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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 beerknownto respond to the energetic state of mitochondria, but thdateon 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 mitoca@mdtihe cell. Moreover,
OPAl-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 dgselmierestingly, we
demonstrate that select members of the mitochondrial solute carriers (SLC25A) interact
with OPA1 and affect the response of OPAL to substrate levels. Taken together, we propose
an SLC25Adependent role for OPA1l in sensing energy sabstavailability and

responding to alter cristae, bioenergetics and cellular survival.

We alsoidentifiedKIAA0664 as a novel OPAdnteracting proteindescribets subcellular
localization and investigate its role in mitochondrial fusion amd mitochordrial
localization Finally, since both know carries of mitochondrial glutathionevere
demonstrated to interact with OPAWve investigated the role of OPA1l in cellular
glutathione redox.OPA1l depleted cells demonstratdédth increasedtotal cellular
glutathioneand a shift in redox to its reduced farirhe role of OPAL in glutathione levels

and redox ratios required GTPase activity, but surprisingly not fuSinoe glutathione is



a master regulataf reactive oxygen species detoxificatitimse findiigs may shed light

on the role of OPAL in RO#iduced cell death pathways.
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Chapter 1. Introduction

1.1Introduction: Life with Oxygen

An explosion in photosynthesis illion years ago resulted ih¢ Great Oxidation Eent
(Bekker et al, 2004Lyons et al, 2014 Theensuingp x ygenat i on of eart h
and wateresulted in earth 8rst known mass extinctiarMany anaerobic organisms were
unable to cope with the toxic levels of oxygen and W@t However, @robic organisms
evolved in their placehriving in this new world.The endosymbiotic theory explains how
some of these simple prokaryotic cells evolwedh eubacteria generatingthe first
eukaryotesaround 1.5 ltlion years ago(Javaux et al, 2001 Host cellsthat took up
eubacteria likely gained an energetic advantagewing for an explosion of more
comple life forms. One of these early eubactelikely became the energy producing
organelle preent in almost all huan cells andcritical for mammalian life the
mitochondrion. Since mitochondria are positioned at the cefntedlular life and death
signaling andaredysfunctional in mangiseasesjnderstanding this organelle ylaad to
breakthroughsn our understanding dbasic cellbiology, but alsoin the treatments of

neurodegeneration, ageing, cancer and many other ailments.

Here, we exame themitochondrial shaping protein OPA4 mitochondrial function(s)

and investigatéhe roles olsomeaddtional OPAl-interacting partners. To begin, a brief
introductionin mitochondrial biology will be provided, emphasizing its vital role in the
brain. Thenthe dynamic nature of mitochondria will be discus$ed,sing orthe central

role of OPA1 Novel OFAl-interacting proteinsCLUH and mitochondrial solute carriers

will be presented along with their known biological functiofsd finally, reactive oxygen
species generation and clearance will be discussed with emphasis on the glutathione
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system.

1.2 Mitochondria

Mitochondria were discovered in tineid-1800sand named in 1898 b@arl Benda from
the greek robteadfeamndodch olfrsteri&Sohatz, 198lr gr an
Indeed, this nomenclature was givendese of the filamentousterconnected reticulum,

or independengranule shapes that mitochondria could adapsuch, their size and shape

is largely context and celype specific, but are generally on the order of 500nm wide and
500nm5um long. Mitoclondria are abundant organelles, accounting fe2A% of most
cellt y pmadss with more energdependent cell types containing a greater amount of
mitochondria(Karp, 2003. Mitochondria perform a variety of essential cellular functions
including: energy production through oagiive phosphorylation, cell death signaling,
heme synthesiand calcium buffering (Duchen, 2004 However,a recent explosion of
research interestas eyanded the role of mitochondri@ manyothercellular pocesses
including stem cell differentiation, cell proliferatiosteroidogenesist cetera(Kasahara

& Scorrano, 2014Teslaa & Teitell, 2015Xavier et al, 201p

1.2.1 Mitochondrial Structure and Oxidative Phosphorylation

Mitochondriaare double membrane organellidsely evidenceof their evolutionary origin
and imperative to their various function($he mitochondriabuter membrangOM) isin
contact with the cytoplasiind encloses mitochondriah& inner membran@M) isolates
the mitochondrial matrix, the locati of numeroukey metabolic reactiondrom the
intermembrane spac@/hile the OM is fairly permeablea a number of small molecules,
theIM is relativelyimpermeableCompared to the OM which is very phospholipid rich,

the IM is especially protein riglasup to a 6 folddifference in proteisphospholipidratio



has been observdzktween the two membrangSimbeni et al, 1991SperkaGottlieb et

al, 1989§. Thelipid composition of thdM is also quiteunique, consisting dfigh levels

(320%) of cardiolipin where other membras contain only trace amour(irdail et al,

199Q Schlame et al, 20QGimbeni et al, 1991SperkaGottlieb et al, 1988 Cardiolipin

has many mitochondrial functions and may be deregulated in human Ji€bas® &
Sparagna, @7)(further discussed in section 1.5.Bue to these described differences in
membrane compositions, the inner membrane is much less fluid than the outer membrane,
which may dictate its functior.helM is further divded into two regionsnternalizaions

of the membranetermedcristae;and boundary membranes, tle@nnectionsbetween

cristae Far from simple invaginations, cristae form pockets of inner membrane enriched

for the machinerypf energy productiofMannella, 2006Vogel et al, 2006

As the primary source of energy productiam mosteukaryotic cellsmitochondria are
popularlynicknamelt he @A p o wer h o Thsenemy production isded td their
ability to couple oxidation events withegeneration of adenosine triphosphate (ATR®
energycurrencyof the cell Although the cell can utilize a number of subtes for energy
production, the monosaccharide glucose will be used to briefly desetlbkarrespiration
(Figurel). Glucose enters the cell ailsdnetabolizednto pyruvate though the process of
glycolysis This process yields a net production of 2 ATP molecules and fuels mitochondria
with pyruvateand NADH Pyruvates carried into the mitochondrial matiaxd is oxidized

to acetydCoA. AcetylCoA is metabolized throingthe 8steptricarboxylic acid (TCA)

cycle, or Krebs cyclérebs & Johnson, 1980For every starting molecule of glucosiee

TCA cycleyields 6 molecules bthe reducing energy substrad&DH, 2 molecules of
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Figure 1. Cellularrespiration.

Under normal (high) oxygen levelshe majority of healthy cells undergaerobic
respiration(green) For glucose metabolism, glycolysis yields a small amount of ATP,
NADH and pyruvate. Pyruvate is transported into mitochondria,caidized through a
number of steps in the mitochondriadatrix (TCA cycle). The resulting reducing
equivalentsNADH and FADH, are used by the electron transport chain to create a proton
gradientwhich is used foATP production. Under low oxygen conditions (or certain cell
types or pathologies) cells undergoaerobic respiration (orange) where, in mammalian
cells, pyruvate is converted to lactate and NADH is recycled.
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FADH: and 2 molecules of ATP. NADH and FADRIdrovide reducing equivalents to the
electron transport chain, which couple electron transporthéogeneration 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 product{dgmtchell, 196]). Alternatively, cellamay undergo
anaerobic respiration, in which pyate bypasses mitochondria, and is instead converted
to lactic acid. Aerobic respiration, however, yields about 15 times morep&i Blucose

moleculethan anaerobic respiratighodish, 2000).

1.2.2 The Electron Transport Chain

In 1961, amilst competing models of mitochondriallR generation, Mitosll proposed
his chemiosmotic hypothesiwhere protons are pumped across theifivin electrogenic
process, driving ATP synthesigéMitchell, 1961. In the fdlowing decads, an
overwhelming wealth of evidence supydnis proton motive force (PMF) driven AFP
productionhypahesis, earning him a Nobel prize in 192A8nong these evidences were
the discoveriesand characterizatienof the four electron transport complexesnd
associated factorand the ATP synthasi fact, pioneering work on the ATP synthase by
Paul Boyer(reviewed in(Boyer, 1997) along with structural confirmations by John
Walker, won thenmalf of the Nobel prize in 199Dur knowledge of the electron transport
chain (ETC)and oxidative phosphorylation (OXPHOS)now extremely weltleveloped
and characterized~{gure 2), although mechanisms altering its function continue to be

discovered.
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Figure 2. The electron transport chain.

Top panelThekey structureof a mitochondrion. Bottom panel: Electramhenatedrom

NADH or succinate are transported from complex | oreBpectively,to complex Ili
through coenzyme Q. Cytochrome C receives these electroms complex Il and
transfers them to complex IV, where molecular oxygen is the final electron acceptor.
During this process, complexes I, lll and IV pump protons into the intermembrane space,
creating a proton gradient. This gradient forces protons through the ATP synthase (CV)
which transfers thipotentialenergy to ATP production. The ATP synthase is congbose

of two large subunits,Jfand F. In red are sites of ETC inhibitors used in this work.



Briefly: Complex | (NADH dehydrogenase) receives a pair of electrons from NADH and
transfers thelectrons to Coenzyme Q (CoQ or ubiquinaiighster et al, 199Complex

| is the largest of the OXPHOS complexes, with four antipditersubunits effectively
transporting four protons across the IM é&wery pair of electrons it shuttléBaradaran et

al, 2013. Complex Il (succinate dehydrogenase) is the only ETC componenhigeal

to the TCA cycle, transforming succinate to fumarate. Succinate donates a pair of electrons
throudh FADH, to Complex II, which donates its electrons to CoQ. Complex Il does not
transport protons, so FADRHeducing equivalents produce less of a PMF (and thus ATP
generation) than NADH. Complex Il (ubiquiommgtochrome creductase) accepts
electrons from CoQ, pumps four protons across the IM and transfers electrons to
Cytochrome C (CytCjWikstrom, 2004. Cytochrome C shuttles electrons to complex IV
(cytochrome c oxidage pumpingtwo protons across the IM and catalyzitige final
acceptance of electrons to oxygeproducing wéer. The rather complex rotational
molecular motor, the ATP synthase, then uses the PMF to drive ATP synthesis from ADP

and inorganic phosphatBoyer, 1997.

ATP synt hase isgendal mpexulat machiolBoyet, ¥997iThe ATP
synthase is lrge complexd700 kDa)with two main portionsasmallermembrane bound
Fo portion and the catalyticifportion, located within the matrix. The portion consists
of subunitsA (MtATP6), B, C, d, e, f, g, F6 and A6I(mtATP8)hile the k portion consists
of subunitsU , b, o(Jonckheere atmld20)@nterestingly, mtATP6 and mtATPS
(A6l) are the only two proteins encoded by mitochondrial DAderson et al, 1981In
other words, the entireiFsubunit is nuclear encodeBor ATP generation, rptons are

passed througthe C-ring of the k portion, causing its rotation, along wibh, ad and



F1. Together these components make up the rotor, while the stator anchors the ATP
synthase and consi st g, F& Thistrotaton is cobplecto AT U,
hydrolysis originally described by Boy@oyer, 197%, at t he i nterface

within the F (Devenish et al, 2008

Providing isolated mitochondria with different energy stdiss (such as in Chapter 3.1)
energizedifferent ETCcomplexesFor example, glutamate and malgenerateNADH

from the TCA cyclewhichelectrongo Complex I. In contrast, when succinate is provided,
Complex Il isenergizeddirectly with reducing equivalents through FARHn addition,
many ETC inhibitors have been utilized to investigate OXPHI@8,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 potentehd thePMF.

1.2.3Mitochondrial DNA

The large majority of mitochondrial proteins areeted by nalear DNAand imported

via the outer and inner membrane translocases, TOM and TIM comfiNeugzert, 199).
However, many members of tBa C are encoded by the mitochondrial genome, located
within the matrix.Specifically, ofover 80 humanETC componentsthe mitochondrial
genome encodes for 18hen & Butow, 200p MtDNA is essential to higher eukaryotic
life. In its absenceespiratory complexes do not assemble, mitochondria fail to respire and
fail to produce ATP The human mitochondrial genome is 16.5 kb: comparatitiely
(0.0005%) to theaucleargenome(Anderson et al, 198 Holt et al, 200}. However, the
mitochondrial genome @lsohighly polyploid (upwards ofL000per cell) and accounts for

a 1 %f total DNA (Takamatsu et al, 2002In adlition to the 13 proteins involved in

0 |



respiratory complexes |, Ill, IV and V, the mitochondrial genome also encodes 2 rRNAs

and 22 tRNAs, which are essential for the translation of mtDNA encodésins

Mammalian mtDNA is packaged into discrete prot®iNA globular foci called
mitochondrialnucleoidstethered to the INGarrido et al, 200Xaufman et al, 200Mao
& Holt, 2009 Wang & Bogenhagen, 20D6Multiple mtDNA copies arefrequently
contained within one nucleoid, implyirigat gene mutations in multiple copies of mtDNA
arerequired to exert phenotypic change in mitochondrial functitukat et al, 2011

Legros et al, 20Q45atoh & Kuroiwa, 1991Taylor & Turnbull, 2003.

MtDNA may be maintained through mtDNA replication, through nucleoid stabilization,
and through mtDNA neair. Instability of the mitochondrial genome is associated with
numerous human pathologi@dgutationsintwi nkl e hel i cas e, DNA pol
optic atrophy 1 and the adi@ee nucleotide translocator dauseprogressive external
ophthalmoplegigd PEO) an adukonset neuromuscular disease associated with mtDNA
instability and mtDNA deletions, molecules that have lost large sections of the mtDNA
genomgAgostino et al, 2003Hudson et al, 20Q&aukonen et al, 20Q®pelbrink et al,

200% Van Goethem et al, 2001 In addition, the concépof mtDNA instability in
neurodegenerative diseases has been gasnipgort. Evidence for mtDNA instability is
present i n Al (deHeeMomeet &, 200@/ang €t al,s268), amyotrophic
lateral sclerosi§Wiedemann etal, 2002 nd Par ki n@endebest al, @dQ&ire a s e

et al, 2012



1.2.4 Mitochondrial dysfunction in Neurodegeneration

Mitochondrial dysfunction imeurodegenerative diseadearlyextends beyond defects in
MtDNA [reviewed in(Lin & Beal, 2006]. Likely due to heir dependence on OXPHOS
for energy productionpeurons seem particularly sensitive to defdot mitochondrial
dysfunction. Although beyond the scope of this thesis, the literature surrounding
mitochondrial dysfunction in neurodegeneratisn expanding at a rapid pacwith
oxidative stresplaying a central roleegviewed in[(Figure3) and in(Patten et al, 2030

Appendix .

Usi ng P a diseasgPDpas Gan examplethe following selected evidencéor
mitochondrial dysfunction in PD existicreased oxidative stress has been reported in PD

(Alam et al, 199, PD-related genes are assocthteith mitochondrial functior(Bueler,

2010 and defective mitochondrial clearance, termed mitopl{igyendra et al, 2008

ETC inhibitors MPTP and rotenone causeli® diseasen humans andn animal models

(Cannon et al, 2009 angston et al, 1984orras et al, 20)2andU-synucleinthe primary

component of Lewy bodie@ common idiopathic PD hallmark), induces mitochondrial
dysfunction and increased oxidative str@svi et al, 2008Martin et al, 2006 Moreover,

ageing is strongly associated with accumulated oxidative stress and mitochondrial
dysfunction making it the number one risk

neurodegenerative diseagks et al, 2004Navarro & Boveris, 2010
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Alzheimer’s Disease Parkinson’s Disease

Dysfunctional:

Decreased clearance

ofdysfunctional

i damage

'Cmmplexl
and Il ROS

eeeeeee
clearance

Protein aggregates
Mitochondrial dysfunction
Mutant Mitochondrial and cellular
SOD1 damage

Cell Death

Amytrophic
Lateral Sclerosis Huntington’s Disease

Figure 3. AiSchematic of factors affecting mtROS in neurodegenerative diseéRaten
et al.,2010)

fiMultiple pathways in neurodegenerative disease converge on the mitochondria to induce
thepr oducti on of mtROS. In the case of AD,
respiration and increases mtDNdamage and mtROS. In addition, deregulated Ca2+
levels are also detrimental to proper mitochondrial function. These two components are not
muual ly exclusive in that Ab accumul ati on
Mutations in PDrelated genes cause protein aggregation leading to mitochondrial
dysfunction and oxidative stress. In addition, dysfunctional mitochondria are not
appropria¢ly 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 d@ath.
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Since the ability of the brain to regenerate is limited, neurons possessachapijyve
mechanisms to survive differestressorsi-or examplepxidative stresactivates NRF2, a
master regulator of antioxidant ger(&ll et al, 201%. Peroxisome proliferateactivated
receptor gamma coactivatoralpha (PGEL Uiy also activeed by oxidative stresso
increasemitochondrial biogenesis and respiratifinn et al, 2004. 5° AMP-activated
protein kinas€ AMPK) is a master regulator of energy metabolism, sensing chandes in t
ATP/AMP ratio and responding kactivating catabolic pathways and shunting anabolic
ones(Culmsee et al, 20Q0Williams et al, 201} Moreover, ve have provided evidence of

an LKBl-dependent adaptive response to mitochondrial dysfunction initiated by the
deletion ofthe mitochondrial protein Apoptosis Inducing FactatH) [(Germain et al,
2013 i 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, sodtbdhe numbr of
targetable sés for therapeutic interventiorin this regard, targeting mitochondrial
dynamics, the focus of this thesis, is quickly becoming an attracindidate for the
treatmentof neurodegenerative diseagkoh et al, 2013 Khacho & Slack, 2016
Mitochondrial dynamics will now be presentetlighlighting its implications in

neurockgenerative 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 cytosiceiksal

or by regulating their cristae ultrastructure.
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1.3.1 TheMachinery

Fission and fusion is regulated bg@up of mitochondrial dynami@TPasesKigure4).
Mitochondrial fusion requires the mitofusiti®FN1 and MFN2)for outer membrane
fusion andoptic atrophy 1 (OPAfpor inner membrane fusiaiChen et al, 2003Veeusen

et al, 2006. Mitofusins are tethered to the outeembranehrough two transmembrane
domainswith both their Nterminal and @erminal facing the cytoplasnMitofusins can
function as either homodimersfn1-Mfnl) or heterodimergMfn1-Mfn2) on adjacent
mitochondria(Koshiba et al, 2004 With respect to theiessentiafole in fusion, MFN1

and MFN2 are functionally redundarsince one alone may still result in some fusion
activity (Chenet al, 2003 However, MFNL is likely the more pifuision isoform since it
possesses higher GTPase activity and mitochondrial tethering effic{@noglat et al,

2004 Ishihara etl, 2009. The GTPase domain is located at theNminal of both MFN1

and MFN2, and GTPase activity is likely required for membrane fusstrihara et al,

2004 Santel et al, 2003 0OPAL1 is the only known inner membrane protein known to
regulate mitochondrial fusion, which is believed to require both an inner membrane
tethere form and a shorter soluble fofifAkepati et al, 200Bfurther explainedn section

1.4]. The auter 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 togetherithespective membranes by a SNARKEe

mechanisn{Koshiba et al, 2004
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Figure 4. Mitochondrial dynamics is regulaté&y a group of GTPases

Mitochondrial fusion is mediated b@PA1l and byMFN1 or 2 (as either homaoor
heterodimers). Mitochondrial fission involves DRP1 which is recruited by either Fis1, Mff,
Mid49 or Mid51, assemble into rings, are activateghbsttranslational modificatiorend
constrict mitochondria via GFBependent conformational changes.
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It is currently not known how outer anchier membrane fusion are mechanistically linked
While interaction between MFN1, MFN2 and OPA1 has been repané could represent

a direct link between both fusion eve(®uillery et & 2008, their interactions remain to

be corroborated by other groups. Furthermore, based on their localizations and the small
portion of mitofusins spanning the temmembrane space, a yet to be discovered

intermediate interacting protein seems more likely.

Conversely, mitochondrial fission is mediated by dynarelated protein (DRP1, or
dynamin 1 like, DNM1L)(Bleazard et al, 199%mirnova et al, 20Q1and its associated
factors: Fisl(Yoon et al, 2008 Mff (Otera et al, 2010 MiD49 andMiD51 (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 mitoahmmar
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 f{8sitmn

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 changédagerman et al, 20Q5Mears et al, 2011
Smirnova et al, 2001DRP1 activity is largely modulated by phosphorylation events. For
example, phosphorylation of DRP1 at set@i® by cyclin dependent kinase (Cdk1)
enhances fission during mitogifaguchi etal, 2007. Phosphorylation of serir@37 by

PKA conversely dcreases GTP activity and fission, whereasineurin dephosphorylates

this residue, in turn activating DRRCereghetti et al, 200&€hang & Blackstone, 2007
Cribbs & Strack, 2007 DRP1 activity is also regulated bpiquitination(Park et al, 201)Q

sumoylation (Zunino et al, 200P or S-nitrosyation (Cho et al, 200Q The relative
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importance of thdour identified DRP1 associated proteins may be context andypell
specifi however Mff is likely the major player in DRP1 recruitment in the majority of
contexts(Loson et al, 201,30teraet al, 201Q. Interestingly, the endoplasmic reticulum
may mark the sites for mitochondrial division and may aid in their constrigeedman

et al, 2011Naon & Scorrano, 2034

Mitochondrial fusion and fission aextremelyimportantconservegbrocesses for cells and
organisms. In this regardgenetic deletiorof the fusionor fission machinery inmice is
embryonically lethal: at embryonic day 13.5 for OP@®hvies et al, 2007 at embryonic
day 12.5 for MFNXChen et al, 2003 at embryonic day 11.5 for MFNZhen et al, 2003

and at embryonic day 12.5 for DRR&hihara 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 opticophy (described in Chapter 1.%(Alexander

et al, 2000 Delettre et al, 2000 while mutations in MFN2 cause Charddarie-Tooth

neuropathy type 2ACMT2A) (Zuchner et al, 2004A de novdethal DRP1 mutation has
beenreported to cause abnornihin development, optic atrophy alagtic acdemia ina
neonate(Chang et al, 2030Waterham et al, 2007 Defects in mitochadrial dynamics

may al so underlie other more common neurod
di sease, Al zhei mer 6s direvievedis(toaetd, 2018.nt i ngt o
P ar k isndsaagse &or example, mutations in many-&Bociated genes results in
increased DRA mediated fission and subsequently mitochondriaifixgation(Dagda

et al, 2009Deng etal, 2008 Wang et al, 2011 Inhibition of mitochondrial fission by the

DRP1 inhibitor mdivil (Cui et al, 201D or increased fusion through overexpression of
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MFN2 or OPA1(Lutz et al, 2009y alleviates the mitochondrial dysfunctions associated
with PD-associated gemautations, suggesting that mitemndrial dynamics plays &untral
role in mitochondrial dysfunction associated Furthermore, ETC inhibitors associated
with Parkinsonismalso cause widespread mitochondrial fragmentatiBetarbet et al,
2009. Finally, PD-associated gesePINK1 and Parkimutations underlie defects in the
selective degradation of mitochondria, also termeaphiagy(Pickrell & Youle, 2013%.
Mitophagy is initiated by PINK1, which accumulates on mitochondria that have lost
membrane potentia{Narendra et al, 20}0 Parkin is then recruited by PINK1 and
ubiquitinates the outer membrane, targeting it for selective degraf@gesier et al, 201,0
Matsuda et al, 2I0; Vives-Bauza et al, 20)0DRP1 mediated itochondrial fission is
required formitophagy(Tanaka et al, 203pwithout which large mitochondria cannot be
engulfed by autophagosomfes their degradatiofGomes et al, 201 1toh et al, 201R
Parkin may play an additional role in mitochondrial dynamics by targeting MFN1 and

MFN2 for proteasomal degradati¢hianaka et al, 2030

While the importance of mitochondrial fusion and fission is highlightedsagonserved
machinery, required for mammalian life and mutated in human disease; their cellular
functions and relative contribution® human diseasés less evident. For example,
mitochondrial fusion is required for maintenance of the mitochondrial ge(@hen et al,
2010. However, while it is postulated that mitochondrial fusion could allow for
complementation of mtDNA molecules, evidence for this moaleiimechanistic insight

is lacking.Mitochondrial fusion islsoclearlyrequired for resistance to different stressors,
including UV irradiationactinomycin D cell starvation or neuronal hypoxi@omes et al,

2011 Khacho et al, 20%34Tondera et al, 2009Appendix E). However, sine 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 irolenitochondrial
respirationWhile in theory defective fusiooould lead to mitochondrial fragments lacking
MtDNA, and thusOXPHOS deficiencies even shorterm knockdown of the fusion
machinerywithout mtDNA depletionresults in defective respiratig€ogliati et al, 2013

This suggests that the role of mitochondrial fusion in respiration precedes defects in
mMtDNA. We believe that work presented hemay helpclarify some oftheseoutstanding

issues

Another controversialrole for mitochondrial dynamics its rola apoptosis. It isvell-
acceptedhat mitochondria fragment during apoptaéisank et al, 2001Gao et al, 2001
JahaniAsl et al, 2007 Lee et al, 200¢ but whether thisacilitatesthe cell death process

or is merely a consequence thereoflisputed Sheridan & Martin, 2010 Overexpression

of dominant negative DRP1 or DRP1 downregulatidmbits cytochrome c releasand
delays cell death(Breckenridge et al, 2008rank etal, 2001 Germain et al, 20050PA1
knockdown has the opposite effect where cytochrome ©re ®asily released and cells
are sensitized to apoptosfsee et al, 2004 However, these results have not been
confirmed by all groupg¢Sheridan et al, 20Q0&heridan & 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 cytoskalenetwork is another important aspect of
mitochondrial dynamigscritical for mitochondrial localizatiarMitochondrial transport is

especially important in neurons for ATP production and calcium buffering at synapses,
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where these functions are in higbndandHere, the nommedundant roles of the rofusins
emerge sinc®FN2, but not MFN1, interacts with Milton and a calcimmding GTPase
MIRO, connectingthe microtubule motor kinesin with mitochondria for anterograde
transport (Misko et al, 201D This process is necessary for axonal transport of
mitochondria and may explain the specificky MFN2 CMT2A mutationsin the
degenerabn of neurons with long axondMoreover, characterization o€MT2A
associated MFN2 mutatioradter mitochondrial fusion, neuronal mitochondrial transport
and axonal degeneratidiMisko et al, 2012 Interestingly, while OPA1 depletion also
caused mitochondrial fragmentation, mitoodrial transport and axonal degeneration was
unaffected.DRP1 dependent mitochondrial fission is also required for mitochondrial
transport since longmterconnected mitochondraaestericallyunable to be transportédi

et al, 2004 Verstreken et al, 2005Altered mitochondrial transport maisounderlie dher

neurodegenereative diseasgich as ALSDe Vos et al, 2007

MFEN2, but not MFNL1, is also required in mammals for tethering mitochondria to the
endoplasmic reticulum (ERgle Biito & Scorrano, 2008 It is believed that mitochondrial

ER tethering facilitates mitochondrial calcium buffering and metabdhshealthy cells
(Bravo et al, 201}, whichin some instances may facilitaégoptosis(Szabadkai et al,
2004). Additionally, mitochondriaER association may also be required for mitochondrial
fission (Friedman et al, 2091 While the importance of the mitochondriaR contacts is

not in queson, the requirement for MFN2 haecentlybecomedebated(Cosson et al,
2012 Filadi et al, 201k 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 dynamicslso encompassestrastructurakristae change<ristae, being
invaginations of the inner membrane, form internal compartments which are connected to
the inner boundary membrane (IBM) by tight cristae junctigviannella et al, 1994
Cristae possessftirent proteins than the IBM arguing that they are functionally distinct
compartmentgGilkerson et al, 2003vVogel et al, 2006Wurm & Jakobs, 2006 In this
respectETC complexes are more localized within cristae, while mitochondrial protein
import machinery is more highly localized to the IBNFor example, by gold
immunolabelingcoupledelectron microscopy, 94% of all Complex Il and ATP synthase
has been estimated to be within crist@dkerson et al, 2003 OPAL, one of the major
known players in cristae regulation, mitochondrial fusion, ETC functiomateethondrial

DNA maintenance, and central to this thesis, will now be thoroughly discussed.
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1.40PAl

1.4.1 Autosomal Dominant @t i ¢ Atrophy and Optic Atrophy

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 firsdescribedoy Dr. Poul Kjer(Kjer, 1959, and has an estimated
prevalence of up to 1:12000, depending on the population st@diedVai-Man &
Chinnery, 2018 ADOA patients generally experience a slow gressive bilateral
decrease in vision during childhood, resulting in a variable irreversible loss of vision
(Lenaers et al, 20)2To date, 8 loci have been associated with ADOA, three of which
encode mitochondrial inner membrane proteins: OPA1, OPA3 and Qehders et al,

2012.

Like many other neurodegenerative disease, why a particular cell typesisaffected 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 dis@&#&l mutations
account for at least 75% of casesAdDOA, while the other known loci account for an
estimated 1% of all cases combirni&éenaers et al, 20)2As such, OPAL1 is the primary
gene product responsible for ADOA and has received the largest amount of research
interest, due in part to its fascinagiroles in mitochondrial physiology. For OPAL, 27%

of gene mutations are missense mutations, present in many different dofngums g);

while the emainder are splice variants, frame shifts, nonsense, deletion or dupli¢ations
likely causing nofrfunctional/degraded protein products. The nature of OPA1 mutations

suggest that DOA is caused by haploinsufficiency of the OPA1 gene product.
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Figure 5. OPA1 structure and mRNA splice isoforms.

ASchematic of OPA106s major protein domains, sites o
at only the mitochondrial processing peptidase (MPP) site leads to 10fA1; while further cleavage at

Slor S2 leads to short;@PAL.Sites of huma mutations described in patients with DOA are shown, while

nonsense mutations or deletions are BoOPAL transcription yields 8 different human variants though

alternative splicing or exons 4, 4B and 5B. Mitochondrial targeting sequence (MTS), tranmamedhiimain

(TM), S1 and S2 are sites for cleavage, coiled coil domain (CC), GTPase effector domain (GED). Data for

this figure was adapted frothiesa et al, 2000and(Olichon et al, 200)



Since OPAL1 has described roles in mitochondrial fusion, cristae structure and mtDNA
maintenance (described below), it is perhaps not surprising that several patients with OPA1
mutationsalso present with additional symptoms. These AD@ds phenotypes are
predominantly neuromuscular, including deafness, progresgieenal ophthalmoplegia
ataxia,myopathyand peripheral neuropathfAmati-Bonneau et al, 20Q08Hudson et al,

2008 Stewart et al, 2008These extrabcular neurological complications are present in as
many as 20% of all ADOA patient¥u-Wai-Man et al, 201D Interestingly, OPA1
mutations in ADOAplus are mostly within the GTPase and GTPase effector domains,
hinting at a dominanbegative mode of actiofAmati-Bonneau et al, 200&Ranieri ¢ al,

2012.

With mitochondrial dysfunction, mtDNA instability and altered quality control
mechanisms underlying both DG#us an d Par ki ns,adtni® particdlarlg e a s e
interesting that OPA1 mutations were discovered in two Italian families with parkinsonism
(Carelli et al, 201p In truth, the link between OPAl1 and PD had been previously
suggested. For examplthe PDassociated gene parkin was previously demonstrated to
regulate mitochondrial integrity by ubiquitinating NEM@ltering OPAL transcriptional
regulation (Muller-Rischart et al, 2093 Moreover, OPAL1 overexpression can rescue
mitochondrial defects induced by parkin or PINI&s of function(Lutz et al, 2009and

can rescue dopaminergic cell death in MRfigated mic€Ramonet et al, 20)3As such,

new understandings into OPA1 function and dysfionccould be utilized to design

therapeutic interventions in the treatments of DOA, Diids and PD.
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1.42 OPA1 Sructure

HumanOPAL1 possess a number of notable domains and is alternatively spiced to form 8
ubiquitously expressedduman isoformsKigure 5) (Delettre et al, 2001Olichon et al,

2007. Mouse OPAlalternative splicindiowever,only generates 4 isofornfdkepati et

al, 200§. OPA1 isoform 1 and 7 are predominantly expressed in hu(batsttre et al,

200% Olichon et al, 200y

Like many mitochondrial proteins, OPA1 has a mitochondrial targeting sequence (MTS)
allowing for import of OPA1 and sorting into the mitochondrial inmeembrane,

dependent on thdransporter outer membran@ OM) complex, transporter inner
membrane (TIM) complex and theorting and assembly machinefAM) complex

(Branda & Isaya, 1995 Once imported, the MTS is cleavdyy the mitochondrial

processing peptidase (MPR)PA1L has two transmembrane domains, orienting both the

N- and Gterminals towards the intermembrane space with only a smallnregithe
mitochondrial matrixOPA16s GTPase domain is essenti al
GTP hydrolysis likely provides the energy required for membrane mef@ipglat et al,

2009. The coiled coil domain consists of h e
oligomerization and proteiprotein interactiongLupas, 199% The GTP effector domain

(GED) contains a second coiled coil domain
along with its GTPase activitfCipolat et al, 2004 OPA16s | arge conse
domain is relatively uncharacterized, but may regulate prgi@itein interactions and

retention of OPA1 within mitochondri@loore et al 201Q.
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1.4.3 OPA1 Processing

In addition to its cleavage by MPP, OPAongforms (FOPA1) are further processed by
mitochondrial proteases to yield shorter soluble forms of OPAQPAL) (Song et al,
2007). There is still much discrepancy in the literature with regard to OPA1 proteases
(Belenguer & Pellegrini, 2033The first identified rhomboid protease PARL may generate
small amount®f ssOPA1 (Cipolat et al, 2006 Due to the discovery of mAA#roteases
discovered in yeagtDuvezinCaubet et al, 2007 mammalian mAAAproteases were
defined including paraplegin (cuttingadéavage sit&1)(Ishihara et al, 200&nd YME1L
(cutting at S2)Griparic et al, 20077Song et al, 2007 Constitutive cleavage of OPAL at

S2 by YMELL is generally well accepted in the literature and yields bOPAL and s
OPA1, since only 4 splice variants contain the cleaviageGleavage at S1, common to

all splice variants, undergoes a complex membrane potential regulated cl@deBgee

& Soubannier, 200 OMAL1 is involved in this cleavage site, potentially through
regulating expression of mAAA proteases or through direct OPAL cled#aged et al,

2014 Ehses et al, 200®eal et al, 2009Quiros et al, 2012 Finally, deletion of prohibitin

2 (PHB2 also results in OPA1 processing, mitochondrial fragmentation and cristae loss
(Merkwirth et al, 2008 PHB2 likely seres as a scaffolding protein, organizing lipid
domains, which may regulate recruitment of mAAA proteases for OPALl processing
(McBride & Soubannier, 2030 The requirement for OPAl processing OPAl

function(s)is debated adescribed below.
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1.44 OPAL1 in Mitochondrial Fusion

As previously stated, OPA1 igbsolutelyrequired for mitochondrial inner membrane
fusion. In fat, OPA1 is the only known mammalian inner membrane protein directly
involved in fusion.Mitochondrial fusion is believed to require bot®PA1l and sOPA1
since only OPA1 isoforms 2,4 and 7which can undergo cleavage to produce both long
and short foms rescue fusion in OPA1 KO MEKSong et al, 2007 However,recent
work suggests that OPAL processing is dispensable for f(&mand et al, 2014 This

was recently demonstratedOPAL deavage incompetent cell lines thd@PA1 alonecan
maintainmitochondrial fusion. Moreover, through clever mutational analysis the authors
suggest that©PA1 possesses additionapro-fission role(Anand et al, 2014 In conflict

with these findingsMishra and colleagues demonstrate h&WC-activity dependent
cleavage of OPAL stimulates mitochondrial fus{bhshra et al, 2014 Further work is
needed to resolve these differences. Regardless, based on mutants that do not fuse
mitochondria, OPA1 likely requires both oligomerization and GTPase activity for fusion
(Ban et al, 2010Frezza et al, 2006Finally, GTPase activity may be modified by the
ability of OPA1 to bind cardiolipinwhich may regulate its oligomerizatigBan et al,

2010.

1.45 OPA1 in mtDNA Maintanance

Mutations inADOA and ADOA-plus phenotypes first linked mtDNA stability with OPA1
(Amati-Bonneau et al, 2008Hudson et al, 2008im et al, 200%. Surprisingly, these
studies fond 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 MiRé2
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resulted in a simdr decrease in mtDNA level&Chen et al, 2000 OPAL1 variants
containing exon 4b have been linked to mtDNA stability and may interact with nucleoids
(Elachouri et al2013). Surprisingly however, little else is &wn 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 hypothé@disri et al,2011; Vidoni et al, 2013Yang et al,
20153. However, how complementation could rescue mtDNA depletionyreme grossly

how cells regulate anaiaintain mtDNA copy number in generalasgely unknown.

1.4.6 OPAL1 in CristaeStructure

In addition to fusion, OPA1 and Mgml1, the yeast homologue of OPAL, are required for
cristae structureas their disruption drastically affects cristae morphol@gyutha et al,

2004 Frezza et al, 20Q®1eeusen et al, 2006Similar to mitochondrial fusion, the role of
OPA1 in cristae morphogenesis likely requires its GED dor(idigeusen et al, 2006
GTPase domaingAmutha et al, 2004and coiledcoil domains(Frezza et al, 2006
Moreover, naintenance of cristae structure by OPAL requires its oligomerization since
during apoptosis, disruption of OPA1 oligomers is necgd®a cristagjunction opening

and cytochrome c mobilizatiofFrezza et al, 2006 While OPA1 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 fusi{ffrezza et al, 20Q6Another group corroborated these
findings and demonstrated th@ttochrome c release and apoptosis could be inhibited by
ovee X pressing mutant OPA1l( Q29 7-dound statehandt h  mi |

remains selassembled(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 cesatheugh

one interpretation is that the major role of OPAL1 in cristae structure may not be specifically
at cristae junctions. In this regard, it would be of interest to revisgethultrastructural
studies and investigate other aspects of cristae struataheding cristae widthWhile

these studies describe the essential role of OPA1 in cristae mediated changes during cell
death,the impact of physiological metabolic changes @RA1 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 subsaite 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 respiration. Importantly, these changes were
independent of mitchondrial fusion and essential for cell survivdle also identified a

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

1.5Cristae structure regulation

1.5.1 History

I n the 196006s Hackenbrockodés thesis work
isolated mitochondria can adopt different configuratioftdackenbrock, 1966
Hackenbrock, 1969bHackenbrock took advantage of Cheancand Wi | | i amd s
of five states of a mitochalmnial suspensio(Chance & Williams, 19560 investigateheir

role in mitochondrial ultrastructure. In summary, Hackenbrock described hetate I

respiration when mitochondria are respiring ahigh rate and substrate levels are high,
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the matrix was very compacted and cristae vddeged By contrastwhen mitochondria

were left in a sucrose buffer with little substrates and low respiréttate 1) the matrix

was much less condensed (electron poor) and the cristae were tight. These structural
configurations wer e t er meathixifstate fildngooherelihd f or
andiort hodoxdo mitochondria for those with
mitochondria followingn situfixation. These structural changes came at a time when the
generation of ATP by mitochondria was a majarestion in cell biology. As such,
Hackenbrock along with others advocated for, (in his woris) n elimked g vy
mechanochemical process which may reside in a multienzyme respiratory assembly which
carries outelectron transporand oxidative phosphorylatio (Powell, 200%. 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 metaboligates to the cellular state. Within this work we confront this significant

guestion in mitochondrial biology.

1.5.2Cristae structure function

The function of cristae structural changes remains largely unkiogt.cristae, and their
junctions, maylimit diffusion of small molecules and membrane protémand out of
cristae(Mannella, 2006Mannella et al, 203,35ukhorukov & BereiteHahn, 2009 This
hypothesis is based on computer modeling where simatatibmitochondria 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 sitzdtibn of ETC supercomplexes which

may represent another way in which mitochondrial function cadjusted Cogliati et al,
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2013. Finally, dhanges irtristae structure have &enoted during apoptosis, wherestae
junction widening is required to mobilize cytochrome c stores for release upon outer
membrane permeabilizatighrezza et al, 200&ermain et al, 20Q%corrano et al, 2002
Moreover, overexpression GPA1 was able to maintain cristae structure and protect cells

from apoptosigFrezza et al, 2006

The ETC fluid mode] as proposed by Hackenbrockuggests that independent ETC
complexes interact randomly in a fluid membrgHackenbrock et al, 1986While this
model is attractively simpleatd used inFigure 2 for simplicity), recent biochemical
techniques have made it possilite visualize higher order comimations of ETC
complexes Specifically,Blue-Native PAGE and CleaXative PAGE have revealed that
ETC complexes selissociate and associate with others to form larger complexes,
popularly called ETC supercomplexéacin-Perez et al, 2008Cruciat et al, 2000
Schagger & Pfeiffer, 20Q0Wittig & Schagger, 2009 For example, Schagger and
colleagueslemonstrated that Cl assembles with CIIl and CIV, and that Clll can assemble
with CIV, in different stoichiometric configuration&chagger & Pfeiffer, 2000ETC
supercomplexes can also contain Cad cytochrome (Acin-Peez et al, 2008 While it

had been proposed that supercomplex assembly may affect electron transfer efficiency, the
literature failed to convincingly demonstrate the functiongnificance of these
supercomplexes, leaving some to doubt if they were artifacts of the -RRBE
techniquegBarrientos & Ugalde, 20)3These doubts have been mostly resolved due to
the recent discovery of ETC supercomplex assembly factors affecting nmtbckio
respiration (LapuenteBrun et al, 2018 and the regulation of ROS production by

supercomplex assemblgMaranzana et al, 201.3The landmarkSciencepaper by
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LapuenteBrun also describes how different supercomplexes determine how electrons are
passed from one complex to anotleeeatingtwo differentpools of CoQ, one that accepts
elections from NADH and one that accepts electrons from FAQdpuenteBrun et al,

2013. In addition, Scorrano and colleagues have demonstrated that inner membrane
structure alters ETC supercomplessambly(Cogliati et al, 2018 Furthermore, our own
BN-PAGE analyses have revealed that neuronal extracellular acidification, like that
Fassociated with stroke, increases ETCesopmplex assembdyrepresenting 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 superconeples assemble and disassemble in
response to physiological cugsorder toregulate electron transfer efficiency and ROS
production(Acin-Perez & Enriquez, 20)4Due to theirattractiveness as modifiers of
mitochondrial respiration, many groups have investigated novel factors required for the
assembly of EC supercomplexes includingcox7A2VCOX7RP/SCAF1(lkeda et al,

2013 LapuenteBrun et al, 20183 MCJ/DnaJC1%Hatle et al, 20183andC110rf83UQCC3

(Desmurs et al, 201%Vanschers et al, 2014

Although the mammalian ATP synthase doesassemble with the other ETC complexes,

in many contexts it selissembles, forming dimers and oligom@aumard et al, 2002

In yeast, ATP synthase dimers regulate membrane curvature and efficiency of ATP
producton (Minauro-Sanmiguel et al, 200®aumard et al, 2002Assembly and stability

of the ATP synthase monomer represents another mechmregulate its function. For
example, yeast lacking mgm1, the OPA1 homologue, have a deficiency in ATP synthase

assembly and ATP producti¢gAmutha et al, 2004 Mechanisms regulating ATP synthase
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stability are currently lacking and represent an attractive target to regulate ATP synthesis.

1.5.3Regulators of Cristae Structure

Proteins and lipids required for proper cristae folding have received substactait
researchattention.Mitofilin downregulation, for example, leads to concentric sheets of
cristae in both yeast and mammalian célishn et al, 2005 In addition, mitofilin is
enriched at sites of cristae junctiofi®abl et al, 200P Interestingly, the mitochondrial
network wasundisturbedin these cellsBy Blue-Native PAGE and glycerol gradient
centrifugationJohnet al. also discovered largetagh-molecularweight protein complex

that has led to a recent explosion in research intglesh et al, 2005

Through immunoprecipitatiecnoupled mass spectrometrgf the yeast mitofilin
homologueguantitativeproteomics of isolatedristae contact sites) silico analysisand
genetic interaction assayeur independent groups identified a master protein complex
regulating cristae ultrastructure in yeé&lkhaja et al, 2012Harner et al, 201,JHoppins

et al, 2011 von der Malsburg et al, 20L1Mutations in components of this complex
resulted in degradation of other components of the complex and obvious cristae defects,
most notably oniontlike structurs with no visible cristae junctionsOriginally given
multiple names, researchers hawgted to unify the nomenclatuoalling it MICOS for
MItochondrial @ntactsite and Cristae OrganizinggSem In addition to regulating the
contact sites, other roles for the MICOS have been investigated including ETC
supercomplex assembly, respiration and mitochondrial transcrii#lkhaja et al, 2012

Koob et al, 2015Yang & al, 2015b. Interestingly, OPA1 was found to interact with
members of the mammalian MICOS complex, nhamely CHCHD3, mitofilin and MICOS

associated factorgmn50 [Darshi et al, 201)1and data presg¢ed herein]Future studies on
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the MICOS complex will undoubtedly discover other protein memlkes; regulating

factors and functional significance

ATP synthase dimerization and oligomerization is asmajor contributor to cristae
curvaturein yeas, particularly within cristae tipgMinauro-Sanmiguel et al, 2005
Paumard et al, 2002 Interestingly, this regulation of ATP synthase
dimerization/oligomerization requires yeast subuaitgandb, but are not required for

ATP synthase functioper se(Paumard et al, 20Q0Soubannier et al, 20D2These results

have been confirmed in human cancer cell lines, wianelg subunits (ATP5l and ATP5L
respectively) are also required for ATP synthase stabilizatiagtaff cellular respiration
andthe mitochondrial networkHabersetzer et al, 20L3n contrat, yeast cells lacking

ATP synthase subunit Bavea marked reduction in ATP synthase actiatydno defect

in cristae structuréRak et al, 200)f Taken together, the roles of the ATP synthase on ATP
generation and cristae structure morphogenesis seem to be independAii? Byathase
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
(ile. 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, 2098and its downregulating decreases cristae density and sensitizes

cells to apomwsis(Faccenda etla2013.

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

is exemplified by Barth syndrome, a rardiXked recessive disegsehere mutations in
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the tafazzin gene causes reduced and altered cardipnth et al, 1983Bione et al,
1996 Schlame & Ren, 20Q6Barth syndrome manifests asadiomyopathyassociated
with skeletal muscle weakness, neutropenia, growth retardatiah a slight cognitive
decline (Barth et al, 1983Mazzocco & Kelley, 200l Alterations inmitochondrial
cardiolipin (decreased by about 808aused by tafazzin mutations aedieved to underlie
cristae and ETC defect®n Barth syndromeg(Schlame & Ren, 2006 The effect of
cardiolipin on ETC function idikely due to its role inETC supercomplex assembly
(Pfeiffer et al, 2003Zhang et al, 2002 In this regardBarth Syndrome patient cell lines
areassociated with defects in ETC supercomplexes,irm@dminimalistin vitro system
ETC supercomplex fution wasdependent on cardiolipifBazan et al, 2033McKenzie
et al, 200%. Admittedly, probably not all of the defects associated with Bartidi®yne
are dependent on cristae structural abnormalities, as cardiolipin is required for many other
mitochondrial functions, including irdmomeostasis and protein import [reviewe{Raja

& Greenberg, 2014 Still, cardiolipin likely enacts its role in cristae shaping through
interactions with arious proteins including OPABan et al, 201)) Bid (Kim et al, 2004,
cytochrome Tyurin et al, 200y and members of the MIGS complex(Weber et al,
2013. With respect to OPAL for example, cardiatipstimulates its GTP hydrolysis,
required for membrantibulation and fusiorfBan et al, 201D Interestingly, cardiolipin
stimulated OPAAGTPase activity correlated with the ability of OPAL1 to oligomefizamn

et al, 2010. DeVayet al.took advantage of this cardiolipstimulated oligomerization of
OPA1/Mgm1l to describe how membrane associated Mgmlassfimbles in tres
between aMgm1l and agvigm1(DeVay et al, 2000 Theirwork is suggestive of a model

whereby IMgm1 dimers are GTPase inactive, but recruitdgenl to promote GTPase
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dependent fusion eventdeVay et al, 2000

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 gt been described. Since its first description in 2011, dozens of papers on the
MICOS complex havedefined new core components, regulating factors dhdir
metabolicfunctions Regardlesshow and why mitochondrial shape changes occur during

shifting met&olic demands remained unknown.

1.6 CLUH

Novel OPAtinteracting factors may shed light on mechanisms governing mitochondrial
dynamics, cristae structure or mtDNA maintenarfea. this reason, in this thesis we
performed quantitative proteomic OP#tteracton screen and identified numerous
potentially novel interactors. Among this lislAA0664, the human clueleseomologue

(CLUH), of which little is known was identified

S. cerevisiae CLU1, and Dictyostelium discoideum cluA genes were previously
demonstated to reglate mitochondrial distribution, where mutants had clustered
mitochondria(Fields et al, 1998Zhu et al, 1997 More recently, DosophilaClu was
demonstrated to regulate a similar mechanismmitochondrial lochzation (Cox &
Spradling, 2009Sen et al, 2013 Drosophila with null mutations fo€lu also showed
multiple metabolic defects includirghorenedlifespan, complete sterility in both males
and females, little movement and flight muscle defd@ex & Spradling, 200
Interestingly, @spite clear defects in mitochondrial localization and cristae struttere

did notinvestigatea role ofdrosophilaClu within mitochondria Many of the observed

defects in Drosophila phenocopied those associated wi#ink and pink mutations
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Moreover, double heterozygotes foark and Clu resulted in mitochondrial clustering
while their respective heterozygote controls had no sffelet. These results suggésat
park and Clu genetically interagtimplying that CLUH may represent a novel protein
involved in processes associated wlRha r ki ns o n(Gax & Gpradleng 2000
Human CLUH demonstrates 53% similer Drosophilaclu, with more conserved middle
(85%) and tetratricopeptide repeats (TPR) (5%6jnairs. While the Clu domain has no
ascribed function, the TPR domain is believed to regulate prptetein interactions, and
in the case oDrosophilaclu may compete for TPR domains on kinesin light chain

hindering its interaction with mitochondri@ox & Spradling, 2009

More recentlyCox and colleagues also found a developmental incre&3e gxpression

in developing neuroblastgresumably responsible for the differentiation of neuronal cells
(Sen ¢ al, 2013. Furthermore, they demonstrate that the mitochondrial defects are
downstream of the effect th&lu has on cellular ROS levels and suggest that the
mitochondrial defects are simply a consequence of this oxidative dafiage.larvae
dependnostly on glycolysis for energy production, defects are only apparent once reaching
adulthood where the organism rel@ore ommitochondrial OXPHOSGoh and colleagues
proposed another rofer Drosphilaclu with respect to its role in PD associated pligpes

(Goh et al, 2018 They advocat¢hatclu interacts with atypicaProteinKinase C (aPKC)
regulating its activity mislocalizing Miranda and Nubnduring neuroblast divisions.
Moreoverclu mutations rescukbrain size inlethal(2) giant larvae (Iglymutants, which
present with defects dependent on aPKC inactivaBorcepark mutant flies also present
with defects in neuroblast asymmetric divisi@m&l doubldgl/park mutants also restored

brain size the authorsprovide tantalizing evidence for a link between minor early
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neurogenesis defects leading to later neurodegeneratiey alsofailed to investigata

role formitochondrialCLUH on mitochondriafunctionin their system

A recent screen revealed CLUH as a novel PG@rget providing the first insights into

its regulation(Nsiah-Sefaa et al, 20)4Both overexpression of PG  aits attivation

by AICAR resulted in the discovery of four novatgetgenesMtfpl, Mrm1, Oxnadand
Cluh. Notably,PGG1U twation has roles in promoting mitochondrial mass, metabolism
and antioxidantgSt-Pierre et al, 2003Wu et al, 1999 and all four novelPGG1U

regulated genes had some role in mitochondrial fun¢hisrahSefaa et al, 2034

Altogether, the research on CLUH and its various homologues point to a role in
mitochondrial localization and function, althoughtechondrial CLUH had not been
demonstrated prior to our studidsurthermore, many questions surrounding the role of
CLUH in mitochondrial dynamics remainsianswered. Namely, does CLUH regulate
mitochondrial length? Howvouldits potential interaction wh 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 merpbotgias

which transport various substances across different cellular membranes. Located within the
inner membrane, mitochondrial transporters (SLC25) represent a grdanmty of
transportersshuttling vital metabolites in and out of the matfikeirdiscovery, functional

characterization and regulation are advancing at a rapid pace.

The term transportetsroadlyrefers to the transport of a substance across a membrane,
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comprising ofpumps,channelsand carriers SLC25s arehereforeboth transporters and
carriers although the term carriegs more specific and wibe utilized here Carriers can

be further divided into various types transpamiporters, symporters ancahtgorters
Uniporters transport molecules across a conceotrgradient. Symporters cotransport
two molecules in the same direction, one against its concentration gradient fueled by the
movement of another down its gradient. Antiporters like symportatsansport two
molecules, one along and one against its gradbut in opposite directioiisodish, 2000.

The majority of SLC25 proteins are antiporters, also termed exchangeisfdwtare
uniporters or symporters or a combination antiporters and egeha under certain
conditions. Interestinglythe inner membrane shaping phospholipid, cardiolipin, is
required for proper assembly and function of the mitochondrial solute cqCiasgool,

2009.

1.7.1 SLC25 protein structure and function

SLC25 family proteins have a number of conserved features. Generally, they @ntain
tripartite structurethree repeats dfomologous domains with twadhelix transmembrane
motifs each (six in tota(Palmieri, 2013 Both N- and Gterminals face the intermembrane
space with 3 long matrix loops and twbort intermembrane space l00£C25 protein
exists in one of two conformations: the cytoplasmic statdie) where the carrier can
accept substrates from the cytoplasand the matrix state @state) where the carrier
accepts substrates from the matAlthough crystalizing SLC25s in theumninhibited
states has proven difficultwo SLC25 members have had their structures solved. The
crystal structuref the bovine ADP/ATP carriewith its inhibitor, carboxyatractyloside

locking the carrier in thec-state (PebayPeyroula et al, 2003 And more recetly,
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SLC25A8(uncoupling protein 2, UR2) was solved i complex with GDP by nuclear
magnetic resonan¢Berardi et al, 201)1 These studies revealed the sa&nsmembrane-
helices with threé+heliceswithin the matrix loops. Each transmembrakhleelix has two
signature motifs, PX[D/E]XX[R/K] and [D/E]GXXXX[W/Y/F][R/K]G where the proline
residue kinks thé+helix and charged residues form salt bridges, closing the cavity.
common substratbinding domain likely exists between three contact points halfway
within the even numbered transmembrdddelices each interacting with a single
functional group of the transported subst(&ebinson & Kunji, 200% These critical three
residues provide substrate specificity and may even help predict potentiahwshfor
uncharacterized SLC25 proteihen substrates bind either thstate or rrstate of the
carrier, the protein rearranges until the transition state is reached, dependent on the
Afl exi bl e hinge (Palnmes,l 20123 Asntbeir estroeturet asa function

suggests, mitochondrial carridesgely operate as monomékauniji & Crichton, 2010.

There are 54identified SLC25 proteins 24 of which are characterizethvolved in
transporting sol@s required fomlmost all aspects of mitochondrial functi@igure 6).
Many SLC25 proteins transport nucleotides including the ADP/ATP ca(AAC), ATP-
Mg/P; carriers (APC), CoA and adenosindiphosphate carrieand others. ADP/ATP
carriers are the most characterized mitochondrial solute cadiergo their dual roles in
regulating mitochondrial metabolism and cell dedthhealtty cells, AACs exchange
cytosolic ADP for matrix ATPproviding substrate for thATP synthaseand energy to
the rest of the cellDuring cell death, AACs regulate the permeability transition pore
(mPTP) through interactions with cyclophilin D and voltagpendent aniochannels

(Crompton et al, 1998Voodfield et al, 1998 although such a direct role of AACs in
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Figure 6. iMetabolic roles of MC® From (Palmieri, 2013

fiThe 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 phg®rylation (AAC, PIiC, 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 mitachondrial
proteins (SAMC); import of thiamine pyrophosphate (ThPP) required for pyruaate
oxoglutaratedehydrogenase complex activities (TPC); import of coenzyme A (CoA)
required for fatty acid (FA)4Joxidation, Krebs cycle, biosynthesis of hemmanzhedchain

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 patlmvevhich the
already identified carriers are involved. AAC, ADP/ATP carrier; AGC, aspartate glutamate
carrier; APC, ATPMg/Pi carrier; CAC, carnitin@cylcarnitine carrier; CIC, citrate
(tricarboxylate) carrier; CoA, coenzyme A carrier; DIC, dicarbaveylaarrier; 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, ungoupl
proteino
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mPTP regulation is highly debaté€iokoszka et al, 2004 Another large group of SLC25
carriers transports amino acids, including the aspartate glutamate cé&@ed and
AGC2) and 14 otherd he oxoglutamate carrier (OGC), the dicarboxylate carrier (DIC),
the citrate carrier (CIC) are amotige carboxylate carrier class of SLC25 proteins. Finally,
uncoupling proteins (UCP) make up a last group of solute carfiaertating transport of
protons across the inner membrane dissipating the proton gradient without the generation
of ATP. This dissipation produces heat, predomilyantbrownadipose tissyeas well as
decreases oxidative stress at the expense of Ahergtion (reviewed ifMailloux &

Harper, 2011

1.7.2 SLC25 in disease

As SLC25 function ispivotal to mitochondrial function, their dysfunction leatis
numerous genetic disorder¥hese disorders areharacterized by specific metabolic
manifestations, of which 11 have been described. They are mostly autosomal recessive
diseases with the excepti of autosomal dominant progressive external ophthalmoplegia
(adPEO)AdPEO can be caused by mutation8MT1 andother norRSLC25 proteins. The
disorder manifests usually during adulthood with symptoms of eye muscle weakness and
exercise intolerangechaacterized by multiple mtDNA deletions in skeletal muscle
(Agostino et al, 2003 While research into rare genetic diseases is advancing at an
incredible speedBeaulieu et al, 2004 more novel disease e mutations in SLC25
proteins will undoubtedly be discovered in the futiResearch on four SLC25 carriers

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

AGC1(SLC25A1Zaralar)JandAGC2 (SLC25A13citrin) regulate amino acitansport of
aspatate out of the matrimandglutamate ané hydrogen ionnto the matrix(Palmieri et

al, 200). They ae largerin sizethan other SLC25s due to their long N terminus containing
multiple EFhand motifs. As such, AGC1&2 are known to be regulated by caleuln@re
calcium increases their transport actiidalmieri et al, 2001Satrustegi et al, 200Y. The
AGCs are central to both the ureycle and themalateaspartateshuttle. The urea cycle
produces uretom toxic ammonia in the liver of mammalBhis process requiréssteps,
two within mitochondria and three within the cytadditochondrial aspartate, shuttled to
the cytosol by AGC, is converteuth citrulline to arginosuccinatéhatis then converted

to arginine, the substrate for urea synthesis.bjproductsfrom these reactions, malate
and orthinine, are then imported into the matrix ,atdough a series of reactigns
reconverted to aspartate and citrulline respectivebing ammonia in the press
(Satrustegui et al, 200.7The malateaspartate shuttle (MAS) is a very important process
by which cytosolic NADH is imported into mitochondria througdeaes of reaains. This
increased mitochondrial NADH igarticularly importantduring glycolysis and lactate
metabolismBoth AGC and the OGC are ccal for the MAS the net effect of which is
that cytosolic NADH is oxidized to NADand matrix NAD is reduced to NADHLaNoue

et al, 1973.

While both AGCs are expressed very early on during embryogddebkarco et al, 2002
AGCl1 is expressed in the diajagm, skeletal muscle, heartalm and kidney, bus not
detected irthe liver; while AGC2 is expressed mainly in the liver, kidney and hieatis

not detected in the braifBegum et al, 2002 This tissue specificity helps explaihe
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different clinical manifestations afiseases caused by mutations in AGEZMH AGC2.
AGC1 deficiencycauses complete lack of function of AGC in the brain and is associated
with averypoor clinical prognosis. Infants present with halted psychomotor development,
muscle weakness and seizuf@gbom et al, 2009 SinceN-acetyl aspartate is a myelin
lipid precursor AGC1 deficiencleads to hypomyelinatiorinterestingly, there is also a
strong relationship between certain AGC1 mutations and the development of (#@dism

& Cortese, 201p In contrast, sincAGC2 is normally the only AGC present in the liver,
AGC2 deficiency leads to a defect in the urea cycletgpd Il citrullinemia (CTLN2)

associated with fatal hyperammonemia cofadayashi et al, 1999

1.74DIC

The dicarboxylic carrier (SLC25A10/DIC) exchanges malate or succinate from the matrix
for inorganicphosphate from the cytos(falmieri et al, 1971Palmieri et al, 1996 As

such the DIC spplies substrates for Krebs cycle, glneogenesis, urea synthesisfuaul
metabolism andlucosestimulated insulin secretiqiFiermonte et al, 199&uypens et al,
2011). The DIC, along with the OGChas also beenmplicated in mitochondrial
glutathione transpor{Chen & Lash, 1998Chen 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 contemd impaired complex |
activity (Kamga et al, 2000Although there is mounting evidence to support the OGC and
the DIC as glutathionearriers(Lash et al, 2002Wilkins et al, 2014Wilkins et al, 2013
Zhong et al, 2008 recent work has cast doubt on the direct transpiogiutathione by
OGC and DIC(Booty et al, 201p Future work will need to establish the precise role of

thesecarriersin mitochondrial glutathione transport aresolve these discrepancies

43



1.7.50GC

The oxodutarate carriergLC25A110GC) is responsible for the import of malate into the
matrix for 2oxoglutaratgFiermonte et al, 1993ndiveri et al, 1987Palmieri et al, 1972

As such the OG@lsoplays apivotalrole inMAS, shuttling the reducing egualents from

malate ito the matrix for NADH generationThe OGC is also wolved in glucose
stimulated insulin secretiqi@®degaard et al, 20)@nd the oxoglutarateitrate (isocitrate)
shuttleresultingin NADPH reducing equivalents being shuttled from the matrix to the
cytoplasm(Monne et al, 2013 OGC has also been linked to mitochondrial dynamics
cristae structurand apoptosigGallo et al, 201)L Like many other SLC protein®GC is

not completely selective and may also transport malonate, maleate, succinate, oxaloacetate

2-oxopimelateand like DIC, may transport glutathion@®lonne et al, 2013

1.8 Reactive Oxygen Speciesnd Glutathione

1.8.1 General htroduction

ROSare a group of small oxygerontaining free radicals that are extremely reactive due
to their unpaired valence electrons. ROS are genefatiyed by the primary ROS
superoxide (@), whichis chiefly converted to hydrogen peroxidexb) by superoxide
dismutases (SOD) but may also be protonated to form hydroperoxyl radic&ts (HO-

can be transformednto a number of otheROSi ncl udi ng hydr oxyl r
hydr oxyl a, singetnosyget ‘@ADand hypochlorite (CIO. There are many
generators of cellular ROS including the mitochondrian¢otinamide adenine
dinucleotidephosphat€NADPH) oxidase(reviewed in(Babior, 2000), xanthine oxidase
(Yokoyama et al, 1990and uncoupled endothelial nitric oxide synthase (eNDERstra

et al, 1998. In the majorityof cell types, the mitochondrion is the major source of ROS.
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Superoxide production, due to inefficiencies in atide phosphorylation, accounts for up

to 2% of the total oxygen consumed by mitochon@@arenius, 200). Mitochondriat
generated ROS (mtROS) are mainly produced at complex | and complex Ill of the electron
transport chainalthough a total ohinesites have been identifi¢dndreyev etal, 2009.
Complex | producessuperoxidesolely in the matrix while complex lligenerates

superoxiden both thematrix and the intenembrane spaqduller et al, 2004

One cannot discuss ROS without discussing its clearance. Cells possess a number of
antioxidant defenceshiefly to protect the cell from oxidative stress, th#reare 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 kD> by superoxide dismutases: copperézsuperoxide dismutase
(SOD1) in the cytoplasm and mitochondrial intermembrane space; and by manganese
superoxide dismutase (SOD2) in the mitochondrial mg#hang & Gutterman, 2007

The importance of superoxide detoxification is highlighted by the fact that SOD2 knockout
mice live only weekgLebovitz et al, 1996 H.O., however, is membrane perméahnd

is likely the main gnding molecule in ROSnediated pathway$1.0- is detoxified in

cells by glutathione peroxida(GPx),andin some cases lnpatalasgto form wate(Zhang

& Gutterman, 200 Pr ol onged high I evels of ROS t hat

capacity result in oxidative stress.
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1.8.2Glutathione

As stated above, cellsatte a number of processes detoxify HO», notably by the
glutathione system. Glutathione (Bbis a very abundar(around 110 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, 1997Lu, 2009 Pallardo et al, 20Q%uthanthiran et al, 1990its

structure consists of glutamacid, cysteine and glycine, where the cysteine amino acid
provides the thiol side chair§H) and antioxidant functio@u e t o i tcaboxyln us u al
bond between the glutamic acid and cysteine, GSH is resistant to intrackdigladation,

and is ingtad excreted by cells for degradation ®T-me di at ed <c¢cl eavage

glutamylbond(Meister & Anderson, 1983

H20> scavenging requires two GSH molecules in the presence of glutathione peroxidase
(GPx), which efficientlyreduces EO> to water and oxidizes two GSH molecules together

at their thiol side chains, creating glutathione disulfide (GSSG). GSSGncann, be
reduced by glutathione reductase, in a reaction which requires reducing equivalents from
NADPH. The prodcts, two GSH molecules, are thus recycled and may continue their
antioxidant functionDue to its central role in antioxidant functiohetratio between GSH

and GSSG states is often used as an indicator of oxidstiiges In addition to its
conversionto GSSG,GSH can also mediatantioxidant activity through protein s
glutathionylation on cysteinéSH groups. Protein-glutathionylation generally occurs
under high oxidative stress ansl a postranslationalmodification demonstratedo
regulate aspestof mitochondrial metabolism and functi@giailloux & Willmore, 2014.

For example, uncoupling proteins 2 andnay be glutathionylatedduring prolonged
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oxidative stresgjecreasingheir activity(Mailloux et al, 201} This glutathionylation may
be critical to maintain membrane potential and to prevent apop®ysigins can also be
deglutathionylatedy gl ut aredoxin, requiring GSH,

to normal(Liu & Gaston Pravia, 2000

Since cysteine is extremely unstable in the esitalar environmentdue to its ability to
autooxidize, one of the primary functisof glutathione is to supply the cell with cysteine
residuegMeister & Anderson, 1983In a series of reactions, Meister described amlau
the o-glutamyl cycle(Meister & Anderson, 1983 To begin,GSH is excreted (primarily
by the liver) through diular glutathione transporter&SH isthen tansported twarious
tissues GSH is broken down extracellularly by GGT adgbeptidaseresulting in free

cysteine amino acids ready for import into mitochondria. Synthesis of GSH in the

wh e

cytoplasm requires this source of cysteine and takes place through two ATP dependent

reactiongLu, 200Q. The ratdimiting first step utilises-glutamate and-tysteireto form
o-glutamytl-cysteine which iscatalyzed by glutamate cysteine ligg¥&an & Meister,
1990. This step is regatted by feedback inhibition of GSfRichman & Meister, 1975
(Huang et al, 1988and by cysteine availabilitfMeister & Anderson, 1983The second
step in GSH synthesis involvéigation d o-glutamykl-cysteineand tglycine catalyzed
by GSH synthaséOppenheimer et al, 19Y.9This secad step isnot ratelimiting since
GSH synthase overexpression does not increase GSH prod{ftant et al, 1997and

cellular levels ob-glutamyHl-cysteineare very low(Dalton et al, 2004

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

higher amountai certain tissue@eredith & Reed, 1982 Since GSH is made exclusively
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in the cytosol and GSH cannot diffuse into the mitochondrial matrix, GSH transport
mechamsms are require(Mari et al, 2013 Mitochondrial transport of GSH is vital to
proper metabolism and functigMari et al, 2013 Interestingly, only two proteins have

been implicated in mitochondrial GSH trandpdine oxoglutarate carrier (OGC) and the
dicarboxylate carrier (DICJChen & Lash, 1998 There may be tissue sjcity for
mitochondrial GSH transport as both carriers have been demonstrated to transport GSH in
liver mitochondria, while only DIC transports GSH in neurdkemga et al, 2010
Moreover, mitochondrial GSH transport through OGC and DIC regulates neuronal
susceptibility to oxidative streg®Vilkins et al, 2014 Wilkins et al, 2013 Here, we
demonstrate that OPAL interacts with both of tleesdersand investigate a novel role of

OPAL in glutathione regulation.
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1.90bjectives and Hypotheses

Maintenance of mitochondrial ultrastructure during apoptd®s previously been
demonstrated to regulatell survival(Frezza et al, 2@) Yamaguchi et al, 2008 This
cristaedependent protection required the mitochondrial fusion protein ORKé.
hypothesize here that OPAidependent changes incristae structure, under non-
apoptotic conditions, could represent a novel mechanism by which the cell can
respond to its environment and dictate mitochondrial functionMy principal objectives

are to determine whether OPA1 controls mitochondrial metabolism and function by
modulating cristae structuiduring different energy states; arw ilentify novel OPA1

interacting factors and sigmad) pathways that control OPA1 function

OPA1 deoligomerization ia key step in the dissolution ofistae structureuring cell
death (Frezza et al, 2006 We therefore begin by investigating wheth@PA10 s
oligomerizationstatus changes in responsechanging energetic conditions and if this
mechanism couldegulate mitochondrial cristae structure and ETC fundtioesponse to
the energetic demand of the calNe also described the fusialependent and fusien
independent roles of OPAL in the respemo cellular starvation, respiration and assembly
of the ATP synthase. Finally, through the investigation of Oidracting proteins we

highlight a novel mechanism by which OPA1 can respond to metabolic demand.

Also, from the screens outlined in thisotk we identified CLUH as a novel OPA1
interactor. Since the mM@sophila orthologue of CLUH is known to regulate mitochordria
dynamics, we hypothesize that the OPBIUH interaction may regulate mitochondrial
dynamics in mammalsHere we chracterize thisinteraction, probing its role in

mitochondrial fusion.
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Sincewe demonstratthatOPAL interacts with both the known mitochondrial transporters
of glutathione (OGC and DIQhen & Lash, 1998 that ablation of OGC affects OPA1
function and thatt has been demonstrated tl@PA1l mutations sensze cellsto ROS
induced cell deatlfTang et al, 2009 we hypothesize that OPA1 affschitochondrial
glutathioneredoxin order to regulate mitochondrial function. To this evel propose to
confirm that OGC deletion affects the cellular GSH/GSSG ratio, to determine whether
OPAL1 regulates GSH redox levels @nddeterminaf mitochondrial fusion is required to

regulate thigunction.
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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/mlip#im and streptomycinand

2 mM of glutamine (Gibco). Galactose ma&dias 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 siLentFeet (Bio
Rad) according t o t.Nielvecton wdreapeepated aspréviously r ot o
describedJahaniAsl et al, 2011 Tashiro et al, 2006 All constructs used are listed in
(Table 1). To generate the long term expression cultures, OPA1 KO cells were infected
with viruses encoding for WT OPAL, OPA1(Q297V) or GFP as control and WT cells were
infected with control GFP. Falving transduction, cells were selected with puromycin and
FACS sorted for GFP expressidrhese cell lines were maintained and used betweiéh 4
weeks after stable expression for all experiments.

Mitochondrial isolation. Mouse liver was dissected from youCD-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 enyit ice or at 4°C. Cells were
homogenizeavith 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 Qt@énto 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 desciriGedmain

et al, 2013, with the following antibodies: mouse aatitin and antflag (SigmaAldrich);
mouse antOPAL1 and antcytochrome c (BD bioscience); mouse g8k (SQSTM1) and
rabbit aniTOM20 (Santa CruBiotechnologies); mouse arAiTP5A and antComplex

[l (Invitr ogen); mousanttmtHSP70 (ABR Bioreagentand rabbit antOGC (ABCAM).
Analysis of OPAL1 oligomersTo analyse rapid changes in OPAL1 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 Wittto beta
mercaptoethanol (BME) twice. Cells were then lysed in lysis buffer with BME and
subjected to western blot on NUPAGE Novex8% Trisacetate gradient gels (Life
Technologies). For mitochondtiaxperiments, isolated liver or MEF mitochondria were
suspended in the indicated buffer (200 mM sucrose, 10 mMMojss pH 7.4, 2 mM
K2HPQy, 0.080 mM ADP, 10 uM EGTATTis) at 0.51 pg of mitochondrial protein/pL.
Substrates and drugs were also addedbas follows: malate, glutamate, succinate and
glucose (5 mM) (Sigma), rotenone (2 pM) (Sigma), carbonylcyaBide
chlorophenylhydrazone (CCCP)(10 uM)(Sigma). All drugs and substratesadirsted

to pH7.4. Samples were then incubated on a 37°C hedtie§ 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
adOPALYEP OPA1-YFP (Kind gift from Dr. McBride) cloned into pShutfeMV via Xhol JahaniAsl et al.,
and Xbal 2011
adMito-YFP cDNA for mito-YFP was cloned intthe OPALTYFP vector This publication
Mito-YFP Kind gift from Dr. McBride Braschi et al., 2009
GFP eGFRC3 Clonetek
Since our WT OPA1 plasmid gave strikingly less OPA1 following transieni
transfections than OPA1(Q297V) (Yamaguchi et al., 2008);lared the WT . s
OPAL OPAL into OPA1(Q297V) mutant using BSPEL1 internal restriction sites This publication
flanking the mutation
OPA1(Q297V) Kind gift from Dr. Newmeyer. In pcna3.1flag Yamaguchi et al., 200¢
IVGFP Plasmid 12258: pWPXLd (Addgene)
cDNA was cloned into MSCY\PIG (Ref Addgene plasmid 18751 Scott Lowe —_, . L
OPAL Gibson assembly cloning Nat. Methods daniel gibson This publication
VOPAL(Q297V) cDNA was cloned into MSCY\PIG (Ref Addgene plasmid 18751 Scott Lowe This publication

Gibson assembly cloning Nat. Methadiniel gibson

mito-YFP-3xflag

cDNA from of mitoYFP was PCRed out of and cloned into the intermediat
pGEM-t-easy to generate restriction sites and inserted with EcoRI restrictir
sites into p3XFLAGCMV-14 (Addgene E7908)

This publication

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

SLC25A10 was PCRed out of the pCM8PORT6 vector, pasted into pGEMeasy and This publicaion
3xflag cut and pasted with EcoRl restriction sites ipBXFLAG-CMV-14 (Addgene P

E7908)

cDNA from human SCL25A11 from Open Biosystems (ClonelD:3911858)
SLC25A1t was PCRed out of the pCM8PORT6 vector, pasted into pGEMeasy and This publication
3xflag cut and pasted with EcoRI restriction sites into p3XFLB8MYV-14 (Addgene

E7908)

cDNA from human SCL25A12 from Open Biosystems (ClonelD:4420100)
SLC25A12 was PCRed out of the pPCM8PORT®6 vector, pasted into pGEMeasy and This publication
3xflag cut and pasted with Not1 restriction sites into p3XFL-86IV-14 (Addgene

E7908)

cDNA from human SCL25A13 from Open Biosystems (ClonelD:3600909)
SLC25A13 was PCRed out of thepCMBPORT6 vector, pasted into pGEMeasy and This publication
3xflag cut and pasted with EcoRl restriction sites into p3XFLB8MV-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 s92343 (Invitrogen) This publication
Primers Sequence Validation

COl forward 5-GCCCCAGATATAGCATTCCG3' Tal et al., 2009
COl reverse 5-GTTCATCCTGTTCCTGCTCE3' Tal et al., 2009
18S forward 5-TAGAGGGACAAGTGGCGTTG3' Tal et al., 2009
18S reverse 5-CGCTGAGCCAGTCAGTGT3' Tal et al., 2009

ATP5b1 forward

5-CCGTGAGGGCAATGATTTATAGS3'

Gomes et al., 2013

ATP5b1 reverse

5-GTCAAACCAGTCAGAGCTACGS3'

Gomes et al., 2013

ATP5al forward

5-CATTGGTGATGGTATTGCGG3

Gomes et al., 2013

ATP5al reverse

5-TCCCAAACACGACAACTCGC3

Gomes et al., 2013

ATP6 forward

5-TCCCAATCGTTGTAGCCATG3'

Gomes et al., 2013

ATP6 reverse

5-TGTTGGAAAGAATGGAGTCGG3

Gomes et al., 2013

GAPDH forward

5-GGTGAAGGTCCGTGTGAACG3'

Gomes et al., 2013

GAPDH reverse

5-CTCGCTCCTGGAAGATGGTES!

Gomes et al., 2013
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Cytochrome C retention assayAs 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 proteit¥a, @it

4 °C for 30 minutes tmobilizetheir 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 petdéisneequivalents from 12.5 ug

of starting mitochondrjawere analysd by western blot.

Immunofluorescence and cell death assaySells were washed twice with PBS and fixed

with 4% paraformalehyde for 20 minutes and anagswith the indicated primary
antibodes. Coverslips were then washed and incubated with their corresponding secondary
antibodies (antmouse and antiabbit Alexa Fluor488/Alexa Fluor 594). Hashst 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 ugipropidium iodide (PI) and Haobst stain for 20 minutes. Altlead

(PIH+) were counted and expressedgsercentage of all cells (Hdest+). Cell death was

also quantified as the percent of condensed nuclei to total nnctgjes were taken of at

least six fields of view on a 20x objective, containing an averagé®tells each (>1000

cells total).

Immunoprecipitations. 24 hours following transfection, cells were lysed (50 mM tris
HCI, 150 mM NaCl, 1 mM EDTA, 24 Triton X-100, and 1:1000 PIC at pH 7.4), and
proteins (2 mg) were immunoprecipitated with ANALAG 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 mMH($, 150 mM NacCl, and 1:1000

PIC at pH 7.4). Imnmunoprecipitated protein was then elutedtihermagnetic beads twice

with elution buffer (50 mM triH C | and 150 mM NaCcCl, at pH 7
FLAG peptides). Endogenous immunoprecipitation of OPA1 was performed on isolated

MEF or liver mitochondria with CHAPS&ontaining buffer (50 mM tsi HCI, 150 mM

NaCl, 1 mM EDTA, 1 % CHAP&nd 1:1000 PIGit pH 7.4) at AC overnightwith no
antibody,normal mouse IgG, anouse monoclonal arR®PA1 (BD Biosciences). OPAl

compl exes were then i mmunoprecipitaRTed wit|
for 1 hour, washed witiBS 4 times, eluted with SDS loading dfge 20 minutes and

analyed by western blot.

Transmission electron microscopyTo analyse rapid cristae structure changes during cell
starvation, cells were adhered to square glass dipssrgrown 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
(JaharniAsl et al, 201) For structural quantification, the cristae diameter and
mitochondrial width were measured from all mitochondria from ten cells for each condition

in two independent culture§or 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 complexesATP synthase assembly was analysed from
whole cells ad isolated mitochondria by Bledative PAGE (BNPAGE) electrophoresis
according tqWittig et al, 2008. The digitonin extraction and BRAGE electrophoresis

was perforrned 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 mMdminohexanoic 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 blueZ50 in 500 mM éaminohexanoic acid onto home
made 313% large gels. Gels were run 2 hours in a high Coomassie bRE) Gathode
buffer at 150V at 4°C then switched to a low2&D 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 phenchloroform
isoamylalcohol extraction according {@uo et al, 2000 followed by gPCR with SYBR
Green FastMix (Quanta Biosciences) according to the manufacturers protocol with the
indicated primers imable 1 RNA was extracted with TRIzol (Life Technologies) and
analyed by RTPCR according t¢Gomes et al, 20)3vith the indicated primers ihable

1

Analysis of Oxygen consumption ratesTo assess mitochondrial respiration, oxygen
consumption was measured with the XF24 Analyzer (Seahorse Biosciences). Cells
(50,00Q@experinentally 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 Krebbés Ringer Buf f
1.2 mM KHPQy, 1.2 mM MgSQ, 25 mM Cad, 0.1% BSA (fatty acid free); cortgted

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, cellswere treated sequentially with: oligomycin (0.2 pg/pL), for
nonphophorylating OCR; FCCP (1 pM), for maximal OCR; and antimycin A (2.5 pM)
with rotenone (1 pM), for extramitochondrial OCR. Measurements were taken over 2
minute intervals, proceeded by a 2note 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 ptein levels pewell and analysd 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 descridethkle-Mulcahy, 2012. HelLa cells were
grown in DMEM minus arginine and lysine, suppkented with: 10% dialysed FB$00

U/ ml penicillin/strepdagnimyandb yande edbthdéhedadl
argininé*C and L:lysine 4,4,5,8D4. Cells were grown and passaged for 10 days to allow
for incorporation of isotopic amino acids. Celigere then transduced with control
adenovirusrfito-YFP) in the light conditions and with OPAYLFP adenovirus in the heavy
condition. Cells were harvested 24 hours after transduction and lysed in RIPA buffer
(50mM TrisHCI pH7.5, 150mM NaCl, 1% NRO, 0.5%deoxycholate and protease
inhibitors). Proteins were immunoprecipitated with GHEp_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 siohoa precast
SDSPAGE gels (Invitrogen). Bands were cut, digested with trypsinpapdides were
recovered. Peptides were analysed by liquid chromatognaualsg spectrometry (L-®1S)
using an LTQOribitrap mass MS system coupled to a Dionex 3000-h&hsystem. Raw
data files were analysed using the UniProt human database. Quantitation was performed
using the MaxQuant software packg@ox & Mann, 2008 Positive OPAL interactors
were identified as being enrichadthe heavy condition.

Additional Materials and Methods to investigate CLUH function:

CLUH cDNA from Open Biosystems (ClonelD: 6193982) was P€Bat of the pCMV
SPORT6 vector(adding a leading GCCACC dgak sequenceand assembledinto
p3XFLAG-CMV-14 (Addgene E7908) via iIBson assembly clonin@ibson et al, 2009
Westerrblotting, immunoprecipitations, and immunofluorescence vespmed as above
with rabbit polyclonal CLUH(elF3X) antibody (Novus biologicalgpr transient CLUH
knockdown, siRNA s23461 and s23461 from Life Technologies were usedRT-PCR

analysis the following primers were used

CLUH-For1 506 TACATCAGGEGGCGACTA
CLUH-Revl 586 GGCCAGGTGCATGTATTCCT
CLUH-For 2 56 CCAGGATGAAGTTCGGGACC

CLUH-Rev2 506 ATGCAGTCCTTCACCAAGCC

Subcellular fractionation experimentaere performed as abgvéeeping thefirst
supernatantafter the 9,000 RPM spin for the crude cytoplasmic fractiorSaponin
solubilization of cytoplasmic protesnprior to fixation and immnofluorescence was
performed according tqHudder et al, 2003 Cells were washed with PBS and

permebilized at room temperature in saponin permeabilization buffer (130mM sucrose,
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50mM potassium acetate, 20mM HEPES, pH 7o4)1 minute. Cells were then washed

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

GSH and GSSG determinationdy High Performance Liquid Chromatography

GSH, GSSG and their ratio was calculated with an Agilent HPLC sy@®fiaifi oux et al,
2014). Cells were grownn 100mm tissue culture plates with the indicated treatments
harvested with trypsin and washed twice with ice cold RBis were counted and lysed

on ice for 20 minutem: 125mM sucrose, 1.5mM EDTAP®M Tris, 01% TFA and 0.5%
MPA in mobile phasel0% HPLC grade methanol, 09% TFA T 0.2 micron filteredl
Homogenatesverecleared by centrifugation for 20 min at 14,000 g at.42&ch ample

was run in duplicate onRursuit5 C18columf 150 I 4.6 mm, 5 em; Agi
Santa Clara, CAwith a1 mU/min flow rateand detected a2151m. Standards were
prepared at the indicatedncentrations in the same buffer and used to interpolate absolute
guantities of GSH and GSSG in the samples.

For DMFN KD cells,MEFs were isolated from E13MFN11o/Mox\MEN2Mo¥ox mice as
previously describe@indy et al, 1997. Resultingprimary MEFs were transformed via
SV40 transfection and grown for multiple passages. Immortalized DIRIEN
(MFNZ1oXflox\EN 2flovflowy MEFs were then infected with either a control (LNER1-
mCherryN1) or Cre (LVXEFI-cremCherryN1) (Clonetech) lentiviruses at 10 MOI and

wereselected witlpuromycin.
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Chapter 3. Results

3.1 OPAZXdependent cristae modudtion is essential for cellular adaptation to
metabolic demand

3.1.10PAL1 responds rapidly and reversibly to metabolic demand

Although mitochondrial structural changes in response to energetic states have been
documented for decades, their regulationfandtional 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 significantitiimg of cristae width and mitochondrial width in
response to starvatiofigure7A). While untreated cells had an average cristae width of
17.6 nm, garved cells had an average width of only 11.9 nm. Since the deoligomerization
of OPA1 regulates cristae widening during cell death signgfngzza et al, 2006we
assessed the oligomerization status of OPAL in response to starvation. Starved MEFs
exhibited significantly more oligomerized OPAL1 than fed contrieigure 7B & 1D). At

longer time points we also observed that mitochondria elofigettean average length of

3.3t0 4.2 um p = 0.022 (distribution Figure7C). This previously documented elongation

has been substantiated by a decrease in mitochondrial fission through DRiBition

leading to unopposed mitochondrial fusi@@omes et al, 2031Rambold & al, 201).

Unlike elongation, the oligomerization of OPAL in response to starvation wagwegbiich

one hour), and preceded activation of the autophpgibway as indidad by p62

degradationKigure7D).

60



20 - e 500 1
5~ &
£ = 400 A
i ;15 1 Kk =
= Z 300
;10 = Fkk
Q .:,;; 200 -
g 5 4 2 100 A
S g
0 4 s 0
Ctrl STV Ctrl STV

B Ctrl STV C 25 ~

245
OPA1
Oligomers
-180

-100

= Control
Starved

—
N
1

Percentage of all mitochondria

MONOMETS g

<05 1 2 3 4 S 6 7 =8

— — 75
IEHSET0 Mitochondrial Length (um)

D .. E STV
350 * * NC Ctl STV +REC
e 300 - I ]
Q
g 250 - o 4
£3 7 T »
= E 200 4 :
2 S 150 -
g;’ OPA1 Lw
= 0 e Oligomers
& s :
=180
0 . ’ r . i
Control 1 ) 25 3
Starved (hrs) . - -
p62 T R —— — — = =100
e G -

. ~75
Actin NP VWY S W S mtHSP70 ~--

Figure 7. Cristae condense, mitochondria elongate and OPA1 oligpeserapidly an
reversibly during cell starvation.

A MEFs were starved (STV) or not (Ctrl) for 2 hours, fixed with 2% PFA and 1.6% glutaraldehy
analysed by EM. Cristae and mitochondrial width were quantified from mitochondria and cristae w
cdls from 2 independent cultures (n=20). Scale bars: 100B@ells were starved or not for 2 hot
crosslinked with BMH (1mM) and OPA1 oligomerization was analysed by gradient gel westeGMIBE<
were starved for 4 hours, fixed and mitochondrial length was measured by immunofluorescence usil
antibodies (averages + SEM of 3 independent experiméhiE)lme course experiment of EBSS starva
on OPAL1 oligomerization status as perforne® (averages + SEM of 4 independent experiments). V
cell lysates of a parallel experiment were analysed by westernEblster 2 hours of EBSS starvatic
MEFs were recovered (REC) in regular growth media for 30 minutes or not and OPA1 oligomeetiser
analysed as above. A nanosslinked control (NC) is also included. Studetasts were performed relat
to control, *p<0.05, ***p<0.005.
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Furthermore, changes in OPA1 oligomerization were rapidly reversible, since incubation
of starved MEFs foonly 30 minutes in recovery media (regular growth media) reversed
the increas in oligomerized OPA1Hgure7E). Together, these data suggest thanges

in OPAL1 oligomers are linked to changes in cristae structure not only during cell death as
previously demonstrate@Frezza et al, 20Q06but also in healthy cells following changes

in energy substrate availabilifyo assess how OPAgsponds to changesfurel substrate
availability, we turned to am vitro system. Isolated mitochondria were incubated in the
absence or the presenceEdC substratesind crosslinked. When mitochondria were fed
with complex | and 1l substrates (malgieis glutamate or succinate respectively), OPAl
oligomerization was dramatically reduced compared tesulxstrate, starvedontrols
[Figure 8A (EDC aosslinking) and Figure 9A (BMH crosslinking)]. As we would
predict, the same conceation ofglucose, the principalycolysis substrate, had no effect

on OPAL oligomerizationHigure 8A). As in starved cells, OPA1 oligomerization was
rapidly reversible upon the diion or removal of complex | substratésgure8B). Next,

we asked whether changes in OPAL oligomerization correlated with altered mitochondrial
structure. This was assessed by mitochondrial Hotistae cytochrome c retention, as a
readout of cristae structure, sinme increase in releasable cytochrome c following outer
membrane solubilisation correlates with wider crig@rrano et al, 2002Vasilewski et

al, 2013. Following the addition of a low concentration of digitorim specifically
solubilize the outer membrane [1 pg/ug mitochondria, at 0.1 % -vexperimentally

determined Figure9B)], significantly morecytochrome ¢ was mobilized when
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Figure 8. OPAL responds to energy substrate availability and resgmndigomerizing
and maintaining cytochrome c in isolated mitochondria

A OPAL oligomerization was analysed in isolated mouse liver mitochondria incubated with or witl
indicated ETC substrates [NC: non crosslinked control; NS: no substrate cGht@gmplex |, malate ar
glutamate; Cll: Complex Il, succinate; G: Glueosontrol all at 5 mM each] for 1 hour at 37°C
subsequently crodmked with EDC for 30 minutes at room temperature. OPALl oligomers wert
analysed by gradient gel westernthB Mitochondria were incubated with or without complex | substr
spun down and resuspended in the indicated buffer for 5 and 10 minutes and analysed a€
Mitochondrial ultrastructure was analysed as the distribution of intercristal cytochcofram livel
mitochondria, and solubilized with low digitonin concentrations (1pg/pg mitochondria, 0.1%). Mo
cytochrome ¢ was separated by centrifugation and visualized by western blot analysis where rele
was redistributed from the pell@®) to the supernatant (SN) fractidd.Cytochrome ¢ mobilization w
analysed on mitochondria isolated from WT and OPA1 KO MEFs treated as indieigdr mitochondri
were incubated with or without indicated substrates as above with or without retEhq@M), an ET!
complex | poisonF Liver mitochondria were incubated with or without indicated substrates as abo
or without CCCP (10 pM), a mitochondrial uncoupler.
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Figure 9. Supplement té-igure8.

A OPAL1 oligomerization was analysed in isolated mouse liver mitochondria incubated with or witl
indicated ETC substrates as Figure 2A for 1 hour at 37°C and subsequentlinkezbaith BMH [10 mM]
for 30 minutes at room temperature and quenched with BME. OPAL oligomers were then ane
gradient gel western bld. The effect of varying digitonin concentrations on the mobilization of cytock
C from intracristae stores. Mitoohdria were incubated in a no substrate buffer for 1 hour, and then \
concentrations of digitonin (0.5 pg/ug mitochondria, 0.05 %; 1 pg/ug mitochondria, 0.1%; 1.5
mitochondria, 0.15 %) were incubated with the mitochondria for 30 minutes ar4aCotator. Mobilize
cytochrome ¢ was then separated from retained CytC by centrifugation and analysed by western |
released CytC was mobilized from the pellet (P) to the supernatant (SN) fraction. The highest cont
of digitonin that sbwed no change in Tom20 release (1ug/ug protein) was used in subsequent exp
C The reversibility of cytochrome ¢ mobilization was analysed as previously described where mito
were incubated with or without complex | substrates, spun dowresndpended in the indicated buffer
10 minutes and analysed for cytochrome c retenbddsolated liver mitochondria were incubated for 1 |
in the indicated buffers and processed for electron microscopy. Left panel, representative EM ime
samples incubated with the indicated buffer. Right panel, quantification of orthodox, condensed &
mitochondria from 50 images per condition (over 500 mitochondria per condition) (averages + S
independent experiment&).Cristae width was quaified from orthodox and condensed mitochondria 1
10 fields of no substrate incubated mitochondria (minimum 25 mitochondria per class per exg
(averages + SEM of 3 independent experiments). Studiestst were performed as indicated *p<C
*** n<0.005.
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mitochondria were incubated in the presence of complex | and Il substrates, compared to
the absence of substrateSigure 8C). Furthermore this increase in cytochrome c
mobilization, indicative of cristae widening, was reversilblgre 9C), correlating with

the decrease in OPAdligomerization and a decrease in orthodox mitochondria, which
demonstrates tighter cristae morphologig(re9D&E). Theregulation of cytochrome ¢
retention was OPAflependent, since mitochondria from OPA1 KO cells had very high
levels of mobilized cytochrome c independently of the presence of complex | substrates
(Figure 8D). We next asked whether the subst@épendent changes in OPA1l
oligomerization were secondary to changes in electron transport chain (ETC) atovity.
this end, we added rotenone, a complex | poison, and CCCP, a mitochandadapler,

to the mitochondrial preparations. Neither rotenone nor CCCP altered OPAl
oligomerization Figure 8E and F), suggesting that OPAL respondertergysubstrate

availability upstream of changes in mitochondrial respiration and ETC function.

These studies reveal a strict correlation betwasrgysubstrate level, cristae structure
and OPA1 oligomerizatiom which: mitochondria enriched with substrates show low
levels of OPAL oligomers and mobilized cytochrome c from cristae stores, and starved
mitochondria show high levels of OPA1 oligomers and tight cristae. We next sought out
the physiological relevana# this cristae regulation as well as the mechanism by which

OPA1 sensesnergysubstrate availability.
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3.1.20PALl is required for regulation of cristae structure and cell survival during
starvation

To address the physiological importance of OREpendat 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 gtbavdramatic increase in

cell death, as recently publishdgéigure 10A, Figure11A andFigure11B)(Gomes et al,
20117). As survival of starved cells has been suggested to require mitochondrial elongation
through unopposed $ion (Gomes et al, 20)1we isolated the roles of fusion and cristae
structure using a mutant form of OPA1 that fails to mediate fusion. OPA1(Q297V) mimics
the GTRbound state of OPAL, allamg oligomerization, but defective in GTPase activity,
which is required to mediate fusi@Misaka et al, 2002Yamaguchi et al, 2008To assess

their ability to rescue mitochondrial fusion and cristae structsoéorm 1 of WTOPAL

and OPA1(Q297V)were reintroduced in OPA1 KO MEFs by transient transfections,
resulting in the expression of mostly the long fasth some cleaved short forrfigure

10B). While WT OPAL rescued fusion, the OPA1(Q297V) mutant was completely fusion
incompetent, despite that it waspressed at slightlyigher levels than WT OPAFi{gure

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 Migkse(10D),

and rescued survival of OPA1 KO MEFs during starvaffeigure 10E & Figure11C).

These results suggest that OPALl protects against stariadioced cl# death

independently of its fusion activity.
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Figure 10. OPAL1 is required for resistance to starvation induced cell death, indepe
of its fusion activity.

A Cell death of WT and OPA1 KO cells starved or not for 6 houssamalysed with propidium iodide (|
and Hoechst (averages + SEM of 4 independent experim&Rgpresentative western blot of OF
expression in the transient transfection experiments performedEirCGOPAL1 KO MEFs were transien
transfected for 48ours with the indicated plasmids and mitochondrial length was binned accordin
top panels by immunofluorescence where cells that had any long mitochondria were binned as int
(averages + SEM of 3 independent experimenis)RepresentativeEM of mitochondria from cel
transfected as indicated. Scale bars: 100bB@PA1 KO MEFs were transfected as indicated for 48
and starved or not for 6 hours and cell death was analysed as in A (averages + SEM of 4 inc
experiments). Studettests were performed as indicated, *p<0.05, **p<0.01 and ***p<0.005.
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Figure 11. OPA1 dependent starvatiomduced cell death.

A Representative images of cells quantified in Figure 3A and S1Bc¢éiNatained with Hoechst and B
Cells were treated as in Figure 3A, but quantified as the percent condensed nuclei (averages +
independent experimentg]}. Cells were treateds in Figure 3E, but quantified as the percent cond
nuclei (averages + SEM of 3 independent experiments). Stutiststwere performed as indicated, *p<C
**p<0.01 and ***p<0.005.
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3.1.30PA1 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 demand3o assess whether OPA1 mediated criategations alone can affect
cellular metabolism, we generated MEFs stably expressing OPA1 or OPAL1(R297V
resulting in high expression of both the long and short isoforms of QR&dre12A). As

in the transient system, OPA1(Q297V) rescued cristae structure in OPA1 deficient MEFs
but not mitochondal fusion Eigure 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 OPAmediated control of cristae modulates
mitochondrial energetics, we assessed cellular oxygen consumption characteristics after
OPA1 reintroduction using a Seahorse-2& analyzer Kigure 12C-E). Under fuel rich
conditions, a modest difference in AfiRked respiration (the difference between the
initial resting respiration and threspiration in the presence of oligomycin, a complex V
inhibitor) was observed between WT and OPA1 KO MHERgUre 12, Figure 14A&B ).
However, starvation increased the difference in AinRed oxygen consumption between

WT and OPA1 KO cellsKigure12D, Figure14A&B), consistent with a requirement for
OPA1 to maintain mitochondrial ATIBvels under starvatigiGomes et al, 20)1We next
addressed whether OPA1(Q297V) rescued oxygen consumptimter resting (fed)
conditions, only expression of the WT form of OPAL sigaifity increased ATfinked
respration of OPA1 KO MEFsKigurel12C and quantified ifkc). However, after starvation

both the WT and OPA1(Q297\g)gnificantly increased ATH#nked oxygen consumption

(Figure12D&E). Only WT OPAZlreintroduction completely rescued maximal
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Figure 12. OPA1 regulates mitochondrial metabolism independently of mitocho
fusion.

A WT and OPA1 knockout MEFs were infected with viruses encoding, GFP, OPA1 or OPA1(Q297
dual promoters expressing GFP to allow for puromycin selection and FACS sorting cells for GFP ex
The resulting cultures were lysed, analysed by westetmbalysis and used for all subsequent experin
B OPAL1 oligomers were analysed from isolated mitochondria incubated with no substrate or c
substratesC To assess the impact of the fusion incompetent OPA1 mutant on mitochondrial bioer
we studied cells in a Seahorse-X& analyzer. Cells were plated on Seahorse TC plates 24 hours
analysis, washed and incubated for 15 minutes in modified KRB and analysed. At the indicate
oligomycin (O), FCCP (F), and antimycin A (AA) Witrotenone (R) were injected (averages + SEM
independent experiment§).The same cells were pstarved for 2 hours before identical analysis (ave!
+ SEM of 3 independent experimen&)Quantification of ATRlinked OCR (resting OCR minus oligomin
insensitive OCR) and reserve OCR (Maximal minus resting) in C arkl@ngterm cell cultures we
grown in glucose (top panel) or galactose media (bottom panel). Cells were passaged as required,
changes every 3 days if required, and cefhber was determined once per week (averages + SEI
independent experiments). Studetedts were performed relative to control, *p<0.05 **P<0.01
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Figure 13. OPAL1(Q297V) after longerm reintroduction is fusion incompeterbui
rescues cristae structure.

A Longterm reintroduced OPA1 KO cells were seeded on glass coverslips 24 hours prior to fixe
analysed for mitochondrial length by immunofluoresecnce for mtHSBRarallel cultures were see(
onto square coverglg, fixed, and mitochondrial cristae structure was assessed by EM.
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A WT and OPA1 KO MEFs transiently or stably expressing GFP, starved or not for 2 hours, were
with the Seahorse XB4 analyzer. At the indicated times, oligomycin (O), FCCP (F), and antimycin A
with rotenone (R) were injected (averages = SEM ofdependent experiment8.Quantification of ATR
linked (resting OCR minus oligomycin insensitive OCR) and reserve OCR (Maximal minus réstify
(averages + SEM of 4 independent experime@g)dent #tests were performed as indicated, *p<0.05
***n<0.005.
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respiration (oligomycin and FCCP, raitochondrial uncoupler) and thus the reserve
capacity (the difference between the resting and maximal respirdtigny€12E). These
functional studies demonstrate trhe critical role of OPAL 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 galactesedium in which they must rely on OXPHOS for
ATP production(Aguer et al, 2011Cogliati et al, 2018 While WT and OPA1 KO MEFs
grew at similar rates in glucose media, OPA1 KO cells were growth retarded in g@lacto
media compared to WMEFs Figurel2F). In fact, in the third week of growth in galatose
media, it took more than twice as long for OPA1 KO celldduble their numbers (Figure
15). Reintroducing WT or OPA1(Q297V) rescued ghowgtardatn in OPA1 KO MEFs
(Figurel2F, Figurelb), providing further evidence that OPA1 can maintain mitochondrial

function to support cell growth, independently of mitochondrial fusion.

As Mgm1 and OPAL are required for the assembly of the ATP synfAasgtha et al,
2004 Gomes et al, 2031 we asked if thisassembly is modified by energy substrate
availability and in a fusioiindependent fashiono this end, BlueNative PAGE (BN
PAGE) was performed on isolated mitochondria treated with substrates affectéitig OP
oligomerization and cytochrome c retention. When mitochondria are fed with complex |
substrates, which decrease OPAL oligomEiguie8), both ATPsynthase oligomers and
monomers are decreasédgure16A), without a decrease in ATP5A subunits themselves

(Figurel16B).
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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 gluaggdaatose mediu
from Figure 1F using http://www.doublingime.com/compute.php.
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A Isolated mitochondria incubated with complex | substrates were analysed-B\ABHE and blotted ft
ATP5A of the ATP synthase. The oligomers [mostly dimers (D)] and monomer (M) of thesTiRas
were quantified as relative to complex Il monomer (averag&EM of 5 independent experiments
Isolated liver mitochondria incubated with or without complex | in parallel with Figure 5A, lyse
analysed for ATP5A by straight western bl@t.Longterm cell cultures were extracted for BM\GE
directly from cels and blotted for ATP5A and complex D. Cells grown for 2 weeks in galactose w
analysed by BNPAGE identically to CE DNA was extracted from lonterm cultures and mtDNA w
analysed by qPCR relative to nDNA (averages + SEM of 3 independentregpts).F RNA was extracte
from longterm cultures and nuclear and mtDNA encoded ATP synthase transcripts were analysed
(averages + SEM of 4 independent experime@sychematic demonstrating the dual roles of OPA1 o
FiF, ATP synthase wher®PA1 regulates the stabilization of the ATP synthase independently of its
activity and regulates mtDNA stability which is required for ATPg&glbunit) expression and thus fulFs
ATP synthase assemblystudent ttests were performed relative tmontrol, *p<0.05, **p<0.01 ar
***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 detécted)er,
OPAl1 KO MEFs had substantially less assk@bATP synthase monomers and an
increase in fre&; (Figure16C). Reconstitutiorwith either WT OPAL or OPA1(Q297V)
increased ATP synthase assemblygsmnotably when cells were forced to rely on
OXPHOS for ATP prodction (galactose medigigure 16C&D). While WT OPALl
completely rescued the assembly of thepértion into RFo monomers, OPA1(Q297V)
cells still exhibited a significant level of free,lEven in galactose medigigure16C&D).

The persistence of freaq Eorrelated with the inability of OPA1(Q297V) to rescue the loss
of mMtDNA caused by OPAL deletiorriQure 16E), consistent with the requireent of
mitochondrial fusion for mtDNA maintenan@@hen et al, 2000 While all ofthe subunits

of the R are nuclear encoded, thg portion containdwo subunits, ATP6 and ATPS,
encoded by mtDNA. Since OPA1 KO and OPA1(Q297V) cells, have decreased mtDNA
levels, unassembled; ks likely due to a lack of mitochondrial encodeg gtbunits
Interestingly, human mutations affecting expression of both mtDNAsdbunits
demonstrate increased fregrElative to monomer by BIRAGE (Jonckheere et al, 2008
Pitceathly et al, 20)2Indeed, decreased levels of the mtDbi#coded Fsubunit ATP6

in OPA1 KO and OPA1(Q297V) cellsere confirmed by rtPCR-{gure16F). Since the
OPA1(Q297V) mutant was unable to rescue mtDNMUDNA-encoded transcripts, here
we propose a novel fusiandependent role of OPAL1 on ATP synthase stability. Thus,
assembly of dunctional RF, monomer dependiually on OPA1 for its stability, and for

fusion-dependent, mtDNA encoded §ubunit expressiorF{gure16G).
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3.1.4Solute carriers interact with OPA1 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 adaptatidrsarvival of

cells during starvation. To determine the mechanism by which substrate levels modify
OPAL1 function we performed a proteomics screen in search of OPA1 interacting factors.
Stable isotope labelling of amino acids in cell culture (SILAC) costdbirwith
immunoprecipitation and mass spectroscopy was used as a quantitative and sensitive
technique to identify novel OPAL protein interactors that may be required for substrate
sensing(Trinkle-Mulcahy, 2013(Figure17A). A log SILAC ratio of 1 was set as the eut

off for validation since it gave a codBnce interval of 95%gure17B). Of the 35 hits
above a log SILAGatio of 1: 18 (51%) were mitochondrial, 8 were ribosomal and 9 were
either unknown or neither mitochondrial nor ribosonfaggre17C andTable2). Highly
relevant to fuel substrate sensing, a number of mitochondrial carrier proteins (SLC25A)
were identified as OPAihteracting proteins. Mitochondt solute carriers are
mitochondrial innemembrane proteins that catalyze the transfer of diverse substrates
across the mitochondrial inner membrane [for a reviewRalenieri, 201). 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)] andiaghate by SLC25A12 and
SLC25A13 [the aspartate/glutamate carriers 1 (AGC1l) and 2 (AGC2)]. Given the

requirement for OPAImediated cristae regulation in response to starvation, we asked if
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Figure 17. OPAL interacting partnedentification by Stable Isotope Labeling by An
Acids in Cell Culture (SILAC).

A Schema of SILAC experiment to identify OPAL binding partn&sRepresentation of the mi
spectroscopy data as the relative abundance of the peptide fragments to thé&©gafb of the heavy |
light fraction. A log SILAC ratio of 1 was set as the threshold for putative interactors to consider ve
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Table 2. Putative OPAL1 interactors revealed by quantitative IP coupled MS

Gene
Name

HSPB1
TOMM40
PHB2
CHCHD3

HAX1
NAP1L1
RPS3
OPAl

BAG2

TMEMS33
ATP5C1
ERAB
GPSN2

ATAD3A

CLPB
SLC25A5
SURF4
RPS11
SLC25A6
CAV1
RPL23

SAMMS0
RPS15A
TIMMS0

ATP5B
MYO1B
RPS27
RPL10
KIAA0664
ATP5A1
ISG15
SLC25A3
ARF4
RPS13
RPS14

Protein Name

Heat shock protein beth

Translocase of outer mitochondrial
membrane 40 homolog

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

HCLS1-associated protein-g
Nucleosome assembly proteidike 1
40S ribosomal protein S3

Optic atrophy 1 (autosomal dominant)

BAG family molecular chaperonegulator
2

Transmembrane protein 33

ATP synthase subunit gamma
3-hydroxyacytCoA dehydrogenase tyy2
highly similar to Synaptic glycoprotein SCZ
ATPasefamily AAA domaincontaining
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 innanitochondrial
membrane 50 homolog

ATP synthase subunit beta
Myosin-Ib

Ribosomal protein S27
Ribosomal protein L10
Protein KIAA0664

ATP synthase subunit alpha
Interferoninduced 17 kDa protein
Phosphate carrier protein
ADP-ribosylation factor 4
40S ribosomal protein S13
40S ribosomal protei§14
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these solute carriers were responsible for modulating OPAL in response to substrate

concentrations.

To first validate the OPAISLC25A protein interactions, -@rminally 3xflag tagged
solute carrier protein constructs (AGC1, AGC2, OGC and DIC) were overexpressed in
MEFs and their mitochondri&dcalization was confirmed by immunofluorescenEg(re

19A). Immunoprecipitation of tagged AGC1, AGC2, OGC and DIC revealed an interaction
with endogenous OPAFigure18A); in line with the SILAC experiment where tagged
OPA1 immunoprecipitated endogenous SLC25 proteins. Furthermore,
immunoprecipitation of endogenous OPA1 from both isolated MEF and liver mitochondria
also revealed an interactiontiv endogenous OGMut not other control mitochondrial
proteins Figure18B & Figure19B). In addition, the interaction between OPA1 and OGC
was decresed, by 59.4% + 10.7 (SEM, n=3)hen an OGC competitive inhibitor
(phenylsuccinate) was added to the immunoprecipitation buffer suggestive of a @ynami
interaction Figure18B & Figure19B). 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, ME&®wubjected to two rounds of SIRNA
transfection fo a total of 120 hoursHgure 18C). Neither OGC depletion no©GC
overexpression had an observabféect onmitochondrial length Kigure 20A&B). In
addition to mitochondrial length, OGC depletion had no effect on graeshuondrial
structure Figure21A), OCR rates in ragar growth conditionsKigure 18F&H) or cell
survival in starvationKigure 21B&C), indicatingthat decreasing OGC lels does not
disrupt overall mitochondrial structure and function. As our hypothesis is that OGC (and

other SLC25A proteins) regulate OPA1 under changing substrate levels, we then measured
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Figure 18 OPALl interacts with SLC2% r ot ei ns t hat regu

starvation.

A Mito-YFP-3xflag, DIG-3xflag, OGG3xflag, AGC3xflag and AGC2Z3xflag constructs were transier
transfected into MEFs. 24 hours paistnsfection, cells were lysed, immunoprecipitated with-fhad
antibodies and analysed by western bBt.Endogenous ORL was immunoprecipitated from Mi
mitochondrial lysatesvith or without 15 mM phenylsuccinate (Ph&)d the eluted samples were anal
by western blotComplex Il and CytC were used as negative contf@lRepresentative OGC knockdo
for experimentsl8D-H, 20B & 21A-E. MEFs were transfected twice with siOGC for 120 hrs tota
mitochondrial lysates were analysed by western Bldgolated mitochondria from siOGtteated cells we
incubated with theéndicated ETC substrates [NC: non crosslinked @dnf{S: no substrate control; (
Complex I, malate and glutamate at 5 mM each] for 30 minutes at 37°Clinkeskwith EDC, and OPA
oligomers were then analysed by gradient gel westernblsblated mitochondria from siOGC and sit
cells were inchated in no substrate and complex | buffers for 30 minutes and analysed for cytoc
retention.F SIOGC and siCtrl cells were plated onto Seahorse TC plates 24 hours prior to analysis
and incubated for 15 minutes in modified KRB and analyseth&yXF analyzer. At the indicated tim
oligomycin (O), FCCP (F), and Antimycin A (AA) with Rotenone (R) were injedBd@he same cells we
pre-starved for 2 hrs before identical analysisQuantification of ATPRlinked (resting OCR minus oxyg
leak) and reserve OCR (maximal minus resting OCR) in F and G (averages + SEM of 4 inde
experiments)l MEFs were grown for one week in galactose media, to revert to a more oxidative pht
or in regular glucose media, and these ¢&l300 000) wer&ransfected with either siCtrl, sSiOGC, or siOF
and maintained in their respective media. Cells were then left to grow, passaged where require
number in regular growth medium (left panel) or galactose media (right panel) was counted 6 ¢
(averages + SEM of 4 independent experimergs)dent #ests were performed as indicated *p<C
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Figure 20. Overexpression or knockdown of OG@Ges not affect mitochondrial lengtt

A MEFs were transiently transfected with no plasmid, AviEd>-3xFlag, or OGE3xFlag for 48 hour
Mitochondrial morphology was then analysed by Tom20 immunofluorescence and binned as fra
intermediate or elongade(right panels, averages + SEM of 3 independent experiméhtS)EFs wer:
transfected twice with siOGC for 120 hrs total anitbshondrial morphology was then analysed by To
immunofluorescence and binned as fragmented, intermediate or elongatefddniglst averages + SEM
3 independent experiments).
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Figure 21. Supplemento Figure18.

A Representative EM images of mitochondria from siCtrl or sSiOGC MEFs. Scale3@#rsmB Cell deatl
of siCtrl or siOGC MEFs starved or not for 6 hours was analysed following Pl and $i@taiming whel
dead cells are expressed as the percentage td Bll cells (Hoechs) (averages + SEM of 3 independ
experiments)C Cells were treated as in Figure E9B, but quantified as the percent condensed nuclei |
+ SEM of 3 independérexperiments)D Quantification of Figure 6D of the OPA1 oligomer to mona
ratio, percent of control (averages + SEM of 4 independent experiments). Right panel, quantificatiol
experiments, but expressed as the change in OPA1 oligomers fromtioowrith complex | substrates
no substrates (AU: Arbitraty Unitsg Quantification of Figure 6E of the ratio of cytochrome c in
supernatants to that remaining in the pellets after incubation with digitonin and expressed as perce
with NS (averages + SEM of 4 independent experiments). Studeststwere performed as indice
*p<0.05, ***p<0.005.
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the response of siOGC mitochondria to substrate availaipiltgro. Incubation of sSIOGC
mitochondria in the absence of substratsfuced OPAL oligomerization, also reducing

the difference in OPAL oligomerization between fed and no substrate coadiigure

18D & Figure 21D). Additionally when isolated mitochondria were incubated in the
absence of energy substrates, siOGC mitochondria were unable to retain as much
cytochromec, indicative of their inability to respond to cttang substrate lels Figure

18E & Figure21C).

Next, we investigated the consequences of OGC depletion on the response to starvation.
Starvation of siOGC cells significantly reduced their Allirfked axygen consumption rate
(Figure18G&H), indicating an impaired response to changes in substrate availability. In
addition, siOGC cells displayed a modest but reproducible @eseren cell graith in
galactose medid(gurel8l). These results indicate that OGC plays a role in the adaptation
of mitochondria to changing energgubstrate 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 abseacof actual energy substratestrikingly, both the DIC inhibitor
butylmalonate (BM) and the OGC inhibitor phenylsuccinate (PhS) alone drastically
reduced OPAL oligomerization mirroring the OPA1 response tstriguerich conditions
(Figure22A). Again, this correlated with increased mobilization of cytochrome c stores,
indicative of anmcreased cristae widtlrigure22B). Finally, since OPAL regulates ATP
synthasestability, we investigated the effect of the SLC25A inhibitors the ATP

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

A Isolated liver mitochondria were incubated with phenylsuccinate (@ha)tylmalonate (BM) and OP;
oligomerization was assessed as previolsMouse liver mitochondria were incubated with 50mM Pt
BM, then cytochrome c retention was analysed where released CytC was mobilized from the pellet
supernatant (SNfraction.C Mouse liver mitochondria were incubated with 50mM PhS or BM and |y
were analysed by BIRAGE. (Right panel) ATP synthase monomers were quantified relative to corr
monomer (averages + SEM of 6 independent experimdhtglouse livermitochondria were preparehc
incubated in parallel with 22 and analysed by regular western blot for ATP5A. Stud¢ests wer
performed relative to control, ***p<0.005.
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decreased following incubation with BM or PhSdgure22C). Importantly, the decrease
in ATP synthase and increase in cytochrome ¢ mobilization were spasifaytochrome
c was not mobilized in # absence of digitonirF{gure22B), Complex Il was not altered

(Figure22C), and BM and PhS did not alter total ATP5A levélggre22D).

Altogether, these results indicate that OPAL respondbdages in fuel substrate lesgel
influenced by SLC25/roteins, altering mitochondrial function through its role in cristae

regulation and ATP synthase assembly
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3.2 The interactionbetweenOPA1 and CLUH

From our SILAC-based proteomiteraction screg, we identified KIAA0O664 (CLUH) as

a potential novelnteractingpartner of OPA1. Since CLUHomologues ar&nown to

regulate mitochondrial dynamics inDictyostelium Saccharomyces cerevisiae,
Arabidopsis Drosophilamelanogaste(Cox & Spradling, 2009Fields et al, 1998 ogan

et al, 2003 Zhu et al, 1997a we investigated whethesr not CLUH can regulate
mitochondral dynamics in mammalian cellBurthermore, as OPAL is a master regulator

of mi tochondri al dynami cs, we gquestioned
dynamics is regulateby 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 ceimmunoprecipitate

To confirm the OPAICLUH interaction we created a construct in whidull length
CLUH wastagged on the @rminal with 3xflag as to not disturb mitochondrial transport
which is usualy N-terminatdependentOverexression of this construc€(UH-3xflag)
wasexpressed at high levelsdifferentcell types at the predicted sizeppraximately 1®

kDa, Figure 23A). However, other bands were also present with CLUH overexpression,
including a significant bah at 75 kDa. By immumfluorescence, we confirmed that
overexpresse@LUH was mostly cytoplasmiwith a slight overlap with the mitochondrial

marker Tom20, while control, mt¥FP, was completely mitochondrigifigure23C).

Since our SILAC studiesevealed a interaction withoverexpressed OPAYFP and
endogenous CLUH we performed the opposite experiment where CLH3g
overexpression was used to immunoprecipitate endogenous @meh. CLUH-flag was

immunoprecipitatedve observed an interactiontivOPAL1(Figure23B). However mite
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Figure 23. CLUH interacts with OPA1 and is expressed primarily in the cytoplasm.

A mtYFP-3xflag and CLUH3xflag constructs were transiently transfected into the indicated cell lines. 48
hours postransfection, cells were lysed and analysed by western blot with the indicated arldéelya

cells were transfected with the indicated cands for 48 hours. Cells were then fixed and analyzed by
immunofluorescence with artiom20, antiflag antibodies and Hoechdthese cells were then quantified

for mitochondrial length and binned as fragmented, intermediate or elongaitechgm of 100 cels per
experiment,averages + SEM of 3 independent experimen&)Mito-YFP-3xflag and CLUH3xflag
constructs were transiently transfected in HEK297 cells for 48 hours. Cells were then lysed,
immunoprecipitated with anflag magnetic beads and analysedi@gtern blot with the indicated antibody.
Scale bars20 pm.
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YFP did not pull down OPA1 and CLU#fR&g did not pull down the control mitochondrial
protein VDAC. These results confirm a potential novel interaction between OPA1 and

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

3.2.2A subpopulation of CLUH is mitochondrial

Since we demonstratéhat CLUH interacts with OPAL, a protein exclusively localized to
mitochondria, and that CLURBxflag immunofluorescence overlapped slightly witie
mitochondrial marker Tom20we further investigated this previously unknown
mitochondriallocalization of CLUH. Firstly, weisolated mitochondria and cytoplasm by
differential centrifugationin HelLa cellsoverexpressingither CLUHflag or control,
mitoYFP-flag. We confirmed that thenitochondrial ischtion wasappreciablypure since
lactase dehydrogenase (LDkas present exclusively in the cytosolic fractierhile
Tom20 and OPA1 were present exclusivielythe mitochondrial fractiorfFigure 24A).
From these cellular fractionation experiments, we uncovered a significant amount of
CLUH-flag present in the mitochondrial fractigRigure 24A). Moreover, weound this

mitochondrial CLUHflag was mostly full lengtla160 kDa)

We next corroborated these findings with confocal imaging of endogenous @LtbE
presence of a weak detergeot sdubilize cytoplasmic proteins. Anxperimentally
determinecconcentration and timingf saponin(75ug/mL) solubilisation was useglrior
to cell fixation to remove soluble cytoplasmimteins, includingCLUH. Interestingly, this
technique revealed a&o-localization of CLUH with mitoYFP used to visualize
mitochondra (Figure 24B). Takentogether hese resultsuggest that &actionof 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 CLUHflag. The resulting fractions were analyzed by western blot with the indicated antibodies.
B Cells were transfected with MEP to visualize mitochondriaplated on glass coverslipsd then fixed
regularly (toppanel3 or fixed following Saponin solubilisation for 1 minugeottom panels)Fixed cells
were then visualized by confocal microscopy flowing immunofluorescence witCabtiH antibodies and

HoechstScale bars20 pm.
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3.3.3CLUH doesnot alter mitochondrial dynamics or mitochondrial localization

Since OPA1 and CLUHnteract we asked if the expression of CLUkhfluences
mitochondral dynamics, a key function of ORATo deternme whether CLUH egulates
mitochondrial dynamicsmitochondrial lengthwas quantifiedin the CLUH3xflag
overexpressing cells. There was no change in mitochonteiath when cells
overexpressinGLUH werecompared to controlgj¢iantified inFigure23D). To determine

if absence of CLUH affects mitochondrial leng@LUH was ablated witltwo different
siRNAs targeting CLUHefficiently knockng down CLUH at the RNA and protein level
by greater than 80%-{gure25A&B). Of note, endogenous CLUH had a similar banding
pattern to overexpressedCLUH-3xflag, suggesting thatthese bands are not an
overexpression degradation artifaCLUH immunofluorescencevas almost completely
absentn the majority othesecells, while few cells still possessed large amounts of CLUH
(Figure25C). Mitochondriallength was ot different in sSiCLUH groups compared to their
controls Figure25D and quantified inFigure25E), confirmingthat CLUH does naaffect
mitochondrial legth in these celldn addition to changes in mitochondrlahgth, it has
been noted that i@sophilaclu regulates the localization of mitochondria within the.cell
Specifically, mitochondria irclu mutant germ cells are clumped around the nucleus and
areunable to reach the extremities of the célex & Spralling, 2009. However, wth
both mtHSP70 and Tom20 immunofluorescence aifférential interference contrast
(DIC) to delineate the cell boundariesp charge in mitochondrial localizationvas
observedn the absence of CLUHFigure26). Mitochondria in ceBdevoid of CLUH were
still able tooccupythe peiphery of the cell. This suggests that contrary tad3ophila,

CLUH does not affect mitochondrial localization in HelLa cells.
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Figure 25. CLUH ablationdoes not affect mitochondrial lengthHeLa cells

A Hela cells werdransfected with either contrahontargeting siRNA or one of two siRNAs targeting
CLUH for 48 hour. Cells were then harvested BMNA for CLUH and GAPDH was determined by FFICR
(averages + SEM of technical replicatesB Cells were treated as in Aublysed and analyzed by western
blot with the indicated antibod{C Cells were treated as in A, but seeded onto coverslips and analyzed by
immunofluorescencwith ant-CLUH antibodies and Hoech$2.Cells were treated as in A, but seeded onto
coverslips ad analyzed by immunofluorescence with areim20 antibodiesE These cells were then
quantified for mitochondrial length and binned as fragmented, intermediate or elongateduMm of 100

cells per experimengverages + SEM of 3 independent experime®sale bars20 um.
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Figure 26. CLUH does not regulate mitochondrial localizatinorHeLa cells

Hela cells were transfected with either control #@meting 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 vifferdntial interference contrasirrows
indicate mitochondria able to reach the outer bounds of the cytoasle bars20 um.
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While CLUH interacts with OPA1 and a significant pool is located inside mitochondria we
were unable to observe an effect on mitochondrial dynamics in human cells. Further

investigation ighereforewarranted to reveal the functiortglof mitochondrial CLUH.
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3.3 The role of OGC and OPAL1 in glutathione redostate

3.3.1 OGC regulates cellular glutathione redostatein MEFs

In chapter 3..ve described how OPAL interacts wiind is regulated by OGQGCis

known to regulatéhe transport ofmitochondrialglutathione(Chen & Lash, 1998 OPA1

deletionsensitize cells to oxidative stresassociated forms of apoptogisrezza et al,
2006 JahaniAsl et al, 201). OPAL1 isalsoregulated byglutathionalization(Shutt et al,

2012, thereforewe next investigatethe role of OPAL in the regulation olugathione

Carriers for mitochondrial glutathionenay becell-type specifigKamga et al, 200)0and
previous studies used mainly overexpression and pharmaceutical appf&arhga et al,
201Q Wilkins et al, 2014 Wilkins et al, 2013 thuswe first investigated whether OGC
knockdownaffected the levels and redox potential of glutathiondHis To this end we
utilized ahigh-performance liquid chromatography (HPLC) technique to quantify cellular
glutathione in both its reduced (GSH) and oxidized (GSSG) stateming sandard
containing both GSH and GSSKy HPLC yielded twoclean peaks, and different
concentrations werused to produce standard curves for efficient quantification of GSH
and GSSG levels in subsequent experiméhigure 27A&C). When whole cell MEF
lysates were analyzed, notable peaksimilar retention times were observed, indicative
of the GSH and GSSG produdgure27B). Moreover control cells were treated with
1mM HO:> to functionally confirm the GSH and GSSG peaks. As expected, during this
treatmentthe ratio betwen reduced GSH to oxidized GSSBaks was significantly
decreased (Figure 27C). When OGC was transiently decreasddgqre 27D), the

GSH/GSSG redox ratio wascreasedKRigure27E). Since the total levels of gathione
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Figure 27. OGC controls the GSH/GSSG ratio in MEFs.

A. Representative HPLC analysis of standacdntainingGSH and GSSGB. Representative analysis of

whole cell GSH and GSSG levels by HP. C. Representative standard curves for the quantification of GSH

and GSSG by HPLCD. Control cells were treated with 1mM H202 or vehicle for 1 hour prior to
qguantification of GSH and GSSG by HPLC (averages + SEM of 4 independent experifGekigstern

blot analysis of OGC following 120 hour siRNA knockdown (double transfections) used in subsequent
experimentsF. Cells were treated with siRNA as D and analyzed by HPLC for whole cell GSH and GSSG
guantity, expressed as a ratio (averages + SEM of 4 indepemqmriments)G. The same experiments in

E were analyzed for whole cell t ot debts wergkrformedn t e n t
relative to control***P < 0.005.
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were unchangedr(gure27F), 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 demonstratedttheduced mitochondrial transport of glutathitye
OGC can sensitize cells to ROS induced cell ddatfikins et al, 2014 Wilkins et al,
2013, the consequencef OGC deletion in mitochondrial respiration in response to
oxidative stesshas not been investigated. Therefore, we analyzed the respiratieasef
cells in response to shadrm HO- treatments. Although all parameters of respiration
were unchanged following OGC knockdoFigure 18 and Figure 28), following H2O-
treatment, OGC depleted cells had a decreasedyatailimaintan maximal respiration
(Figure 28). In fact, under these conditions, OGC depleted cells have almost no reserve
respiratory capacity, the #iby of mitochondria to increase their respiration following
membrane depolarizatiotdow OGC depletion results in a decrease reserve capacity
remains to be determingbowever, it may be that the inability to properly buffer ROS
within the matrix wouldéad 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 nextasked
whetherOPAL regulates glutathione redox. Surprisingly, OPA1 knockout MEFcell

lines the GSH/GSSG ratio was drastically increased, much more so than the increase with
OGC knockdown (Figure 29A). In addition, we observed a robustcrease in total
glutathione levelsKigure29B). Thus two different mechanisms may regulateaghibne

levels in OPA1 KO céd.
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Figure 28. OGC depletion affects mitochondrial reserve respiration followih®-
treatment

A To assess the impact of the OGC downregulation on this cediponse to #D; treatment we studied cells

in a Seahorse XB4 analyzer. Cells were plated on Seahorse TC plates 24 hours prior to analysis, stimulated
or not with 1mM HO; for 1 hout washed and incubated for 15 minutes in modified K&®&l analyseébr

OCR At the indcated times, oligomycin (O), FCCP (F), and antimycin A (AA) with rotenone (R) were
injected (averages + SEM of 3 independent experimeBt§uantification of Resting OCR (Basal minus
non-mitochondrial), Leak OCR (oligomycin insensitive minus smitochondial), Maximal OCR (OCR in
uncoupled mitochondria), phosplioked OCR (resting OCR minus oligomycin insensitive OCR) and
reserve OCR (Maximal minus resting) in A. (averages = SEM of 3 independent experiments). Sesient t
were performed relative to ntrol, *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 ratidaverages + SEM of iidependent experiment8. The same experiments in A were analyzed for
whole cell total GSH content ([GSH] + 2[GSSG]). Western blot analysis of OPAL following 48 hour
siRNA knockdown used in subsequent experimdnt€ells were treated with siRNA &and analysed for
mitochondrial length by immunofluorescence with Tom20 antibodies (Red) and Hoescht stain EBlue).
Cells were treated with siRNA as C and analyzed by HPLC for whole cell GSH and GSSG quantity,
expressed as a ratfaverages + SEM of Jidependent experiments). The same experiments in A were

analyzed for whole cell total GSH content ([GSH] + 2[GSSS]). u d etests vere performed relative to
control, *P < 0.05, **P < 0.01 and ***P < 0.005.
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Since longterm deletionof OPA1 may resulin multiple mitochondrial deficiencies, we
transiently ablated OPA1 with siRNA. At this timepoint (48hrs), OPAl1 was efficiently
decreasedHigure29C), and mitochondria were already considerably fragmeifiggie
29D). Under these conditions, the GSH/GSSG ratio was again significantly morededuce
in line with the hypothesis that OPA1 would regulate mitochondrial transport of GSH
(Figure29E). Total glutathione contémwas statistically unchanged@.15) Figure29F).
Theseresults suggest that OPAAs a twepronged effect on glutathione, first an effect on
the GSH/GSSG ratio (similar to OGC) and second a leteger effect on whole

glutathione levels, which magpresentompensatory effects.

3.3.3 OPA1 regulation of celludr glutathione requires its GTPase activity

To confirm the role of OPAL1 in the regulation of glutathione, we asked whetheould
rescue the defects in OPA1 KO cells with WT OPRdrthermore, we askedtife GTPase
function of OPAL is required for thiphenotype.In chapter 3.1 werescued some
characteristics of OPAL function with a fusimmtompetent mutant of OPAL1 that can still
oligomerize and maintain cristae structure, the OPA1(Q297V) mutant. This mutant was
able to oligomerize in response to suas availability but could not rescue decreased
MtDNA levels in OPA1 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 contrells had little effect on both the GSH/GSSG
ratio ortotal glutathiondevels Figure30A&B). There was howevea striking rescue in

both the GSH/GSSG ratand thetotal glutathione levels with WT OPAL1 in the OPA1 KO

MEFs, but the OPA1(Q29%%) had no effect on either parameter
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Figure 30. OPA1 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 blofor OPA1 and ActinB These cell linesvere analyzed by HPLC for whole cell GSH and
GSSG quantity, expressed as a rafid’he same experiments in A were analyzed for whole cell total GSH
content ([GSH] + 2[GSSG])averages + SEM of 3 independent experitapwith oneway anova (Tukey

post hoc test), *P < 0.05, **P < 0.01, **P < 0.005 and ****P < 0.001WT and DMFNKD MEFs were

plated on coverslips amditochondrial length was analyzed with the live stain mitotracker and Ho&chst.
These cells were analed by HPLC for whole cell GSH and GSSG quantity expressed as éanadiages

+ SEM of 3 independent experiments)The same experiments in E were analyzed for whole cell total GSH
content. SEM of three independent experiments.
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