There are many
generators of cellular ROS including the mitochondrion, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (reviewed in (Babior, 2000)), xanthine oxidase
(Yokoyama et al, 1990), and uncoupled endothelial nitric oxide synthase (eNOS) (Dijkstra

et al, 1998). In the majority of cell types, the mitochondrion is the major source of ROS.
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Superoxide production, due to inefficiencies in oxidative phosphorylation, accounts for up
to 2% of the total oxygen consumed by mitochondria (Orrenius, 2007). Mitochondrial-
generated ROS (mtROS) are mainly produced at complex | and complex |11 of the electron
transport chain, although a total of nine sites have been identified (Andreyev et al, 2005).
Complex | produces superoxide solely in the matrix while complex Il generates

superoxide in both the matrix and the intermembrane space (Muller et al, 2004).

One cannot discuss ROS without discussing its clearance. Cells possess a number of
antioxidant defences chiefly to protect the cell from oxidative stress, but there are also
involved in other functions including cellular signaling. As a charged molecule, superoxide
is generally membrane impermeable and is a particularly damaging molecule. It is however
rapidly converted to H>O- by superoxide dismutases: copper/zinc superoxide dismutase
(SOD1) in the cytoplasm and mitochondrial intermembrane space; and by manganese
superoxide dismutase (SOD2) in the mitochondrial matrix (Zhang & Gutterman, 2007).
The importance of superoxide detoxification is highlighted by the fact that SOD2 knockout
mice live only weeks (Lebovitz et al, 1996). H202, however, is membrane permeable and
is likely the main signaling molecule in ROS-mediated pathways. H>O: is detoxified in
cells by glutathione peroxidase (GPx), and in some cases by catalase, to form water (Zhang
& Gutterman, 2007). Prolonged high levels of ROS that surpass the cell’s antioxidant

capacity result in oxidative stress.
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1.8.2 Glutathione

As stated above, cells have a number of processes to detoxify H2O2, notably by the
glutathione system. Glutathione (GSH) is a very abundant (around 1-10 mM) tripeptide
antioxidant (Mari et al, 2013), central to cellular antioxidant defense and other functions
including: cell cycle progression, apoptosis, cysteine storage and modulation of immune
function (Hutter et al, 1997; Lu, 2009; Pallardo et al, 2009; Suthanthiran et al, 1990). Its
structure consists of glutamic acid, cysteine and glycine, where the cysteine amino acid
provides the thiol side chain (-SH) and antioxidant function. Due to its unusual y-carboxyl
bond between the glutamic acid and cysteine, GSH is resistant to intracellular degradation,
and is instead excreted by cells for degradation by GGT-mediated cleavage of the y-

glutamyl bond (Meister & Anderson, 1983).

H20, scavenging requires two GSH molecules in the presence of glutathione peroxidase
(GPx), which efficiently reduces H>0> to water and oxidizes two GSH molecules together
at their thiol side chains, creating glutathione disulfide (GSSG). GSSG can, in turn, be
reduced by glutathione reductase, in a reaction which requires reducing equivalents from
NADPH. The products, two GSH molecules, are thus recycled and may continue their
antioxidant function. Due to its central role in antioxidant function, the ratio between GSH
and GSSG states is often used as an indicator of oxidative stress. In addition to its
conversion to GSSG, GSH can also mediate antioxidant activity through protein s-
glutathionylation on cysteine —SH groups. Protein s-glutathionylation generally occurs
under high oxidative stress and is a post-translational modification demonstrated to
regulate aspects of mitochondrial metabolism and function (Mailloux & Willmore, 2014).

For example, uncoupling proteins 2 and 3 may be glutathionylated during prolonged
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oxidative stress, decreasing their activity (Mailloux et al, 2011). This glutathionylation may
be critical to maintain membrane potential and to prevent apoptosis. Proteins can also be
deglutathionylated by glutaredoxin, requiring GSH, when the cell’s oxidative status returns

to normal (Liu & Gaston Pravia, 2010).

Since cysteine is extremely unstable in the extracellular environment, due to its ability to
auto-oxidize, one of the primary functions of glutathione is to supply the cell with cysteine
residues (Meister & Anderson, 1983). In a series of reactions, Meister described and named
the y-glutamyl cycle (Meister & Anderson, 1983). To begin, GSH is excreted (primarily
by the liver) through cellular glutathione transporters. GSH is then transported to various
tissues. GSH is broken down extracellularly by GGT and dipeptidase, resulting in free
cysteine amino acids ready for import into mitochondria. Synthesis of GSH in the
cytoplasm requires this source of cysteine and takes place through two ATP dependent
reactions (Lu, 2000). The rate-limiting first step utilises I-glutamate and I-cysteine to form
v-glutamyl-I-cysteine, which is catalyzed by glutamate cysteine ligase (Yan & Meister,
1990). This step is regulated by feedback inhibition of GSH (Richman & Meister, 1975)
(Huang et al, 1988) and by cysteine availability (Meister & Anderson, 1983). The second
step in GSH synthesis involves ligation of y-glutamyl-I-cysteine and I-glycine, catalyzed
by GSH synthase (Oppenheimer et al, 1979). This second step is not rate-limiting since
GSH synthase overexpression does not increase GSH production (Grant et al, 1997) and

cellular levels of y-glutamyl-I-cysteine are very low (Dalton et al, 2004).

Mitochondria contain a similar concentration of GSH to the rest of the cell (Ribas et al,
2014). Accordingly, mitochondria contain around 10% of the total glutathione pool, and

higher amounts in certain tissues (Meredith & Reed, 1982). Since GSH is made exclusively
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in the cytosol and GSH cannot diffuse into the mitochondrial matrix, GSH transport
mechanisms are required (Mari et al, 2013). Mitochondrial transport of GSH is vital to
proper metabolism and function (Mari et al, 2013). Interestingly, only two proteins have
been implicated in mitochondrial GSH transport: the oxoglutarate carrier (OGC) and the
dicarboxylate carrier (DIC) (Chen & Lash, 1998). There may be tissue specificity for
mitochondrial GSH transport as both carriers have been demonstrated to transport GSH in
liver mitochondria, while only DIC transports GSH in neurons (Kamga et al, 2010).
Moreover, mitochondrial GSH transport through OGC and DIC regulates neuronal
susceptibility to oxidative stress (Wilkins et al, 2014; Wilkins et al, 2013). Here, we
demonstrate that OPAL interacts with both of these carriers and investigate a novel role of

OPAL1 in glutathione regulation.
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1.9 Objectives and Hypotheses

Maintenance of mitochondrial ultrastructure during apoptosis has previously been
demonstrated to regulate cell survival (Frezza et al, 2006; Yamaguchi et al, 2008). This
cristae-dependent protection required the mitochondrial fusion protein OPAl. We
hypothesize here that OPA1-dependent changes in cristae structure, under non-
apoptotic conditions, could represent a novel mechanism by which the cell can
respond to its environment and dictate mitochondrial function. My principal objectives
are: to determine whether OPA1 controls mitochondrial metabolism and function by
modulating cristae structure during different energy states; and to identify novel OPAl

interacting factors and signaling pathways that control OPA1 function.

OPAL deoligomerization is a key step in the dissolution of cristae structure during cell
death (Frezza et al, 2006). We therefore begin by investigating whether OPA1’s
oligomerization status changes in response to changing energetic conditions and if this
mechanism could regulate mitochondrial cristae structure and ETC function in response to
the energetic demand of the cell. We also described the fusion-dependent and fusion-
independent roles of OPAL in the response to cellular starvation, respiration and assembly
of the ATP synthase. Finally, through the investigation of OPAl-interacting proteins we

highlight a novel mechanism by which OPAL can respond to metabolic demand.

Also, from the screens outlined in this work we identified CLUH as a novel OPA1
interactor. Since the Drosophila orthologue of CLUH is known to regulate mitochondrial
dynamics, we hypothesize that the OPA1-CLUH interaction may regulate mitochondrial
dynamics in mammals. Here we characterize this interaction, probing its role in

mitochondrial fusion.
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Since we demonstrate that OPA1 interacts with both the known mitochondrial transporters
of glutathione (OGC and DIC) (Chen & Lash, 1998), that ablation of OGC affects OPAl
function and that it has been demonstrated that OPA1 mutations sensitize cells to ROS
induced cell death (Tang et al, 2009); we hypothesize that OPAL1 affects mitochondrial
glutathione redox in order to regulate mitochondrial function. To this end we propose to
confirm that OGC deletion affects the cellular GSH/GSSG ratio, to determine whether
OPA1 regulates GSH redox levels and to determine if mitochondrial fusion is required to

regulate this function.
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Chapter 2. Materials and Methods

Cell culture, transfections, and viral production. HeLa and MEF cells were cultured in
DMEM supplemented with 10 % FBS (Wisent), 50 u/ml penicillin and streptomycin, and
2 mM of glutamine (Gibco). Galactose media was prepared from glucose/pyruvate free
DMEM supplemented as above with 10 mM galactose (Sigma). Cells were transfected
using Lipofectamine 2000 (Invitrogen), or with the indicated siRNA using siLentFect (Bio-
Rad) according to the manufacturer’s protocol. Viral vectors were prepared as previously
described (Jahani-Asl et al, 2011; Tashiro et al, 2006). All constructs used are listed in
(Table 1). To generate the long term expression cultures, OPAL1 KO cells were infected
with viruses encoding for WT OPAL, OPA1(Q297V) or GFP as control and WT cells were
infected with control GFP. Following transduction, cells were selected with puromycin and
FACS sorted for GFP expression. These cell lines were maintained and used between 4-12
weeks after stable expression for all experiments.

Mitochondrial isolation. Mouse liver was dissected from young CD-1 or C57BL/6 mice
euthanized with sodium pentobarbital. Cells or mouse liver were rinsed with PBS and lysed
in mitochondrial isolation buffer (200 mM mannitol, 70 mM sucrose, 10 mM HEPES, pH
7.4,1 mM EGTA). The isolation was performed in its entirety on ice or at 4°C. Cells were
homogenized with a 25G needle 15 times; while liver were Dounce homogenized 10 times.
Nuclei and cell debris were pelleted by centrifugation at 1000 rpm for 9 minutes. The
supernatant was then centrifuged at 9000rpm for 9 minutes to pellet mitochondria. These
two spins are repeated to further enrich mitochondria in this heavy membrane fraction.

Mitochondrial purity was confirmed by western blot and EM.
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Western Blot Analysis. Western blots were performed as previously described (Germain
et al, 2013), with the following antibodies: mouse anti-actin and anti-flag (Sigma-Aldrich);
mouse anti-OPA1 and anti-cytochrome c (BD bioscience); mouse anti-p62 (SQSTM1) and
rabbit anti-TOMZ20 (Santa Cruz Biotechnologies); mouse anti-ATP5A and anti-Complex
Il (Invitrogen); mouse anti-mtHSP70 (ABR Bioreagents) and rabbit anti-OGC (ABCAM).
Analysis of OPA1 oligomers. To analyse rapid changes in OPAL oligomerization in whole
cells, we used the cell permeable BMH (Thermo Scientific) (1 mM) for 20 minutes at 37°C.
After crosslinking, cells were quenched and washed in PBS with 0.1% beta-
mercaptoethanol (BME) twice. Cells were then lysed in lysis buffer with BME and
subjected to western blot on NUPAGE Novex 3-8% Tris-acetate gradient gels (Life
Technologies). For mitochondrial experiments, isolated liver or MEF mitochondria were
suspended in the indicated buffer (200 mM sucrose, 10 mM Tris-Mops pH 7.4, 2 mM
K2HPOQOg4, 0.080 mM ADP, 10 uM EGTA-Tris) at 0.5-1 pg of mitochondrial protein/uL.
Substrates and drugs were also added or not as follows: malate, glutamate, succinate and
glucose (5 mM) (Sigma), rotenone (2 pM) (Sigma), carbonylcyanide-3-
chlorophenylhydrazone (CCCP)(10 uM)(Sigma). All drugs and substrates were adjusted
to pH 7.4. Samples were then incubated on a 37°C heating block for 30 minutes or 1 hour.
After incubation, EDC (1 mM) (Thermo Scientific) or BMH (10 mM) was added for 30
minutes at room temperature and quenched with BME. Samples were then analysed by

gradient gel western blot.
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Table 1. Constructs and primers used in this work

Plasmids Backbone and cloning strategy Publication
adOPAL-YEP OPAL-YFP (Kind gift from Dr. McBride) cloned into pShuttle-CMV via Xhol Jahani-Asl et al.,
and Xbal 2011
adMito-YFP cDNA for mito-YFP was cloned into the OPA1-YFP vector This publication
Mito-YFP Kind gift from Dr. McBride Braschi et al., 2009
GFP eGFP-C3 Clonetek
Since our WT OPAL1 plasmid gave strikingly less OPAL following transient
transfections than OPA1(Q297V) (Yamaguchi et al., 2008), we cloned the WT . "
OPAL OPALl into OPA1(Q297V) mutant using BSPE1 internal restriction sites This publication
flanking the mutation
OPA1(Q297V) Kind gift from Dr. Newmeyer. In pcna3.1flag Yamaguchi et al., 2008
IVGFP Plasmid 12258: pWPXLd (Addgene)
cDNA was cloned into MSCV-PIG (Ref Addgene plasmid 18751 Scott Lowe) - L
VOPAL Gibson assembly cloning Nat. Methods daniel gibson This publication
VOPAL(Q297V) cDNA was cloned into MSCV-PIG (Ref Addgene plasmid 18751 Scott Lowe) This publication

Gibson assembly cloning Nat. Methods daniel gibson

mito-YFP-3xflag

cDNA from of mito-YFP was PCRed out of and cloned into the intermediate
pGEM-t-easy to generate restriction sites and inserted with EcoRI restriction
sites into p3XFLAG-CMV-14 (Addgene E7908)

This publication

cDNA from mouse SCL25A10 from Open Biosystems (ClonelD:3482316)

SLC25A10- was PCRed out of the pPCMV-SPORTS vector, pasted into pGEM-T-easy and This publication
3xflag cut and pasted with EcoRlI restriction sites into p3XFLAG-CMV-14 (Addgene P

E7908)

cDNA from human SCL25A11 from Open Biosystems (ClonelD:3911858)
SLC25A11- was PCRed out of the pPCMV-SPORTS vector, pasted into pGEM-T-easy and This publication
3xflag cut and pasted with EcoRlI restriction sites into p3XFLAG-CMV-14 (Addgene

E7908)

cDNA from human SCL25A12 from Open Biosystems (ClonelD:4420100)
SLC25A12- was PCRed out of the pCMV-SPORT?6 vector, pasted into pPGEM-T-easy and This publication
3xflag cut and pasted with Not1 restriction sites into p3XFLAG-CMV-14 (Addgene

E7908)

cDNA from human SCL25A13 from Open Biosystems (ClonelD:3600909)
SLC25A13- was PCRed out of thepCMV-SPORT®6 vector, pasted into pGEM-T-easy and This publication
3xflag cut and pasted with EcoRlI restriction sites into p3XFLAG-CMV-14 (Addgene P

E7908)

Oligonucleotides

Company

Validation

siCtrl

Silencer Select Negative Control #1 (Invitrogen)

This publication

siOGC Silencer Select SLC25A11 s85783 (Invitrogen) This publication
siOPA1 Silencer Select OPA1 592343 (Invitrogen) This publication
Primers Sequence Validation

COlI forward 5'-GCCCCAGATATAGCATTCCC-3' Tal et al., 2009
COl reverse 5-GTTCATCCTGTTCCTGCTCC-3' Tal et al., 2009
18S forward 5-TAGAGGGACAAGTGGCGTTC-3' Tal et al., 2009
18S reverse 5'-CGCTGAGCCAGTCAGTGT-3' Tal et al., 2009
ATP5b1 forward 5-CCGTGAGGGCAATGATTTATAC-3' Gomes et al., 2013
ATP5bl reverse  5-GTCAAACCAGTCAGAGCTACC-3' Gomes et al., 2013
ATP5al forward  5-CATTGGTGATGGTATTGCGC-3' Gomes et al., 2013
ATP5al reverse 5-TCCCAAACACGACAACTCC-3' Gomes et al., 2013
ATP6 forward 5'-TCCCAATCGTTGTAGCCATC-3' Gomes et al., 2013

ATPG6 reverse

5-TGTTGGAAAGAATGGAGTCGG-3'

Gomes et al., 2013

GAPDH forward

5-GGTGAAGGTCCGTGTGAACG-3'

Gomes et al., 2013

GAPDH reverse

5'-CTCGCTCCTGGAAGATGGTG-3'

Gomes et al., 2013
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Cytochrome C retention assay. As a readout for changes in mitochondrial ultrastructure,
mitochondria were assayed for their ability to retain cytochrome c. Mitochondria were
incubated as described, then incubated with low digitonin (1 mg/mg of protein at 0.1%), at
4 °C for 30 minutes to mobilize their inner cristae stores dependent on cristae ultrastructure.
Mitochondria are then centrifuged for 10 minutes at 10,000 RPM (4 °C) to separate the
released proteins. The resulting supernatants and pellets (volume equivalents from 12.5 pg
of starting mitochondria) were analysed by western blot.

Immunofluorescence and cell death assays. Cells were washed twice with PBS and fixed
with 4% paraformaldehyde for 20 minutes and analysed with the indicated primary
antibodies. Coverslips were then washed and incubated with their corresponding secondary
antibodies (anti-mouse and anti-rabbit Alexa Fluor 488/Alexa Fluor 594). Hoechst stain
(Sigma) was added with the secondary where noted to visualize the nucleus. Coverslips

were then washed and mounted using Gel Mount Aqueous mounting medium (Sigma).

To analyse cell death during starvation, 24 hours after transfection, cells were starved for
6 hours and stained using propidium iodide (PI) and Hoechst stain for 20 minutes. All dead
(P1+) were counted and expressed as a percentage of all cells (Hoechst+). Cell death was
also quantified as the percent of condensed nuclei to total nuclei. Images were taken of at
least six fields of view on a 20x objective, containing an average of 200 cells each (>1000

cells total).

Immunoprecipitations. 24 hours following transfection, cells were lysed (50 mM tris
HCI, 150 mM NaCl, 1 mM EDTA, 1 % Triton X-100, and 1:1000 PIC at pH 7.4), and
proteins (2 mg) were immunoprecipitated with ANTI-FLAG M2 magnetic beads (Sigma-

Aldrich) according to the manufacturers protocol. Samples were incubated overnight and
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the beads were washed four times with TBS (50 mM tris-HCI, 150 mM NacCl, and 1:1000
PIC at pH 7.4). Immunoprecipitated protein was then eluted from the magnetic beads twice
with elution buffer (50 mM tris-HCI, and 150 mM NaCl, at pH 7.4 containing 150 ng/ul
FLAG peptides). Endogenous immunoprecipitation of OPAL was performed on isolated
MEF or liver mitochondria with CHAPS containing buffer (50 mM tris HCI, 150 mM
NaCl, 1 mM EDTA, 1 % CHAPS and 1:1000 PIC at pH 7.4) at 4°C overnight with no
antibody, normal mouse 1gG, or mouse monoclonal anti-OPA1 (BD Biosciences). OPA1
complexes were then immunoprecipitated with 20 ul of A/G magnetic beads (Pierce) at RT
for 1 hour, washed with TBS 4 times, eluted with SDS loading dye for 20 minutes and

analysed by western blot.

Transmission electron microscopy. To analyse rapid cristae structure changes during cell
starvation, cells were adhered to square glass coverslips, grown to confluence, treated and
rapidly fixed with a combination of 2 % paraformaldehyde and 1.6 % gluteraldehyde. Fixed
cells were floated off their cover slips, and samples were processed as previously described
(Jahani-Asl et al, 2011). For structural quantification, the cristae diameter and
mitochondrial width were measured from all mitochondria from ten cells for each condition
in two independent cultures. For analysis of cristae structure in isolated mitochondria,
mitochondria were treated as indicated, fixed with 2 % gluteraldehyde for 20 at RT, and

analysed by EM.

Blue-Native Analysis of ETC complexes ATP synthase assembly was analysed from
whole cells and isolated mitochondria by Blue-Native PAGE (BN-PAGE) electrophoresis
according to (Wittig et al, 2006). The digitonin extraction and BN-PAGE electrophoresis

was performed entirely on ice or at 4 °C. Cells were grown on 100 mm plates, washed with
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PBS, and scraped in PBS. Cells were pelleted at 3000 RPM for 5 minutes or mitochondria
were pelleted at 9000 RPM for 9 minutes and resuspended in digitonin extraction buffer
(50 mM imidazole/HCI pH 7.0, 50 mM NaCl, 5 mM 6-aminohexanoic acid, 1 mM EDTA
with 1% digitonin). Final protein to digitonin ratios were 1:4 w/w for cells and 1:8 w/w for
mitochondria. Protein was extracted on ice for 1 hour (for cells) or 30 minutes (for
mitochondria) and cleared at 14,000 RPM for 30 minutes. Protein was quantified and 150
pg of protein (or 75 pg from mitochondria) was loaded with 5% glycerol and 1:10
dye:digitonin ratio of Coomassie blue G-250 in 500 mM 6-aminohexanoic acid onto home-
made 3-13% large gels. Gels were run 2 hours in a high Coomassie blue G-250 cathode
buffer at 150V at 4°C then switched to a low G-250 buffer overnight at 4°C. Pictures of the
gels were taken to confirm proper loading, and gels were transferred to nitrocellulose
membrane at 500mA for 2 hours. The resulting membranes were western blotted as per
above.

mtDNA and mRNA Quantification. DNA was extracted by phenol-chloroform-
isoamylalcohol extraction according to (Guo et al, 2009), followed by gPCR with SYBR
Green FastMix (Quanta Biosciences) according to the manufacturers protocol with the
indicated primers in Table 1. RNA was extracted with TRIzol (Life Technologies) and
analysed by RT-PCR according to (Gomes et al, 2013) with the indicated primers in Table
1.

Analysis of Oxygen consumption rates. To assess mitochondrial respiration, oxygen
consumption was measured with the XF24 Analyzer (Seahorse Biosciences). Cells
(50,000-experimentally optimized) were seeded onto 24 well XF24 cell culture plates. On

the following day, cells were starved or not for 2 hours. Cells were then washed and
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incubated with modified Kreb’s Ringer Buffer (KRB) (KRB: 128 mM NaCl, 4.8 mM KClI,
1.2 mM KH2POs, 1.2 mM MgSOs, 25 mM CaCl,, 0.1% BSA (fatty acid free); completed
on the day of the experiment with 10 mM glucose and 1 mM sodium pyruvate and pH 7.4)
for 15 minutes at 37°C prior to cartridge loading in the XF Analyser. Following resting
respiration, cells were treated sequentially with: oligomycin (0.2 pg/pL), for
nonphophorylating OCR; FCCP (1 uM), for maximal OCR; and antimycin A (2.5 puM)
with rotenone (1 uM), for extramitochondrial OCR. Measurements were taken over 2
minute intervals, proceeded by a 2 minute mixing and a 2 minute incubation. Three
measurements were taken for the resting OCR, three for nonphosphorylating OCR, two for
maximal OCR and two for extramitochondrial OCR. All data was compiled by the XF
software, normalized to protein levels per well and analysed with Microsoft Excel.

Stable Isotope Labelling with Amino Acids in Cell Culture (SILAC) coupled
Immunoprecipitation and Mass Spectrometry. SILAC coupled immunoprecipitation
and MS was performed as previously described (Trinkle-Mulcahy, 2012). HeLa cells were
grown in DMEM minus arginine and lysine, supplemented with: 10% dialysed FBS, 100
U/ml penicillin/streptomycin and either “light” L-arginine and L-lysine or “heavy” L-
arginine®*C and L-lysine 4,4,5,5-D4. Cells were grown and passaged for 10 days to allow
for incorporation of isotopic amino acids. Cells were then transduced with control
adenovirus (mito-YFP) in the light conditions and with OPA1-YFP adenovirus in the heavy
condition. Cells were harvested 24 hours after transduction and lysed in RIPA buffer
(50mM Tris-HCI pH7.5, 150mM NaCl, 1% NP-40, 0.5% deoxycholate and protease
inhibitors). Proteins were immunoprecipitated with GFP-Trap_A (Chromotek) and

combined during immunoprecipitation washes and eluted together. Proteins were then
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reduced with 10 mM DTT, alkylated with 50mM iodoacetamide and separated on pre-cast
SDS-PAGE gels (Invitrogen). Bands were cut, digested with trypsin and peptides were
recovered. Peptides were analysed by liquid chromatography-mass spectrometry (LC-MS)
using an LTQ-Oribitrap mass MS system coupled to a Dionex 3000 nano-LC system. Raw
data files were analysed using the UniProt human database. Quantitation was performed
using the MaxQuant software package (Cox & Mann, 2008). Positive OPAL interactors
were identified as being enriched in the heavy condition.

Additional Materials and Methods to investigate CLUH function:

CLUH cDNA from Open Biosystems (ClonelD: 6193982) was PCRed out of the pCMV-
SPORT®6 vector (adding a leading GCCACC Kozak sequence) and assembled into
p3XFLAG-CMV-14 (Addgene E7908) via Gibson assembly cloning (Gibson et al, 2009).
Western blotting, immunoprecipitations, and immunofluorescence was performed as above
with rabbit polyclonal CLUH(elF3X) antibody (Novus biologicals). For transient CLUH
knockdown, siRNAs s23461 and s23461 from Life Technologies were used. For RT-PCR
analysis the following primers were used:

CLUH-Forl 5 TACATCATGGGCGACTACGC
CLUH-Revl 5 GGCCAGGTGCATGTATTCCT
CLUH-For2 5> CCAGGATGAAGTTCGGGACC
CLUH-Rev2 5 ATGCAGTCCTTCACCAAGCC

Subcellular fractionation experiments were performed as above, keeping the first
supernatant after the 9,000 RPM spin for the crude cytoplasmic fraction. Saponin
solubilization of cytoplasmic proteins prior to fixation and immunofluorescence was
performed according to (Hudder et al, 2003). Cells were washed with PBS and

permeabilized at room temperature in saponin permeabilization buffer (130mM sucrose,
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50mM potassium acetate, 20mM HEPES, pH 7.4) for 1 minute. Cells were then washed

with PBS, fixed in 4% PFA and immunofluorescence was performed as above.

GSH and GSSG determinations by High Performance Liquid Chromatography
GSH, GSSG and their ratio was calculated with an Agilent HPLC system (Mailloux et al,
2014). Cells were grown in 100mm tissue culture plates with the indicated treatments,
harvested with trypsin and washed twice with ice cold PBS. Cells were counted and lysed
on ice for 20 minutes in: 125mM sucrose, 1.5mM EDTA, 5mM Tris, 0.1% TFA and 0.5%
MPA in mobile phase (10% HPLC grade methanol, 0.09% TFA — 0.2 micron filtered).
Homogenates were cleared by centrifugation for 20 min at 14,000 g at 4°C. Each sample
was run in duplicate on a Pursuit5 C18 column (150 x 4.6 mm, 5 pum; Agilent Technologies,
Santa Clara, CA) with a 1 mL/min flow rate and detected at 215nm. Standards were
prepared at the indicated concentrations in the same buffer and used to interpolate absolute
quantities of GSH and GSSG in the samples.

For DMFN KD cells, MEFs were isolated from E13.5 MFN1o/flox\p EN 2floX/flox mice as
previously described (Zindy et al, 1997). Resulting primary MEFs were transformed via
SV40 transfection and grown for multiple passages. Immortalized DMFN/flo¥/flox
(MFNZ1floxfloxp N 2flox/flowy NMEFs were then infected with either a control (LVX-EF1-
mCherry-N1) or Cre (LVX-EF1-cre-mCherry-N1) (Clonetech) lentiviruses at 10 MOI and

were selected with puromycin.
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Chapter 3. Results

3.1 OPAl-dependent cristae modulation is essential for cellular adaptation to

metabolic demand

3.1.1 OPAL1 responds rapidly and reversibly to metabolic demand

Although mitochondrial structural changes in response to energetic states have been
documented for decades, their regulation and functional significance have remained largely
unknown. To ask if cristae structure responds to changes in nutrient conditions, mouse
embryonic fibroblasts (MEFs) were starved with EBSS for two hours and cristae were
measured. We observed a significant thinning of cristae width and mitochondrial width in
response to starvation (Figure 7A). While untreated cells had an average cristae width of
17.6 nm, starved cells had an average width of only 11.9 nm. Since the deoligomerization
of OPAL1 regulates cristae widening during cell death signaling (Frezza et al, 2006), we
assessed the oligomerization status of OPAL in response to starvation. Starved MEFs
exhibited significantly more oligomerized OPAL1 than fed controls (Figure 7B & 1D). At
longer time points we also observed that mitochondria elongate from an average length of
3.3t04.2 um p =0.022 (distribution in Figure 7C). This previously documented elongation
has been substantiated by a decrease in mitochondrial fission through DRP-1 inhibition
leading to unopposed mitochondrial fusion (Gomes et al, 2011; Rambold et al, 2011).
Unlike elongation, the oligomerization of OPAL in response to starvation was rapid (within
one hour), and preceded activation of the autophagic pathway as indicated by p62

degradation (Figure 7D).
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Figure 7. Cristae condense, mitochondria elongate and OPA1 oligomerizes rapidly and
reversibly during cell starvation.

A MEFs were starved (STV) or not (Ctrl) for 2 hours, fixed with 2% PFA and 1.6% glutaraldehyde and
analysed by EM. Cristae and mitochondrial width were quantified from mitochondria and cristae within 10
cells from 2 independent cultures (n=20). Scale bars: 100 nm. B Cells were starved or not for 2 hours,
crosslinked with BMH (1mM) and OPA1 oligomerization was analysed by gradient gel western blot. C MEFs
were starved for 4 hours, fixed and mitochondrial length was measured by immunofluorescence using Tom20
antibodies (averages + SEM of 3 independent experiments). D Time course experiment of EBSS starvation
on OPA1 oligomerization status as performed in B (averages + SEM of 4 independent experiments). Whole
cell lysates of a parallel experiment were analysed by western blot. E After 2 hours of EBSS starvation,
MEFs were recovered (REC) in regular growth media for 30 minutes or not and OPA1 oligomers were then
analysed as above. A non-crosslinked control (NC) is also included. Student t-tests were performed relative
to control, *p<0.05, ***p<0.005.
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Furthermore, changes in OPAL oligomerization were rapidly reversible, since incubation
of starved MEFs for only 30 minutes in recovery media (regular growth media) reversed
the increase in oligomerized OPAL (Figure 7E). Together, these data suggest that changes
in OPAL oligomers are linked to changes in cristae structure not only during cell death as
previously demonstrated (Frezza et al, 2006), but also in healthy cells following changes
in energy substrate availability.To assess how OPAL responds to changes in fuel substrate
availability, we turned to an in vitro system. Isolated mitochondria were incubated in the
absence or the presence of ETC substrates and crosslinked. When mitochondria were fed
with complex I and 11 substrates (malate plus glutamate or succinate respectively), OPA1
oligomerization was dramatically reduced compared to no-substrate, starved controls
[Figure 8A (EDC cross-linking) and Figure 9A (BMH cross-linking)]. As we would
predict, the same concentration of glucose, the principal glycolysis substrate, had no effect
on OPAL oligomerization (Figure 8A). As in starved cells, OPA1 oligomerization was
rapidly reversible upon the addition or removal of complex I substrates (Figure 8B). Next,
we asked whether changes in OPAL1 oligomerization correlated with altered mitochondrial
structure. This was assessed by mitochondrial inter-cristae cytochrome c retention, as a
readout of cristae structure, since an increase in releasable cytochrome c following outer
membrane solubilisation correlates with wider cristae (Scorrano et al, 2002; Wasilewski et
al, 2012). Following the addition of a low concentration of digitonin to specifically
solubilize the outer membrane [1 pg/ug mitochondria, at 0.1 % w/v - experimentally

determined (Figure 9B)], significantly more cytochrome ¢ was mobilized when
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Figure 8. OPA1 responds to energy substrate availability and responds by oligomerizing
and maintaining cytochrome c in isolated mitochondria

A OPAL1 oligomerization was analysed in isolated mouse liver mitochondria incubated with or without the
indicated ETC substrates [NC: non crosslinked control; NS: no substrate control; Cl: Complex I, malate and
glutamate; CIl: Complex Il, succinate; G: Glucose control all at 5 mM each] for 1 hour at 37°C and
subsequently cross-linked with EDC for 30 minutes at room temperature. OPA1 oligomers were then
analysed by gradient gel western blot. B Mitochondria were incubated with or without complex | substrates,
spun down and resuspended in the indicated buffer for 5 and 10 minutes and analysed as above. C
Mitochondrial ultrastructure was analysed as the distribution of intercristal cytochrome c from liver
mitochondria, and solubilized with low digitonin concentrations (1pug/pg mitochondria, 0.1%). Mobilized
cytochrome ¢ was separated by centrifugation and visualized by western blot analysis where released CytC
was redistributed from the pellet (P) to the supernatant (SN) fraction. D Cytochrome ¢ mobilization was
analysed on mitochondria isolated from WT and OPA1 KO MEFs treated as indicated. E Liver mitochondria
were incubated with or without indicated substrates as above with or without rotenone (2 pM), an ETC
complex | poison. F Liver mitochondria were incubated with or without indicated substrates as above with
or without CCCP (10 uM), a mitochondrial uncoupler.
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Figure 9. Supplement to Figure 8.

A OPAL1 oligomerization was analysed in isolated mouse liver mitochondria incubated with or without the
indicated ETC substrates as Figure 2A for 1 hour at 37°C and subsequently cross-linked with BMH [10 mM]
for 30 minutes at room temperature and quenched with BME. OPAL oligomers were then analysed by
gradient gel western blot. B The effect of varying digitonin concentrations on the mobilization of cytochrome
C from intracristae stores. Mitochondria were incubated in a no substrate buffer for 1 hour, and then varying
concentrations of digitonin (0.5 pg/pug mitochondria, 0.05 %; 1 ug/ug mitochondria, 0.1%; 1.5 pg/ug
mitochondria, 0.15 %) were incubated with the mitochondria for 30 minutes at 4°C on a rotator. Mobilized
cytochrome c was then separated from retained CytC by centrifugation and analysed by western blot where
released CytC was mobilized from the pellet (P) to the supernatant (SN) fraction. The highest concentration
of digitonin that showed no change in Tom20 release (1ug/ug protein) was used in subsequent experiments.
C The reversibility of cytochrome ¢ mobilization was analysed as previously described where mitochondria
were incubated with or without complex | substrates, spun down and resuspended in the indicated buffer for
10 minutes and analysed for cytochrome c retention. D Isolated liver mitochondria were incubated for 1 hour
in the indicated buffers and processed for electron microscopy. Left panel, representative EM images from
samples incubated with the indicated buffer. Right panel, quantification of orthodox, condensed and other
mitochondria from 50 images per condition (over 500 mitochondria per condition) (averages + SEM of 3
independent experiments). E Cristae width was quantified from orthodox and condensed mitochondria from
10 fields of no substrate incubated mitochondria (minimum 25 mitochondria per class per experiment)
(averages + SEM of 3 independent experiments). Student t-tests were performed as indicated *p<0.05,
***n<0.005.
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mitochondria were incubated in the presence of complex | and Il substrates, compared to
the absence of substrates (Figure 8C). Furthermore, this increase in cytochrome c
mobilization, indicative of cristae widening, was reversible (Figure 9C), correlating with
the decrease in OPAL oligomerization and a decrease in orthodox mitochondria, which
demonstrates tighter cristae morphology (Figure 9D&E). The regulation of cytochrome c
retention was OPAL1-dependent, since mitochondria from OPAL KO cells had very high
levels of mobilized cytochrome c independently of the presence of complex | substrates
(Figure 8D). We next asked whether the substrate-dependent changes in OPALl
oligomerization were secondary to changes in electron transport chain (ETC) activity. To
this end, we added rotenone, a complex | poison, and CCCP, a mitochondrial uncoupler,
to the mitochondrial preparations. Neither rotenone nor CCCP altered OPALl
oligomerization (Figure 8E and F), suggesting that OPAL responds to energy substrate

availability upstream of changes in mitochondrial respiration and ETC function.

These studies reveal a strict correlation between energy substrate level, cristae structure
and OPAL oligomerization in which: mitochondria enriched with substrates show low
levels of OPA1 oligomers and mobilized cytochrome ¢ from cristae stores, and starved
mitochondria show high levels of OPAL oligomers and tight cristae. We next sought out
the physiological relevance of this cristae regulation as well as the mechanism by which

OPAL senses energy substrate availability.
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3.1.2 OPAL is required for regulation of cristae structure and cell survival during
starvation

To address the physiological importance of OPALl-dependent cristae remodelling in
response to changes in energy substrate conditions, we first asked whether OPA1 KO cells,
devoid of cristae, could survive cellular starvation. While WT MEFs were minimally
affected by 6 hours of EBSS starvation; OPA1 KO MEFs showed a dramatic increase in
cell death, as recently published (Figure 10A, Figure 11A and Figure 11B)(Gomes et al,
2011). As survival of starved cells has been suggested to require mitochondrial elongation
through unopposed fusion (Gomes et al, 2011), we isolated the roles of fusion and cristae
structure using a mutant form of OPA1 that fails to mediate fusion. OPA1(Q297V) mimics
the GTP-bound state of OPA1, allowing oligomerization, but defective in GTPase activity,
which is required to mediate fusion (Misaka et al, 2002; Yamaguchi et al, 2008). To assess
their ability to rescue mitochondrial fusion and cristae structure, isoform 1 of WT OPA1l
and OPA1(Q297V) were reintroduced in OPA1 KO MEFs by transient transfections,
resulting in the expression of mostly the long form with some cleaved short form (Figure
10B). While WT OPAL1 rescued fusion, the OPA1(Q297V) mutant was completely fusion-
incompetent, despite that it was expressed at slightly higher levels than WT OPAL (Figure
10B and C). To assess whether OPA1(Q297V) can rescue the cristae structural defects seen
in OPA1 KO cells, we performed transmission electron microscopy (EM). Both WT and
OPA1(Q297V) rescued the severe cristae defects found in OPA1 KO MEFs (Figure 10D),
and rescued survival of OPA1 KO MEFs during starvation (Figure 10E & Figure 11C).
These results suggest that OPAL1 protects against starvation-induced cell death

independently of its fusion activity.
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Figure 10. OPAL is required for resistance to starvation induced cell death, independently
of its fusion activity.

A Cell death of WT and OPAL KO cells starved or not for 6 hours was analysed with propidium iodide (PI)
and Hoechst (averages £+ SEM of 4 independent experiments). B Representative western blot of OPA1
expression in the transient transfection experiments performed in C-E. C OPA1 KO MEFs were transiently
transfected for 48 hours with the indicated plasmids and mitochondrial length was binned according to the
top panels by immunofluorescence where cells that had any long mitochondria were binned as intermediate
(averages £+ SEM of 3 independent experiments). D Representative EM of mitochondria from cells
transfected as indicated. Scale bars: 100 nm. E OPA1 KO MEFs were transfected as indicated for 48 hours
and starved or not for 6 hours and cell death was analysed as in A (averages + SEM of 4 independent
experiments). Student t-tests were performed as indicated, *p<0.05, **p<0.01 and ***p<0.005.
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Figure 11. OPAL dependent starvation-induced cell death.

A Representative images of cells quantified in Figure 3A and S1B, live-cell stained with Hoechst and PI. B
Cells were treated as in Figure 3A, but quantified as the percent condensed nuclei (averages + SEM of 3
independent experiments). C Cells were treated as in Figure 3E, but quantified as the percent condensed
nuclei (averages + SEM of 3 independent experiments). Student t-tests were performed as indicated, *p<0.05,
**p<0.01 and ***p<0.005.
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3.1.3 OPA1 maintains mitochondrial function independently of its fusion activity

The rescue of cristae structure and cell survival by OPA1 and a fusion incompetent mutant
suggests that cristae modulation is a key determinant of cellular survival under changing
energetic demands. To assess whether OPA1 mediated cristae alterations alone can affect
cellular metabolism, we generated MEFs stably expressing OPA1l or OPAL1(Q297V),
resulting in high expression of both the long and short isoforms of OPA1 (Figure 12A). As
in the transient system, OPA1(Q297V) rescued cristae structure in OPAL deficient MEFs
but not mitochondrial fusion (Figure 13A&B). In addition, both WT and OPA1(Q297V)
oligomerized and responded to substrate level changes in isolated mitochondria from stable
cell lines (Figure 12B). To address how OPA1-mediated control of cristae modulates
mitochondrial energetics, we assessed cellular oxygen consumption characteristics after
OPAL1 reintroduction using a Seahorse XF-24 analyzer (Figure 12C-E). Under fuel rich
conditions, a modest difference in ATP-linked respiration (the difference between the
initial resting respiration and the respiration in the presence of oligomycin, a complex V
inhibitor) was observed between WT and OPA1 KO MEFs (Figure 12, Figure 14A&B).
However, starvation increased the difference in ATP-linked oxygen consumption between
WT and OPA1 KO cells (Figure 12D, Figure 14A&B), consistent with a requirement for
OPAZ1 to maintain mitochondrial ATP levels under starvation (Gomes et al, 2011). We next
addressed whether OPA1(Q297V) rescued oxygen consumption. Under resting (fed)
conditions, only expression of the WT form of OPA1 significantly increased ATP-linked
respiration of OPA1 KO MEFs (Figure 12C and quantified in E). However, after starvation
both the WT and OPA1(Q297V) significantly increased ATP-linked oxygen consumption

(Figure 12D&E). Only WT OPAL reintroduction completely rescued maximal
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Figure 12. OPAL regulates mitochondrial metabolism independently of mitochondrial
fusion.

A WT and OPAL knockout MEFs were infected with viruses encoding, GFP, OPA1 or OPAL1(Q297V) with
dual promoters expressing GFP to allow for puromycin selection and FACS sorting cells for GFP expression.
The resulting cultures were lysed, analysed by western blot analysis and used for all subsequent experiments.
B OPA1 oligomers were analysed from isolated mitochondria incubated with no substrate or complex |
substrates. C To assess the impact of the fusion incompetent OPA1 mutant on mitochondrial bioenergetics
we studied cells in a Seahorse XF-24 analyzer. Cells were plated on Seahorse TC plates 24 hours prior to
analysis, washed and incubated for 15 minutes in modified KRB and analysed. At the indicated times,
oligomycin (O), FCCP (F), and antimycin A (AA) with rotenone (R) were injected (averages + SEM of 3
independent experiments). D The same cells were pre-starved for 2 hours before identical analysis (averages
+ SEM of 3 independent experiments). E Quantification of ATP-linked OCR (resting OCR minus oligomycin
insensitive OCR) and reserve OCR (Maximal minus resting) in C and D. F Long-term cell cultures were
grown in glucose (top panel) or galactose media (bottom panel). Cells were passaged as required, media was
changes every 3 days if required, and cell number was determined once per week (averages + SEM of 4
independent experiments). Student t-tests were performed relative to control, *p<0.05 **P<0.01
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Figure 13. OPA1(Q297V) after long-term reintroduction is fusion incompetent, but
rescues cristae structure.

A Longterm reintroduced OPAL KO cells were seeded on glass coverslips 24 hours prior to fixation and
analysed for mitochondrial length by immunofluoresecnce for mtHSP70. B Parallel cultures were seeded
onto square coverslips, fixed, and mitochondrial cristae structure was assessed by EM.
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Figure 14. OPAL is required for ATP-linked and reserve OCR.

A WT and OPA1 KO MEFs transiently or stably expressing GFP, starved or not for 2 hours, were analysed
with the Seahorse XF-24 analyzer. At the indicated times, oligomycin (O), FCCP (F), and antimycin A (AA)
with rotenone (R) were injected (averages = SEM of 4 independent experiments). B Quantification of ATP-
linked (resting OCR minus oligomycin insensitive OCR) and reserve OCR (Maximal minus resting) in A
(averages + SEM of 4 independent experiments). Student t-tests were performed as indicated, *p<0.05 and
***p<0.005.
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respiration (oligomycin and FCCP, a mitochondrial uncoupler) and thus the reserve
capacity (the difference between the resting and maximal respiration) (Figure 12E). These
functional studies demonstrate that the critical role of OPA1 in regulating mitochondrial
metabolism is fusion independent; however, mitochondrial fusion is required for full
maximal oxygen consumption, possibly through maintenance of mtDNA (see below),

which may be important following other various stressors.

To further investigate the role of cristae and mitochondrial fusion in mitochondrial
function, cells were grown in a galactose medium in which they must rely on OXPHOS for
ATP production (Aguer et al, 2011; Cogliati et al, 2013). While WT and OPA1 KO MEFs
grew at similar rates in glucose media, OPA1 KO cells were growth retarded in galactose
media compared to WT MEFs (Figure 12F). In fact, in the third week of growth in galatose
media, it took more than twice as long for OPA1 KO cells to double their numbers (Figure
15). Reintroducing WT or OPA1(Q297V) rescued growth retardation in OPA1 KO MEFs
(Figure 12F, Figure 15), providing further evidence that OPA1 can maintain mitochondrial

function to support cell growth, independently of mitochondrial fusion.

As Mgml and OPAL are required for the assembly of the ATP synthase (Amutha et al,
2004; Gomes et al, 2011), we asked if this assembly is modified by energy substrate
availability and in a fusion-independent fashion. To this end, Blue-Native PAGE (BN-
PAGE) was performed on isolated mitochondria treated with substrates affecting OPA1
oligomerization and cytochrome c retention. When mitochondria are fed with complex |
substrates, which decrease OPAL oligomers (Figure 8), both ATP synthase oligomers and
monomers are decreased (Figure 16A), without a decrease in ATP5A subunits themselves

(Figure 16B).
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Figure 15. WT and OPA1(Q297V) rescue cell growth in galactose media.

Cell doubling times were calculated within the second week of growth in either glucose or galactose medium
from Figure 12F using http://www.doubling-time.com/compute.php.
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Figure 16. The dual role of OPAL in regulating the ATP synthase.

A lIsolated mitochondria incubated with complex | substrates were analysed by BN-PAGE and blotted for
ATP5A of the ATP synthase. The oligomers [mostly dimers (D)] and monomer (M) of the ATP-synthase
were quantified as relative to complex Il monomer (averages + SEM of 5 independent experiments). B
Isolated liver mitochondria incubated with or without complex | in parallel with Figure 5A, lysed and
analysed for ATP5A by straight western blot. C Long-term cell cultures were extracted for BN-PAGE
directly from cells and blotted for ATP5A and complex Il. D Cells grown for 1-2 weeks in galactose were
analysed by BN-PAGE identically to C. E DNA was extracted from long-term cultures and mtDNA was
analysed by gPCR relative to nDNA (averages + SEM of 3 independent experiments). F RNA was extracted
from long-term cultures and nuclear and mtDNA encoded ATP synthase transcripts were analysed by rtPCR
(averages £ SEM of 4 independent experiments). G Schematic demonstrating the dual roles of OPA1 on the
F1Fo, ATP synthase where OPAL regulates the stabilization of the ATP synthase independently of its fusion
activity and regulates mtDNA stability which is required for ATP6 (F, subunit) expression and thus full F1F,
ATP synthase assembly. Student t-tests were performed relative to control, *p<0.05, **p<0.01 and
***n<0.005.
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BN-PAGE analysis in whole cells demonstrated that in WT MEFS, all ATP synthase
subunits were assembled to form the monomer (very little dimer was detected); however,
OPAl KO MEFs had substantially less assembled ATP synthase monomers and an
increase in free F1 (Figure 16C). Reconstitution with either WT OPAL or OPA1(Q297V)
increased ATP synthase assembly, most notably when cells were forced to rely on
OXPHOS for ATP production (galactose media, Figure 16C&D). While WT OPAl
completely rescued the assembly of the F1 portion into F1Fo monomers, OPA1(Q297V)
cells still exhibited a significant level of free F1, even in galactose media (Figure 16C&D).
The persistence of free F1 correlated with the inability of OPA1(Q297V) to rescue the loss
of mtDNA caused by OPAL deletion (Figure 16E), consistent with the requirement of
mitochondrial fusion for mtDNA maintenance (Chen et al, 2010). While all of the subunits
of the F1 are nuclear encoded, the Fo portion contains two subunits, ATP6 and ATPS,
encoded by mtDNA. Since OPA1 KO and OPA1(Q297V) cells, have decreased mtDNA
levels, unassembled F1 is likely due to a lack of mitochondrial encoded F, subunits.
Interestingly, human mutations affecting expression of both mtDNA F, subunits
demonstrate increased free F1 relative to monomer by BN-PAGE (Jonckheere et al, 2008;
Pitceathly et al, 2012). Indeed, decreased levels of the mtDNA encoded F, subunit ATP6
in OPAL KO and OPA1(Q297V) cells were confirmed by rtPCR (Figure 16F). Since the
OPA1(Q297V) mutant was unable to rescue mtDNA or mtDNA-encoded transcripts, here
we propose a novel fusion-independent role of OPA1 on ATP synthase stability. Thus,
assembly of a functional F1F, monomer depends dually on OPAL for its stability, and for

fusion-dependent, mtDNA encoded F, subunit expression (Figure 16G).

76



3.1.4 Solute carriers interact with OPAL and regulates its sensing of mitochondrial
energy substrates

Our results revealed that OPAL responds to changes in fuel substrate conditions by
modifying its oligomerization, and that this is required for the adaptation and survival of
cells during starvation. To determine the mechanism by which substrate levels modify
OPAL1 function we performed a proteomics screen in search of OPAL interacting factors.
Stable isotope labelling of amino acids in cell culture (SILAC) combined with
immunoprecipitation and mass spectroscopy was used as a quantitative and sensitive
technique to identify novel OPA1 protein interactors that may be required for substrate
sensing (Trinkle-Mulcahy, 2012)(Figure 17A). A log SILAC ratio of 1 was set as the cut-
off for validation since it gave a confidence interval of 95% (Figure 17B). Of the 35 hits
above a log SILAC ratio of 1: 18 (51%) were mitochondrial, 8 were ribosomal and 9 were
either unknown or neither mitochondrial nor ribosomal (Figure 17C and Table 2). Highly
relevant to fuel substrate sensing, a number of mitochondrial carrier proteins (SLC25A)
were identified as OPALl-interacting proteins. Mitochondrial solute carriers are
mitochondrial inner-membrane proteins that catalyze the transfer of diverse substrates
across the mitochondrial inner membrane [for a review see (Palmieri, 2013)]. Importantly,
some of these solute carriers are involved in shuttling the mitochondrial substrates utilized
in Figure 2, namely malate and succinate by SLC25A10 [the dicarboxylate carrier (DIC)],
malate by SLC25A11 [the oxoglutarate carrier (OGC)] and glutamate by SLC25A12 and
SLC25A13 [the aspartate/glutamate carriers 1 (AGC1) and 2 (AGC2)]. Given the

requirement for OPA1-mediated cristae regulation in response to starvation, we asked if
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Figure 17. OPAL interacting partner identification by Stable Isotope Labeling by Amino
Acids in Cell Culture (SILAC).

A Schema of SILAC experiment to identify OPAL binding partners. B Representation of the mass
spectroscopy data as the relative abundance of the peptide fragments to the log SILAC ratio of the heavy to
light fraction. A log SILAC ratio of 1 was set as the threshold for putative interactors to consider validating
and previously reported or functionally suggested OPAL interacting partners are identified on the graph. C
Pie graph representing the localization of the 35 potential OPA1 interactors identified from this screen.
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Table 2. Putative OPAL interactors revealed by quantitative IP coupled MS

Gene
Name

HSPB1
TOMMA40
PHB2
CHCHD3

HAX1
NAP1L1
RPS3
OPAl

BAG2

TMEM33
ATP5C1
ERAB
GPSN2

ATAD3A

CLPB
SLC25A5
SURF4
RPS11
SLC25A6
CAV1
RPL23

SAMMS50
RPS15A
TIMM50

ATP5B
MYO1B
RPS27
RPL10
KIAA0664
ATP5A1
ISG15
SLC25A3
ARF4
RPS13
RPS14

Protein Name

Heat shock protein beta-1

Translocase of outer mitochondrial
membrane 40 homolog

Prohibitin-2
Coiled-coil-helix-coiled-coil-helix domain-
containing protein 3

HCLS1-associated protein X-1
Nucleosome assembly protein 1-like 1

40S ribosomal protein S3

Optic atrophy 1 (autosomal dominant)

BAG family molecular chaperone regulator
2

Transmembrane protein 33

ATP synthase subunit gamma
3-hydroxyacyl-CoA dehydrogenase type-2
highly similar to Synaptic glycoprotein SC2
ATPase family AAA domain-containing
protein 3A

Caseinolytic peptidase B protein homolog
ADP/ATP translocase 2

Surfeit locus protein 4

40S ribosomal protein S11

ADP/ATP translocase 3

Caveolin

60S ribosomal protein L23

SAMMS50 sorting and assembly machinery
component

40S ribosomal protein S15a

Translocase of inner mitochondrial
membrane 50 homolog

ATP synthase subunit beta
Myosin-Ib

Ribosomal protein S27
Ribosomal protein L10
Protein KIAA0664

ATP synthase subunit alpha
Interferon-induced 17 kDa protein
Phosphate carrier protein
ADP-ribosylation factor 4
40S ribosomal protein S13
40S ribosomal protein S14
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these solute carriers were responsible for modulating OPAL in response to substrate

concentrations.

To first validate the OPA1-SLC25A protein interactions, C-terminally 3xflag tagged
solute carrier protein constructs (AGC1, AGC2, OGC and DIC) were overexpressed in
MEFs and their mitochondrial localization was confirmed by immunofluorescence (Figure
19A). Immunoprecipitation of tagged AGC1, AGC2, OGC and DIC revealed an interaction
with endogenous OPAL (Figure 18A); in line with the SILAC experiment where tagged
OPA1l immunoprecipitated endogenous SLC25 proteins. Furthermore,
immunoprecipitation of endogenous OPA1 from both isolated MEF and liver mitochondria
also revealed an interaction with endogenous OGC, but not other control mitochondrial
proteins (Figure 18B & Figure 19B). In addition, the interaction between OPA1 and OGC
was decreased, by 59.4% + 10.7 (SEM, n=3) when an OGC competitive inhibitor
(phenylsuccinate) was added to the immunoprecipitation buffer suggestive of a dynamic
interaction (Figure 18B & Figure 19B). To further study this interaction and the role of
solute carriers in the regulation of OPA1 assembly and function we used both a genetic and
pharmaceutical approach. To deplete OGC, MEFs were subjected to two rounds of sSiRNA
transfection for a total of 120 hours (Figure 18C). Neither OGC depletion nor OGC
overexpression had an observable effect on mitochondrial length (Figure 20A&B). In
addition to mitochondrial length, OGC depletion had no effect on gross mitochondrial
structure (Figure 21A), OCR rates in regular growth conditions (Figure 18F&H) or cell
survival in starvation (Figure 21B&C), indicating that decreasing OGC levels does not
disrupt overall mitochondrial structure and function. As our hypothesis is that OGC (and

other SLC25A proteins) regulate OPAL under changing substrate levels, we then measured
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Figure 18. OPA1 interacts with SLC25 proteins that regulate OPA1’s response to
starvation.

A Mito-YFP-3xflag, DIC-3xflag, OGC-3xflag, AGC1-3xflag and AGC2-3xflag constructs were transiently
transfected into MEFs. 24 hours post-transfection, cells were lysed, immunoprecipitated with anti-flag
antibodies and analysed by western blot. B Endogenous OPA1 was immunoprecipitated from MEF
mitochondrial lysates with or without 15 mM phenylsuccinate (PhS) and the eluted samples were analysed
by western blot. Complex Il and CytC were used as negative controls. C Representative OGC knockdown
for experiments 18D-H, 20B & 21A-E. MEFs were transfected twice with siOGC for 120 hrs total and
mitochondrial lysates were analysed by western blot. D Isolated mitochondria from siOGC-treated cells were
incubated with the indicated ETC substrates [NC: non crosslinked control; NS: no substrate control; CI:
Complex I, malate and glutamate at 5 mM each] for 30 minutes at 37°C, cross-linked with EDC, and OPA1
oligomers were then analysed by gradient gel western blot. E Isolated mitochondria from siOGC and siCtrl
cells were incubated in no substrate and complex | buffers for 30 minutes and analysed for cytochrome ¢
retention. F SiIOGC and siCtrl cells were plated onto Seahorse TC plates 24 hours prior to analysis, washed
and incubated for 15 minutes in modified KRB and analysed by the XF analyzer. At the indicated times,
oligomycin (O), FCCP (F), and Antimycin A (AA) with Rotenone (R) were injected. G The same cells were
pre-starved for 2 hrs before identical analysis. H Quantification of ATP-linked (resting OCR minus oxygen
leak) and reserve OCR (maximal minus resting OCR) in F and G (averages + SEM of 4 independent
experiments). | MEFs were grown for one week in galactose media, to revert to a more oxidative phenotype,
or inregular glucose media, and these cells (1 000 000) were transfected with either siCtrl, siOGC, or siOPA1
and maintained in their respective media. Cells were then left to grow, passaged where required and cell
number in regular growth medium (left panel) or galactose media (right panel) was counted 6 days later
(averages £ SEM of 4 independent experiments). Student t-tests were performed as indicated *p<0.05,
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A MEFs were transiently transfected with mito-YFP-3xFLAG, DIC-3xFLAG, OGC-3xFLAG, AGC1l-
3XFLAG, and AGC2-3xFLAG for 24 hours, seeded onto coverslips for 24 hours, fixed and analysed by
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liver mitochondrial lysates with or without 15 mM phenylsuccinate (PhS) and the eluted samples were
analysed by western blot.
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Figure 20. Overexpression or knockdown of OGC does not affect mitochondrial length.

A MEFs were transiently transfected with no plasmid, mito-YFP-3xFlag, or OGC-3xFlag for 48 hours.
Mitochondrial morphology was then analysed by Tom20 immunofluorescence and binned as fragmented,
intermediate or elongated (right panels, averages =+ SEM of 3 independent experiments). B MEFs were
transfected twice with siOGC for 120 hrs total and mitochondrial morphology was then analysed by Tom20
immunofluorescence and binned as fragmented, intermediate or elongated (right panels, averages + SEM of
3 independent experiments).
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Figure 21. Supplement to Figure 18.

A Representative EM images of mitochondria from siCtrl or siOGC MEFs. Scale bars : 500 nm. B Cell death
of siCtrl or siOGC MEFs starved or not for 6 hours was analysed following Pl and Hoechst staining where
dead cells are expressed as the percentage of PI* to all cells (Hoechst*) (averages + SEM of 3 independent
experiments). C Cells were treated as in Figure E9B, but quantified as the percent condensed nuclei (averages
+ SEM of 3 independent experiments). D Quantification of Figure 6D of the OPAL oligomer to monomer
ratio, percent of control (averages + SEM of 4 independent experiments). Right panel, quantification of same
experiments, but expressed as the change in OPAL oligomers from incubation with complex | substrates to
no substrates (AU: Arbitraty Units). E Quantification of Figure 6E of the ratio of cytochrome c in the
supernatants to that remaining in the pellets after incubation with digitonin and expressed as percent of siCtrl
with NS (averages + SEM of 4 independent experiments). Student t-tests were performed as indicated
*p<0.05, ***p<0.005.
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the response of siOGC mitochondria to substrate availability in vitro. Incubation of sSiOGC
mitochondria in the absence of substrates reduced OPAL oligomerization, also reducing
the difference in OPAL oligomerization between fed and no substrate conditions (Figure
18D & Figure 21D). Additionally when isolated mitochondria were incubated in the
absence of energy substrates, siOGC mitochondria were unable to retain as much
cytochrome c, indicative of their inability to respond to changing substrate levels (Figure

18E & Figure 21C).

Next, we investigated the consequences of OGC depletion on the response to starvation.
Starvation of siOGC cells significantly reduced their ATP-linked oxygen consumption rate
(Figure 18G&H), indicating an impaired response to changes in substrate availability. In
addition, siOGC cells displayed a modest but reproducible decrease in cell growth in
galactose media (Figure 181). These results indicate that OGC plays a role in the adaptation
of mitochondria to changing energy substrate levels, possibly by regulating OPAl

oligomerization.

To confirm that OPAL senses substrate availability through the SLC25A proteins, we
utilized competitive inhibitors of the DIC and OGC in order to mimic substrate binding in
the complete absence of actual energy substrates. Strikingly, both the DIC inhibitor
butylmalonate (BM) and the OGC inhibitor phenylsuccinate (PhS) alone drastically
reduced OPAL oligomerization mirroring the OPAL response to substrate-rich conditions
(Figure 22A). Again, this correlated with increased mobilization of cytochrome c stores,
indicative of an increased cristae width (Figure 22B). Finally, since OPAL regulates ATP
synthase stability, we investigated the effect of the SLC25A inhibitors on the ATP

synthase. Strikingly, both the dimer and the monomer of the ATP synthase were drastically
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Figure 22. Pharmacological blockade of SLC25A proteins drastically inhibit OPA1
oligomerization and function.

A Isolated liver mitochondria were incubated with phenylsuccinate (PhS) or butylmalonate (BM) and OPA1
oligomerization was assessed as previously. B Mouse liver mitochondria were incubated with 50mM PhS or
BM, then cytochrome c retention was analysed where released CytC was mobilized from the pellet (P) to the
supernatant (SN) fraction. C Mouse liver mitochondria were incubated with 50mM PhS or BM and lysates
were analysed by BN-PAGE. (Right panel) ATP synthase monomers were quantified relative to complex Il
monomer (averages + SEM of 6 independent experiments). D Mouse liver mitochondria were prepared and
incubated in parallel with 22C and analysed by regular western blot for ATP5A. Student t-tests were
performed relative to control, ***p<0.005.
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decreased following incubation with BM or PhS (Figure 22C). Importantly, the decrease
in ATP synthase and increase in cytochrome ¢ mobilization were specific, as cytochrome
¢ was not mobilized in the absence of digitonin (Figure 22B), Complex Il was not altered

(Figure 22C), and BM and PhS did not alter total ATP5A levels (Figure 22D).

Altogether, these results indicate that OPA1 responds to changes in fuel substrate levels,
influenced by SLC25A proteins, altering mitochondrial function through its role in cristae

regulation and ATP synthase assembly.
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3.2 The interaction between OPA1 and CLUH

From our SILAC-based proteomic interaction screen, we identified KIAA0664 (CLUH) as
a potential novel interacting partner of OPA1. Since CLUH homologues are known to
regulate mitochondrial dynamics in Dictyostelium, Saccharomyces cerevisiae,
Arabidopsis, Drosophila melanogaster (Cox & Spradling, 2009; Fields et al, 1998; Logan
et al, 2003; Zhu et al, 1997a), we investigated whether or not CLUH can regulate
mitochondrial dynamics in mammalian cells. Furthermore, as OPA1 is a master regulator
of mitochondrial dynamics, we questioned whether OPA1’s effect on mitochondrial
dynamics is regulated by CLUH. Since little is known on mammalian CLUH, we began

our studies by investigating its function in an overexpression system.

3.2.1 OPA1 and CLUH co-immunoprecipitate

To confirm the OPA1-CLUH interaction, we created a construct in which full length
CLUH was tagged on the C-terminal with 3xflag, as to not disturb mitochondrial transport,
which is usually N-terminal-dependent. Overexpression of this construct (CLUH-3xflag)
was expressed at high levels in different cell types at the predicted size (approximately 160
kDa, Figure 23A). However, other bands were also present with CLUH overexpression,
including a significant band at 75 kDa. By immunofluorescence, we confirmed that
overexpressed CLUH was mostly cytoplasmic with a slight overlap with the mitochondrial

marker Tom20, while control, mito-YFP, was completely mitochondrial (Figure 23C).

Since our SILAC studies revealed an interaction with overexpressed OPA1-YFP and
endogenous CLUH, we performed the opposite experiment where CLUH-flag
overexpression was used to immunoprecipitate endogenous OPAL1. When CLUH-flag was

immunoprecipitated, we observed an interaction with OPAL (Figure 23B). However mito-
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Figure 23. CLUH interacts with OPA1 and is expressed primarily in the cytoplasm.

A mtYFP-3xflag and CLUH-3xflag constructs were transiently transfected into the indicated cell lines. 48
hours post-transfection, cells were lysed and analysed by western blot with the indicated antibody. B HelLa
cells were transfected with the indicated constructs for 48 hours. Cells were then fixed and analyzed by
immunofluorescence with anti-Tom20, anti-flag antibodies and Hoechst. These cells were then quantified
for mitochondrial length and binned as fragmented, intermediate or elongated (minimum of 100 cells per
experiment, averages + SEM of 3 independent experiments). C Mito-YFP-3xflag and CLUH-3xflag
constructs were transiently transfected in HEK297 cells for 48 hours. Cells were then lysed,
immunoprecipitated with anti-flag magnetic beads and analysed by western blot with the indicated antibody.
Scale bars: 20 pm.
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YFP did not pull down OPA1 and CLUH-flag did not pull down the control mitochondrial
protein VDAC. These results confirm a potential novel interaction between OPAL and

CLUH. The functional significance of this relationship remains to be elucidated.

3.2.2 A subpopulation of CLUH is mitochondrial

Since we demonstrated that CLUH interacts with OPA1, a protein exclusively localized to
mitochondria, and that CLUH-3xflag immunofluorescence overlapped slightly with the
mitochondrial marker Tom20, we further investigated this previously unknown
mitochondrial localization of CLUH. Firstly, we isolated mitochondria and cytoplasm by
differential centrifugation in HeLa cells overexpressing either CLUH-flag or control,
mitoYFP-flag. We confirmed that the mitochondrial isolation was appreciably pure since
lactase dehydrogenase (LDH) was present exclusively in the cytosolic fraction, while
Tom20 and OPA1 were present exclusively in the mitochondrial fraction (Figure 24A).
From these cellular fractionation experiments, we uncovered a significant amount of
CLUH-flag present in the mitochondrial fraction (Figure 24A). Moreover, we found this

mitochondrial CLUH-flag was mostly full length (=160 kDa).

We next corroborated these findings with confocal imaging of endogenous CLUH in the
presence of a weak detergent to solubilize cytoplasmic proteins. An experimentally
determined concentration and timing of saponin (75ug/mL) solubilisation was used prior
to cell fixation to remove soluble cytoplasmic proteins, including CLUH. Interestingly, this
technique revealed a co-localization of CLUH with mito-YFP used to visualize
mitochondria (Figure 24B). Taken together these results suggest that a fraction of CLUH

localizes to mitochondria.
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Figure 24. A subpopulation of CLUH is associated with mitochondria.

Mitochondrial and cytoplasmic fractions were isolated by differential centrifugation from cells expressing
mito-YFP or CLUH-flag. The resulting fractions were analyzed by western blot with the indicated antibodies.
B Cells were transfected with mtYFP to visualize mitochondria, plated on glass coverslips and then fixed
regularly (top panels) or fixed following Saponin solubilisation for 1 minute (bottom panels). Fixed cells
were then visualized by confocal microscopy flowing immunofluorescence with anti-CLUH antibodies and

Hoechst. Scale bars: 20 pm.

91



3.3.3 CLUH does not alter mitochondrial dynamics or mitochondrial localization

Since OPAl and CLUH interact, we asked if the expression of CLUH influences
mitochondrial dynamics, a key function of OPA1. To determine whether CLUH regulates
mitochondrial dynamics, mitochondrial length was quantified in the CLUH-3xflag
overexpressing cells. There was no change in mitochondrial length when cells
overexpressing CLUH were compared to controls (quantified in Figure 23D). To determine
if absence of CLUH affects mitochondrial length, CLUH was ablated with two different
siRNAs targeting CLUH, efficiently knocking down CLUH at the RNA and protein level
by greater than 80% (Figure 25A&B). Of note, endogenous CLUH had a similar banding
pattern to overexpressed CLUH-3xflag, suggesting that these bands are not an
overexpression degradation artifact. CLUH immunofluorescence was almost completely
absent in the majority of these cells, while few cells still possessed large amounts of CLUH
(Figure 25C). Mitochondrial length was not different in siCLUH groups compared to their
controls (Figure 25D and quantified in Figure 25E), confirming that CLUH does not affect
mitochondrial length in these cells. In addition to changes in mitochondrial length, it has
been noted that Drosophila clu regulates the localization of mitochondria within the cell.
Specifically, mitochondria in clu mutant germ cells are clumped around the nucleus and
are unable to reach the extremities of the cells (Cox & Spradling, 2009). However, with
both mtHSP70 and Tom20 immunofluorescence and differential interference contrast
(DIC) to delineate the cell boundaries, no change in mitochondrial localization was
observed in the absence of CLUH (Figure 26). Mitochondria in cells devoid of CLUH were
still able to occupy the periphery of the cell. This suggests that contrary to Drosophila,

CLUH does not affect mitochondrial localization in HelLa cells.
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Figure 25. CLUH ablation does not affect mitochondrial length in HeLa cells.

A Hela cells were transfected with either control, non-targeting siRNA, or one of two siRNAs targeting
CLUH for 48 hour. Cells were then harvested and RNA for CLUH and GAPDH was determined by RT-PCR
(averages = SEM of 4 technical replicates). B Cells were treated as in A, but lysed and analyzed by western
blot with the indicated antibody. C Cells were treated as in A, but seeded onto coverslips and analyzed by
immunofluorescence with anti-CLUH antibodies and Hoechst. D Cells were treated as in A, but seeded onto
coverslips and analyzed by immunofluorescence with anti-Tom20 antibodies. E These cells were then
quantified for mitochondrial length and binned as fragmented, intermediate or elongated (minimum of 100
cells per experiment, averages + SEM of 3 independent experiments). Scale bars: 20 pum.
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Figure 26. CLUH does not regulate mitochondrial localization in HelLa cells

Hela cells were transfected with either control non-targeting siRNA or one of two siRNAs targeting CLUH
for 48 hour. Cells were seeded onto coverslips and analysed by immunofluorescence with confocal
microscopy with mtHSP70 or Tom20 antibodies, Hoechst or with differential interference contrast. Arrows
indicate mitochondria able to reach the outer bounds of the cytoplasm. Scale bars: 20 um.
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While CLUH interacts with OPAL and a significant pool is located inside mitochondria we
were unable to observe an effect on mitochondrial dynamics in human cells. Further

investigation is therefore warranted to reveal the functionality of mitochondrial CLUH.
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3.3 The role of OGC and OPAL1 in glutathione redox state

3.3.1 OGC regulates cellular glutathione redox state in MEFs

In chapter 3.1 we described how OPAL interacts with, and is regulated by OGC. OGC is
known to regulate the transport of mitochondrial glutathione (Chen & Lash, 1998). OPA1
deletion sensitizes cells to oxidative stress associated forms of apoptosis (Frezza et al,
2006; Jahani-Asl et al, 2011). OPAL is also regulated by glutathionalization (Shutt et al,

2012), therefore we next investigated the role of OPAL in the regulation of glutathione.

Carriers for mitochondrial glutathione may be cell-type specific (Kamga et al, 2010) and
previous studies used mainly overexpression and pharmaceutical approaches (Kamga et al,
2010; Wilkins et al, 2014; Wilkins et al, 2013), thus we first investigated whether OGC
knockdown affected the levels and redox potential of glutathione in MEFs. To this end we
utilized a high-performance liquid chromatography (HPLC) technique to quantify cellular
glutathione in both its reduced (GSH) and oxidized (GSSG) states. Running standards
containing both GSH and GSSG by HPLC vyielded two clean peaks, and different
concentrations were used to produce standard curves for efficient quantification of GSH
and GSSG levels in subsequent experiments (Figure 27A&C). When whole cell MEF
lysates were analyzed, notable peaks at similar retention times were observed, indicative
of the GSH and GSSG products (Figure 27B). Moreover, control cells were treated with
1mM H2O; to functionally confirm the GSH and GSSG peaks. As expected, during this
treatment the ratio between reduced GSH to oxidized GSSG peaks was significantly
decreased (Figure 27C). When OGC was transiently decreased (Figure 27D), the

GSH/GSSG redox ratio was increased (Figure 27E). Since the total levels of glutathione
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Figure 27. OGC controls the GSH/GSSG ratio in MEFs.

A. Representative HPLC analysis of standards containing GSH and GSSG. B. Representative analysis of
whole cell GSH and GSSG levels by HPLC. C. Representative standard curves for the quantification of GSH
and GSSG by HPLC. D. Control cells were treated with 1mM H202 or vehicle for 1 hour prior to
quantification of GSH and GSSG by HPLC (averages + SEM of 4 independent experiments). E. Western
blot analysis of OGC following 120 hour siRNA knockdown (double transfections) used in subsequent
experiments. F. Cells were treated with sSiRNA as D and analyzed by HPLC for whole cell GSH and GSSG
quantity, expressed as a ratio (averages + SEM of 4 independent experiments). G. The same experiments in
E were analyzed for whole cell total GSH content ([GSH] + 2[GSSG]). Student’s t-tests were performed
relative to control, ***P < 0.005.
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were unchanged (Figure 27F), the increase in GSH/GSSG ratio is consistent with decreased

glutathione transport into the mitochondrial matrix, the major source of oxidative stress.

Although it has been demonstrated that reduced mitochondrial transport of glutathione by
OGC can sensitize cells to ROS induced cell death (Wilkins et al, 2014; Wilkins et al,
2013), the consequence of OGC deletion in mitochondrial respiration in response to
oxidative stress has not been investigated. Therefore, we analyzed the respiration of these
cells in response to short-term H2O> treatments. Although all parameters of respiration
were unchanged following OGC knockdown (Figure 18 and Figure 28), following H20>
treatment, OGC depleted cells had a decreased ability to maintain maximal respiration
(Figure 28). In fact, under these conditions, OGC depleted cells have almost no reserve
respiratory capacity, the ability of mitochondria to increase their respiration following
membrane depolarization. How OGC depletion results in a decrease reserve capacity
remains to be determined; however, it may be that the inability to properly buffer ROS
within the matrix would lead to oxidation and inefficiencies within the electron transport

chain.

3.3.2 OPA1 regulates cellular glutathione

With OGC confirmed to regulate the glutathione redox ratio in MEFs, we next asked
whether OPAL regulates glutathione redox. Surprisingly, in OPAL knockout MEF cell
lines, the GSH/GSSG ratio was drastically increased, much more so than the increase with
OGC knockdown (Figure 29A). In addition, we observed a robust increase in total
glutathione levels (Figure 29B). Thus two different mechanisms may regulate glutathione

levels in OPA1 KO cells.
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Figure 28. OGC depletion affects mitochondrial reserve respiration following H20:

treatment

A To assess the impact of the OGC downregulation on the cell’s response to H.O, treatment we studied cells
in a Seahorse XF-24 analyzer. Cells were plated on Seahorse TC plates 24 hours prior to analysis, stimulated
or not with 1mM H,O; for 1 hour, washed and incubated for 15 minutes in modified KRB, and analysed for
OCR. At the indicated times, oligomycin (O), FCCP (F), and antimycin A (AA) with rotenone (R) were
injected (averages + SEM of 3 independent experiments). B Quantification of Resting OCR (Basal minus
non-mitochondrial), Leak OCR (oligomycin insensitive minus non-mitochondrial), Maximal OCR (OCR in
uncoupled mitochondria), phospho-linked OCR (resting OCR minus oligomycin insensitive OCR) and
reserve OCR (Maximal minus resting) in A. (averages + SEM of 3 independent experiments). Student t-tests

were performed relative to control, *p<0.01
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Figure 29. OPA1 dependent regulation of glutathione redox potential and quantity.

A. Control and OPA1 KO MEFs were analyzed by HPLC for whole cell GSH and GSSG quantity, expressed
as a ratio (averages + SEM of 3 independent experiments). B. The same experiments in A were analyzed for
whole cell total GSH content ([GSH] + 2[GSSG]). C. Western blot analysis of OPAL following 48 hour
siRNA knockdown used in subsequent experiments. D. Cells were treated with sSiRNA as C and analysed for
mitochondrial length by immunofluorescence with Tom20 antibodies (Red) and Hoescht stain (Blue). E.
Cells were treated with siRNA as C and analyzed by HPLC for whole cell GSH and GSSG quantity,
expressed as a ratio (averages + SEM of 3 independent experiments). F. The same experiments in A were
analyzed for whole cell total GSH content ([GSH] + 2[GSSG]). Student’s t-tests were performed relative to
control, *P < 0.05, **P < 0.01 and ***P < 0.005.
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Since long-term deletion of OPAL may result in multiple mitochondrial deficiencies, we
transiently ablated OPA1 with siRNA. At this timepoint (48hrs), OPAL was efficiently
decreased (Figure 29C), and mitochondria were already considerably fragmented (Figure
29D). Under these conditions, the GSH/GSSG ratio was again significantly more reduced,
in line with the hypothesis that OPA1 would regulate mitochondrial transport of GSH
(Figure 29E). Total glutathione content was statistically unchanged (p=0.15) (Figure 29F).
These results suggest that OPAL has a two-pronged effect on glutathione, first an effect on
the GSH/GSSG ratio (similar to OGC) and second a longer-term effect on whole

glutathione levels, which may represent compensatory effects.

3.3.3 OPA1 regulation of cellular glutathione requires its GTPase activity

To confirm the role of OPAL in the regulation of glutathione, we asked whether we could
rescue the defects in OPA1 KO cells with WT OPAL. Furthermore, we asked if the GTPase
function of OPAL is required for this phenotype. In chapter 3.1 we rescued some
characteristics of OPAL function with a fusion-incompetent mutant of OPAL that can still
oligomerize and maintain cristae structure, the OPA1(Q297V) mutant. This mutant was
able to oligomerize in response to substrate availability but could not rescue decreased
mtDNA levels in OPAL KO cells. We used these cells lines with overexpressed WT OPA1
or OPA1(Q297V) to investigate glutathione content and redox ratio. Overexpression of
both WT OPA1 and OPA1(Q297V) in control cells had little effect on both the GSH/GSSG
ratio or total glutathione levels (Figure 30A&B). There was however, a striking rescue in
both the GSH/GSSG ratio and the total glutathione levels with WT OPA1 in the OPA1 KO

MEFs, but the OPA1(Q297V) had no effect on either parameter.

101



A WT OPA1 KO MEFs D

GFP OPAl Q297V GFP OPAl Q297V VIS
S—— o —
ora1 :
Actin W - - —-— -
15 - i
B - E 12 =
#* #
10 4
0] 10 4 & . |
o w
@ w2
S &
Z T 61
ICIE 2
4 4
2 4
0 4
] N 0 -
&@6 ‘°3~ r\?«l Oﬁﬁ oxoq‘” O@(ﬁé WT DMFNKD
ng 4@ € ¢
c F
3 ok ok ok
0.0000125 - . 0.00001 -
E EE
8 * =
3 0.00001 - hE_ weks § 0000008 -
E 3
= * % =
=
£0.0000075 - ; 0.000006 -
E R
g £
& 0.000005 - 5 0000004 -
E &
i =
&0.0000025 A Z 0000002
0 1 0 -
WT  DMFN
& & & oS Mr
i '1‘ Oxe i v
é‘ o & &
& & € ¢ &

Figure 30. OPAL dependent regulation of glutathione redox potential and quantity requires
its GTPase activity.

A Longterm cultures of WT and OPA1 KO MEFs stably expressing the indicated constructs were analysed
by western blot for OPA1 and Actin. B These cell lines were analyzed by HPLC for whole cell GSH and
GSSG quantity, expressed as a ratio. C The same experiments in A were analyzed for whole cell total GSH
content ([GSH] + 2[GSSG]). (averages + SEM of 3 independent experiments) with one-way anova (Tukey
post hoc test), *P < 0.05, **P < 0.01, ***P < 0.005 and ****P < 0.001. D WT and DMFN KD MEFs were
plated on coverslips and mitochondrial length was analyzed with the live stain mitotracker and Hoechst. E
These cells were analyzed by HPLC for whole cell GSH and GSSG quantity expressed as a ratio (averages
+ SEM of 3 independent experiments). F The same experiments in E were analyzed for whole cell total GSH
content. SEM of three independent experiments.
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This data suggests that GTPase activity is required for the regulation of glutathione content
and redox ratio. Since GTPase activity is also required for mitochondrial fusion, we asked
whether affecting mitochondrial length alone was sufficient to induce changes in
glutathione levels and redox ratios. To this end, we generated MEFs in which MFN1 and
MFN2 were deleted. As expected, mitochondria were fragmented in these cells (Figure
30D), however neither the ratio of GSH/GSSG nor the total glutathione differed between
DMFEN KD or control cells (Figure 30E&F). Together these results suggest that OPA1
requires its GTPase activity to regulate glutathione levels and redox state, however, this

function is not dependent on fusion alone.
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Chapter 4. Discussion

4.1 The role of OPAL in sensing substrate availability and responding by altering
cristae structure

Cristae structural changes have been documented decades ago (Hackenbrock, 1966;
Hackenbrock, 1968a; Hackenbrock, 1968b), but our understanding of how these changes
occur and their functional consequence is largely unknown. Here, we demonstrate a novel
mechanism by which cristae are physiologically regulated. Changes in energy substrate
availability are sensed by mitochondrial SLC25A transporters, which in turn regulate
OPAL oligomerization. OPA1 oligomerization is then required to modulate cristae width
and regulate assembly of the ATP synthase, in a mitochondrial fusion-independent manner.
The physiological importance of this mechanism is highlighted by the demonstration that
a fusion-incompetent form of OPAL (Q297V) rescued OCR, ATP synthase assembly and
cell growth of OPA1 KO MEFs in galactose media, which forces mitochondrial respiration

for ATP production.

Although it is known that OPA1 oligomers disassemble during cell death leading to release
of proapoptotic factors (Frezza et al, 2006), and recently that OPA1 oligomer disruption
by cristae remodelling results in impaired respiration (Cogliati et al, 2013), physiological
changes in OPAL oligomers and their role in regulating cristae structure under non-cell
death conditions remained poorly understood. Here we demonstrated in both cells and
isolated mitochondria that starvation increases OPA1 oligomers rapidly and reversibly,
correlating with tighter cristae width. These substrate dependent changes in OPAl
oligomers were upstream/independent of ETC function and membrane potential, known

regulators of OPA1 processing and its fusion function (Mishra et al, 2014; Song et al,
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2007). By taking advantage of the OPA1(Q297V) mutant we showed that, independently
of mitochondrial fusion, OPAL can maintain cristae structure, mitochondrial activity and
adapt to the lack of nutrients during starvation. Our study therefore demonstrates that the
roles of OPAL in mitochondrial fusion and cristae maintenance can be separated and that

cristae can be maintained in the absence of mitochondrial fusion.

How oligomerized OPA1 regulates cristae structure is still largely unknown. One proposed
mechanism is through the oligomerization of two long and one short isomer of OPA1
(Frezza et al, 2006), although OPAL oligomerization could also promote its interaction
with other protein complexes required for cristae formation. In support of this hypothesis,
our SILAC-based interaction screens revealed interactions with several factors critical for
cristae structure maintenance: the ATP synthase, prohibitin, mitofilin, CHCHD3, Sam50
and the adenonucleotide transporters. In fact, recent ground-breaking studies have revealed
protein complexes required for cristae maintenance termed MINOS, MitOS or MICOS
(Harner et al, 2011; Hoppins et al, 2011; von der Malsburg et al, 2011). Indeed, disruption
of these components may lead to cristae loss, decreased ETC complexes and a decrease in
respiration. In addition, since it has been demonstrated that ATP synthase oligomerization
mediates cristae morphogenesis (Habersetzer et al, 2013; Paumard et al, 2002) it is possible
that OPA1 oligomer-dependent changes regulate the ATP synthase which then alters
cristae structure. In any case, the fact that OPAL interacts with cristae maintenance
components, as well as the ATP synthase, highlight its central role in the coordinate

regulation of mitochondrial structure and function.

One of the ways in which cristae structure may regulate ETC function is by controlling

local substrate concentrations. From computer modeling experiments, it has been proposed
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that these changes in cristae structure may regulate the diffusion of metabolites (Mannella,
2006). Scorrano’s group has shown that OPA1 is required for the regulation of respiratory
chain supercomplex assembly (Cogliati et al, 2013). These ETC supercomplexes may
increase the efficiency of electron transfer and ATP production, and may decrease the toxic
accumulation of reactive oxygen species (Lenaz & Genova, 2012; Wittig & Schagger,
2009). Here, we present non-cell death manipulations of healthy cells or mitochondria to
demonstrate that in addition to regulating expression OPAL is also required for full ATP
synthase monomer stabilization independently of its fusion activity, the monomer being
the functional unit of the ATP synthase. The starvation-induced rescue of ATP synthase
assembly by OPA1 and OPA1(Q297V) clearly support a major role for these complexes in
fine tuning mitochondrial function according to nutrient availability. However, we cannot
exclude that part of the prosurvival role of OPAL1(Q297V) is in preventing the release of
proapoptotic factors from mitochondria, as previously suggested under apoptotic
conditions (Yamaguchi et al, 2008). Interestingly, the OPA1(Q297V) mutant still responds
to changes in fuel substrate availability without GTPase activity, potentially mimicking
GTP binding (Yamaguchi et al, 2008), suggesting that OPAL oligomerization is upstream

of GTP binding and hydrolysis.

We identified members of the SLC25A family of mitochondrial solute carrier as being
required for OPAL oligomerization in response to changes in energy substrate levels. Since
their pharmacological and genetic ablation resulted in disruption of OPAL oligomers and
cytochrome ¢ mobilization, outside of transporting their respective substrates, SLC25As
could represent a novel class of inner membrane shaping proteins. While our results

suggest that OGC interacts with OPAL, we cannot exclude the possibility that it affects
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OPAL indirectly, by modulating some undefined mitochondrial process. Moreover, the
mechanism governing how SLC25A proteins transport their cargo as well as relay
information to OPAL still remains to be determined. Work on other more characterized
solute carriers, the amino acid transporters, suggest that they may act as sensors in addition
to carrier functions by activating different cellular signaling pathways [reviewed in
(Taylor, 2014)]. The transfer of this idea to SLC25A proteins is of interest, considering the
effect of OGC depletion and SLC25 inhibition on OPA1 oligomerization and function.
Additionally, since the effect on OPAL oligomerization and cytochrome ¢ mobilization
with these drugs was so robust, it would be interesting to investigate if targeting SLC25As

represent a novel mechanism to adjust the cell death program.

4.2 The OPA1-CLUH interaction

During the course of our studies, we identified the human homologue of the clueless gene
product as a potentially novel OPA1-interacting protein. Since it was demonstrated in other
organisms that CLUH homologues regulate mitochondrial dynamics and that mammalian
fusion machinery likely lacks the identification of all its members (Zhao et al, 2013), we
questioned if CLUH represents a novel mitochondrial fusion protein. We found that this
was not the case in HeLa cells since neither CLUH overexpression nor its downregulation
affected mitochondrial length. Previous mitochondrial ultrastructure work had
demonstrated that cluA- mutants had thin connections between mitochondria, suggesting
they likely had a defect in late phases of mitochondrial fission (Fields et al, 2002). By
confocal microscopy we investigated localizations of both the outer membrane marker
Tom20 and the matrix marker mtHSP70, and were unable to find marked differences when

overexpressing or downregulating CLUH. In other words, so called “beads on a string”
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mitochondria (Spinazzi et al, 2008), representative of a fusion defect, were not observed.
In fact, the mitochondrial clustering phenotype for which the protein was named for was

unchanged in HeLa cells following CLUH knockdown.

Despite its lack of effect on mitochondrial length and localization, we do provide evidence
of an OPA1-CLUH interaction by immunoprecipitation studies. While we investigated
mitochondrial fusion through mitochondrial length measurements, further experimentation
is required to investigate the role of CLUH in other known functions of OPAL. For
example, it would be of interest to investigate mitochondrial cristae structure, OXPHOS

and mtDNA levels in cells where CLUH levels have been altered.

During the course of our studies, Gao et al. described a fascinating role for CLUH in
mitochondrial biogenesis (Gao et al, 2014). In their work, they propose that CLUH is an
MRNA-binding protein involved in translation of a specific subset of mitochondrial
proteins. In agreement with our data they describe a CLUH population that is closely
associated with mitochondria; however, since we demonstrate that CLUH interacts with
OPAL1 we would hypothesize that some CLUH would actually need to enter mitochondria.
Under the model proposed by Gao and colleagues, a small portion of OPA1 interacting
with CLUH could be immunoprecipitated during its translation. We found that even the
short isoforms of OPAL interact with CLUH. Since s-OPAL requires mitochondrial located
proteases it would be more likely that CLUH interacts with OPA1 in the intermembrane

space.

The fact that only certain cell types demonstrate a mitochondrial clustered defect, may
suggest that the mitochondrial distribution defect associated with CLUH could be

secondary to another underlying phenotype. To this effect, Gao and colleagues demonstrate
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that Cos7 and NSC34 cells had different amounts of mitochondrial clustering while MEF
cells lacked an overt clustering phenotype (Gao et al, 2014). While it could be a secondary
effect, another possibility is that a factor governing the role of CLUH in mitochondrial
clustering is lacking in certain cell types. In support of mitochondrial clustering being a
secondary effect to mitochondrial dysfunction, Sen and colleagues have reported that
mitochondrial clustering occurs downstream of its role in suppressing oxidative damage in
Drosophila mutant (Sen et al, 2013). Recognizing its associations with Parkinson’s disease
in animal models, it will be of interest to delineate the full role of CLUH in mitochondrial

(dys)function.

4.3 OPAL: a regulator of glutathione

In the chapter 3.1 we demonstrate how OPA1 oligomerization is required, independently
of mitochondrial fusion, for the cellular adaptation to metabolic demand. Our data suggests
that this regulation is dependent upon OGC and DIC carrier function. Since these two
carriers are the only known carriers for mitochondrial glutathione, and that OPAL interacts
with these two carriers, we investigated an OPA1-dependent regulation of the glutathione
system. Our data confirm a role for OGC in glutathione status and mitochondrial function
and reveal a new role for OPAL1 in the regulation of glutathione. Specifically, deletion of
OPAL1 had two effects: first it phenocopied the effect of OGC on the GSH/GSSG ratio and
secondly it drastically increased total levels of glutathione. The latter is perhaps due to a
long-term compensatory upregulation of glutathione synthesis following mitochondrial
dysfunction, since short-term deletion of OPAL did not result in a significant increase in
total glutathione levels. Interestingly, OPALl-dependent regulation of glutathione is

GTPase dependent, since the OPA1(Q297V) mutant could not rescue the increased ratio
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or levels of glutathione. However, knockdown of mitofusins, which caused mitochondrial
fragmentation, had no effect on GSH levels or redox ratio suggesting that fragmented

mitochondria alone does not regulate glutathione.

Since OGC is a well-documented transporter of mitochondrial glutathione, we believe the
increased ratio of GSH to GSSG might reflect the inability of GSH to enter the
mitochondrial matrix to be oxidized. It remains to be determined if the increased
GSH/GSSG ratio in OPA1 knockout and knockdown cells is also due to a defect in
mitochondrial GSH transport. Future mitochondrial transport assays may help isolate a

specific role for OPAL in GSH transport through the OGC carrier.

However, despite substantial evidence to the contrary, it has been recently proposed that
glutathione is not transported by OGC and DIC (Booty et al, 2015). In their study, Booty
et al. demonstrate that fused membrane vesicles of Lactococcus lactis expressing
Saccharomyces cerevisiae DIC or human OGC are unable to transport glutathione. While
this data does show that expression of DIC or OGC in a simple membranes is insufficient
for glutathione transport alone, it doesn’t rule out other ways in which these transporters
can affect mitochondrial GSH transport. The simplest scenario would be that in this
minimal system, OGC and DIC are not in their proper form for GSH transport. Perhaps
these carriers require an essential protein cofactor, lipid composition, membrane structure
or post-translational modification, not present in Lactococcus lactis fused membrane
vesicles. Another possibility fitting the current literature, is that glutathione transport is
only regulated by and not actively transported by OGC and DIC. Regardless, manipulations

of these carriers clearly leads to defects in the glutathione content, sensitivity of cells to
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oxidative stress, and defects in respiration following oxidative stress as we have

demonstrated.

While OGC deletion in cells had no effect on all investigated parameters of respiration,
when these cells were subjected to an oxidative stress we observed a significant decrease
in reserve capacity. How oxidative stress affects the reserve capacity in these cells remains
to be elucidated. Because mitochondrial GSH transport is likely affected, one interpretation
is that the mitochondrial matrix is less able to buffer an oxidative stress, and that the
OXPHOS machinery is damaged. Since reserve capacity is linked to ETC supercomplex
assembly in other models (Cogliati et al, 2013; Khacho et al, 2014), it would be interesting

to investigate ETC supercomplexes in this setting.

Shutt et al. have previously described a role for oxidative stress and glutathione status in
the regulation of mitochondrial fusion (Shutt et al, 2012). In their study, they demonstrate
how GSH and GSSG have opposing roles on in vitro mitochondrial fusion rates, where
GSSG can induce a strong increase in MFN oligomerization, thus priming the fusion
machinery. Interestingly, OPA1’s oligomerization was also slightly increased in their
study. Considering the aforementioned study and our data describing the GTPase-
dependent role of OPA1 on the GSH redox ratio and GSH levels, OPA1 is both affected
by, and affects the redox status of the glutathione pool. This is particularly interesting since
OPAL1 deletion has been known for some time to sensitize cells to forms of cell death in
which oxidative damage is involved (Frezza et al, 2006; Jahani-Asl et al, 2011). Further
studies are thus required to investigate this OPA1 dependent role of glutathione levels,

redox ratios and potentially mitochondrial transport in different forms of cell death.
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4.4 Additional General Discussion

In addition to our described cristae alterations during cellular starvation, mitochondria also
elongate under these conditions (Gomes et al, 2011; Rambold et al, 2011). OPALl-
dependent resistance to starvation induced cell death was thus attributed to this
mitochondrial elongation. However, here we were able to dissect the relative roles of
mitochondrial elongation with mitochondrial cristae structure changes with the
OPA1(Q297V) mutant. We demonstrate that the role of OPAL in maintaining cell viability
during starvation does not require mitochondrial fusion. Since we also demonstrate the role
of OPA1 oligomerization on cristae structure changes, it is tempting to speculate that these
cristae alterations are required for resistance to starvation induced cell death by maintaining
OXPHOS. However, since OPA1 could also play a direct role on apoptotic signaling,

further experimentation will be required.

In this regard, many studies manipulate MFN1&2 in parallel with OPAL to determine
whether an effect is fusion-dependent or not. Caution should be employed when making
such judgements since these are multifaceted proteins. In this regard, MFN2 has recently
been described to regulate coenzyme Q levels, vital for OXPHOS function (Mourier et al,
2015). Thus, if OPA1 and MFN1&2 deletion cause a similar phenotype, it may be fusion-

dependent, mtDNA-dependent, OXPHOS dependent or other undescribed processes.

How OPAL1 regulates mitochondrial DNA is still unclear. It has been proposed that OPA1
regulates both mtDNA replication and distribution by an exon 4b-dependent function
(Elachourietal, 2011). Indeed, silencing of exon 4b containing OPAL transcripts decreased
MtDNA, which was reversed upon overexpression of a mitochondrially targeted exon4b

fragment. Moreover, this 10-kDa fragment was demonstrated to interact with nucleoids,
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mechanistically linking OPAL1 to mtDNA. However, we, and recently others (Cogliati et
al, 2013), reversed the mtDNA defects in OPA1 KO MEFs with isoform 1, which does not
include exon 4b. We also demonstrate that the OPA1(Q297V) mutant is unable to rescue
this mtDNA depletion. The fact that the OPA1(Q297V) mutant is fusion incompetent could
suggest that OPAL regulates mtDNA maintenance through a fusion-dependent mechanism.
The literature seems to support this fusion-dependent interpretation. Human mutations in
OPAL1 and MFN2 which cause mtDNA depletions are located in their GTPase or GED
domains, pivotal domains for their fusion functions (Vidoni et al, 2013). Also, deletion of
MFN1 and MFN2 results in severe mtDNA depletion which can be completely reversed
by expressing either MFN1 or MFN2 (Chen et al, 2010). In yeast, defects in mitochondrial
fusion also cause mtDNA depletion and if mitochondrial length is maintained by
decreasing mitochondrial fission, cells are able to maintain higher levels of mtDNA

(Bleazard et al, 1999; Sesaki & Jensen, 2001).

Many outstanding questions remain with respect to mtDNA maintenance. For example if
mtDNA maintenance indeed requires mitochondrial fusion, how would this
mechanistically work? Trans-complementation has been described between mitochondria
to mix protein, lipid and potentially repair damaged mtDNA in order to overcome mtDNA
deletions (Takai et al, 1999). Nonetheless, how would trans-complementation result in an
increase in the absolute number of mtDNA molecules? To understand how OPA1 could
regulate mtDNA, we investigated our OPA1 interaction screens for modifiers of mtDNA
and we identified ATAD3A as a potentially novel OPA1 interacting protein. ATAD3 had
previously been demonstrated to interact with nucleoids and to dictate mtDNA replication

(He et al, 2012; He et al, 2007). Our group confirmed that OPA1 and ATAD3A interact,
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and hypothesized that ATAD3A could be the factor by which OPAl regulates
mitochondrial DNA. However, when ATAD3A was deleted, we did not observe a decrease
in nucleoid numbers or mtDNA levels (Wong MSc Thesis, 2014). While these results
suggest that ATAD3A likely does not link OPAL function to mtDNA maintenance, other
interesting candidates were also identified. These include the adenine nucleotide
translocators and mitochondrial myosins, which may both affect mtDNA maintenance in

different, though fairly uncharacterized manners (Kaukonen et al, 2000; Reyes et al, 2011).

Here we demonstrated a dual role for OPAL in ATP synthase regulation. Fusion-dependent
maintenance of the mtDNA genome is required for mtDNA-encoded transcripts in the Fo-
subunit; while a fusion-independent role for OPA1 regulates the full assembly of the ATP
synthase monomer. Interestingly, multiple subunits of the ATP synthase were also
identified in our SILAC interactor screen. Further studies will therefore establish if a direct
protein-protein interaction stabilizes the ATP synthase monomer. In this regard a number
of components are already known to regulate the ATP synthase assembly, stability and
oligomerization (Habersetzer et al, 2013; Wittig et al, 2010). As the ATP synthase is
fundamental for eukaryotic life, its regulation and functions are likely highly complex and
await further research. For example, a new role for the ATP synthase in the mitochondrial
permeability transition pore opening has been recently discovered (Alavian et al, 2014;
Giorgio et al, 2013). As both OPA1 and ATP synthase play such pivotal roles in cell death

signaling, it remains to be determined if their direct interaction dictates this function.

While we did not observe an obvious defect in cristae structure in SiOGC MEFs, the ability
of OPAL to respond to substrate availability and to maintain cytochrome ¢ was impaired.

However, when MISC-1, the C. elegans OGC orthologue, was mutated, cristae within the
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head region were fewer in number and slightly blebbed under basal conditions (Gallo et al,
2011). This may indicate that the effect of OGC on OPA1 function may be more crucial in
different organisms or cell types. In this regard, translating the findings of this thesis to in
vivo models is imperative to advancing our knowledge of OPA1-mediated cristae changes.
Perhaps, in more energy demanding cell types, such as neurons, the regulation of OXPHOS
by OPA1-mediated cristae structure maybe even more crucial to their function. Two mouse
models of OPAL deficiency have been developed which will prove useful to investigate

many of these questions in vivo (Alavi et al, 2007; Davies et al, 2007).

Fifteen years since the discovery of OPA1 mutations in ADOA, and amidst immense
research progress, it is still unclear why OPA1 mutations cause selective loss of the RGCs.
In fact, the neuronal selectivity for different mitochondrial dysfunctions in
neurodegeneration remains a major research question. Are RGCs more prone to metabolic
stress and starvation than other neurons? While there is ample evidence to suggest that
defects in mitochondrial morphology underlies DOA, some DOA OPA1 mutations do not
cause mitochondrial fragmentation, but do cause defects in respiration, and yet cristae
structure has yet to be investigated with these mutants (Chevrollier et al, 2008). Finally,
since OPAL overexpression can rescue MPTP induced cell death (Ramonet et al, 2013),
and that human OPA1 mutations have been linked to Parkinsonism (Carelli et al, 2015),
increasing OPA1 function and/or oligomerization may be an attractive therapeutic target

for PD or other forms of neurodegeneration.
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4.5 Conclusions

In conclusion we propose a model in which OPA1 senses the presence of mitochondrial
fuel substrates upstream and independently of ETC activity itself (Figure 31). The sensing
of substrates lead to OPAL oligomerization and tightening of cristae. These ultrastructural
changes are accompanied by increased assembly of the ATP synthase which promotes the
efficiency or capacity for ATP produced by oxidative phosphorylation. We believe that
these cristae structural changes may be required for other physiological adaptations, which
warrants further investigation. Finally, our findings strengthen the link between OPAL1 and
cristae maintenance and suggest another mechanism by which the cell can respond to its

metabolic supply.

In addition, we identified CLUH as a previously unknown interactor of OPAl and
investigated its role in mitochondrial dynamics. Finally, our studies reveal a novel role of
OPAL1 in the regulation of glutathione. The role of OPAL in glutathione levels and redox
ratio required its GTPase domain, but was interestingly not fusion-dependent. The role of
OPAL1 in the regulation of glutathione warrants further investigation due to their

interconnected roles in mitochondrial function and cell death signaling.
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Figure 31. “Regulation of mitochondrial ATP production by OPA1.” From (Germain,
2015)

“Members of the SLC25A family of mitochondrial inner membrane transporters sense the
levels of mitochondrial metabolites. Starvation leads to a decrease in metabolites,
promoting interaction between the transporters and OPAL. This leads to OPAl
oligomerization, reduced cristae width, increased assembly of the ATP synthase, and
formation of respiratory supercomplexes, all of which improve mitochondrial efficiency.
Conversely, when nutrient levels are high, less OPA1 oligomerizes and mitochondrial ATP
production is less efficient. Importantly, these changes occur in a fusion-independent
fashion. a-KG, a-ketoglutarate; AGC, aspartate/glutamate carrier; DIC, dicarboxylate
carrier; Glu, glutamate; IM, inner membrane; IMS, intermembrane space; Mal, malate;
OGC, oxoglutarate carrier; OM, mitochondrial outer membrane; Pi, phosphate; Succ,
succinate.”
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Abstract

Cristae, the organized invaginations of the mitochondrial inner
membrane, respond structurally to the energetic demands of the
cell. The mechanism by which these dynamic changes are regu-
lated and the consequences thereof are largely unknown. Optic
atrophy 1 (OPA1) is the mitochondrial GTPase responsible for inner
membrane fusion and maintenance of cristae structure. Here, we
report that OPAl responds dynamically to changes in energetic
conditions to regulate cristae structure. This cristae regulation is
independent of OPA1’s role in mitochondrial fusion, since an OPA1
mutant that can still oligomerize but has no fusion activity was
able to maintain cristae structure. Importantly, OPA1 was required
for resistance to starvation-induced cell death, for mitochondrial
respiration, for growth in galactose media and for maintenance of
ATP synthase assembly, independently of its fusion activity. We
identified mitochondrial solute carriers (SLC25A) as OPAL interac-
tors and show that their pharmacological and genetic blockade
inhibited OPA1 oligomerization and function. Thus, we propose a
novel way in which OPA1 senses energy substrate availability,
which modulates its function in the regulation of mitochondrial
architecture in a SLC25A protein-dependent manner.

Keywords ATP synthase; cristae; mitachendria; OPAL; SLC25A

Subject Categories Membrane & Intracellular Transport; Metabalism
DOI 10.15252/embj.201488349 | Received 27 February 2014 | Revised 28
August 2014 | Accepted 29 August 2014 | Published anline 8 October 2014
The EMBO Journal (2014) 33: 2676-2691

Introduction

Mitochondria are vital to a number of important cell functions
including energy production through oxidative phosphorylation
(OXPHOS), calcium buffering and apoptotic signalling. These
dynamic organelles constantly modify their architecture and

undergo fission and fusion. Mitochondrial fusion is mediated by the
two outer membrane mitofusins {(MFN1 and MFN2) {Chen et ai,
2003) and the inner membrane optic atrophy 1 (OPA1) {Meeusen
et al, 2006). Mitochondrial fusion and fission are important
processes for cell survival during a variety of stressors (Tondera
et al, 2009; Gomes et al, 2011) and are dysregulated or disrupted in
a number of human pathologies (Alexander et al, 2000; Delettre
et al, 2000; Zuchner et ai, 2004). Mitochondria also undergo inter-
nal cristae changes. Cristae, being invaginations of the inner
membrane, form internal compartments which are connected to the
inner boundary membrane {IBM) by tight cristae junctions. Cristae
possess different proteins than the IBM arguing that they are func-
tionally distinct compartments (Vogel et al, 2006; Wurm & Jakobs,
2006). Tight cristae, and their junctions, may restrict diffusion of
small molecules and membrane proteins into and out of cristae
(Mannella, 2006b; Sukhorukov & Bereiter-Hahn, 2009).

Changes in inner membrane topology have been documented
during apoptosis, as cristae junction widening is required to mobi-
lize cytochrome c stores for release upon outer membrane permeabi-
lization (Scorrano et al, 2002; Germain et al, 2005; Frezza et al,
2006). Cristae structural changes during non-cell death stimuli have
also been reported for many decades, but their regulation and func-
tion remain elusive. For example, isolated liver mitochondria
display different reversible ultrastructure conformations according
to their energetic state (Hackenbrock, 1966). Hackenbrock named
these two states orthodox and condensed, where condensed mito-
chondria have a compacted matrix with enlarged cristae and
orthodox mitochondria have a less dense matrix with compacted
cristae. Similarly, starvation increases mitochondrial length and the
number of cristae (Gomes et al, 2011), suggesting that mitochondria
regulate their shape to adjust their activity with metabolic condi-
tions {(Mannella, 2006a). Furthermore, it was recently shown that
cristae shape regulates respiration through the assembly of respira-
tory chain supercomplexes {Cogliati et al, 2013).

In addition to fusion, OPA1 and Mgml, the yeast homologue
of OPAl, are required for cristae structure as their disruption
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drastically affects cristae morphology {(Amutha et al, 2004; Frezza
et al, 2006; Meeusen et al, 2006). Maintenance of cristae structure
by OPAI requires its oligomerization since during apoptosis, disrup-
tion of OPA1 oligomers is necessary for cristae opening and cyto-
chrome ¢ mobilization (Frezza et af, 2006). In fact, cytochrome ¢
release and apoptosis could be inhibited by expressing mutant
OPA1(Q297V), which mimics OPA1’s GTP-bound state and remains
self-assembled (Yamaguchi et al, 2008). However, the impact of
physiological metabolic changes on OPAl assembly, cristae and
mitochondrial respiration is unknown.

Here, we demonstrate that OPA1 dynamically regulates cristae
shape in healthy cells and that this process is required to maintain
mitochondrial activity under conditions of low-energy substrate
availability. Specifically, lack of energy substrates induced OPA1
oligomerization and narrowing of cristae, which was required to
promote ATP synthase assembly and to maintain ATP-linked respi-
ration. Importantly, these changes were independent of mitochon-
drial fusion and essential for cell survival. We also identified a
group of mitochondrial solute carriers that interact with OPA1 to
regulate its function. Taken together, our results demonstrate that
OPAl-dependent modulation of cristae structure is necessary for
cellular adaptation to energy substrate availability and is required
for cell growth and survival.

Results
OPAL1 responds rapidly and reversibly to metabolic demand

Although mitochondrial structural changes in response to energetic
states have been documented for decades, their regulation and func-
tional significance have remained largely unknown. To ask whether
cristae structure responds to changes in nutrient conditions, mouse
embryonic fibroblasts (MEFs) were starved with EBSS for 2 h and
cristae were measured. We observed a significant thinning of cristae
width and mitochondrial width in response to starvation {Fig 1A).
While untreated cells had an average cristze width of 17.6 nm,
starved cells had an average width of only 11.9 nm. Since the
deoligomerization of OPA1 regulates cristae widening during cell
death signalling (Frezza et al, 2006), we assessed the oligomeriza-
tion status of OPAl in response to starvation. Starved MEFs
exhibited significantly more oligomerized OPA1 than fed controls
{(Fig 1B and D). At longer time points, we also observed that mito-
chondria elongate from an average length of 3.3 to 4.2 um,
P = 0.022 (distribution in Fig 1C). This previously documented elon-
gation has been substantiated by a decrease in mitochondrial fission
through DRP-1 inhibition leading to unopposed mitochondrial fusion
(Gomes et al, 2011; Rambold et al, 2011). Unlike elongation, the
oligomerization of OPA1 in response to starvation was rapid {within
1 h) and preceded activation of the autophagic pathway as indicated
by p62 degradation (Fig 1D). Furthermore, changes in OPA1 oligo-
merization were rapidly reversible, since incubation of starved MEFs
for only 30 min in recovery media {regular growth media) reversed
the increase in oligomerized OPA1 (Fig 1E). Together, these data
suggest that changes in OPA1 oligomers are linked to changes in cris-
tae structure not only during cell death as previously demonstrated
(Frezza et al, 2006), but also in healthy cells following changes in
energy substrate availability.

© 2014 The Authors

The EMBO journal

To assess how OPA1 responds to changes in fuel substrate avail-
ability, we turned to an in vitro system. Isolated mitochondria were
incubated in the absence or the presence of ETC substrates and
crosslinked. When mitochondria were fed with complex 1 and 1I
substrates (malate plus glutamate or succinate, respectively), OPA1
oligomerization was dramatically reduced compared to no substrate,
starved controls [Fig 2A (EDC crosslinking) and Supplementary Fig
S1A (BMH crosslinking)]. As we would predict, the same concentra-
tion of glucose, the principal glycolysis substrate, had no effect on
OPA1 oligomerization (Fig 2A). As in starved cells, OPA1 oligomeri-
zation was rapidly reversible upon the addition or removal of
complex | substrates (Fig 2B). Next, we asked whether changes in
OPA1 oligomerization correlated with altered mitochondrial struc-
ture. This was assessed by mitochondrial inter-cristae cytochrome ¢
retention, as a readout of cristae structure, since an increase in
releasable cytochrome c following outer membrane solubilization
correlates with wider cristae {(Scorrano et al, 2002; Wasilewski et al,
2012). Following the addition of a low concentration of digitonin to
specifically solubilize the outer membrane [1 pg/ug mitochondria,
at 0.1% w/v—experimentally determined (Supplementary Fig
S1B)], significantly more cytochrome ¢ was mobilized when mito-
chondria were incubated in the presence of complex 1 and 11
substrates, compared to the absence of substrates (Fig 2C). Further-
more, this increase in cytochrome ¢ mobilization, indicative of
cristae widening, was reversible (Supplementary Fig S1C), correlat-
ing with the decrease in OPAl oligomerization and & decrease
in orthodox mitochondria, which demonstrates tighter cristae
morphology (Supplementary Fig S1D and E). The regulation of cyto-
chrome c retention was OPA1 dependent, since mitochondria from
OPA1 KO cells had very high levels of mobilized cytochrome ¢ inde-
pendently of the presence of complex | substrates (Fig 2D). We next
asked whether the substrate-dependent changes in OPA1 oligomeri-
zation were secondary to changes in electron transport chain (ETC)
activity. To this end, we added rotenone, a complex 1 poison, and
CCCP, a mitochondrial uncoupler, to the mitochondrial prepara-
tions. Neither rotenone nor CCCP altered OPAl oligomerization
(Fig 2E and F), suggesting that OPA1 responds to energy substrate
availability upstream of changes in mitochondrial respiration and
ETC function.

These studies reveal a strict correlation between energy substrate
level, cristae structure and OPA1 oligomerization in which mito-
chondria enriched with substrates show low levels of OPA1 oligo-
mers and mobilized cytochrome ¢ from cristae stores, and starved
mitochondria show high levels of OPA1 oligomers and tight cristae.
We next sought out the physiological relevance of this cristae regu-
lation as well as the mechanism by which OPAl senses energy
substrate availability.

OPAL is required for regulation of cristae structure and cell
survival during starvation

To address the physiological importance of OPAl-dependent cristae
remodelling in response to changes in energy substrate conditions,
we first asked whether OPA1 KO cells, devoid of cristae, could
survive cellular starvation. While WT MEFs were minimally affected
by 6 h of EBSS starvation, OPA1 KO MEFs showed a dramatic
increase in cell death, as recently published (Fig 3A, Supplementary
Fig S2A and B) (Gomes et al, 2011). As survival of starved cells has
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ia and OPA1 oligomerizes rapidly and reversibly during cell starvation.

MEFs were starved (STV) or not (Ctrl) for 2 h, fixed with 2% PFA and 1.6% glutaraldehyde and analysed by EM. Cristae and mitochondrial width were quantified from
mitochondria and cristae within 10 cells from two independent cultures (n = 20). Scale bars: 100 nm.

Cells were starved or not for 2 h and crosslinked with BMH (1 mM}, and OPA1 oligomerization was analysed by gradient gel Western blot.

MEFs were starved for 4 h and fixed, and mitochondrial length was d by immunofl ence using Tom20 antibodies (averages £ SEM of three
independent experiments).

Time-course experiment of EBSS starvation on OPA1 oligomerization status as performed in (B) (averages + SEM of four independent experiments). Whole-cell
lysates of a parallel experiment were analysed by Western blot.

After 2 h of EBSS starvation, MEFs were recovered (REC) in regular growth media for 30 min or not and OPA1 oligomers were then analysed as above. A non-
crosslinked control (NC) is also included.

Data information: Student’s t-tests were performed relative to control, *P < Q.05, ***P < 0.005.
Source data are available online for this figure.
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A OPA1 oligomerization was analysed in isolated mouse liver mitochondria incubated with or without the indicated ETC substrates (NC: non-crosslinked control; NS: no
substrate control; Cl: complex |, malate and glutamate; Cli: complex |1, succinate; G: glucose control; all at 5 mM each) for 1 h at 37°C and subsequently crosslinked

with EDC for 30 min at room temperature. OPAL oligomers were then analysed by gradient gel Western blot.

N ®

redistributed from the pellet (P} to the supernatant (SN} fraction.

Mitochondria were incubated with or without complex | substrates, spun down and resuspended in the indicated buffer for 5 and 10 min and analysed as above.
Mitochondrial ultrastructure was analysed as the distribution of intercristal cytochrome ¢ from liver mitochondria and solubilized with low digitonin concentrations
(1 ng/ug mitochondria, 0.1%). Mobilized cytochrome ¢ was separated by centrifugation and visualized by Westemn blot analysis where released cytochrome ¢ was

D Cytochrome ¢ mobilization was analysed on mitochondria isolated from WT and OPA1 KO MEFs treated as indicated.
E Liver mitochondria were incubated with or without indicated substrates as above with or without rotenone (2 uM), an ETC complex | poison.
F  Liver mitochondria were incubated with or without indicated substrates as above with or without CCCP (10 uM), a mitochondrial uncoupler.

Source data are available online for this figure.
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Figure 3. OPAL1 is required for resistance to starvation-induced cell death ind dently of its fusion activity.

A Cell death of WT and OPA1 KO cells starved or not for 6 h was analysed with propidium iodide (P1) and Hoechst (averages + SEM of four independent experiments).
B Representative Western blot of OPA1 expression in the transient transfection experiments performed in (C-E).

C OPA1 KO MEFs were transiently transfected for 48 h with the indicated plasmids, and mitochondrial length was binned according to the top panels by
immunofluorescence where celis that had any long mitochondria were binned as intermediate (averages + SEM of three independent experiments).

Representative EM of mitochondria from cells transfected as indicated. Scale bars: 100 nm.

OPA1 KO MEFs were transfected as indicated for 48 h and starved or not for 6 h, and cell death was analysed as in (&) (averages + SEM of four independent
experiments).

Data information: Student’s t-tests were performed as indicated, *P < 0.05, **P < 0.01 and ***P < 0.005.
Source data are available online for this figure.
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been suggested to require mitochondrial elongation through unop-
posed fusion (Gomes et al, 2011), we isolated the roles of fusion
and cristae structure using a mutant form of OPAl that fails to
mediate fusion. OPA1{Q297V) mimics the GTP-bound state of
OPA1, allowing oligomerization, but defective in GTPase activity,
which is required to mediate fusion (Misaka etal, 2002;
Yamaguchi et al, 2008). To assess their ability to rescue mitochon-
drial fusion and cristae structure, isoform 1 of WT OPAl or
isoform 1 of OPA1{Q297V) was reintroduced in OPA1 KO MEFs by
transient transfections, resulting in the expression of mostly the
long form with some cleaved short form (Fig 3B). While WT
OPA1 rescued fusion, the OPA1{Q297V) mutant was completely
fusion incompetent, despite that it was expressed at slightly higher
levels than WT OPA1 (Fig 3B and C). To assess whether OPAl
{Q297V) can rescue the cristae structural defects seen in OPA1 KO
cells, we performed transmission electron microscopy (EM). Both
WT and OPA1{Q297V) rescued the severe cristae defects found in
OPA1 KO MEFs (Fig 3D) and rescued survival of OPA1 KO MEFs
during starvation (Fig 3E, Supplementary Fig S2C). These results
suggest that OPA1 protects against starvation-induced cell death
independently of its fusion activity.

OPA1 maintains mitochondrial function independently of its
fusion activity

The rescue of cristae structure and cell survival by OPAl and a
fusion-incompetent mutant suggests that cristae modulation is a key
determinant of cellular survival under changing energetic demands.
To assess whether OPAl-mediated cristae alterations alone can
affect cellular metabolism, we generated MEFs stably expressing
OPAl or OPA1{Q297V), resulting in high expression of both the
long and short isoforms of OPAl (Fig 4A). As in the transient
system, OPA1{Q297V) rescued cristae structure in OPAl-deficient
MEFs but not mitochondrial fusion {(Supplementary Fig S3A and B).
In addition, both WT and OPA1{Q297V) oligomerized and
responded to substrate-level changes in isolated mitochondria from
stable cell lines (Fig 4B).

To address how OPAl-mediated control of cristae modulates
mitochondrial energetics, we assessed cellular oxygen consumption
characteristics after OPA1 reintroduction using the Seahorse XF-24
analyzer (Fig 4C-E). Under fuel-rich conditions, a modest differ-
ence in ATP-linked respiration (the difference between the initial
resting respiration and the respiration in the presence of oligomy-
cin, a complex V inhibitor) was observed between WT and OPA1
KO MEFs (Fig 4C, Supplementary Fig S4A and B). However, star-
vation increased the difference in ATP-linked oxygen consumption
between WT and OPA1 KO cells (Fig 4D, Supplementary Fig S4A
and B), consistent with a requirement for OPA1 to maintain mito-
chondrial ATP levels under starvation {Gomes et al, 2011). We
next addressed whether OPA1{Q297V) rescued oxygen consump-
tion. Under resting (fed) conditions, only expression of the WT
form of OPAl significantly increased ATP-linked respiration of
OPA1 KO MEFs (Fig 4C and quantified in E). However, after star-
vation, both the WT and OPA1(Q297V) significantly increased
ATP-linked oxygen consumption (Fig 4D and E). Only WT OPA1
reintroduction completely rescued maximal respiration {oligomycin
and FCCP, a mitochondrial uncoupler) and thus the reserve capac-
ity (the difference between the resting and maximal respiration)
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(Fig 4E). These functional studies demonstrate that the critical role
of OPAL1 in regulating mitochondrial metabolism is fusion indepen-
dent; however, mitochondrial fusion is required for full maximal
oxygen consumption, possibly through maintenance of mtDNA
(see below), which may be important following other various
SLIessors.

To further investigate the role of cristae and mitochondrial fusion
in mitochondrial function, cells were grown in a galactose medium
in which they must rely on OXPHOS for ATP production (Aguer
et al, 2011; Cogliati et al, 2013). While WT and OPA1 KO MEFs
grew at similar rates in glucose media, OPA1 KO cells were growth
retarded in galactose media compared to WT MEFs (Fig 4F). In fact,
in the third week of growth in galactose media, it took more than
twice as long for OPA1 KO cells to double their numbers {Supple-
mentary Fig S5). Reintroducing WT or OPA1{Q297V) rescued
growth retardation in OPA1 KO MEFs (Fig 4F, Supplementary Fig
$5), providing further evidence that OPA1 can maintain mitochon-
drial function to support cell growth, independently of mitochon-
drial fusion.

As Mgml and OPA1 are required for the assembly of the ATP
synthase (Amutha et al, 2004; Gomes et al, 2011), we asked
whether this assembly is modified by energy substrate availability
and in a fusion-independent fashion. To this end, Blue-Native PAGE
{BN-PAGE) was performed on isolated mitochondria treated with
substrates affecting OPA1 oligomerization and cytochrome ¢ reten-
tion. When mitochondria are fed with complex 1 substrates, which
decrease OPA1 oligomers (Fig 2}, both ATP synthase oligomers and
monomers are decreased (Fig 5A), without a decrease in ATP5A
subunits themselves (Fig 5B). BN-PAGE analysis in whole cells
demonstrated that in WT MEFS, all ATP synthase subunits were
assembled to form the monomer {very little dimer was detected);
however, OPA1 KO MEFs had substantially less assembled ATP
synthase monomers and an increase in free F, (Fig 5C}. Reconstitu-
tion with either WT OPA1 or OPA1{Q297V) increased ATP synthase
assembly, most notably when cells were forced to rely on OXPHOS
for ATP production (galactose media, Fig SC and D). While WT
OPA1 completely rescued the assembly of the F, portion into
F\F, monomers, OPA1{Q297V) cells still exhibited a significant
level of free Fy, even in galactose media (Fig 5C and D). The persis-
tence of free F, correlated with the inability of OPA1{Q297V) to
rescue the loss of mtDNA caused by OPA1 deletion (Fig SE), consis-
tent with the requirement of mitochondrial fusion for mtDNA main-
tenance {Chen et al, 2010). While all of the subunits of the F, are
nuclear-encoded, the F, portion contains two subunits, ATP6
and ATP8, encoded by mtDNA. Since OPA1 KO and OPA1(Q297V)
cells have decreased mtDNA levels, unassembled F, is likely due
to a lack of mitochondrial-encoded F. subunits. Interestingly,
human mutations affecting expression of both mtDNA F, subunits
demonstrate increased free F, relative to monomer by BN-PAGE
{Jonckheere et al, 2008; Pitceathly et al, 2012). Indeed, decreased
levels of the mtDNA-encoded F, subunit ATP6 in OPA1 KO and
OPA1{Q297V) cells were confirmed by RT-PCR (Fig 5F). Since
the OPA1{Q297V) mutant was unable to rescue mtDNA or
mtDNA-encoded transcripts, here we propose a novel fusion-
independent role of OPA1 on ATP synthase stability. Thus, assem-
bly of a functional F,F, monomer depends dually on OPA1 for its
stability and for fusion-dependent, mtDNA-encoded F, subunit
expression (Fig 5G).
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Figure 4. OPALr fal independently of drial fusion.

A WT and OPA1 knockout MEFs were infected with viruses encoding GFP, OPA1 or OPA1(Q297V) with dual promoters expressing GFP to allow for puromycin selection
and FACS sorting cells for GFP expression. The resulting cultures were lysed, analysed by Western blot analysis and used for all subsequent experiments.

B OPA1 oligomers were analysed from isolated mitochondria incubated with no substrate or complex | substrates.

€, D To assess the impact of the fusion-incompetent OPA1 mutant on mitochondrial bioenergetics, we studied cells in the Seahorse XF-24 analyzer. Cells were plated on
Seahorse TC plates 24 h prior to analysis, washed and incubated for 15 min in modified KRB and analysed. Cells in (D) were pre-starved for 2 h before analysis. At
the indicated times, oligomycin (0), FCCP (F) and antimycin A (A&} with rotenone (R) were injected (averages £ SEM of three independent experiments).

E Quantification of ATP-linked OCR (resting OCR minus oligomycin-insensitive OCR) and reserve OCR (maximal minus resting} in (€} and (D).

F Long-term cell cultures were grown in glucose (top panel) or galactose media (bottom panel). Cells were passaged as required, medium was changed every 3 days

if required, and cell number was determined once per week (averages <+ SEM of four independent experiments).

Data information: Student’s t-tests were performed relative to control, *P < 0.05 **P < 0.01.
Source data are available online for this figure.
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Figure 5. The dual role of OPA1 in regulating the ATP synthase.

A Isolated mitochondria incubated with complex | substrates were analysed by BN-PAGE and blotted for ATPSA of the ATP synthase. The oligomers [mostly dimers
(D}] and monomer (M) of the ATP synthase were quantified as relative to complex Il monomer {averages + SEM of five independent experiments).

B Isolated liver mitochondria incubated with or without complex | in parallel with (A}, lysed and analysed for ATP5A by straight Western blot.

€, D Long-term cultures of control cells (C) or cells grown for 1-2 weeks in galactose (D) were extracted for BN-PAGE directly from cells and blotted for ATPSA and
complex 1.

E DNA was extracted from long-term cultures, and mtDNA was analysed by qPCR relative to nDNA (averages + SEM of three independent experiments).

F RNA was extracted from long-term cultures, and nuclear and mtDNA-encoded ATP synthase transcripts were analysed by RT-PCR (averages + SEM of four
independent experiments).

G Schematic diagram demonstrates the dual roles of OPA1 on the F,F, ATP synthase where OPA1 regulates the stabilization of the ATP synthase independently of its
fusion activity and regulates mtDNA stability which is required for ATP6 (F,, subunit) expression and thus full FyF, ATP synthase assembly.

Data information: Student’s t-tests were performed relative to control, * < 0.05, **P < 0.01 and ***P < 0.005.

Source data are available online for this figure.
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Solute carriers interact with OPAL and regulate its sensing of
mitochondrial energy substrates

Our results revealed that OPA] responds to changes in fuel substrate
conditions by modifying its oligomerization and that this is required
for the adaptation and survival of cells during starvation. To deter-
mine the mechanism by which substrate levels modify OPA1 func-
tion, we performed a proteomics screen in search of OPAl
interacting factors. Stable isotope labelling of amino acids in cell
culture {SILAC) combined with immunoprecipitation and mass
spectroscopy was used as a quantitative and sensitive technique to
identify novel OPA1 protein interactors that may be required for
substrate sensing (Trinkle-Mulcahy, 2012) (Supplementary Fig
S6A). A log SILAC ratio of 1 was set as the cut-off for validation
since it gave a confidence interval of 95% (Supplementary Fig S6B).
Of the 35 hits above a log SILAC ratio of 1, 18 {51%) were mito-
chondrial, 8 were ribosomal and ¢ were either unknown or neither
mitochondrial nor ribosomal {Supplementary Fig $6 and Supple-
mentary Table S1). Highly relevant to fuel substrate sensing, a
number of mitochondrial carrier proteins (SLC25A) were identified
as OPAl-interacting proteins. Mitochondrial solute carriers are mito-
chondrial inner membrane proteins that catalyze the transfer of
diverse substrates across the mitochondrial inner membrane [for a
review see (Palmieri, 2013)]. Importantly, some of these solute
carriers are involved in shuttling the mitochondrial substrates
utilized in Fig 2, namely malate and succinate by SLC25A10 [the
dicarboxylate carrier (DIC)], malate by SLC25A11 [the oxoglutarate
carrier (OGC)] and glutamate by SLC25A12 and SLC25A13 [the
aspartate/glutamate carriers 1 (AGC1) and 2 (AGC2)]. Given the
requirement for OPAl-mediated cristae regulation in response to
starvation, we asked whether these solute carriers were responsible
for modulating OPA1 in response to substrate concentrations.

To first validate the OPA1-SLC25A protein interactions, C-termi-
nally 3xflag-tagged solute carrier protein constructs (AGC1, AGC2,
OGC and DIC) were overexpressed in MEFs and their mitochondrial
localization was confirmed by immunofluorescence {Supplementary
Fig S7A). Immunoprecipitation of tagged AGC1, AGC2, OGC and
DIC revealed an interaction with endogenous OPA1 {Fig 6A), in line
with the SILAC experiment where tagged OPA1 immunoprecipitated
endogenous SLC25A proteins. Furthermore, immunoprecipitation of
endogenous OPA1 from both isolated MEF and liver mitochondria
also revealed an interaction with endogenous OGC but not other
control mitochondrial proteins (Fig 6B, Supplementary Fig S7B). In
addition, the interaction between OPAl and OGC was decreased by
59.4% + 10.7 (SEM, n = 3) when an OGC competitive inhibitor
{phenylsuccinate) was added to the immunoprecipitation buffer
suggestive of a dynamic interaction (Fig 6B, Supplementary Fig
S7B). To further study this interaction and the role of solute carriers
in the regulation of OPA1 assembly and function, we used both a
genetic and pharmaceutical approach. To deplete OGC, MEFs were
subjected to two rounds of siRNA transfection for a total of 120 h
(Fig 6C). Neither OGC depletion nor OGC overexpression had an
observable effect on mitochondrial length {Supplementary Fig S8A
and B). In addition to mitochondrial length, OGC depletion had no
effect on gross mitochondrial structure {Supplementary Fig S9A),
OCR rates in regular growth conditions (Fig 6F and H) or cell
survival in starvation {Supplementary Fig S9B and C), indicating
that decreasing OGC levels does not disrupt overall mitochondrial
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structure and function. As our hypothesis is that OGC and other
SLC25A proteins regulate OPA1 under changing substrate levels, we
then measured the response of siOGC mitochondria to substrate
availability in vitro. Incubation of siOGC mitochondria in the
absence of substrates reduced OPA1 oligomerization, also reducing
the difference in OPA1 oligomerization between fed and no
substrate conditions (Fig 6D, Supplementary Fig S9D). Additionally,
when isolated mitochondria were incubated in the absence of
energy substrates, siOGC mitochondria were unable to retain as
much cytochrome c, indicative of their inability to respond to chang-
ing substrate levels (Fig 6E, Supplementary Fig S9C). Next, we
investigated the consequences of OGC depletion on the response to
starvation. Starvation of siOGC cells significantly reduced their ATP-
linked oxygen consumption rate (Fig 6G and Hj, indicating an
impaired response to changes in substrate availability. In addition,
siOGC cells displayed a modest but reproducible decrease in cell
growth in galactose media (Fig 61). These results indicate that OGC
plays a role in the adaptation of mitochondria to changing energy
substrate levels, possibly by regulating OPA1 oligomerization.

To confirm that OPA1 senses substrate availability through the
SLC25A proteins, we utilized competitive inhibitors of the DIC and
OGC in order to mimic substrate binding in the complete absence of
actual energy substrates. Strikingly, both the DIC inhibitor butylmal-
onate (BM) and the OGC inhibitor phenylsuccinate {PhS) alone
drastically reduced OPA1 oligomerization, mirroring the OPAI
response to substrate-rich conditions {Fig 7A). Again, this correlated
with increased mobilization of cytochrome c stores, indicative of an
increased cristae width {Fig 7B). Finally, since OPA1 regulates ATP
synthase stability, we investigated the effect of the SLC25A inhibi-
tors on the ATP synthase. Strikingly, both the dimer and the mono-
mer of the ATP synthase were drastically decreased following
incubation with BM or PhS (Fig 7C). Importantly, the decrease in
ATP synthase and increase in cytochrome ¢ mobilization were
specific, as cytochrome ¢ was not mobilized in the absence of digito-
nin (Fig 7B), complex 1l was not altered (Fig 7C), and BM and PhS
did not alter total ATPSA levels (Fig 7D).

Altogether, these results indicate that OPA1 responds to changes
in fuel substrate levels, influenced by SLC25A proteins, altering
mitochondrial function through its role in cristae regulation and
ATP synthase assembly.

Discussion

Cristae structural changes have been documented decades ago
{Hackenbrock, 1966, 1968a,b), but our understanding of how these
changes occur and their functional consequence is largely unknown.
Here, we demonstrate a novel mechanism by which cristae are
physiologically regulated. Changes in energy substrate availability
are sensed by mitochondrial SLC25A transporters, which in turn
regulate OPA1 oligomerization. OPA1 oligomerization is then
required to modulate cristae width and regulate assembly of the
ATP synthase, in a mitochondrial fusion-independent manner. The
physiological importance of this mechanism is highlighted by the
demonstration that a fusion-incompetent form of OPA1{Q297V)
rescued OCR, ATP synthase assembly and cell growth of OPA1 KO
MEFs in galactose media, which forces mitochondrial respiration for
ATP production.

© 2014 The Authors
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Figure 6. OPAL interacts with SLC25 proteins that regulate OPA1’s response to starvation.

A Mito-YFP-3xflag, DIC-3xflag, 0GC-3xflag, AGC1-3xflag and AGC2-3xflag constructs were transiently transfected into MEFs. Twenty-four hours post-transfection,
cells were lysed, immunoprecipitated with anti-flag antibodies and analysed by Western blot.

B ds OPA1 was ir precipif from MEF mitochondrial lysates with or without 15 mM phenylsuccinate (PhS), and the eluted samples were analysed
by Western blot. Complex |! and cytochrome ¢ were used as negative controls.

& Representative OGC knockdown for experiments in (D-H) (see also Supplementary Figs S88 and S9A-E). MEFs were transfected twice with siOGC for 120 h total,
and mitochondrial lysates were analysed by Western blot.

D Isolated mitochondria from siOGC-treated cells were incubated with the indicated ETC substrates (NC: non-crosslinked control; NS: no substrate control; Cl:
complex |, malate and glutamate at 5 mM each) for 30 min at 37°C and crosslinked with EDC, and OPA1 oligomers were then analysed by gradient gel Western
blot.

E  Isolated mitochondria from siOGC and siCtrl cells were incubated in no substrate or complex | buffers for 30 min and analysed for cytochrome ¢ retention.

F.G SIiOGC and siCtrl cells were plated onto Seahorse TC plates 24 h prior to analysis, washed and incubated for 15 min in modified KRB and analysed by the XF
analyzer. Cells in (G) were pre-starved for 2 h before analyses. At the indicated times, oligomycin (0}, FCCP (F) and antimycin A (A} with Rotenone (R) were injected.

H  Quantification of ATP-linked (resting OCR minus oxygen leak) and reserve OCR (maximal minus resting OCR) in (F) and (G) (averages & SEM of four independent
experiments).

| MEFs were grown for 1 week in galactose media, 1o revert to a more oxidative phenotype, or in regular glucose media, and these cells (1 x 10 were transfected
with either siCtrl, siOGC or siOPA1 and maintained in their respective media. Cells were then left to grow, passaged when required, and cell number in regular
growth medium (left panel) or galactose media (right panel) was counted 6 days later (averages + SEM of 4 independent experiments).

Data information: Student’s t-tests were performed as indicated: *P < 0.05, **P < 0.01, **P < 0.005. = indicates a background band in (8) and (C).
Source data are available online for this figure.
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Figure 7. Ph blockade of SLC25A p ins drastically inhibit OPAL oligomerization and function.
A Isolated liver mitochondria were incubated with phenylsuccinate (PhS) or butyimalonate (BM), and OPA1 oligomerization was assessed as previously.

B Mouse liver mitochondria were incubated with 50 mM PhS or BM, and then, cytochrome ¢ retention was analysed where released CytC was mobilized from the pellet

(P) to the supernatant (SN} fraction.

C Mouse liver mitochondria were incubated with 50 mM PhS or BM, and lysates were analysed by BN-PAGE. ATP synthase monomers were quantified (right panel)

relative to complex || monomer (averages + SEM of 6 independent experiments).

D Mouse liver mitochondria were prepared and incubated in parallel with 7C and analysed by regular Western blot for ATPSA.

Data information: Student’s t-tests were performed relative to control, ***P < 0.005.
Source data are available online for this figure.

Although it is known that OPA1 oligomers disassemble during cell
death leading to release of proapoptotic factors (Frezza et al, 2006)
and that OPA1 oligomer disruption by cristae remodelling results in
impaired respiration {Cogliati et al, 2013}, physiological changes in
OPA1 oligomers and their role in regulating cristae structure under
non-cell death conditions remained poorly understood. Here, we
demonstrated in both cells and isolated mitochondria that starvation
increases OPA1 oligomers rapidly and reversibly, correlating with
tighter cristae width. These substrate-dependent changes in OPA1
oligomers were upstream/independent of ETC function and
membrane potential, known regulators of OPA1 processing and its
fusion function (Song et al, 2007; Mishra et ai, 2014). By taking
advantage of the OPA1{Q297V) mutant, we showed that, indepen-
dently of mitochondrial fusion, OPA1 can maintain cristae structure
and mitochondrial activity and adapt to the lack of nutrients during

The EMBO journal Vol 33| No 22| 2014

starvation. Our study therefore demonstrates that the roles of OPA1 in
mitochondrial fusion and cristae maintenance can be separated and
that cristae can be maintained in the absence of mitochondrial fusion.

How oligomerized OPA1 regulates cristae structure is still largely
unknown. One proposed mechanism is through the oligomerization
of two long and one short isomer of OPA1 (Frezza et al, 2006),
although OPA1 oligomerization could also promote its interaction
with other protein complexes required for cristae formation. In
support of this hypothesis, our SILAC-based interaction screens
revealed interactions with several factors critical for cristae structure
maintenance: the ATP synthase, prohibitin, mitofilin, CHCHD3,
Sam50 and the adenonucleotide transporters. In fact, recent ground-
breaking studies have revealed protein complexes required for
cristae maintenance termed MINOS, MitOS or MICOS (Harner et al,
2011; Hoppins et al, 2011; von der Malsburg et ai, 2011). Indeed,
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disruption of these components may lead to cristae loss, decreased
ETC complexes and a decrease in respiration. In addition, since it
has been demonstrated that ATP synthase oligomerization mediates
cristae morphogenesis (Paumard et af, 2002; Habersetzer et al,
2013), it is possible that OPA1 oligomer-dependent changes regulate
the ATP synthase which then alters cristae structure. In any case,
the fact that OPA1 interacts with cristae maintenance components,
as well as the ATP synthase, highlights its central role in the coordi-
nated regulation of mitochondrial structure and function.

One of the ways in which cristae structure may regulate ETC
function is by controlling local substrate concentrations. From
computer modelling experiments, it has been proposed that these
changes in cristae structure may regulate the diffusion of metabo-
lites (Mannella, 2006b). Scorrano’s group has shown that OPA1 is
required for the regulation of respiratory chain supercomplex
assembly (Cogliati et al, 2013). These ETC supercomplexes may
increase the efficiency of electron transfer and ATP production and
may decrease the toxic accumulation of reactive oxygen species
(Wittig & Schagger, 2009; Lenaz & Genova, 2012}. Here, we present
non-cell death manipulations of healthy cells or mitochondria to
demonstrate that OPA1 regulates ATP synthase expression and the
stabilization of the functional monomer, independently of OPA1l
fusion activity. The starvation-induced rescue of ATP synthase
assembly by OPA1 and OPA1{Q297V) clearly supports a major role
for these complexes in fine-tuning mitochondrial function according
to nutrient availability. However, we cannot exclude that part of the
prosurvival role of OPA1{Q297V) is in preventing the release of
proapoptotic factors from mitochondria, as previously suggested
under apoptotic conditions {Yamaguchi et af, 2008). Interestingly,
the OPA1{Q297V) mutant still responds to changes in fuel substrate
availability without GTPase activity, potentially mimicking GTP
binding {Yamaguchi et ai, 2008), suggesting that OPA1 oligomeriza-
tion is upstream of GTP binding and hydrolysis.

We identified members of the SLC25A family of mitochondrial
solute carriers being required for OPA1 oligomerization in response
to changes in energy substrate levels. Since their pharmacological
and genetic ablation resulted in disruption of OPA1 oligomers and
cytochrome ¢ mobilization, outside of transporting their respective
substrates, SLC25As could represent a novel class of inner
membrane-shaping proteins. While our results suggest that OGC
interacts with OPA1, we cannot exclude the possibility that it affects
OPA1 indirectly, by modulating some undefined mitochondrial
process. Moreover, the mechanism governing how SLC25A proteins
transport their cargo as well as relay information to OPAl still
remains to be determined. Work on other more characterized solute
carriers, the amino acid transporters, suggests that they may act as
sensors in addition to carrier functions by activating different cellu-
lar signalling pathways [reviewed in (Taylor, 2014}]. The transfer of
this idea to SLC25A proteins is of interest, considering the effect of
OGC depletion and SLC25 inhibition on OPA1 oligomerization and
function. Additionally, since the effect on OPA1 oligomerization and
cytochrome ¢ mobilization with these drugs was so robust, it would
be interesting to investigate whether targeting SLC25As represent a
novel mechanism to adjust the cell death programme.

In conclusion, we propose a model in which OPA1 senses the
presence of mitochondrial fuel substrates upstream and indepen-
dently of ETC activity itself. These substrates lead to OPA1 oligo-
merization and tightening of cristae. These ultrastructural changes

© 2014 The Authors
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are accompanied by increased assembly of the ATP synthase which
promotes the efficiency or capacity for ATP produced by oxidative
phosphorylation. We believe that these cristae structural changes
may be required for other physiological adaptations, which warrants
further investigation. Finally, our findings strengthen the link
between OPA1 and cristae maintenance and suggest another mecha-
nism by which the cell can respond to its metabolic supply.

Materials and Methods

Cell culture, transfections and viral production

HeLa and MEF cells were cultured in DMEM supplemented with
10% FBS (Wisent), 50 pg/ml penicillin and streptomycin and 2 mM
glutamine (Gibco). Galactose media were prepared from glucose-/
pyruvate-free DMEM supplemented as above with 10 mM galactose
(Sigma). Cells were transfected using Lipofectamine 2000 (Invitro-
gen) or with the indicated siRNA using siLentFect (Bio-Rad} accord-
ing to the manufacturer’s protocol. Viral vectors were prepared as
previously described (Tashiro et al, 2006; Jahani-Asl et al, 2011).
All constructs used are listed in Supplementary Table S2.

To generate the long-term expression cultures, OPAl KO cells
were infected with viruses encoding for WT OPA1, OPA1{Q297V]} or
GFP as control and WT cells were infected with control GFP. Follow-
ing transduction, cells were selected with puromycin and FACS
sorted for GFP expression. These cell lines were maintained and used
between 4 and 12 weeks after stable expression for all experiments.

Mitochondrial isolation

Mouse liver was dissected from young CD-1 or C57BL/6 mice eutha-
nized with sodium pentobarbital. Cells or mouse liver were rinsed
with PBS and lysed in mitochondrial isolation buffer (200 mM
mannitol, 70 mM sucrose, 10 mM HEPES, pH 7.4, 1 mM EGTA).
The isolation was performed in its entirety on ice or at 4°C. Cells
were homogenized with a 25-G needle 15 times, while liver was
Dounce-homogenized 10 times. Nuclei and cell debris were pelleted
by centrifugation at 1,000 rpm for 9 min. The supernatant was then
centrifuged at 9,000 rpm for 9 min to pellet mitochondria. These
two spins are repeated to further enrich mitochondria in this heavy
membrane fraction. Mitochondrial purity was confirmed by Western
blot and EM.

Western blot analysis

Western blots were performed as previously described (Germain
et al, 2013), with the following antibodies: mouse anti-actin and
anti-flag {Sigma-Aldrich); mouse anti-OPA1 and anti-cytochrome ¢
(BD Bioscience); mouse anti-p62 {SQSTM1) and rabbit anti-TOM20
(Santa Cruz Biotechnologies); mouse anti-ATPSA and anti-Complex
1I (Invitrogen); and mouse anti-mtHSP70 {ABR Bioreagents) and
rabbit anti-OGC {Abcam).

Analysis of OPA1 oligomers

To analyse rapid changes in OPA1 oligomerization in whole cells,
we used the cell-permeable BMH (Thermo Scientific) {1 mM) for
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20 min at 37°C. After crosslinking, cells were quenched and
washed in PBS with 0.1% beta-mercaptoethanol (BME)} twice.
Cells were then lysed in lysis buffer with BME and subjected to
Western blot on NuPAGE Novex 3-8% Tris-acetate gradient gels
(Life Technologies). For mitochondrial experiments, isolated liver
or MEF mitochondria were suspended in the indicated buffer
(200 mM sucrose, 10 mM Tris-Mops pH 7.4, 2 mM K,HPO,,
0.080 mM ADP, 10 uM EGTA-Tris) at 0.5-1 pg of mitochondrial
protein/ul. Substrates and drugs were also added or not as follows:
malate, glutamate, succinate and glucose {5 mM) (Sigma); rote-
none {2 uM) (Sigma); and carbonylcyanide-3-chlorophenylhydraz-
one (CCCP) {10 uM) (Sigma). All drugs and substrates were
adjusted to pH 7.4. Samples were then incubated on a 37°C heat-
ing block for 30 min or 1 h. After incubation, EDC {1 mM)
{Thermo Scientific) or BMH {10 mM) was added for 30 min at
room temperature and quenched with BME. Samples were then
analysed by gradient gel Western blot.

Cytochrome c retention assay

As a read-out for changes in mitochondrial ultrastructure, mitochon-
dria were assayed for their ability to retain cytochrome c. Mitochon-
dria were incubated as described and then incubated with low
digitonin {1 mg/mg of protein at 0.1%), at 4°C for 30 min to mobi-
lize their inner cristae stores dependent on cristae ultrastructure.
Mitochondria are then centrifuged for 10 min at 10,000 rpm (4°C)
to separate the released proteins. The resulting supernatants and
pellets (volume equivalents from 12.5 pg of starting mitochondria)
were analysed by Western blot.

Immunofluorescence and cell death assays

Cells were washed twice with PBS and fixed with 4% paraformalde-
hyde for 20 min and analysed with the indicated primary antibod-
ies. Coverslips were then washed and incubated with their
corresponding secondary antibodies (anti-mouse and anti-rabbit
Alexa Fluor 488/Alexa Fluor 594). Hoechst stain (Sigma) was added
with the secondary antibody where noted to visualize the nucleus.
Coverslips were then washed and mounted using Gel Mount Aque-
ous mounting medium (Sigma).

To analyse cell death during starvation, 24 h after transfection,
cells were starved for 6 h and stained using propidium iodide (PI)
and Hoescht stain for 20 min. All dead {Pi") were counted and
expressed as a percentage of all cells (Hoescht"). Cell death was also
quantified as the percentage of condensed nuclei to total nuclei.
Images were taken of at least six fields of view on a 20x objective,
containing an average of 200 cells each (> 1,000 cells total}.

Immunoprecipitations

Twenty-four hours following transfection, cells were lysed {50 mM
Tris—HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and
1:1,000 PIC at pH 7.4), and proteins {2 mg) were immunoprecipitat-
ed with ANTI-FLAG M2 magnetic beads (Sigma-Aldrich) according
to the manufacturers protocol. Samples were incubated overnight
and the beads were washed four times with TBS (S0 mM Tris-HCl,
150 mM NaCl and 1:1,000 PIC at pH 7.4). Immunoprecipitated
protein was then eluted from the magnetic beads twice with elution
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buffer {50 mM Tris-HCl and 150 mM NaCl, at pH 7.4 containing
150 ng/ul FLAG peptides). Endogenous immunoprecipitation of
OPA1 was performed on isolated MEF or liver mitochondria with
CHAPS containing buffer {50 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 1% CHAPS and 1:1,000 PIC at pH 7.4) at 4°C overnight with
no antibody, normal mouse 1gG, or mouse monoclonal anti-OPA1
(BD Biosciences). OPA1 complexes were then immunoprecipitated
with 20 pl of A/G magnetic beads (Pierce} at RT for 1 h, washed
with TBS four times, eluted with SDS loading dye for 20 min and
analysed by Western blot.

Transmission electron microscopy

To analyse rapid cristae structure changes during cell starvation,
cells were adhered to square glass coverslips, grown to confluence,
treated and rapidly fixed with a combination of 2% paraformalde-
hyde and 1.6% glutaraldehyde. Fixed cells were floated off their
cover slips, and samples were processed as previously described
(Jahani-Asl et al, 2011). For structural quantification, the cristae
diameter and mitochondrial width were measured from all mito-
chondria from ten cells for each condition in two independent
cultures. For analysis of cristae structure in isolated mitochondria,
mitochondria were treated as indicated, fixed with 2% glutaralde-
hyde for 20 min at RT and analysed by EM.

Blue-native analysis of ETC complexes

ATP synthase assembly was analysed from whole cells and isolated
mitochondria by Blue-Native PAGE (BN-PAGE) electrophoresis
according to Wittig et al (2006). The digitonin extraction and BN-
PAGE electrophoresis were performed entirely on ice or at 4°C. Cells
were grown on 100-mm plates, washed with PBS and scraped in
PBS. Cells were pelleted at 3,000 rpm for 5 min, or mitochondria
were pelleted at 9,000 rpm for 9 min and resuspended in digitonin
extraction buffer {50 mM imidazole/HCl pH 7.0, 50 mM NaCl,
5 mM 6-aminohexanoic acid, 1 mM EDTA with 1% digitonin). Final
protein to digitonin ratios were 1:4 w/w for cells and 1:8 w/w for
mitochondria. Protein was extracted on ice for 1 h {for cells) or
30 min (for mitochondria) and cleared at 14,000 rpm for 30 min.
Protein was quantified and 150 pg of protein {or 75 pg from mito-
chondria) was loaded with 5% glycerol and 1:10 dye:digitonin ratio
of Coomassie blue G-250 in 500 mM 6-aminohexanoic acid onto
home-made 3-13% large gels. Gels were run 2 h in a high Coomas-
sie blue G-250 cathode buffer at 150 V at 4°C and then switched to a
low G-250 buffer overnight at 4°C. Pictures of the gels were taken to
confirm proper loading, and gels were transferred to nitrocellulose
membrane at 500 mA for 2 h. The resulting membranes were
Western blotted as per above.

mtDNA and mRNA quantification

DNA was extracted by phenol-chloroform-isoamylalcohol extrac-
tion according to Guo et al {2009), followed by gPCR with SYBR
Green FastMix {Quanta Biosciences) according to the manufac-
turer's protocol with the indicated primers in Supplementary
Table S2. RNA was extracted with TRIzol (Life Technologies) and
analysed by RT-PCR according to Gomes et al (2013) with the
indicated primers in Supplementary Table S2.
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Analysis of oxygen consumption rates

To assess mitochondrial respiration, oxygen consumption was
measured with the XF24 Analyzer (Seahorse Biosciences). Cells
(50,000 experimentally optimized) were seeded onto 24-well XF24
cell culture plates. On the following day, cells were starved or not
for 2 h. Cells were then washed and incubated with modified Kreb’s
Ringer Buffer (KRB} (KRB: 128 mM NaCl, 4.8 mM KCI, 1.2 mM
KH,PO,, 1.2 mM MgS0,, 25 mM CaCl,, 0.1% BSA (fatty acid free);
completed on the day of the experiment with 10 mM glucose and
1 mM sodium pyruvate and pH 7.4) for 15 min at 37°C prior to
cartridge loading in the XF Analyser. Following resting respiration,
cells were treated sequentially with: oligomycin (0.2 pg/ul), for
nonphosphorylating OCR; FCCP (1 uM), for maximal OCR; and anti-
mycin A (2.5 uM) with rotenone (1 uM), for extramitochondrial
OCR. Measurements were taken over 2-min intervals, proceeded by
a 2-min mixing and & 2-min incubation. Three measurements were
taken for the resting OCR, three for nonphosphorylating OCR, two
for maximal OCR and two for extramitochondrial OCR. All data
were compiled by the XF software, normalized to protein levels per
well and analysed with Microsoft Excel.

Stable isotope labelling with amino acids in cell culture (SILAC)
led pitation and mass spectrometry

P P

SILAC-coupled immunoprecipitation and M$ was performed as
previously described (Trinkle-Mulcahy, 2012). Hela cells were
grown in DMEM minus arginine and lysine, supplemented with
10% dialysed FBS, 100 U/ml penicillin/streptomycin and either
‘light’ L-arginine and L-lysine or ‘heavy’ L-arginine *C and L-lysine
4,4,5,5-D4. Cells were grown and passaged for 10 days to allow for
incorporation of isotopic amino acids. Cells were then transduced
with control adenovirus {mito-YFP) in the light conditions and with
OPA1-YFP adenovirus in the heavy condition. Cells were harvested
24 h after transduction and lysed in RIPA buffer {50 mM Tris-HCl
pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate and protease
inhibitors). Proteins were immunoprecipitated with GFP-Trap_A
{Chromotek) and combined during immunoprecipitation washes
and eluted together. Proteins were then reduced with 10 mM DTT,
alkylated with 50 mM iodoacetamide and separated on pre-cast
SDS-PAGE gels (Invitrogen). Bands were cut and digested with
trypsin, and peptides were recovered. Peptides were analysed by
liquid chromatography—mass spectrometry (LC-MS) using an LTQ-
Oribitrap mass MS system coupled to a Dionex 3000 nano-LC
system. Raw data files were analysed using the UniProt human data-
base. Quantitation was performed using the MaxQuant software
package (Cox & Mann, 2008). Positive OPA1 interactors were identi-
fied as being enriched in the heavy condition.

Supplementary information for this article is available online:
http//embaj.embopress.org
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Abstract. Neuronal cell loss associated with neurodegeneration has recently been linked to mitochondrial dysfunction. Electron
transport chain defects and reactive oxygen species (ROS) production are emerging as important players in the etiology of
neurodegenerative diseases. Proper management of ROS and disposal of damaged cellular components are vital to the survival
and function of neurons. Proteins involved in these pathways are often mutated in neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis, and Huntington’s disease. In this review, we will discuss the roles
of ROS in normal physiology, how changes in ROS production affect neuronal survival in neurodegenerative diseases, and the
recent advances in mitochondrial antioxidants as potential therapeutics.

Keywords: Apoptosis, autophagy, mitochondria, neurodegeneration, reactive oxygen species

INTRODUCTION

Neurodegenerative diseases are characterized by the
progressive loss of specific neuronal populations. Ac-
cumulation of protein aggregates occurs in the affect-
ed neuronal populations and has been suggested to be
at the origin of their demise, at least under some cir-
cumstances. Accumulating evidence suggests, howev-
er, that mitochondrial dysfunction also plays an impor-
tant role in the etiology of neurodegenerative diseases.
The management of mitochondrial reactive oxygen
species (ROS) and the damage they cause 1s emerging
as a major contributor to neuronal loss in Alzheimer’s
disease (AD), Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), and Huntington’s disease (HD).
In this review, we will discuss the roles of ROS in nor-
mal physiology as well as the causes and consequences
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of mitochondrial-generated ROS in neurodegenerative
diseases.

REACTIVE OXYGEN SPECIES

ROS are a group of small oxygen-containing free
radicals that are extremely reactive due to their unpaired
valence electrons. ROS are generally formed by the pri-
mary ROS superoxide (O7), which is chiefly convert-
ed to hydrogen peroxide (H2Og) by superoxide dismu-
tases (SOD) but may also be protonated to form hy-
droperoxyl radicals (HO5 ). HzOg can be transformed
into a number of other ROS including hydroxyl radicals
(OM), hydroxyl anions (HO-), singlet oxygen (10s)
and hypochlorite (C10~). There are many generators
of cellular ROS including the mitochondrion, nicoti-
namide adenine dinucleotide phosphate (NADPH) ox-
idase (reviewed in [1]), xanthine oxidase [2], and un-
coupled endothelial nitric oxide synthase (eNOS) [3].
In the majority of cell types, the mitochondrion is the
major source of ROS. Superoxide production, due to in-
efficiencies in oxidative phosphorylation, accounts for
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up to 2% of the total oxygen consumed by mitochon-
dria [4]. Mitochondrial-generated ROS (mtROS) are
mainly produced at complex | and complex III of the
electron transport chain, although a total of nine sites
have been identified [5]. Complex I produces super-
oxide solely in the matrix while complex III generates
superoxide in both the matrix and the intermembrane
space [6].

One cannot discuss ROS without discussing its clear-
ance. Cells possess a number of antioxidant defenses
chiefly to protect the cell from oxidative stress, but are
also involved in other functions including cellular sig-
naling. As a charged molecule, superoxide is generally
membrane impermeable and is a particularly damaging
molecule. It is, however, rapidly converted to H 2 O3 by
superoxide dismutases: copper/zine superoxide dismu-
tase (SOD1) in the cytoplasm and mitochondrial inter-
membrane space; and by manganese superoxide dismu-
tase (SOD?2) in the mitochondrial matrix [7]. The im-
portance of superoxide detoxification is highlighted by
the fact that SOD2 knockout mice live only weeks [8].
H:Oq, however, is membrane permeable and is like-
ly the main signaling molecule in ROS-mediated path-
ways. HaOq 1s detoxified in cells by glutathione per-
oxidase (GPx), and in some cases by catalase, to form
water [7]. Prolonged high levels of ROS that surpass
the cell’s antioxidant capacity result in oxidative stress.

ROS AS SIGNALING MOLECULES

Although high ROS concentrations are damaging to
lipids, proteins, and DNA, there 1s a large body of ev-
idence demonstrating that low and intermediary levels
of ROS are physiologically important (reviewed in [9]
and [10]). NADPH oxidase-derived ROS (noxROS),
for instance, have been well characterized in the cardio-
vascular field for their role in cell signaling. NADPH
oxidases are a group of enzyme complexes highly ex-
pressed in phagocytes and cardiovascular tissue, which
catalyze the reduction of oxygento form superoxide. In
phagocytes, NADPH oxidase produces large bursts of
ROS, killing foreign organisms as part of the immune
defense system [11]. In cardiovasculartissue, however,
NADPH oxidase producesrelatively less ROS at aslow
and sustained rate, serving as intracellular signaling
molecules [12]. NADPH activity is regulated by growth
factors, vasoactive agents, and cytokines: the signaling
of which results in the assembly and activation of the
complex. Increased noxROS result in the activation of
key survival pathways, notably mitogen-activated pro-

tein kinase (MAPK) pathways and the phosphoinosi-
tide 3-kinase (PI3K)/ Akt pathway [10], presumably
through the oxidation of key cysteine residues. De-
pending on the stimulus, activation of these pathways
may induce cell growth, apoptosis, proliferation, mi-
gration, or smooth muscle contraction [13]. Increased
noxROS is involved in the development of cardiovas-
cular disease through activation of these pro-survival
pathways. For example, noxROS play a pivotal role in
vascular remodeling implicated in angiotensin IT (Ang
II)-dependent hypertension (reviewed in [14]).

In addition to the activation of the aforementioned
signaling pathways, ROS are also mnvolved in activa-
tion of transcription factors that regulate cellular re-
sponses to ROS. One of the first responses to increased
ROS 15 the upregulation of antioxidant defenses. Nrf2
is a major transcription factor activated by oxidative
stress regulating expression of several important an-
tioxidant proteins such as superoxide dismutases, per-
oxiredoxins, glutathione peroxidases, and heme oxy-
genases ([15] and reviewed in [16]). Nrf2 is normally
kept inactive by interacting with Keapl in the cytosol
where it 1s targeted for ubiquitin-dependent proteaso-
mal degradation. The mnteraction between Keapl and
Nrf2 is disrupted with increased ROS production, al-
lowing Nrf2 to translocate to the nucleus and activate
transcription [17]. Interestingly, the PD-related gene
DJ-1 has been proposed to promote the dissociation of
Nrf2 from Keapl, thereby increasing its activity [ 18].

While Nrf2 plays an important role in regulating an-
tioxidant defenses in response to elevated ROS, other
ROS-activated transcription factors, such as hypoxia-
inducible factors (HIFs), control several aspects of cel-
lular functions. HIFs are the master transcription factors
responsible for the adaptation of cells to low oxygen
(hypoxia). HIFs maintain oxygen and energy home-
ostasis by regulating genes involved in metabolism,
proliferation, erythropoiesis, angiogenesis, and cell
survival [19]. Active HIF 1s a heterodimer regulated pri-
marily though degradation or stabilization of its oxygen
sensitive & subunit, while its 3 subunit is constitutively
expressed. Under normal oxygen conditions, HIFa is
rapidly degraded by the proteasome, however, during
hypoxic conditions HIFa is stabilized, dimerizes with
HIFS3 and activates transcription of its target genes.
Tn addition to oxygen levels, HIFa is also regulated
through mtROS [20-22]. Inhibition of mtROS through
pharmacological and genetic inhibition of complex IT1,
and through antioxidant treatments, indeed lead to in-
creased HIF o stability [20-22]. mtROS stabilize HIF o
by inhibiting HIF prolyl-hydroxylases (PHDs), key en-
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zymes responsible for HIF degradation. PHD inhi-
bition by ROS probably occurs via the Fenton reac-
tion which oxidizes Fe?t to Fe®t, where Fe?t is an
essential co-factor [23]. Interestingly, recent evidence
demonstrates that HIF activation plays a protective role
in neurodegenerative diseases (reviewed in [24]). For
instance, the PHD inhibitor 3,4-dihydroxybenzoate has
recently been shown to protect neurons from the MPTP
model of PD both ir vitre and in vive [25].

Nuclear factor-kappa B (NF-&B) 1s a second pro-
survival transeription factor activated by ROS that reg-
ulates several important cellular defense mechanisms.
NF-4B activates target genes involved in cellular sur-
vival, growth, differentiation, and inflammation. Nor-
mally, NF-sB is sequestered in the cytoplasm and held
nactive by [xB (inhibitor of xB). Moderate ROS lev-
els lead to phosphorylation and degradation of IxB and
therefore the activation of NF-sB [26]. Once activat-
ed, NF-xB plays a pro-survival role through the tran-
scriptional activation of anti-apoptotic proteins, such as
XIAP and GADD4553 [27], and genes involved in de-
creasing mtROS, most notably SOD2 [28,29]. Inaddi-
tion, NF-%B may play a pro-survival role by inhibiting
the INK and caspase cell death pathways [30]. While
moderate ROS levels activate NF-<B, high levels in-
activate NF-xB through oxidation of cysteine 62 of its
P50 subunit, inhibiting its DNA binding [31].

The p53 tumor suppressor represents a different as-
pect of ROS-activated transcription factors, as it can
promote both survival and death. Cellular damage ac-
tivates p53, leading to the inhibition of cell cycle or
initiation of apoptosis [32]. In addition to these clas-
sical roles, p53 also presents a pro-survival role in re-
sponse to increased ROS levels by upregulating sever-
al antioxidants, including glutathione peroxidase [33,
34], SOD2 [34], and ALDH4 [35]. p33 also in-
duces the pentose phosphate shunt through regulat-
ing TP53-induced glycolysis and apoptosis regulator
(TIGAR) [36]. TIGAR inhibits glycolysis and directs
glucose to the pentose phosphate pathway producing
NADPH, whichis required to reduce glutathione (GSH)
and thus lower ROS levels [36]. This antioxidant func-
tion of p53 is activated during low cellular stress [37],
while high stress and ROS concentrations results in
p53-mediated apoptosis through activation of several
pro-apoptotic genes such as BH3-only proteins [38] and
a series of p53-induced genes (PIGs) [39]. Although
the exact mechanism by which p353 senses ROS and re-
sponds via either pro-apoptotic or anti-apoptotic func-
tions remains relatively unknown, these differing func-
tions possibly depend on p53 levels, posttranslational
modification, and cellular localization [40].

Taken together these studies suggest that while high
ROS levels are damaging, low levels play an integral
role in pro-survival pathways through both the activa-
tion of key signaling pathways and the activation of
transcription factors (Fig. 1).

ROS IN NEURODEGENERATIVE DISEASES

Excessively high levels of ROS beyond the clearance
capacity of the cell cause oxidative stress, mitochon-
drial dysfunction, cellular damage, and, in numerous
cases, cell death. A range of data suggests that oxida-
tive stress is at the center of various neurodegenerative
diseases. Among these diseases, evidence of increased
ROS has been reported in ALS [41], HD [42], PD [43,
44], and AD [45,46]. The most direct example is in
cases of familial ALS (FALS) in which the antioxi-
dant enzyme SOD1 is mutated [47,48]. Dysfunctional
SOD1 causes an increase in oxidative stress, as shown
in several animal models of ALS in which mutant hu-
man or mouse SODI1 are expressed. The toxicity of
SOD1 mutants amounts to more than a disrupted enzy-
matic function, however, as the mutant protein forms
toxic aggregates within mitochondria [49,50], impair-
ing respiration and promoting mitochondrial dysfunc-
tion [51]. Increased ROS in FALS is therefore likely the
result of a combination of loss of antioxidant function
and accumulation of toxic SOD1 aggregates.

ROS generation in neurodegenerative diseases go be-
yond such a direct effect on antioxidant function, al-
though mitochondrial damage is a recurrent theme. For
example, decreased mitochondrial respiration [52], as
well as increased ROS and oxidative DNA damage have
beenreported in HD transgenic mice and in the parietal
cortex of human HD brains [42,53,54], while antioxi-
dant treatment with Coenzyme Q1o promoted moderate
improvement in disease progression and extended sur-
vival [55]. However, the best-characterized neurode-
generative disease where mitochondrial dysfunction is
linked to ROS production is PD.

The first evidence for a role of ROS in PD came from
the observation that human PD brains show signs of
mitochondrial dysfunction and oxidative damage in de-
generating areas including the substantia nigra [43,44].
This was further substantiated by the identification of
several PD-related genes that are associated with mi-
tochondrial function, namely the mitochondrial kinase
PTEN-induced putative kinase 1 (PINK1), the E3 lig-
ase Parkin, and the oxidative stress sensor DJ-1 [56].
Specifically, mutations in PINK1 cause mitochondrial
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dysfunction [57], while loss of Parkin in mouse models
has been shown to result in oxidative stress and mito-
chondrial dysfunction [58]. Recently, loss of DJ-1 in
mouse embryonic fibroblasts (MEFs) has been associ-
ated with decreased respiration, increased mtROS, and
reduced mitochondrial membrane potential [ 59]. Inter-
estingly, PINK1, Parkin, and DJ-1 potentially interact
in a complex to stimulate proteasomal degradation of
proteins likely to aggregate, effectively preventing the
accumulation of these neurotoxins [60]. The beneficial
role of PINK 1 and Parkin may also be involved in clear-
ance of damaged mitochondria resulting in additional
reductions in ROS (discussed below).

ROS production has also been linked to another key
feature of neurodegenerative diseases, namely the ac-
cumulation of protein aggregates, although this rela-
tionship is complex. For example, expression of PD
mutant «-synuclein (a component of Lewy bodies in
PD) in mice and neurons is toxic, induces mitochondri-
al dysfunction, and increases ROS and cell death [61—
63]. A second example where accumulation of pro-
tein aggregates has been linked to mitochondrial dys-
function and ROS production is in AD. The presence
of amyleid-3 (A3) plaques is a characteristic feature
of AD and its accumulation has been linked to oxida-
tive stress, mitochondrial dysfunction, energy failure,
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synaptic dysfunction, and ultimately neuronal loss [ 64—
66]. Indeed, AD brains show signs of increased ROS
including nuclear DNA and mitochondrial DNA (mtD-
NA) damage [43,46], while mitochondrial accumula-
tion of A3 reduces oxygen consumption, and decreases
mitochondrial electron transport chain activity [64,67].
One other way in which A% may affect ROS produc-
tion is through its effect on mitochondrial dynamics.
Mitochondria exist as a highly dynamic network that
constantly divide and fuse. Recent evidence suggests
that A/ disrupts this process, leading to mitochondrial
fragmentation and increased ROS production [ 68—70].

The causative role of AZ in AD, however, remains
debated, and it is clear that other aspects of the disease,
such as hyperphosphorylation and accurnulation of tau,
also play an important role in its progression. In that
respect, it is interesting to note that while protein aggre-
gates can promote ROS production and mitochondri-
al dysfunction, ROS may also cause the accumulation
of these neurotoxic aggregates, including A3 [71] and
a-gsynuclein [57,72,73]. This, along with the cbserva-
tion that the increase in ROS production precedes the
pathological appearance of A3 plaques [64,65], sug-
gests that mitochondria dysfunction can be an early
event that precedes protein aggregation. It should also
be kept in mind, however, that mitochondrial dysfunc-
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tion might be secondary to alterations in other path-
ways that can affect both mitochondrial function and
accumulation of toxic proteins. For example, deregu-
lated calcium homeostasis in AD may also play a role
in ROS generation, AZ aggregation, and damage to mi-
tochondria [ 74-76] with A3 oligomers further promot-
ing intracellular calcium entry in a deleterious positive
feedback loop [77].

Oxidative stress s thus emerging as a common theme
in neurodegeneration (Fig. 2), with decreased mito-
chondrial antioxidants, increased protein aggregation,
and increased mitochondrial dysfunction all promot-
ing increased ROS generation. While several pathways
(described above) are activated to control ROS produc-
tion, dysfunctional mitochondrianeed to be removedto
prevent further damage. Recent work has highlighteda
role for autophagy in clearance of damaged mitochon-
dria.

AUTOPHAGY AND APOPTOSIS

Macroautophagy (hereafter referred to as autophagy)
is a conserved catabolic process allowing for recy-
cling of nutrients during starvation. A basal level of
autophagy is required to degrade damaged proteins and
organelles. Autophagy is characterized by formation
of double-membrane vesicles which deliver the cellular
components to be recycled to lysosomes where they are
degraded. Autophagosome formation is dependent on
a series of conserved autophagy-related (ATG) genes
(reviewed in [78]).

A role for autophagy in neurodegenerative diseases
was first suggested by the phenotype of the ATGS and
ATG7 (two essential ATG genes) conditional knock-
outs in the central nervous system, where both mod-
els lead to an accumulation of ubiquitin-positive ag-
gregates, neuronal loss, and death of the animals with-
in several weeks of birth [79,80]. More recently, dam-
aged mitochondria have been shown to be specifical-
ly removed by autophagy (mitophagy) in a process re-
quiring PINK1 and Parkin, two aforementioned PD-
related genes [81-84]. PINK1 1s a labile mitochondrial
outer membrane kinase that is stabilized on mitochon-
dria that have lost their membrane potential [81,83,
84]. Following this increase in protein levels, PINK1
recruits the ubiquitin E3-ligase Parkin to the damaged
mitochondria in a manner dependent on PINK1 kinase
activation [81,83,84]. Once on the mitochondrial out-
er membrane, Parkin ubiquitinates substrates including
VDACI, leading to the recruitment of p62/SQSTM,

a ubiquitin binding protein that targets ubiquitinated
substrates to autophagosomes for autophagy-dependent
degradation [81]. PD-related mutations in either PINK 1
or Parkin lead to the accumulation of damaged or-
ganelles, increases in dysfunctional mitochondria, and
elevated ROS, further damaging the cell.

Failure to properly control ROS production and re-
move damaged organelles via mitophagy results in ac-
cumulation of damage and cell death. At least twotypes
of cell death have been associated with ROS produc-
tion: apoptosis and necrosis. High levels of ROS, asso-
ciated with severe cellular damage can lead to necrot-
ic cell death in a process that causes disruption of the
cell membrane, causing further inflammation and tis-
sue damage [85]. On the other hand, apoptosis is a
tightly controlled process leading to complete removal
of the damaged cells without eliciting an inflammato-
ry response [85]. Apoptosis is regulated by a family
of related proteins, BCL-2 homologues, that converge
on mitochondria to regulate its outer membrane per-
meability and the release of several pro-apoptotic fac-
tors from the intermembrane space (reviewed in [86,
87]). Among these, Apoptosis Inducing Factor (AIF)
and Endonuclease G (EndoG) translocate to the nucle-
us where they cause caspase-independent DNA degra-
dation and cell death [88] However, the major path-
way activated in apoptotic cells relies on the release
of cytochrome ¢ [86,87]. Once in the cytosol, cy-
tochrome ¢ activates formation of the apoptosome, a
protein complex comprised of cytochrome ¢, APAF-1
and caspase-9. The apoptosome activates effector cas-
pases, the apoptotic proteases responsible for morpho-
logical changes leading to the dismantling of the cel-
lular component. Cytochrome ¢ release is dependent
upon activation of two pro-apoptotic BCL-2 homo-
logues, BAX and BAK [86,87]. Anti-apoptotic BCL-2
homologues (BCL-2, MCL-1, BCL-XL, and A1) inhib-
it apoptosis by blocking BAX/BAK function in healthy
cells. The key molecules for BAX/BAK activation are
the BH3-only proteins, a third class of BCL-2 homo-
logues. BH3-only proteins induce BAX/BAK activa-
tion either through direct interaction (the so-called ac-
tivator BH3 BID and BIM) or indirectly by inhibiting
anti-apoptotic BCL-2 homologues [86,87]. While the
exact contribution of each pathway is still debated, it is
clear that BH3-only proteins are the upstream activators
of cytochrome ¢ release and apoptosis [86,87]. Activa-
tion of BH3-only proteins occurs through several mech-
anisms [86,87]. For example, BID activation is depen-
dent on its cleavage by caspase-8 while BAD is regulat-
ed by phosphorylation. However, the main regulatory
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mechanism for several BH3-only proteins is transcrip-
tional regulation. Following several types of cellular
injury, including increased ROS, p53 is stabilized and
activates expression of at least three BH3-only proteins,
namely Noxa, Puma, and human BIK [38,89], provid-
ing a link between increased ROS production and in-
duction of apoptosis. As p53 activation also promotes
survival under some circumstances, other factors such
as JNK and p38 are likely to participate in activation
of BH3-only proteins following an increase in ROS.
For example, INK is activated by ROS and phosphory-
lates several apoptosis-related substrates such as MCL-
1 and the BH3-only protein BIM [90,91].In the case of
MCL-1, thisresults in its proteasome-dependent degra-
dation [91] while JNK-dependent phosphorylation of
BIM increases its pro-apoptotic activity [90].

Interestingly, several links exist between autophagy
and apoptosis. For example, anti-apoptotic BCL-2
homologues can regulate the activation of autophagy
through inhibition of Beclin-1, a protein required for
the initiation of autophagosome formation [92,93]. In
addition, JNK is activated by starvation (a classical au-
tophagy inducer) and promotes autophagy through sev-
eral mechanisms including inhibition of BCL-2 [94]
and induction of p62 [95]. As discussed above, au-
tophagy is a protective mechanism that promotes dis-
posal of damaged cellular components. However, sus-
tained or excessive autophagy can also lead to au-
tophagic (typeIT) cell death [96]. Keeping a proper bal-
ance between the different aspects of ROS production
and clearance (including ROS signaling and autophag-
ic removal of damaged organelles) is therefore key to
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maintaining survival of cells with high metabolic rates
and long lifespan such as neurons.

MITOCHONDRIAL ANTIOXIDANTS

Since ROS and oxidative damage underlie a large
number of human diseases, attempts have been made
in administering large doses of antioxidants to patients.
Unfortunately, these treatments have been largely un-
successful, likely due to their limited cellular and mi-
tochondrial uptake. In an attempt to increase uptake
and efficacy, a large effort has commenced to develop
mitochondrial targeted antioxidants (reviewed i [97]).
Mitochondria-targeted ubiquinol (MitoQQ), for exam-
ple, was shown to prevent cell death caused by endoge-
nous oxidative stress hundreds of times more potently
than its untargeted homologue [98]. Of note here, Mi-
toQ also inhibited HIF accumulation in hypoxia [22].
Furthermore, Mito(Q gave promising results in the car-
diovascular field where Mito() treatment reduced car-
diac hypertrophy and improved endothelial function of
stroke-prone spontansously hypertensiverats [99]. Mi-
toQ entered into Phase I clinical trials for the treatment
of both PD and hepatitis C in 2008. Results, however,
remain to be presented.

Another example of a promising mitochondrial tar-
geted antioxidant is SkQ1 [100], shown to reduce
HsOs-induced apoptosis in human fibroblasts and
Hel.a cells [101]. SkQ1 has produced some extraordi-
nary ## vivo results including restoring vision to blind
arumals with retinopathy, decreasing lymphomas in
P53/~ mice, and prolonging the lifespan of fungi,
crustaceans, flies, and mice [101]. Further research will
be needed to investigate whether or not SkQ1 can pre-
vent neuronal cell death and if it could be used as a
potential treatment in neurodegenerative diseases.

Szeto-Schiller (SS) peptides represent a second class
of mitochondrial antioxidants that offer the advantage
of localizing to mitochondria irrespective of mitochon-
drial membrane potential, which may improve their
therapeutic potential [102]. SS peptides concentrate
1000-fold to mitochondria, reduce ROS in neuronal
cells, and protect cells against neuronal cell death by
tert-butyl hydroperoxide [103]. Additionally, in both
mouse and human islet cells where mitochondrial dys-
function 1s at the center of cell death, SS peptides
prevented mitochondrial depolarization and apopto-
sis [104]. Invivo, SS peptides are protective in a mouse
model of ALS, increasing survival and motor perfor-
mance, and decreasing cell loss [105]. SS peptides al-

so protect dopaminergic neurons against 1-methyl-4-
phenyl-1,2,3,6-tetrahy dropyridine (MPTP) neurotoxi-
city both in cell cultures and in the PD animal mod-
el [106].

The links between neurodegenerative diseases and
ROS presented above, along with the results obtained
using these new antioxidants, present compelling in
vitro and in vive evidence that ROS underlie neuronal
death. These new mitochondrial ROS scavengers there-
fore represent a promising novel therapeutic approach
to the treatment of these diseases.

CONCLUSION

As more efficient and better-tolerated mitochondrial
antioxidants become available, there are a number of
important matters to consider. Firstof all, mitochondri-
al antioxidant treatments may inhibit ROS-dependent
apoptosis, but not the underlying mitochondrial defects
and may therefore result in other non-ROS mediated
cell death pathways. Secondly, since mtROS are in-
volved in beneficial cell signaling, including some pro-
survival pathways previously discussed, it will be im-
portant to ensure that these pathways are not blocked
by these treatments. Perhaps moderate doses of mito-
chondrial antioxidants will be most efficient since the
beneficial pro-survival pathways will remain relatively
unaltered. And finally, since oxygen sensing through
HIF requires mtROS [20], it would be interesting and
important to investigate whether these treatments make
mammals more susceptible to cell death following 1s-
chemic injury.

Regardless, mitochondrial antioxidants represent a
promising avenue for neurodegenerative disease treat-
ments. Research is still needed, however, to fully de-
lineate the missing steps by which neurodegenerative
diseases increase mtROS and how mtROS leads to cell
death. These studies will potentially present new phar-
macological targets upstream or downstream of ROS
generation, allowing to target damaging ROS without
interfering with physiological ROS signaling.
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Mitochondrial dysfunction plays an important role in the etiology of neurodegenerative diseases. However,
the progressive nature of neuronal loss in genetic models of mitechondrial dysfunction suggests the pres-
ence of compensatory mechanisms promoting neuronal survival under these conditions. Here, we identified
the energy metabolism kinase LKB1 as a key regulator of the compensatory mechanisms activated in neu-
rons, following mitochondrial dysfunction. To accomplish this, we have created an in vivo neurodegenerative
model based on the deletion of the mitochondrial protein apoptosis-inducing factor (AIF) in postmitotic neu-
rons. Loss of mitochondrial function caused by AIF deletion induced several adaptive mechanisms, including
increased glycolysis and mitochondrial biogenesis. Importantly, the activation of these adaptive mechanisms
was abrogated by the deletion of one allele of LKB1, resulting in impaired neuronal survival. Because loss of
mitochondrial function is a central mechanism implicated in neurodegenerative diseases, modulation of
LKB1-dependent pathways may represent an important strategy to preserve neuronal survival and function.

INTRODUCTION

Neurodegenerative discases are characterized by a progressive
loss of neurons that often affects specific neuronal populations.
In recent years, mitochondrial dysfunction has emerged as a
key factor contributing te this neuronal cell death in discases
such as Alzheimer’s discase (AD), Parkinson’s discase (PD)
and amyotrophic lateral sclerosis [reviewed in (1-4)]. For
example, loss of function of complex I of the electron trans-
pert chain (ETC) is an important feature of PD, whercas
amyloid-f3 disrupts mitochondrial function, contributing to
neuronal loss in AD (2,5).

To better understand the role of mitochondrial dysfunction
in neurodegenerative diseases, several animal models of mito-
chondria loss of function have been gencrated. These mclude
ablation of complex I (Ndufs4) and complex IV (Cox10) sub-
units (6,7), as well as loss of the mitochondrial transcription
factor A (8), all of which cause severe defects in oxidative
phosphorylation (OXPHOS). Another example is apoptosis-

inducing factor (AIF), an evolutionary conserved mitochon-
drial protcin that plays an cssential role in the maintenance
of mitechondrial structure and function and the downregula-
tion of which causes neuredegeneration in mice (9) and a
severe mitochondrial encephalemyopathy when mutated in
humans (10). Of note, while most animal models of loss of
mitochondrial function show robust primary mitochondrial
defects, the rate of neuronal loss is generally more progressive
and limited to specific neuronal populations. Although this se-
lective vulnerability of ncurons has been proposed to be linked
to differences in neuronal metabolism [reviewed in (4)]. the
underlying causes remain poorly understood. In fact, while
the activation of several cell death pathways has been charac-
terized as a consequence of mitochondrial dysfunctien, the
nature and regulation of adaptive pathways allowing certain
neuronal populations to survive under these circumstances
remain an important question.

The serine/threonine kinase LKB1 is a master regulator of
energy metabolism, restricting cell growth under energy
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stress conditions through the regulation 14 kinases that act on
processes such as cell polarity, cell growth and metabolism
(11,12). Among these, the best characterized LKB1 substrate
1s the AMP-dependent protein kinase AMPK, a kinase that
regulates autophagy and prevents cell growth by inhibiting
mammalian target of rapamycin (mTOR) (11,12). Given the
key role of LKBI1 in cellular adaptation to energy stress, it
is an attractive candidate for the regulation of metabolically
driven adaptive processes. Indeed, recent evidence suggests
that LKB1 plays an important role in adapting skeletal
muscle metabolic function in response to exercise (13,14).
However, the role of LKB1 in the adult brain under basal con-
ditions or following mitechondrial dysfunction remains an im-
portant question, as neurons differ significantly from muscle in
their metabolic needs [reviewed in (15,16)].

We used the conditional deletion of ATF as a ncurodegen-
erative model to study the role of LKBI1 in the adaptive
response of neurons to mitochondrial dysfunction. Although
ATF deletion in postmitotic neurons resulted in mitochondrial
fragmentation and less of OXPHOS function, as previcusly
observed in other tissues (17-20), ne neuronal loss was
cbserved in the cortex of 90 days old AIF KO (AKQ) mice.
This ncuronal survival was dependent on the activation of
several LKBI-dependent adaptive mechanisms, including
increased glucose metabolism and mitochondrial biogenesis.
Consequently, loss of one allele of LKBI1 significantly
increased cell death that was observed in the cortex of AKO
animals. Altogether, these results demonstrate that LKBI
plays a critical role in neuronal adaptation to mitochendrial
dysfunction. Because loss of mitochendrial function is an
important aspeet of ncurodegenerative discases, manipulation
of LKBI-dependent pathways could provide new tools to
promote neuronal survival in this context.

RESULTS

AITF deletion in postmitotic neurons disrupts mitochondrial
function

The mitochondrial inner membrane protein AIF is essential for
the maintenance of mitochondrial function and morphology
and its loss causes mitochondrial fragmentation and decreased
levels of ETC proteins (17-20). As loss of AIT affects both
functional and structural aspects of mitochondrial function,
we used AIF deletion in postmitotic neurons to address the
neuronal response to mitochondrial dysfunction. AIF-floxed
mice (18) were crossed with mice expressing Cre under the
control of the Camklla prometer, resulting in recombination
of the floxed AIT allele (null allele) in the cortex, the hippo-
campus and the striatum (AKO mice) (Fig. 1A) (21). AIF de-
letion in the cortex was confirmed by western blot (Fig. 1B),
and neuron-specific loss of mitochondrial AIF immunostaining
was confirmed by immunohistochemistry in the cortex
(Tig. 1C), striatum and hippocampus (not shown). Loss of
ATF resulted in mitochondrial fragmentation that was accom-
panied by mitochondrial swelling, as evidenced by the double
labeling of mitochondria with the mitechondrial outer mem-
brane protein TOM20 and the matrix protein mtHSP70)
(Fig. 1E, quantified in D). This loss of mitochondrial structure
was correlated with decreased levels of NDUFA9 (complex I},
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Core2 (complex HI) and COX IV (complex IV), but not
SDHA (complex II) (Fig. 1B, quantified in F). Altogether,
these results indicate that AKO recapitulates the mitochondrial
defects previously reported upon AIF deletion in other tissues
(17-20).

To address the consequences of mitochondrial dysfunction
caused by AIF deletion on the survival of different neuronal
populations, we first examined the general brain morphology
in 90-day-old AKO by cresyl violet staining and visualization
of cortical processes by MAP2 staining (Fig. 2A). Consistent
with the greater sensitivity of striatal neurons to mitochondrial
dysfunction (22), a small but significant ncuronal loss (15%)
was observed in AKO striatum (Tig. 2B) when compared
with their littermate controls. In contrast, there were neither
gross morphological changes nor significant neuronal loss in
the cortex or the hippocampus of AKO animals (Fig. 2A, €
and D), two other structures where Cre is expressed (21)
(data not shown). AKO cortical thickness was, however,
reduced by 15% (Fig. 2E). Given that AKO animals had the
same number of cortical neurons as their wild-type (WT) lit-
termates, we explored the possibility that the reduced cortical
thickness was the result of decreased cell size. Neuronal cell
body volume was indced significantly reduced in AKO cor-
tical layers 1/ITI, and a similar trend was observed in layer
V neurons (Fig. 2F), suggesting that the reduced cortical thick-
ness is the consequence of decreased neuronal cell body
volume.

As the absence of cell loss in the cortex could be the conse-
quence of a delayed appearance of mitochendrial dysfunction,
we evaluated cortical expression of AIF and complex I subunit
NDUFA9 at different ages. ATF loss was evident as carly as 30
days after birth, whereas loss of NDUFA9 was clearly apparent
in 60 days old animals (Fig. 3A). However, NDUTA9 levels
were also deereased in some 30-day-old AKO by western blot
(Fig. 3B, levels for four different AK(O) are plotted) and partially
decreased in affected neurons by immunohistochemistry
(Fig. 3C). Altogether, these data suggest that AKO mitochen-
dria arc dysfunctional by 60 days of age at the latest and that
AKOQ cortical ncurons can, thus, survive at Ieast a month with
dysfunctional mitochondria. Of note, loss of mitochondrial
complexes, including Core2, was most cvident in layer V
neurons (Oct6™) (Fig. 4A, D; quantified in B) that normally
express the highest levels of several mitochondrial markers in
their cell body (Fig. 4E, quantified in B). Interestingly, these
neurons are also more sensitive to the loss of the transcriptional
co-activator PGCla (23,24), an important regulator of mito-
chondrial biogenesis.

Activation of adaptive mechanisms in AKO cortical
neureons

Recent evidence suggests a role of proteins involved in the
regulation of metabolism in promoting neuronal survival
under metabolic stress, although their physiological regulation
in this context is not well understood. For example, PGCla
levels are decreased in several neurodegenerative discases,
and its reintroduction in neurons from discase modcls is pro-
tective (25). As layer V neurons are the most affected in
both AKO and PGCla KO animals, we quantified PGCla
levels following AIF deletion. More precisely, to discriminate
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Figure 1. Loss ol mitochondrial function in apoplosis-inducing factor {ATF) null neurons. (A) PCR analysis of recombination at the 4if locus in 60-day-old AKO
animals showing recombination in the presence of the Cre recombinase. Note that recombination occurs in the cortex (Clx), hippocampus (Hip) and striatum (Str).
(B) Expression levels of various components of the ETC in the cortices of 90 days old WT and AKQ animals. The following antibodies were used: NDUFA9 (complex
1), SDHA (complex II), Core2 {complex IIT}, Cox IV (complex IV) and ATP5 A (ATP synthase). mtHSP70 was used as a mitochondrial loading control. (C) Neuron-
specific loss of ATF in AKO mice. ATF expression was analyzed in the cortex of AKO animals by staining with an ATF-specific antibody (green) and an antibody
against the neuronal marker NeuN (middle panels; red) or the mitochondrial marker mtHSP70 {lower panels; red), along with the nuclear stain DAPT (bluc).
Scale bar 10 pm. Representative images are shown. (D and E) Mitochondrial fragmentation in AKO neurons. Mitochondria in the cortex of AKO animals were
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(E) and quantified in (D). Scale bar 10 pm. Representative images are shown in (E). (F) Protein levels from the western blots in (A} were quantified using Image
J. The measurements from three animals per genotype were normalized Lo actin levels and expressed as fold change over WT | SD.

potential layer-specific responses, PGCla levels were ana-
lyzed by immunohistochemistry and not western blot. Loss
of AIT resulted in the upregulation of PGCla specifically in
Tayer V neurons (Oct6™ cells; Fig. SA, quantified in B), sug-
gesting a link between the increased sensitivity of these
neurons to the loss of mitochondrial markers and their require-
ment for mitochondrial biogenesis. A second example of a

metabolic enzyme promoting neuronal survival following
mitochondrial dysfunction is HKII, the enzyme regulating
the first, rate limiting, step of glycolysis (26). Interestingly,
HKII levels were also increased in AKO cortical neurons
(Fig. 5A, quantified in C).

Several metabolic pathways are regulated upon loss of ATP
production in a fashion that depends on the activation of
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animals taken using a confocal mi pe. Data are

AMPK. In this way, AMPK reestablishes cellular energy
balance by promoting ATP synthesis, while shutting down
cnergy-consuming  processes  such  as mTOR-dependent
protein translation (11,12). Interestingly, loss of AIF also
induced AMPK activation, as determined by its phosphorylation
on residue S172 (Fig. 4D). This correlated with a reduction in
mTOR activity, as determined by decreased phosphorylation
of thc mTOR substratc 4cBP1 (Fig. 5D). Altogcther, our
results suggest that loss of AIF triggers the activation of
several compensatory mechanisms promoting the survival of
cortical neurons.

LKBI1 regulates the adap
by mitochondrial loss of function

tive mechanisms i

LKBI is an cvolutionary conserved kinase that regulates energy
metabolism through the control of key cellular processes such as
cell polarity, cell growth, mitochondrial biogenesis and glucose
metabolism (Fig. 6I). This occurs in ways that arc both
dependent and independent of AMPK, its best characterized
substrate (11,12,27). Of note, PGCla and HKII, activated as
a consequence of AIF deletion, are both regulated in

p d as the average neuronal cell body volume in least three animals per genotype + SD. *P < 0,05,

an LKBI-dependent manner in skeletal muscle (13,14).
However, as metabolic control is significantly different in
ncurons and muscle (15,16), whether LKB1 regulates compen-
satory mechanisms in a similar fashion in cortical neurons
remains unknown. Therefore, we determined the role of LKB1
in the activation of these compensatory mechanisms by condi-
tionally deleting LKB1 (28) in AKO animals (using CamKIIa
Cre). Strikingly, loss of only onc allcle of LKB1 was sufficicnt
to decrease both LKB1 levels and AMPK phosphorylation in the
cortex of 10 days old animals (Fig. 6A), suggesting an important
role for LKBI in this context. Given that complete deletion of
LKBI leads to loss of axonal growth in neural precursors
(29,30) and that AMPK phosphorylation was notably decrcased
in LKB1 heterozygotes, we used a LKBI heterozygote for all
subsequent experiments. These animals were similar to their
littcrmate controls in all aspects tested, including axonal tracts
(Fig. 6B), clearly distinguishing them from the embryonic
phenotype previously reported (29,30).

To address the role of LKB1 in the regulation of the adaptive
mechanisms activated by the loss of AIF, we first quantified
PGCla expression in response to LKB1 deletion. The decrease
in LKB1 expression in the LKB1 heterozygote did not affect
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basal PGCla expression (Fig. 6C). However, the increase in
PGCla expression previously noeted in AKO Oct6™ neurons
was abolished following the deletion of one allele of LKB1
(Fig. 6C).

To further substantiate PGCla activation, we quantified the
cxpression of SODI, a cytosolic PGCla target gene (31). A
cytosolic target was chosen because levels of mitochendrial
proteins might not reflect their transcription, due to degrad-
ation following mitochondrial dysfunction. Consistent with
PGCla activation, SODI1 levels were increased in AKOQ
mice, and this was abrogated by the deletion of one allele of
LKBI1 (Fig. 6D). Altogether, these results indicate a role for
LKBI in the activation of PGCla triggered by mitochondrial
dysfunction in the absence of ATF.

(iiven the importance of glycolysis for ATP production in
the absence of functional mitochondria, we next addressed
changes in glucose metabolism, following AIF deletion.
GLUT3, a glucose transporter expressed in the CNS specific-
ally in ncurons, was previously shown to be upregulated
following energy stress (32). GLUT3 levels were indeed
increased in AKO cortical neurons (Fig. 6FF), similar to the in-
crease observed for the glycolitic enzyme HKIT (Fig. 5A and
C). Strikingly, although the deletion of one allele of LKBI
did not significantly alter the basal expression of these
proteins, it abrogated the increase caused by AIF deletion

(Fig. 6E and F). This suggests that LKB1 plays an important
role in the regulation of glycolysis, following mitochondrial
dysfunction in cortical neurons.

Finally, given that cell size is usually controlled by mTOR, a
master regulator of protein translation that is inhibited in AKO
animals (Fig. 5D), we addressed the contribution of LKBI in
the regulation of cell size. Loss of one allele of LKB1 prevented
the reduction in cell size caused by AIF deletion in layer ILTII
neurons (Fig. 6G), consistent with a role for LKB1. However,
LKBI1 deletion did not prevent the decrease in cell volume
observed in layer V neurons (Fig. 6H). Given that our results
suggest an important rele for LKB1 in the metabolic adaptation
to mitechondrial dysfunction and that layer V and VI neurons
are more sensitive to energy stress, the inability of LKB1 dele-
tion to rescue layer V oneurons” ecll body volume could result
from the induction of cell death in these neurons. Therefore,
we determined the effect of the loss of one allele of LKBI,
and the abrogation of the compensatory mechanisms it regu-
lates, on the survival of cortical neurons.

LKB1 regulates cortical neuronal survival, following
mitochondrial dysfunction

Although AKO mice had the same number of cortical neurons
than their WT littermates, loss of one allele of LKB1 in con-
junction with AIF deletion (AKOL) caused a 10% reduction in
the number of cortical neurans (Fig. 7A), suggesting that dele-
tion of one allele of LKB1 sensitizes neurons to cell death
following deletion of ATF. To specifically address the apoptot-
ic cell loss, we analyzed caspase-3 activation in the cortex of
ATF KO mice that were either WT or heterozygous for LKBI1.
Surprisingly, given the absence of neuronal loss in the AKO,
some  active caspase-3(AC3)-positive cells were  observed
in AKO laver V ncurons starting at 90 days (Fig. 7B).
However, as no significant changes in AC3 were observed
before 90 days, this time point represents the onset of neuronal
loss in AKQ neurans. This interpretation is supported by the
cell death data in the AKOL animals. Although deletion of
one allele of LKB1 did not cause an increase in AC3-positive
cells in the presence of AIT, apoptotic cell death occurred
significantly earlier (60 days) in AKOL and increased at a
greater rate than their AKO littermates (Fig. 7B). This is con-
sistent with the observed neuronal loss in AKOL brains
(Fig. 7TA). As with AKO animals, most AC3-positive cells in
the double mutant were also positive for the layer V marker
Oct6 (Fig. 7C), further indicating that the defects are neuron
specific. The data are also in agreement with the greater sen-
sitivity of layer V neurons to cell death under energy stress
(23,24) and the decreased ccll volume of AKOL layer V
neurons when compared with layer I/ neurons (Fig. 6G).
Indeed, deletion of one allele of LKB1 in AKO animals was
associated with a significant decrease in the number of layer
V (Oct6™") neurons when compared with AKO, for which
we did not obscrve a significant loss at 90 days (Tig. 7D).
Altogether, these results indicate that the activation of
LEBI1-regulated pathways is required for survival of AIF
null ncurons, Therefore, our results suggest that LKB1 plays
an important role in neuronal adaptation te mitochondrial dys-
function and could, thus, be a key protein in the regulation of
neurcnal survival in the context of neurodegenerative diseases.
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DISCUSSION

Loss of mitochondrial function is a major characteristic of
many neurodegenerative diseases. For example, while muta-
tions in mitochondrial proteins such as ETC components or
proteins involved in mitochondrial dynamics often cause neu-
rodegeneration, sporadic cases of AD and PD are also linked
to altered mitochondrial function (1-3). Similarly, human
mutations in the mitochondrial protein AIF cause a severe
mitochondrial encephalomyopathy (10). We have now used
CamKlla Cre to delete AIF and cause mitochondrial dysfunc-
tion in postmitotic neurons, thereby creating a novel model
of neurodegeneration. However, as with many models of mito-
chondrial loss of function in ncurons (6—9), ncuronal loss fol-
lowing AIF deletion was progressive and limited to a specific
neuronal population (striatum).

Representative images are

This neuronal survival is the consequence of the activity of
energy metabolism kinase LKBI1. Specifically, we demon-
strated here that LKB1 plays a critical role in the regulation
of ncuronal survival, following the loss of mitochondrial func-
tion by activating several compensatory mechanisms that
promote adaptation to energy stress. Thus, AIF deletion trig-
gered the LKB1-dependent upregulation of mitochondrial bio-
genesis and glycolysis, compensatory mechanisms that were
abrogated by the deletion of one allele of LKB1. By prevent-
ing the activation of these compensatory mechanisms, loss of
LKBI caused the death of these neurons, highlighting the crit-
ical role of this protcin in metabolic stress adaptation and
neuronal survival,

Previous work has indicated that LKBI is a master regulator
of energy metabolism under energy stress conditions (11,12).
Indeed, a role for LKBI1 in maintaining muscle metabolic
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function during excrcisc has been previously suggested (13,14).
However, as the regulation of ATP production differs greatly in
neurons and muscle (15,16), the role of LKB1 in the adult brain
remains unknown. Indeed, the main function of LKBI that has
been described in neurons is during development, through the
regulation of axon formation (29,30). Nevertheless, in contrast
to the dramatic in vivo loss of axons when LKBI is deleted in

ncuronal progenitors (29,30), we did not obscrve obvious
axonal defects (Fig. 6B). This suggests that LKB1 controls dis-
tinct cellular functions in precursors and differentiated cells,
with a greater role of metabolic regulation of survival in post-
mitotic neurons, This would be consistent with the more im-
portant role of autophagy previously observed in postmitotic
neurons, when compared with neural precursors (33).
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ATF delction Icads to loss of ETC components and decrcasced
ATP production (17-19). It is, therefore, noteworthy that the
compensatory mechanisms activated in an LKBI-dependent
manner following AIF deletion play key roles in promoting
ATP production. For example, GLUT3 and HKII both
promote increased glycolysis, through glucose uptake and acti-
vation of a rate-limiting step of glycolysis, respectively. In add-
ition, it has previously been reported that the activation of
PGCla can partially alleviate the mitochondrial dysfunction
caused by the loss of ETC components (34). Together, these

mcchanisms likely promote the survival of AKO ncurons by
maintaining ATP production, despite the loss of mitochondrial
function characterizing these cells. Interestingly, mitochondrial
HKII has recently been shown to regulate BAX recruitment to
mitochondria, thereby inhibiting cytochrome ¢ release and
apoptosis (26). It is, therefore, possible that, in addition to regu-
lating ATP production, these pathways promote cell survival by
regulating more directly the apoptotic machinery.

Given the importance of mitochondrial dysfunction in neu-
rodegenerative diseases, the role of LKBI in neuronal
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Figure 7. Increased cell death in AKO mice lacking one allele of LKBI1.
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Data arc expressed as the total number of NeuN™ cells per image in at least
three animals per genotype + SD. *P < 0.05. (B) Increased AC3 staining in
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bar 50 pm. A representative image is shown. Arrows denote examples of
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adaptation to mitochondrial dysfunction could be highly rele-
vant to these diseases. It is, therefore, noteworthy that several
lines of evidence point to a causal relationship between mito-
chondrial dysfunction and other important features of neurode-
generative discascs such as increased reactive oxygen specics
(ROS) and accumulation of misfolded proteins (2,3). Although
this relationship is complex and not yet fully understood, it
raiscs the possibility that the LKB1 pathway also promotes
neuronal survival, following accumulation of ROS or mis-
folded proteins, a possibility that clearly warrants further in-
vestigation.

MATERIALS AND METHODS
Animals

All experiments were approved by the University of Ottawa’s
Animal Carc Ethics Committee adhering to the Guidclines of
the Canadian Council on Animal Care. To generate forebrain-
specific AIF KO mice, the previously described floxed AIF
mice on a FVBN background (18) were crossed with
CamKlIla-Cre mice (C57B1/6) (21). AIF mice were also
crossed with LKB1 conditional mice [from Dr Ronald
DePinho (28)]. To minimize phenotypic variations that could
result from the mixed background, the mice were kept on this
FVBN/C57BL/6 background for at least six generations before
analyzing the mice, and littermates were used as controls for
all experiments. Animals were genotyped according to standard
protocols with previously published primers for AIF, LKBI
and Cre.

histoch:

Tissue processing and i istry

Mice were cuthanized with a lethal injection of sodium pento-
barbitol. For immunohistochemistry, mice were perfused with
1 x PBS followed by fresh cold 4% paraformaldchyde (PTFA).
Brains were then removed, postfixed overnight in 4% PFA,
cryoprotected in 20% sucrose in 1 x PBS and frozen. Sections
were collected as 14 pm coronal cryosections on Superfrost
Plus® slides (Fisher Scientific). For western blot analysis,
brains were removed, cortices dissceted and flash frozen in
liquid nitrogen.

Brain sections were analyzed by immunohistochemistry
using AlexaFluor and Cy3 sccondary antibodics (Jackson
ImmunoResearch Laboratories, Inc.). Images were taken
usinga Zeiss 510 meta confocal microscope. Where noted, com-
posite images were created by juxtaposing multiple higher reso-
lution images in Adobe Photoshop. All quantification was done
blind on at least three sections per brain. Layer V neurons were
identified as Oct6" neurons, whereas the most superficial
neurons were considered layer II/IIL To measure the neuronal
cell body volume, sections were aligned using the anterior com-
missure and stained with an antibody against the neuronal
marker NeuN, which stains both the nuclei and cytosol of
neurons. Z stacks were then taken using a 63 x objective on a
Zeiss 510 meta confocal microscope, and the surface area was
calculated for each neuron in every z section using Image
J. Because the sections were thin (14 pm), the volume was esti-
mated by measuring the four bigger arca of cach cell multiplicd
by the 7 stack thickness. To quantify in an unbiased way the ex-
pression of proteins basally expressed in neurons, but for which
the expression was altered in AKO neurons, the intensity of the
immunofluorescent signal in the cell body was compared with
that of an arca outside cell bodies. A neuron with a 2-fold differ-
ence was considered positive.

Antibodies and immunoblots

The following antibodics were used: mouse anti-LDHyy and
mouse anti-actin  (Sigma-Aldrich); goat anti HKII, goat
anti-Qct6, rabbit anti-MAP2, mouse anti-LKB1, rabbit anti-
GLUTS3, rabbit anti-PGCla, goat anti-AlF, rabbit anti-SOD1
and rabbit anti-TOM20 (Santa Cruz Biotechnologies); mouse
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anti-Core2, mouse anti-NDUFA9, mouse anti-SDHA (complex
I p70) and mousc anti-COX IV (Invitrogen); rabbit
anti-phospho-AMPK, rabbit anti-AMPK, rabbit anti-phospho-
4eBP1, rabbit anti-4cBP1 and rabbit anti-active caspase-3
(Cell Signaling Technologies); mouse anti-NeuN (Chemicon);
rabbit anti-NeuN (EnCor Biotechnologics Inc.); rat anti-L1
(Millipore); mouse anti-ATP3A (Mitosciences); and mouse
anti-mtHSP70 (ABR Bioreagents).

Tissue was resuspended in 2% SDS, 62.5 mm Tris pH 6.8,
10% glycerol and boiled for 10 min. Alternatively, for
phospho antibedies, tissue was lyzed in 10 mm Tris—HCI,
pH 7.9, 150 mm NaCl, 1 mm EDTA, 1% Triton X-100 supple-
mented with protease inhibitors mixture (Sigma-Aldrich) and
phosphatase inhibitors. For immumoblot analysis, proteins
were subjected to SDS PAGE, transferred to nitrocellulose
membranes and blotted with specific antibodies. Blots were
incubated with HRP-conjugated secondary antibodies and
visualized by enhanced chemiluminescence (Amersham Bios-
ciences). Western blot quantification was performed using the
Image T software and normalizing to actin levels.
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Acidosis overrides oxygen deprivation to maintain
mitochondrial function and cell survival
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Sustained cellular function and viability of high-energy demanding post-mitatic cells rely on
the continuous supply of ATP. The utilization of mitochondrial oxidative phosphorylation for
efficient ATP generation is a function of oxygen levels. As such, oxygen deprivation, in
physiological or pathological settings, has profound effects on cell metabolism and survival.
Here we show that mild extracellular acidosis, a physiological consequence of anaerobic
metabolism, can reprogramme the mitochondrial metabolic pathway to preserve efficient ATP
production regardless of oxygen levels. Acidosis initiates a rapid and reversible homeostatic
programme that restructures mitochondria, by regulating mitochondrial dynamics and cristae
architecture, to reconfigure mitochondrial efficiency, maintain mitochondrial function and cell
survival. Preventing mitochondrial remodelling results in  mitochondrial  dysfunction,
fragmentation and cell death. Our findings challenge the notion that oxygen availability is a
key limiting factor in oxidative metabolism and brings forth the concept that mitochondrial
morphology can dictate the bicenergetic status of post-mitotic cells.
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regenerative capacity, is essential to ensure continued

biological function of an organism. In recent years, it has
become apparent that the decline of post-mitotic cells, during
aging, neurodegenerative diseases and ischemic disorders,
is generally associated with mitochondrial dysfunction'.
Mitochondria are essential organelles for energy production,
regulation of signalling cascades and cell death®. These organelles
form a dynamic interconnecting network through continuous
cycles of fission and fusion events®. The regulation of
mitochondrial morphology is closely coupled to cell survival
and melabolic adaptation during stress>7. For example, aberrant
mitochondrial fission has been observed in many disease and
injury models and considered a key contributor to mitochondrial
dysfunction and cell death® 1% In these settings, inhibition of
mitochondrial fission or enhancing mitochondrial fusion restores
cell viability!! 1%, These observations highlight the importance
in the regulation of mitochondrial dynamics as a strategy to
promote cellular survival.

A common characteristic of high-energy-demanding post-
mitotic cells, such as neurons, muscle and cardiomyocytes, is their
dependence on a continuous supply of energy for sustained
cellular function and viability. For this reason, contemporary
eukaryotic cells are highly dependent on oxygen and functional
mitochondria for the efficient generation of ATP through
oxidative phnsphnrylatinnls‘lq In this context, it can be
appreciated how limitations in oxygen availability, or hypoxia,
have profound physiological effects. Low oxygen levels cause
major changes in mitochondrial structure and dynamics,
ultimately leading to defective mitochondrial function, reduced
ATP supply and activation of cell death pathways”'w.
Importantly, a defective mitochondrial function induced by
hypoxic stress is observed in diverse complex disorders such as
type-2 diabetes mellitus, Alzheimer’s disease, cardiac_and brain
ischemia/reperfusion injury and tissue inflammation?, The fate
of post-mitotic cells subjected to physiological or pathological
seltings of hypoxia is thus entirely reliant on their ability to
respond and adapt to changing environments and stress
conditions. Consequently, understanding oxygen sensing and
response mechanisms in cells and tissues has been at the forefront
of research for many years with the aim of exploiting adaptive
strategies to promote cell survival.

An essential and often neglected aspect of hypoxia is the
accumulation of lactic acid as the end product of glycolysis.
Excess H™ ions resulting from an increased glycolytic rate are
pumped outside the cell, inevitably causing acidification of the
extracellular milieu. Physiological levels of acidosis in regions
subjected to limited oxygen availability, such as the ischemic
penumbra following a stroke, can range within the pH values of
6.0-6.5 depending on the severity of the insult’*>?, A long-
standing debate in biology is the effect of acidosis on cell survival.
Although extracellular acidosis is historically viewed as a mere
toxic byproduct of fermentation that is detrimental to cells, it is
now clinically recognized as a protective agent when present at
mild levels (pIT 6.5 and above)?1:23-33 I this regard, although
several reports have clearly demonstrated the protective nature of
mild acidosis, the underlying molecular mechanisms are still
poorly understood. Furthermore, the role of mitochondria, being
central to cell survival and death, has surprisingly never been
addressed in this perspective. Here we show the unexpected
observation that mild acidosis triggers massive morphological
reorganization of mitochondria in post-mitotic cells, triggered
by a dual programme that both activates fusion and cristae
remodelling while inhibiting mitochondrial fragmentation.
Activation  of this  reversible homeostatic  programme
reconfigures mitochondrial bioenergetics to allow for the

I ong-term survival of post-mitotic cells, which have a limited

2 NATURE C(

persistence of efficient ATP production through oxidative
phosphorylation despite oxygen limitations. Our work reveals a
novel and physiological mechanism that can control the
metabolic status of cells and protect mitochondrial-reliant post-
mitotic cells following a hypoxic insult, by reprogramming
mitochondrial morphology and functional efficiency.

Results

Acidosis triggers mitochondrial elongation during hypoxia. As
mitochondria are central in the cell death that is instigated during
hypoxic stress, we investigated mitochondrial morphelogy in this
setting, Cortical neurons were chosen for these experiments since
they are a major population affected by hypoxic stress and thus
represent a biologically relevant system for the study of adaptive
mechanisms in post-mitotic cells. For our studies, we developed
an in vitro model that mimics the physiological microenviron-
ment found under hypoxic conditions, such as the penumbral
region following an ischemic brain injury. This model recapitu-
lates the low oxygen/glucose environment and takes into account
that ischemic tissues or hypoxic cells normally acidify their
extracellular milieu as a physiological consequence of anaerobic
glycolysis. For this, a low glucose media was buffered in a manner
to accommodate physiological acidification of the extracellular
milieu when neurons are incubated at 1% O, (lermed acidosis-
permissive media (AP)). The control condition utilizes a low
glucose media that maintains a stable neutral pH (pH 7.2)
throughout experimentation (termed standard media (SD)).
Mitochondria from cultured cortical neurons subjected to
hypoxic conditions in a neutral pIT environment had severely
fragmented mitochondria as observed through immuno-
fluorescence staining of the outer mitochondrial membrane
protein Tom20 (Fig. 1a and quantified in Fig. 1b). Mitochondrial
fragmentation was observed before signs of cell death or changes
in neuronal morphology (Supplementary Fig. 1). Unexpectedly,
neurons subjected to hypoxia but allowed to undergo physiolo-
gical extracellular acidification (measured pH post experiment
was 6.5) exhibited massive mitochondrial elongation compared
with control (Fig. la and quantified in Fig. 1b). Elongated
mitochondria were observed in the cell body of cortical neurons
and spanned along the axons (Fig, 1c). Mitochondrial elongation
was also observed in cultured cerebellar granular neurons (CGNs;
Fig. 1d,e) and in vivo hippocampal slice preparations (Fig. 1f,g),
as well as in differentiated C2C12 myotubes (Supplementary
Fig. 2), suggesting that this is a general phenomenon. Interest-
ingly, acidosis-mediated mitochondrial elongation was not
observed in proliferative cells, such as primary and transformed
mouse embryonic fibroblast cells (MEF), C2C12 myoblasts, Cos7,
HeLa and several cancer cell lines, including MCF-7, A549 and
P19, suggesting that this response is unique Lo post-milotic cells
(Supplementary Fig. 2).

The acidosis-dependent alteration in mitochondrial morphol-
ogy is plHl-specific and elongation of mitochondria was only
observed at a pH threshold value between 6.65 and 6.45 (Fig. 2ab
and Supplementary Fig. 3), representing mildly acidic conditions
as observed in physiological settings of hypoxic stress. In contrast,
cells within a neutral (pH 7.2-6.8) or severely acidic (pH 6.0}
extracellular environment during hypoxia exhibited significant
mitochondrial fragmentation (Fig. 2ab and Supplementary
Fig. 3). Acidosis-mediated mitochondrial elongation is a rapid
process whereby the onset of elongation occurred at about 3-h
post-treatment  (Fig. 2c,d and Supplementary Fig. 4). This
opposed the hypoxia-mediated mitochondrial fragmentation that
occurs in neutral conditions beginning 3 h following treatment
(Fig. 2c and Supplementary Fig. 4). In addition, although acidosis
generally occurs as a consequence of increased glycolysis
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Figure 1| Extracellular acidification restructures mitochondria in post-mitotic cells. (a) Representative confocal images of mitochondrial morphology
in cultured cortical neurons following 18-h incubation at normoxic (Norm.) or hypoxic (Hyp.) conditions in SD or AP media. Mitochondria were visualized
by Tom20 immunofluorescence. Panels on the right represent zoomed views of the mitochondria. (b) Mitochondrial length from (a) was quantified and
binned into different length categories. Represented as mean and s.d. (n values indicated on graph). Ctr = control; represents neurons incubated in
neurobasal media. (c) Representative images of mitochondrial morphology, revealed by Tom20 staining, in Tujl + cortical neurons at the indicated
conditions. (d and e) Mitochondrial morphology in cultured CGN after 18-h incubation at the indicated conditions. Insets in (d) are zoomed views of
mitochondria. (@) Mean and s.d. (n = 3) of mitochondrial length data in (d). (f and g) Mitochondrial morphology in ex vivo hippocampal slice preparations
incubated in normoxia for 4 h at the indicated conditions. Neurons were immunostained with NeuN (neuronal-specific nuclear protein) and Tom20
{mitochondria). Panels showing Tom20/NeuN staining are zoomed views of the boxed area within the hippocampus. Arrowheads indicate elongated
mitochondria. (g) Average mitochondrial length and s.d. were plotted for the indicated conditions. *P<0.05; **P<0.01; "**P<0.001 (Student's t-test).

For all images scale =10 pm.

during limited oxygen availability, its effect on mitochondrial
morphology was in fact independent of oxygen. Incubation of
cortical neurons in media set to pH 6.5 in the presence of oxygen
(normoxia) resulted in a significant increase in mitochondrial
length compared with control (Fig. 2e). To further confirm the
direct affect of acidosis on mitochondrial length, the contribution
of low glucose levels in the experimental paradigm, which
represenls a more physiologically relevant selling, was assessed.
The effect of acidosis on mitochondrial length was not a
consequence of decreased glucose availability since mitochondrial
elongation persisted in the presence of high glucose levels (Fig. 2f
and Supplementary Fig. 5). Thus, mitochondrial elongation in

|5:3550 | DOI: 10.1038/ncomms4550 | www.nature.com/naturecomriunications

these sellings is directly mediated by acidosis and is not a
consequence of an induced starvation response. This is supported
by the observation that the limited glucose availability in
these experiments was not sufficient to aclivate autophagy
(Supplementary Fig. 6) such as that observed during complete
glucose starvation, where there is a marked increase in LC3II,
degradation of p62 and loss of outer membrane Tom20 due to
milophagy (Supplementary Fig. 6). These results demonstrate
that acidosis alone is sufficient to promote mitochondrial
elongation. Acidosis-driven elongation is also a reversible process.
Mitochondria remain elongated regardless of oxygen levels,
confirming that this process is oxygen-independent (Fig. 2gh

3
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is pH-specific, rapid, reversible and O,- and glucose-independent. (a) Representative confocal
images of mitochondrial morphology in cultured cortical neurons following incubation at fixed pH values in hypoxia. Ctr =control; represents neurons
incubated in neurobasal media. (b) Average mitochondrial length and s.d. (n=3) were plotted for the indicated pH values. (¢) Average mitochondrial
length and s.d. (n=3) over time at indicated conditions. (d) Immunofluorescence of Tom20 (mitochondria) showing the change in mitochondrial length
in cortical neurons by physiological acidosis at the indicated times. (e) Mean and s.d. (n=23) of mitochondrial length distribution during normoxic
conditions at indicated pH values for 6 h. (f) Mean and s.d. (n=3) of mitochondrial length distribution during normoxic or hypoxic conditions in the
presence of low (5.5 mM) or high (25 mM) glucose levels for 6 h. (g and h) Analysis of mitochondrial morphology after 6-h incubation in AP-Hypoxia
pH 6.5 and following reoxygenation at the indicated pH values. (h) Graph of the change in average mitochondrial length (s.d., n =3) at the indicated
conditions following a 6-h incubation in AP-Hypoxia pH 6.5. (i) Average mitochondrial length and s.d. (n = 3) were plotted for the indicated conditions.
ns = not significant, *P<0.05; **P<0.01; "**P< 0.001 (Student's t-test). For all images scale =10 um.

and Supplementary Fig. 7). However, mitochondria revert back to
a fragmented phenotype following neutralization of the extra-
cellular pH both under hypoxic or reoxygenation conditions

(Fig. 2g,h and Supplementary Fig. 7). In fact, the level of
fragmentation following reoxygenation in a neutral context
was very rapid (within 30 min) and was quite severe (Fig. 2h
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and Supplementary Fig. 7). In order to gain insight as to how
extracellular acidosis can relay an intracellular signal to modify
mitochondrial morphology, pH changes within the intracellular
environment were examined. Analysis of intracellular pH
changes using the ratiometric fluorescent indicator BCECF-AM
(Supplementary Fig. 8a) showed Lhal a decrease in exlracellular
pIl as used in our studies (pII 6.5) was sufficient to cause a
reduction in intracellular pH (Supplementary Fig. 8b) and is
consistent with previous reports showing that intracellular pH
can be modified by the extracellular milien?®?”. Furthermore,
neutralization of the intracellular pIl using the Na-+/II-+
exchanger Monensin (Supplementary Fig. 8c) rapidly reverses
the mitochondrial elongation phenotype that was instigated by
extracellular acidosis (Fig. 21 and Supplementary Fig. 8d.e).
Together, these results demonstrate a pH-dependent regulation
of mitochondrial morphology that is oxygen- and glucose-
independent and is reversible.

Acidosis inhibits DRP1-mediated mitochondrial fission.
Mitochondrial fragmentation is a prominent phenotype during
hypoxic stress conditions as observed here (Figs lab and 2c)
and in  previous studies'®¥®3. Tlowever, physiological
acidilication appears lo prevent hypoxia-induced mitochondrial
[ragmenlalion. An essenlial componenl of the milochondrial
fission machinery, the dynamin protein DRPI, is a cytosolic
factor that is recruited to mitochondria upon activation®’, As
expected, localization analysis of endogenous DRP1 showed a
pronounced increase in mitochondrial-specific DRP1 foci during
hypoxia-neutral conditions that correlate with the observed
increase in fragmentation (Fig. 3a,b). Interestingly, a decrease in
the number of DRP1 foci per unil length of milochondria was
observed during acidosis (Fig. 3a,b). A decline in mitochondrial
DRP1 during acidosis was not due to changes in total cellular
protein expression of DRP1 (Fig. 3c) but was reminiscent of the
decreased number of milochondrial DRP1 foci observed in
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the presence of the selective inhibitor of DRP1-mediated
mitochondrial fission, Mdivi-1(ref. 41; Fig. 3d). Analysis of
DRP1 protein interactions revealed that in cultured cortical
neurons DRP1 associates with Fisl but not Mff, two prcvim_lslzr
identified DRP1-binding proteins (Supplementary Fig. 9a)'“.
Furthermore, immunoptecipitation of endogenous DRP1 al the
onset of mitochondrial elongation by acidosis revealed a
decreased level of interaction between DRP1 and Fisl, a
mitochondrial DRPI-binding protein important for DRPI
recruitment and fission’>%. The decrease in DRPI-Fisl
interaction was similar to what is observed following treatment
with forskolin, an inhibitor of fission through its activation of
PKA-medialed phosphorylation and inhibition of DRP1
recruitment (o mitochondria (Fig. 3¢ and Supplementary
Fig. 9b,d). These data suggest that acidosis inhibits DRP1-
mediated fission during hypoxia. Although PKA-dependent
phosphorylation at Ser637 represents a major regulatory sight
for DRP1 activation®®, we did not observe a change in the
phosphorylation status of DRP1 at Ser637. Moreover, inhibition
of the PKA pathway did not affect acidosis-mediated
mitochondrial elongation nor did activation of this pathway
affects mitochondrial morphology during hypoxia (Supplementary
Fig. 9b,d). Furthermore, the phosphorylation status of DRP1 at
Ser616, a common target of DRP1 regulation during oxidative
stress’®, was not altered at the time point where mitochondrial
elongation is observed (Supplementary Fig. 9¢). Thus, mild
acidosis prevents mitochondrial fragmentation under hypoxic
conditions through the PKA and CDKI1/PKC8-independent
regulation of DRP1 activation and recruitment to mitochondria.

Mitochondrial fusion by acidosis depends on the SIMH
pathway. The degree and rate of elongation observed during
acidosis suggested the possibility of a pII-dependent enhance-
ment in mitochondrial fusion activity, in addition to suppression
of the fission pathway. This was lesled in live neurons, infected
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Figure 3 | Mild acidosis inhibits DRP1-mediated mitochondrial fission. {a) Colocalization of DRP1 foci at mitochondria by immunofluorescence of DRP1
and Tom20 in cortical neurons using confocal imaging. Arrows show DRP1 foci localized at mitochondria. Scale =5 um. (b) Quantification of the number of
DRP1 foci colocalized to mitochondria and represented as mean and s.d. (n=3). (e) Western blot of the indicated proteins from whole cell lysates of
cultured cortical neurons following 6-h incubation at the indicated conditions. (d) Quantification of the number of DRPT foci colocalized to mitochondria
following 6-h hypoxic incubation in SD or AP media in the presence or absence of the fission inhibitor Mdivi-1. (&) Western blot of indicated proteins
following incubation for 3h at the indicated conditions and immunoprecipitation of endogenous (endo.) DRP1 using anti-DRP1 antibody.
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with a mitochondrial matrix targeted photo-activatable green-
fluorescent protein (GFP) lentivirus (PA-Oct-GFP), following 3 h
of incubation at pH 7.2 or 6.5 under normoxic conditions,
representing the onset of elongation in the absence of hypoxia-
induced fission. The rate of dilution and spread of the photo-
converted GFP molecules are used as a measure of fusion activity.

Time-lapse imaging of the activated mitochondrial GFP signal
demonstrated an increase in mitochondrial fusion in neurons
subjected to mild acidosis (Fig. 4a,b and Supplementary Fig. 10).
Examination of mitochondrial mass further confirmed that
mitochondrial elongation during acidosis is a result of enhanced
fusion activity rather than increased milochondrial biogenesis
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Figure 4 | Mild acidosi [ itochondrial dy ics. (a) Representative images of mitochondrial fusion over time (indicated in minutes)

following activation of exogenously expressed PA-GFP-Oct. Boxes indicate photo-activated regions and arrows indicate spread of the GFP signal
within mitochondria (revealed by exogenous expression of Mito-DsRed). (b) Quantification of mitochondrial fusion in cortical neurons as a loss
of GFP fluorescence in the activated region. Data represent the mean and s.d. of n=10 (control) and n=17 (experimental) from three independent

experiments. (¢ and d) Western blot of the indicated proteins from whole-cell lysates of cortical neurons incubated for 6 h at the indicated conditions.
Asterisk indicates s-OPA1. (e) Mean and s.d. (n=3) of mitochondrial length during acidosis, of the indicated genotypes, relative to control conditions.
(f) Representative images of mitochondrial morphology from cortical neurons of the indicated genotypes following 6-h incubation in MES-buffered media
at the indicated conditions. Bottom panel of each condition is a zoom view of mitochondria. Scale =10 pm. "P<0.05; ***P<0.001 (Student’s t-test).
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Figure 5 | Mild acidosi: lates cristae

(ab) Western blot of OPA1 oligomers and monomers from lysates of BMH crosslinking in live

cortical neurons at the indicated conditions. OPA1 western blot has been spliced to better clarify where monomeric and oligomerized Opal appear. Graphs
represent the mean and s.d. (n=3) quantification of OPA1 oligomer:monomer ratio. (c-e) Representative EM images of mitochondrial ultrastructure
following 6-h incubation at the indicated conditions. Scale =500 nm. Graphs in (d,e) represent mean and s.e.m (n=10) for quantification of cristae
diameter and cristae number. Ctr=control represents neurons incubated in neurobasal media. (fg) Representative images and quantification (mean
and s.d., n=4) of CytC localization following CPT treatment in MES-buffered media at pH 7.2 or 6.5 in normoxia. *P<0.05; *"P<0.01; ***P<0.001

(Student's t-test).

since the levels of resident mitochondrial proteins HSP70 and
VDAC were unchanged (Fig. 4c). Mitochondrial elongation
during acidosis does not appear to be activated through increased
expression levels of core fusion proteins OPA1 and MFN1/2 (refs
46-48; Fig. 4d). Moreover, addition of the protein synthesis
inhibitor cycloheximide did not prevent acidosis-mediated
mitochondrial elongation or significantly alter mitochondrial
length during control conditions, suggesting that acidosis may
regulate mitochondrial dynamics al the posl-translational level
(Supplementary Fig. 11). To further decipher the molecular
mechanism enabling enhanced fusion activity, we examined the
possibility that acidosis activales the stress-induced mitochondrial
hyperfusion (SIMH) pathway’. We found that removal of the key
molecular components of the mitochondrial fusion machinery
and the SIMIH pathway, OPAl, MFNI1 and SLP2, rendered
neurons unresponsive to acidosis-induced mitochondrial
elongation in normoxia (Fig. 4ef). Together, these data
demonstrate that mild acidosis enhances mitochondrial fusion,
requires an intact fusion machinery and suggests a specific role
for the SIMH pathway in the hyperfusion observed by mild
acidosis during hypoxic stress.

Acidosis regulates cristac remodelling during stress. The
internal structures of mitochondria, the cristae, are also dynamic
and can undergo OPAl-dependent remodelling during stress
conditions?®*. OPA1 oligomeric complexes, consisting of both
membrane-bound long (I-OPA1) and soluble short forms
(s-OPA1) of OPAIl in the intermembrane space, have been
associated with inner membrane morphology, tightness of the
cristae junctions, as well as sequestration of Cytochrome ¢ (CytC)
within the cristae’®*%31:52. We found that the relative amount of
s-OPA1 was altered following 6 h of hypoxic treatment (Fig. 4d)
and OPAl-specific oligomeric complexes were disrupted as early
as 1h afler (reatment (Fig. 5a and Supplementary Fig. 12).
However, a mild decrease in the extracellular pH during hypoxia
rescued both the levels of s-OPAl and OPAl oligomeric
complexes (Figs 4d and 5a). Acidosis also increased OPAl
oligomeric complexes under normoxic conditions (Fig. 5b). This
suggested that acidosis not only changes mitochondrial length
but it may also alter cristae morphology. Examination
of milochondrial ultrastructure using (ransmission electron
microscopy (TEM) revealed that mitochondrial ultrastructure,
which is severely disrupted during hypoxia, was preserved by
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(b) Mean and s.d. {n=3) of neuronal cell death analysis following 24-h treatment with CPT in MES-buffered media at pH 7.2 or 6.5 in normoxia

{¢) Quantification of cell death in neurons infected with lentivirus encoding a scrambled (shCTR) or OPAl-specific (shOPA1) shRNA following 30 h in
SD or AP media at the indicated conditions (mean and s.d., n=3). (d} Mean and s.d. (n=4) of cell death quantification in WT (wild-type) or

MFN1-deficient (MFN1 -/

) cortical neurons following 30-h incubation in SD or AP media at the indicated conditions. (e) Quantification of cell death

in neurons infected with adenovirus-encoding GFP or DRP1-YFP following 30-h incubation in SD or AP media at the indicated conditions (mean and

s.d., n=3). “P<0.05 "P<0.01 **P<0.001 (Student’s t-test).

acidosis (Fig. 5c-¢). During hypoxia-neutral conditions, where
aberrant mitochondrial fragmentation is observed, there is a
severe disruption of mitochondrial ultrastructure leading to a
significant increase in cristae diameter as well as a reduction in
cristae number (Fig. 5¢—e). More imporlantly, a mild decrease in
the pH during hypoxia not only rescued this defect but also
resulted in a significant tightness of the cristae diameter and
increased cristac number, relative to control (Fig. 5c-e). These
dala suggest a role for acidosis in cristae maintenance and
remodelling. This was further confirmed through an indirect
examination of cristae remodelling by measuring the degree of
CylC release following an apoptotic stimulus, which can provide
information related to the tightness of the cristac junctions*®®?.
Treatment of neurons with Camptothecin (CPT), a DNA-
damaging agent that triggers the apoptotic cell death pathway,
revealed thal milochondrial restructuring by acidosis renders cells
resistant lo CylC release (Fig. 5fg), in the presence of apoplosis
signalling as indicated by BAX activation (Supplementary
Fig. 13). Together, these data demonstrate that mild acidosis
modulates mitochondrial dynamics as well as cristae architecture.
Furthermore, these data suggest that acidosis prevents the
intramitochondrial remodelling, as a result of OPA1 oligomer
destabilization, that is associated with  mitochondrial
fragmentation and cell death signalling.

Mitochondrial restructuring protects cells in hypoxia. Several
studies have demonstrated the protective effect of mild acidosis
during ischemic conditions. Importantly, this observation was
recapitulated in our model of ischemia. A significant increase in
cell death is observed in hypoxia under neutral conditions;
however, a physiological decrease in the extracellular pH (pH 6.5)
protects neurons from death (Fig. 6a). Interestingly, acidosis
rendered neurons resistant to other damaging agents such as CPT

8 NATURE COMMUN

(Fig. 6b), suggesting that cells subjected to mild changes in
extracellular pH can sustain survival under different modes of
stress. The observation that mild acidosis in our system also
promotes mitochondrial remodelling suggests that this may be
the underlying mechanism of cellular protection previously
observed at similar pH levels. To confirm this hypothesis, we
tested neuronal survival during hypoxia-acidosis where we pre-
vented the impact of acidosis on mitochondrial dynamics. The
proteclive effect of acidosis was reversed in the absence of the
essential fusion machinery. Acule RNA interference-mediated
loss of OPA1 expression or genetic ablation of MFN1 prevented
acidosis-mediated mitochondrial elongation (Fig. 4e.f) and was
sufficient to increase cell death during hypoxia even in the pre-
sence of acidosis (Fig. 6¢,d). Moreover, overexpression of the
mitochondrial fission protein DRP1, in wild-type neurons,
resulled in a signilicanl increase in cell death during hypoxia—
acidosis (Fig. 6¢). These data demonstrate thal the restructuring
of mitochondria during stress is a major player in the protective
effect of mild acidosis.

Reprogrammed mitochondria maintain ATP  production
in hypoxia. A prominent response to cellular hypoxic stress is
mitochondrial fragmentation, and loss of mitochondrial mem-
brane potential and dysfunction'”""”. Since acidosis prevents
hypoxia-induced mitochondrial fragmentation and cell death, we
wanted to investigate the status of mitochondrial integrity and
function. We found that mild acidosis maintains mitochondrial
membrane polential during hypoxia (Fig. 7a, and Supplementary
Fig. 14). Maintenance of mitochondrial membrane potential
requires a protonmotive force that is generated by the electron
transport chain through respiration or, in pathological situations,
by ATP hydrolysis via the F;Fj-ATPase (ATP synthase). A highly
polarized membrane potential suggests that either mitochondrial
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Figure 7 | Acidosis maintains mitochondrial

during hypoxic stress. (a) TMRE staining and quantification of fluorescence intensity following

18-h incubation in SD or AP media in hypoxia. Mean and s.d. {n =3 from three independent experiments). The uncoupler FCCP, which dissipates the
membrane potential, is used to show specificity of the measured TMRE fluorescence. (b} Total ATP levels relative to normoxic control (in black). Mean and
s.d. (n = 5). (¢} Total ATP concentration per cell at steady state (black) and after 1-h oligomycin treatment {grey) following 6 h of treatment at the indicated
conditions. Mean and s.d. (n = 3 replicates from six Independent experiments). (d) Quantification of the amount of ATP depletion following 1-h oligomycin
treatment in cortical neurons infected with lentivirus encoding a scrambled control (shCtr) or OPAl-specific shRNA (shOPAT). Mean and s.d. (n=3
replicates from three independent experiments). (e) ATP levels per cell relative to initial values (black) following oligomycin and 6-DOG treatment. Mean
and s.d. {n=23 replicates from three independent experiments). (f) Total ATP levels per cell at steady state (black) and after 1-h oligomycin treatment
(grey). Graphs represent mean and s.d. of n=3 replicates from six independent experiments. *P<0.05; "*P <« 0.01; ***P<x0.001 (Student’s t-test).

respiratory function was preserved by mild acidosis or that the
membrane potential was maintained by the reversal of the ATP
synthase, which would result in ATP consumption. Interestingly,
tolal ATP levels were sustained for an exlended period in hypoxia
if’ cells underwent physiological acidification (Fig. 7b), suggesling
that ATP hydrolysis by the ATP synthase was not a central
contributing factor in maintaining membrane potential.

It is well established that mitochondrial function and
the generation of ATP through oxidative phosphorylation
(OXPHOS) is impaired during hypoxic conditions, causing cells
to shift to anaerobic glycolysis®™. Although this shift in
metabolism is important for cell survival during acute hypoxic
stress, glycolysis represents a much less efficient mode of ATP
production, and over the long run it is reasonable to conceive
how this can pose an energy deficil in high-energy-demanding
cells such as neurons. The remodelling of mitochondria, as well as
maintained membrane potential and ATP levels by acidosis, led
us to postulate that acidosis may also preserve mitochondrial
function during hypoxic conditions. Intriguingly, we found

that addition of oligomycin, an ATP synthase inhibitor that
blocks mitochondrial ATP production, resulted in a significant
depletion, of ~90%, in total ATP levels during hypoxia-acidosis
condilions, o the same exlenl as thal observed during normoxia
(at pH 7.2 and 6.5; Fig. 7c). This is in contrast Lo whal is observed
under hypoxia-neutral conditions whereby oligomycin treatment
following short-term hypoxia (6h} results in only about 50%
decrease in ATP levels, suggesting the use of a non-mitochondrial
ATP production pathway (that is, glycolysis). Preventing
mitochondrial fusion and disrupting cristae structure during
acidosis, through acute loss of OPAl expression, resulted in
decreased oligomycin-sensitive ATP depletion at pH 6.5 (Fig. 7d).
The increased level of ATP depletion in wild-type neurons,
observed in the presence of oligomycin during acidosis, was not
due Lo an elevalion in ATP ulilizalion since arrest of both ATP
production pathways using 6-deoxyglucose (6-DOG; glycolysis
inhibitor) and oligomycin showed a similar rate of ATP
consumption over time during hypoxia at pIl 7.2 and 65
(Fig. 7e). Given thal an increase in consumplion cannol account
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for the significant depletion of ATP in the presence of oligomycin, preserves mitochondrial function and sustains OXPHOS during
this suggests thal cells in acidosis rely less on the glycolytic ATP  hypoxia. This observalion was quite surprising considering that
generation pathway and supports the idea that acidosis oxygen availability is historically viewed as a limiting factor
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Figure 9 | Mitochondrial restructuring by mild acidosis determines cellular bicenergetics during hypoxia. The cartoon depicts the cascade of events
following a decrease in oxygen levels and the role of mild acidosis in triggering mitochondrial restructuring and reprogramming to determine cellular
bioenergetics and cell fate. Upper row: hypoxia causes mitochondrial fragmentation, loss of efficient ATP production and eventual cell death. Lower row:
mild acidosis during hypoxia prevents DRP1-mediated fission and promotes mitochondrial elongation {in a SIMH-dependent manner) and cristac
remodelling to maintain ATP levels and cell survival. In our model and experiments, ‘no acidosis’ and ‘mild acidosis' indicate an extracellular pH of 7.2 and
6.5, respectively; ‘hypoxia’ indicates incubation at 1% oxygen for 0-12 h, and ‘prolonged hypoxia’ is considered following 12-21h of incubation at 19 oxygen.

for mitochondrial ATP generation through mitochondrial
respiration. More importantly, a pH-dependent shift in the
bioenergetic status of neurons was observed over time, whereby
cells in hypoxia at pH 7.2 relied increasingly on oligomycin-
insensitive ATP production (that is, glycolysis) while neurons
allowed to undergo physiological acidification relied on
mitochondrial-dependent  ATP production (Fig. 7f). Thus,
acidosis sustains efficient mitochondrial ATP production during
prolonged hypoxia (Fig. 7f).

An alteration in the metabolic profile of cells in hypoxia-
acidosis implies an adaptation of the electron transport chain
(ETC) components to maximize milochondrial efficiency during
limited oxygen availability. Several studies have reported the
adverse effect of hypoxia on the expression and activity of ETC
complexes as well as supercomplex disassembly55’36. Expression
analysis of subunils encompassing lhe ETC complexes during
acule hypoxia revealed maintained expression of Complex I
subunit NDUFA9 as well as ATP synthase subunit ATP5a by
mild acidosis (Supplementary Fig. 15). Blue native PAGE
(BN-PAGE) analysis of the respiratory chain complexes showed
a destabilization of the monomeric ATP synthase multiprotein
complex during hypoxia, which is rescued by acidosis (Fig. 8a,b).
Only a minor proportion of the ATP synthase is present in ils
dimeric form in neurons used during our experiments (Fig. 8¢
and Supplementary Fig. 16). Nonetheless, longer exposure
of BN-PAGE from whole cells or BN-PAGE performed on
isolated mitochondria revealed a higher molecular weight band
corresponding  to  dimeric forms of the ATP synthase
predominantly in hypoxia-acidosis conditions (Fig. 8c,d and
Supplementary Fig. 16), indicaling a distincl rise in the stability
of the enzyme superassembly. The individual mulliprotein
complexes of the ETC can further associate into super-
complexes, known as respirasomes™ %, Il has been proposed
that supercomplex assembly could slabilize Lhe single complexes,
enhance the electron flow between complexes and limit
generation of oxygen radicals®®=%. In addition, a distinct role
for cristac shape has been recently shown to affect supercomplex
assembly and respiratory efficiency®’. Examination of higher
order respiratory complex assembly by BN-PAGE showed a
distinct reorganization of Complex I-containing supercomplexes
by acidosis regardless of oxygen levels (Fig. 8¢), resulling in loss of
monomeric complex T and enhanced supercomplex assembly
(complex T supercomplex:monomer ratio; Fig. 8h), as well as an

increase in the relative levels (Fig. 8f). Detailed analysis of the
respiratory supercomplexes showed maintained assembly of
Complexes 1, III and IV into supercomplexes in the
presence of acidosis during hypoxic conditions (Fig. 8g.h). We
hypothesized that the acidosis-medialed changes o the OXPHOS
complexes would be accompanied by an enhancement in the
respiratory capacity of mitochondria. To test this hypothesis, the
bioenergetic profile of mitochondria was assessed in intact
neurons exposed to normoxic conditions at pH 7.2 and 6.5.
First, basal cellular and mitochondrial oxygen consumption rate
(OCR) was similar in both conditions (Fig. 8ij). Next, the
mitochondrial respiration capacily was determined using the
uncoupler FCCP, which stimulates maximal mitochondrial
respiration by dissipating the mitochondrial membrane
potential. We found that acidosis significantly enhances the
ability of milochondria (o increase heir maximal respiralory
capacily (Fig. 8Lj). In addition, analysis of mitochondrial reserve
capacity, which signifies the ability of mitochondria to further
engage in the production of ATP through OXPHOS, revealed a
significant increase at pIT 6.5 (Fig. 8i,j). These data coupled with
data obtained from ATP studies provide evidence that acidosis
maintains mitochondrial function during hypoxic stress. This is
achieved through an adaplive reprogramming of milochondrial
respiratory efficiency thal occurs as a result of changes in the
mitochondrial ultrastructure and cristae shape, respiratory
supercomplex assembly and maintenance of monomeric ATP
synthase.

Discussion

The ability of post-mitotic cells to adapt and survive physiological
or pathological stress, such as that imposed by oxygen
deprivation, has been a long-standing question in biclogy. Here
we report that mild extracellular acidosis, a biological conse-
quence of anaerobic metabolism during hypoxia, restructures the
mitochondrial network as an adaptive mechanism to enhance
mitochondrial function and promote cellular survival. Mitochon-
drial remodelling by acidosis, through the activation of a dual
programme that modulates mitochondrial dynamics and archi-
tecture, represents a novel and physiological pathway that
sustains mitochondrial integrity and ATP production despite
oxygen limitations. Preventing this reversible and homeostatic
process results in mitochondrial dysfunction, fragmentation and
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cell death. We provide a mechanism underlying the proteclive
nature of mild acidosis, identify a novel physiological regulator of
mitochondrial dynamics in post-mitotic cells and propose a role
for mitochondrial morphology in the bivenergetic status of cells,

Survival of post-mitotic cells is highly dependent on a sufficient
supply of energy o uphold the exhaustive demands incurred by
complex molecular networks. The switch to anacrobic metabo-
lism, albeit a critical cellular metabolic adaptation of hypoxic
cells, cannol compensale for the loss of mitochondrial respiration
during prolonged hypoxia™6388 Ag a result, cells faced with
prolonged hypoxia will inevitably endure energy failure and cell
death il not counteracled with an increase in energy supply. Dala
presenled here demonslrale thal posl-milotic cells have evolved a
rapid and reversible mechanism to uphold efficient ATP
production, via mitochondrial remodelling, that is regulated by
acidosis. This is, to our knowledge, the first ascribed function
for this metabolic product of anaerobic respiration historically
associated with clinical resistance during ischemic insults,
We propose a madel whereby a threshold accumulation of
extracellular prolons, acquired through an initial increase in the
glycolylic rale during hypoxia, would relay a signal back lo
mitochondria, potentially via changes in intracellular pI1, in order
to modulate mitochondrial bioenergetics (Fig. 9).

In recenl years, milochondrial structure and dynamics have
emerged as a [undamental aspect for biological life. Our work
further highlights this concept in demonstrating the protective
nature of mitochondrial restructuring during stress. In addition,
we provide a link between mitochondrial merphology and cristae
architecture with the metabolic state of cells. The data presented
in this study suggest that mitochondrial remodelling can instigate
a systemic reconfiguration of mitochondrial efficiency to extract
more ATP per oxygen molecule. In essence, acidosis-mediated
reorganization of milochondrial efliciency can override oxygen
limitations and allow for the persistence of mitochondrial
respiration in an anaerobic environment. This observation refines
the well-¢slablished role of oxygen as a limiling lactor [or
oxidative phosphosphorylation and puts forth the idea that
mitochendrial reprogramming can dictate the bioenergetics of the
cell. In view of these findings, the capability of post-mitotic cells
to sense and adapt to anaerobic conditions by inducing anaerobic
mitochondrial respiration should emerge as a central research
theme in the study of physiological and pathological situations
that relales Lo oxygen and energy homeostasis.

Methods

Mice, primary neuronal cultures and cell lines. I'o generate dorsal
telencephalon-specific MFNT conditional mutant mice, floxed MFNT {Jackson
Laboratories) and Enel-cie heterozygous females were bred with floxed MENT
homozygous and MPN2 heterozygous males. Telencephalon-specific SLP2 condi-
tional mutants were generated by breeding floxed SLF2 homozygous females with
Foxgl-cre male mice {provided by Dr Sean Cregan). Cortical neurons were cultured
from D1 wild-type female and male mice (Charles River) and MFNI or SLP2
conditional knockout mice at embryonic day 1-13 or 15.5 (ref. 67), CGNs were
cultured from CD1 mice at postnatal day 7 or 8 (ref. 13), All experiments were
approved by the University of Ottawa’s Animal Care ethics committee adhering to
the Guidelines of the Canadian Council on Animal Care. Neurons were maintained
in culture for 3-5 days before experimentation. MCT-7 breast catcinoma, A519
lung carcinoma, P19 embryonic teratocarcinoma, Cos? African green monley
kidney fibroblasts, Hela and 2012 myohlasts were ohtained from A'I'CC
(Manassas, VA, USA). Primary and transformed METs were generated from CD1
mice an embryonic day 13.5. In vitre differentiation of C2C12 myoblasts into
multinucleated mytotubes was performed by replacing fetal bovine serum
(FBS}-containing DMEM with DMEM containing 2% horse serum when
myoblasts were at #80% conflucncy. Media were changed every sccond day for
about 7 days until multinucleated myotubes were formed

Cell culture. The plating density for each cell pepulation was chosen to optimize
the rate of physiological extracellular acidification during hypoxic conditions.
Cortical neurons and CGMs were seeded on plates {(with or without coverslips)
coated with 0.01 mg ml ™! poly-D-lysine {(BD Bioscience) for all experiments.
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Cortical neurons wete plated onto four-well plates, 35- and 60-mm dishes with
403 10°, 3.0 % 105 and 9.0 % 10° neurons, respectively, and maintained in Neu-
robasal media (Gibeo) that contained 2% B27 (Gibcea), 1% N2 ca), 0.6 ml
L-glatamine (Gibea) and 1% I‘cn-Strc}'; {Sigma). CGNs were plated in four- or
12-well plates with 4 x 107 and & x 107, respectively, and maintained in DMEM
(Wisent Inc.) that contained 10% dialysed FBS {Sigma}, 25 mM KCI, 2mM glu-
tamine (Invitragen), 25 mM glucose and 0.1 mgml L gentamyein (Sigma). MCE-7
and MEFs were plated in 35-mm dishes with 7 x 10% cells and maintained in
DMEM contalning 5% [BS and 1% Pen-Strep. All cells were maintained at 377°C
under 5% CO- environment until experimentation. Hypoxia was achieved by
incubation in a hypoxic chamber at 37 “C under a 1% O3, 5% CO; and N;-balanced
atmosphere. Acidosis experiments were conducted as previously described®, with
madifications. For acidosis experiments mimicking physiclogical conditions, S1) or
AP media was utilized. Buffer-free and low glucose {5.5 mM) medium (DMEM;
Gibco) was freshly prepared and supplemented with B27 and N2 for post-mitotic
neurons or 5% FBS for replicating cells. The level of physiological acidification of
the extracellular enviranment is proportional to the cell density and the buffering
capacity of the media. NaHCO, was added at 10 mM (post-mitotic cells) or 35mM
{replicating cclls) and the plT was adjusted with TIC] ta 7.2 (SD media) or 6.5
(AP media). Air was bubbled into both media at 22 °C, which stabilizes the pH at
7.2, Culture media were aspirated and cells were washed > 2 in buffer-free low
glucose DMEM to remove all traces of highly buffered culture media. Cells were
then placed in AP or $1) media. AP media slowly reverted ta its original set pH
under hypoxia, whereas the SD medium remained at pI 7.2, For acute acidosis
experiments in hypoxia or normoxia, 30 mM of MES was used as a buffer and the
pH was set and stabilized at the required value,

Viruses and materials. Recombinant adenoviral vectors carrying the DRP1-YFP
of GFP expression cassette were prepared using the AdEasy system 2 Lentivirus
vectors carrying photoactivable GFP-ornithine carbamyltransferase (P A-GFP-Oct),
Mito-DsRed, shRNA scramble control (shCtr sequence; 5-CAACAAGATGAAG
AGCACCAA-3), and mouse-specific short-hairpin RNA (shRNA) OPAL
(shOPAI sequence; 5-GOOTGACTTTATATGGGAAAT-3') were prepared using
the ViraPower lentiviral expression system (Invitrogen)'. For lentiviruses and
adenoviruses, neurons were transduced with 2 MCI (multiplicity of infection) or
50-100 MOL respectively, at time of plating, For all experiments using viruses,
neurons were infected with adenovirus or lentivirus for 72 h before
experimentation, Oligomycin (10 uM), 6-deoxyglucose (6-DOG, 6mM),
cycleheximide (100 pg ml’lj, CPT (20 pM), mdivi-1 (50 pM), HE9 (20 uM),
forskolin {25 uM) and Monensin {1 pM) were used where indicated.

Immuncfluorescence. Cells seeded on coverslips were fixed with 4%
paraformaldehyde in PBS for 20 min at room temperature. Primary antibodies
used were Tom20 (Santa Cruz; 1:100), Tujl (Covance; 1:10.000), MAP2 (Novus
Biclogicals; 1:200%, NeuN ( Millipore; 1:1,0003, DLP1 {BD Biosciences; 1:100),
Cytochrome ¢ {BD Biosciences; 1:100} and Bax {Santa Cruz, 1:100). Cells were
incubated for 1h with a primary antibody selution containing 1% bovine serum
albumin {BSA}, 0.1% Tritom-X-10¢ in PBS. Cells were washed several times in PBS
before 1-h incubation with a secondary 591 or 488 Alexa (Invitragen; 1:100).
Hoechst stain 33342 (Sigma) or 4',6-diamidino-2-phenylindole (DAPT} was added
to visualize nuelei and coverslips were mounted using Immunomaunt (Thermo
Scientific).

Immunchistochemistry. Coronal hippocampal slice preparations (200 pm} were
incubated in oxygenated artificial cerebrospinal fluid {ACSE) buffered with PTPLS
to pH 7.2 or 6.5 for 4 h. Hippocampal slices were fixed for 20 min with ice-cold 4%
paraformaldehyde in 1 x PBS and then rinsed twice with 1 x PBS. Slices were
incubated in 10% sucrose and embedded in OCT and then sectioned using a
microtome to 15-pm sections. Sections were stained with primary antibodies
specific to Tom2( and NeuN in 10% normal goat serum-0.1% TritonX/0.1%
Tween-20 in PBS overnight at 4 °C followed by 3 = 5 min washes with 1 x PBS.
Sections were incubated with secondary antibodies in PBS for 1h, washed for

5 min, stained with DDAPI for 5 min, and then washed with 1 < PBS for 3 x Smin
Slides were mounted using Immunomeunt {Therme Scientific). Representative
samples were imaged using a Zeiss Axiovert 100 {Oberkochen, Germany) confocal
microscope equipped with a QiCam Digital camera (Qlmaging Corporation) and
Zen software,

Mitochondrial length. Mitochondrial length was assessed by staining with Tom20
{translocase of outer mitochondria). Mitochondrial length was measured by tracing
the mitachendria using the Image] software. Mitochondrial length was either
binned into different categories (<2 05 pm, 0.5-1 um, 1-2 um, =2 um) or taken as
an average.

Intracellular pH measurements. Changes in intracellular pH was determined
utilizing the ratiometric fluorescent intracellular pH indicator BCECE-AM
(Invitrogen). Intracellular pH measurements were performed on cultured cortical
neurons plated in 96-well black microplates that were treated for 6h in the
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appropriate experimental media and subsequently loaded with BCECT-AM (1 uM)
for 30-45 min at 37 "C. A dual-excitation ratio of 480 and 440 nm and fixed
emission at 535 nm was used to measure changes in BCECF-AM fluorescence.
Since these experiments were designed to determine the effect of extracellular
acidosis on intracellular pH, the measurements had to be performed while the cells
were maintained in the respective experimental media (that is, media at pIT 72 or
pH 6.5). For this reason, the use of BCECF-AM was first validated by performing a
calibration curve, using the high K+ Nigericin technique, to ensure that intra-
cellular changes in pH can be detected in the experimental media. MES-buffered
DMEM media was sapplemented with 130 mM KCl and the pH was set to 6.0, 6.5,
740, 7.5 and 8.0 using KOH. The media of cells previously loaded with BCECF-AM
(for 30-15min) was replaced with the high K+ MES-buffered media supple-
mented with the ionophore Nigericin (Molecular Probes, 10 pM) and incubated for
10min to allow for equilibration of the intracellular pH with the controlled
extracellular medium, BCECE-AM fluorescence was measured ss described above,

Immunoblot. For total cell Lysates, cells were washed with PBS, lysed with 4% SDS
in PBS, hoiled for 5min and the DNA was sheared by passage through a 26-gauge
needle. Primary antibodies recognizing Complex T subunit NDUFAQ (Invitrogen;
1:1,000), Complex 11 70-KDa Fp subunit (Invitragen; 1: 10,000), A1'P5a {Ahcam;
1:1,000), Complex TV subunit 1 (Invitrogen; 1:1,000), Complex 11T core protein 2
(UQCRC2, Abcam; 1:1,000}, DLP1 (DRP1, BD Transduction Laboratories;
1:1,000), Phoso-DRP1 8637 and 5616 (Cell Signaling; 1:1,000), Fisl (Biovisian;
1:500), OPAL {Abcam; 1:1,000}, MENI and 2 (Abcam; 1:1,000), ¥DAC {Abcam;
1:1,000), mitochondrial heat-shock protein 70 (mtHSP70, Thermo Scientific;
1:5,000) and Actin (Santa Cruz; 1:1,000) were used. A secondary antibody
conjugated to horseradish peroxidase (Jackson ImmunoResearch) was used and
detected using Western Lightning Chemiluminescence Reagent Plus (Perkin
Elmer). Representative full-gel bots are shown in Supplementary Fig. 17,

Immunoprecipitation. Cells were lysed in RIPA buffer (30 mM Tris (pll 7.2),
150mM NaCl, 10% NP40 and I mM sodium erthovanadate with a protease
inhibitor cocktail (P1C)). Cell Iysates were incubated with anti-DRPI antibedy
(1) Transduction Laboratories) far 1h while tumbling at 4 °C, followed by
overnight incubation with Sepharose A/G beads blocked in 2% BSA. Beads were
washed 4 in 1% Tris-buffered saline and cluted by boiling at 95 °C for 4 min.

Time-lapse imaging and mitochondrial fusion assay. Cortical neurons were
seeded on 35-mum dishes with coverslip bottoms (MatTek) coated with poly-D-
lysine {(VWR International) and infected with 2 MOT of the photoactivable

GFP tagged to omithine carbamyltransferase (PA-GFP-Oct) and Mito-DsRed.
Following 2-h incubation in MES-buffered media at pH 7.2 ar 6.5, plates were
mounted in a temperature-controlled chamber (37 “C} and visualized with an

I 5M-510 confacal Jaser-scanning microscope (Axiovert 200, with a x 63 oil
immersion objective. Mitochondrial fusion assays were performed as described
previously with modifications'? Bricfly, PA-GEP-Oct was first pre-imaged and
scanned to ensure that there is no spontaneous activation. PA-GFP-Oct was then
photeactivated with a 405-nm laser and the spreading of the signal was imaged
every 2min using a 488-nm line for a total of 22min. Mite-DsRed was excited at
S43nm and was used a guide to ensure that the RO for PA-GEP-Oct activation
was within the mitachendria. The fusion rate was expressed as a relative measure of
pixel intensity at the indicated time over that at 7= 0min {(where 0 min represents
the signal detected after 2 min of photoactivation and equilibration of GTP signal).

OPA1 cerosslinking. In vivo crosslinking reactions were performed at 37 °C with
10mM BMH crosslinker (Fisher Scientific) for 20 min. Reactions were terminated
by adding 0.001% [-mercaptoethanal. Cells were lysed following crosslinking, and
analysed by gradient gel electrophoresis nsing MuP AGE Novex 3-8% Tris-acetate
gradient gels (Life Technologies), followed by western blotting against OPAL.

{TEM) and cristae analyses. Mitochendrial ultrastructure was analysed from
whole cells of cultured cortical neurons following 6-h treatment in the appropriate
conditions. Briefly, plated neurons were rapidly washed in PBS and harvested by
scraping very lightly. Neurons were fixed in 2% gluteraldehyde for 20min at
room temperature and stored immediately at 4°C for processing as previously
described®. Cristac analysis was performed using Tmage] and a minimum of
100 mitochondria were analysed. For each individual cristae, the average diameter
was measured from three representative regions.

Cytochrome ¢ release. MNeurons were treated with 20 uM CPI' for the indicated
times, fixed and stained with cytochrome ¢ and Tom20-specific antibodies. For
each replicate, a total of 100 neurons were counted from three to five different
ficlds using a Zeiss 510 meta confacal microscope. A diffused cytochrome ¢ staining
or complete lacle of staining was identified as release.

Cell viability assay. Following 30h of incubation under the indicated conditions,
cells were subjected to a live-dead assay {Invitrogen) by staining with calcein (live
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cells) and ethidium homadimer-1 (dead cells) for 10-15 min at 37 °C. In cach
replicate, three to five diftferent fields were randomly chosen and imaged per
treatment group. Cell death was expressed as a percentage of total cells. Calcein and
ethidium homedimer-1 dves are unatfected by pH as neutralization of an acidic set
or acidification of a neutral set immediately hefore addition of the dyes ylelded the
same results.

Mitochondrial membrane petential. Neurons were seeded in 96-well blaclk
micraplates. Follewing the appropriate treatment, 50 nM TMRE was added and
cells were incubated for 30min at 37 *C under normoxia (control) or hypoxa.
TCCP {1 pM) was added to the appropriate wells 10 min before addition of TM
Neurons were washed in PBES and TMRE fluoresence was measured in a plate
reader at Ex 510nM an Em 590nM,

ATP assay. ATP concentrations were measured with the CellTiter-Glo
Luminescent Assay {Promega) using a LUMIstar Galaxy luminometer (BMG
Labtechnologies) according to the manufacturer’s protocol. Data were collected
from multiple replicate wells for each experiment. Viability of cells under all
conditions was ensured by Pl staining

Blue-native PAGE. ETC supercomplexes and ATP synthase assembly were
analysed from whole cells or isolated mitochondria™. For whole cells, following the
indicated treatments, cells were harvested in PBS on ice, pelleted at 960 g for 5min
at 4 °C. For isolated mitochondria, cells were washed with PBS and lysed in
mitochondrial isolation buffer {200 mM mannitol, Z0m* sucrose, [0mM HE
pII 74, 1mM EGTA, PIC LLIM) on lec using a 25-G needle. Following
centrifugation at 110 ¢ for 9 min to remove nuclei and cellular debris, the
supernatant was centrifuged at 8,600 for 9min to pellet mitochondria. This
differential centrifugation step was repeated to further purify the mitochondrial
fraction. For BN-PAGE analysis, pellets of whole cells or isolated mitochondria
were resuspended in digitonin extraction buffer (S0 mM imidazele/TIC] pTT 7.0,
50 mM NaCl, 5 mM 6-aminchexanoic acid, 1 mM EDTA and the appropriate ratio
of digitonin). A 1% digitonin ratio was used for Complex-1 and supercomplexes,
and 2% was used for ATP synthase assembly. One hundred fifty micrograms were
loaded with 5% glycerel and 110 dye:digitonin ratio of coomassie dye m 500 mM
f-aminchexanoic acid on 3-13% large acrylamide gradient gels. Gels were
transferred to nitrocellulose membranes and the resulting membranes were
subjected to immunoblotting.

Oxygen consumption. I'he Seahorse XF24 Hxtracellular Flux Analyzer (Seahorse
Biascienees; North Billerica, MA, USA) was used to messure OXygen consumption
in cells. Cortical newrons were seeded ante 24-well Seaharse plates at a density of
1.5 % 10° cells per well. Tollowing treatment, cells were washed with modified
Kreb's Ringer Buffer {128 mM NaCl, 4.8 mM KCI, 1.2 mM KH,PO,, 1.2 MgSO.,
25mM CaCly, 0.1% BSA {fatty acid-free), 10 mM glucose and 1 mM sodium
pyruvate, pH 7.4} and placed in Kreb's Ringer Buffer for 15min at 37 *C before
loading into the XFE Analyser. Following mesurements of resting respiration, cells
were treated sequentially with the following: oligomycin (0.2 pgul =, to measure
the nonphasphorylating OCR; FCCP (1 uM), to get the maximal OCR; and anti-
mycin A (2.5 pM) and rotenone (1 uM), to measure the extramitechondrial OCR.
Each measurement was taken over a 2-min interval followed by 2 min mixing and
2min incubation. Three measurements were taken for the resting OCR, three after
oligomycin treatment, two after FCCP and two after antimycin A and rotenone

Quantification and statistical analysis. For mitochondrial length measurements,
all mitochondria in a field were measured as per condition and a minimum of
1,000 mitochondria were measured for each treatment. For cell death studies, a
minimum of 300 cells per field (minimum five fields) were scored for each
treatment at the indicated time points. The data represent mean values £ s.d. fram
three independent experiments (s = 3] unless otherwise noted. P-values were
obtained using a two-tailed Student’s f-test.
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