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C’est en forgeant qu’on devient forgeron.

Unknown

Courage, my friends, ‘tis not too late to build a better world.

Tommy Douglas

Do, or do not. There is no try.

Master Yoda, The Empire Strikes Back
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ABSTRACT
A functional mitochondrial network is cardinal to cellular fitness, and declines in mitochondrial
function are linked to neurodegeneration, most notably the motor disorder Parkinson’s disease.
Two genes mutated in autosomal recessive juvenile parkinsonism, PARKIN and PINKI, work
together to maintain mitochondrial health in vivo. Study over the past decade has revealed that
PARKIN and PINKI constitute a molecular system that recognizes and destroys damaged
mitochondria via the autophagy pathway, in a process known as mitophagy. By removing
dysfunctional organelles from the reticulum via this quality control mechanism, the
PARKIN/PINK I pathway protects the integrity of the mitochondrial network. The work comprised
within this thesis delves into the mechanism of PINKI/PARKIN mitochondrial quality control.
Firstly, it is shown that, in addition to mitophagy, PARKIN and PINK function in a second quality
control mechanism that oversees the removal of damaged mitochondrial components, preserving
mitochondrial function in the absence of organellar destruction. Selected, damaged mitochondrial
cargo are extracted from the organelle via a class of mitochondrial-derived vesicles (MDVs),
which are shuttled to the lysosome for turnover in a manner involving classical membrane fusion
factors. Secondly, the work here demonstrates that uncoupling of mitochondria from the
endoplasmic reticulum via the destruction of a tethering factor represents an important step in the
mitophagic cascade. Together, these findings have furthered our understanding regarding the
cellular toolkit that maintains mitochondrial health, and how its deterioration can lead to

neurodegenerative disease.
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RESUME
Un réseau mitochondrial fonctionnel est critique a la survie cellulaire, et les diminutions de la
fonction des mitochondries sont liées a la neurodégénérescence, notamment la maladie de
Parkinson. Deux génes mutés dans le parkinsonisme juvénile autosomique récessif, PARKIN et
PINK1, travaillent ensemble pour maintenir la santé mitochondriale in vivo. Au cours de la
derniére décennie, des études ont révélé que PARKIN et PINK 1 constituent un systéme moléculaire
qui reconnait et détruit les mitochondries endommagées via l'autophagie; un processus appelé
mitophagie. En éliminant les organites dysfonctionnels via ce mécanisme de contrdle de la qualité,
PARKIN et PINKI protégent l'intégrité du réseau mitochondrial, ce qui est le sujet de cette these.
Tout d'abord, il est démontré que, en plus de la mitophagie, PARKIN et PINK fonctionnent dans
un deuxiéme mécanisme de controle de la qualité qui surveille I'élimination des cargos
mitochondriales endommagées, en préservant la fonction mitochondriale en l'absence de
destruction organellaire. Les cargos sélectionnées et endommagées sont extraits de 1’organite par
une classe de vésicules dérivées de mitochondries (VDMs) qui sont transportées au lysosome d'une
maniere impliquant des facteurs classiques de fusion membranaire. Deuxiemement, le travail ici
démontre que le désaccouplement entre les mitochondries et le réticulum endoplasmique par la
destruction d'un facteur d'attachement représente une étape importante dans la cascade
mitophagique. Ensemble, ces résultats ont favorisé notre compréhension de la trousse d'outils
cellulaire qui maintient la santé mitochondriale et de la fagon dont sa détérioration peut conduire

a une maladie neurodégénérative.
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Chapter I

INTRODUCTION



LI GENERAL INTRODUCTION
L.Li Parkinson’s disease: pathology and epidemiology

Two hundred years ago, the English surgeon James Parkinson first described the
eponymous disorder that came to be known as Parkinson’s Disease (PD) in his Essay on the
Shaking Palsy (Parkinson, 1817). PD is a neurodegenerative disease of unknown aetiology, and is
the most common neurological motor disorder worldwide (Hirsch et al., 2016). Although
Parkinson himself first speculated that the observed “involuntary tremulous motion” derived from
spinal cord lesions (Parkinson, 1817), the primary motor symptoms of individuals suffering from
PD - resting tremor, slowness of movement, muscle rigidity, and problems with posture, speech
and handwriting — arise from a drastic reduction in striatal dopamine (DA) levels (Nagatsua and
Sawadab, 2009). While observations that pharmacological reduction in striatal DA mimicked PD
in animals (Carlsson et al., 1957; Carlsson et al., 1958) led to the development of DA replacement
therapies in the 1960°s (Hornykiewicz, 2010), there is currently no cure for PD.

The primary risk factor for PD is age, though the occurrence of the disease in men is higher
than in women; according to a recent meta-analysis, the incidence of PD in men over the age of
50 1s 318 cases per 100,000 individuals compared to 243 cases for women in the same age group
(Hirsch et al., 2016). There is also a convergence between melanoma and PD diagnoses (Liu et al.,
2011). A diagnosis of melanoma increased the risk of developing PD by almost 50% in two
Scandinavian studies (Olsen et al., 2006; Wirdefeldt et al., 2014), whereas the incidence of
melanoma development in PD patients is also increased compared to control individuals
(Constantinescu et al., 2014; Constantinescu et al., 2007; Schwid et al., 2010). Other risk factors
are less clear; for example, high levels of blood cholesterol and polyunsaturated fats were

associated with decreased risk of PD, although only in certain populations and under certain



conditions (Ascherio and Schwarzschild, 2016). Moreover, the distribution of fat in the body
(Abbott et al., 2002; Chen et al., 2004), rather than body-mass index, correlated with risk of PD
(Ascherio and Schwarzschild, 2016). Environmental factors may also increase PD risk, with
exposure to pesticides being a prime example (Hirsch et al., 2016).

The primary pathophysiological hallmark of PD is the loss of dopaminergic (DAergic)
neurons within the substantia nigra pars compacta (SNpc) (Venderova and Park, 2012). The death
of these neuromelanin-containing neurons is visible as a loss of pigmentation (hence the name of
this part of the brain — substantia nigra or “black substance”) in this area, as up to 90% of DAergic
neurons are lost after only a few years post-diagnosis (Kordower et al., 2013). While DAergic
neuron loss causes the visible motor symptoms, other catecholinergic systems are affected by the
disease, notably the norepinephrine system of the locus coeruleus (Espay et al., 2014). In sporadic
PD and many genetic forms of the disease, the remaining neurons contain proteinaceous inclusions
termed Lewy bodies (LBs), whose primary component (by plurality) is a-synuclein (McCormack
et al., 2016; Spillantini et al., 1997; Xia et al., 2008). The precise mechanisms of cell death in PD,

however, remain unknown.

L.Lii Genetics of Parkinson’s disease

Much of the insight into the pathophysiological mechanisms of PD have come from studies
involving genes linked to PD. While most cases of PD arise from an unknown cause, 30% of PD
cases have a direct genetic cause (Kumar et al., 2011). While many genes have been linked to PD,
with others acting as risk factors, several well-validated genes (relevant to this thesis) that lead to
monogenic forms of parkinsonism are listed in Table 1.1 (adapted and modified from (Kumar et

al., 2011) and (Abeliovich and Gitler, 2016)).



Table 1.1. Descriptive table of several monogenic causes of PD

Chromosomal Inheri- Clinical Protein

Gene : : First described
location tance  phenotype function
ATPI3A2 1p36 AR KRD transporter (Ramirez et al., 2006)
DJ-1 1p36 AR AR-JP glyoxalase (Bonifati et al., 2003)
. (Paisan-Ruiz et al.,
LRRKZ2 12g12 AD LOPD kinase/GTPase
2004)
PARKIN  6g25.2 to q27 AR AR-JP Ub ligase (Kitada et al., 1998)
PINK1 1p35 to p36 AR AR-JP kinase (Valente et al., 2004)
(Polymeropoulos et
SNCA 4921 AD EOPD unknown
al,, 1997)
VPS13C 15g22.2 AR EOPD unknown (Lesage et al., 2016)
(Vilarino-Guell et al.,
retromer . .
VPS35 16ql1.2 to q12 AD LOPD 2011; Zimprich et al.,
complex 2011)

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; AR-JP, autosomal recessive juvenile parkinsonism; EOPD,
early-onset PD; LOPD, late-onset PD; KRD, Kufor-Rakeb disease; Ub, ubiquitin.

SNCA, encoding the LB protein a-synuclein, was the first gene linked to a familial form of
early-onset PD (EOPD, early onset implies an age-of-onset of less than 50 years of age) with LB
pathology (Polymeropoulos et al., 1997). EOPD due to SNCA mutations is thought to occur
through a toxic gain-of-function mechanism, strongly evidenced by the fact that gene
multiplications are pathogenic (Chartier-Harlin et al., 2004; Nishioka et al., 2006; Ross et al.,
2008). Mutations in LRRK?2 (Paisan-Ruiz et al., 2004) and VPS35 (Vilarino-Guell et al., 2011;
Zimprich et al., 2011) also cause an autosomal dominant form of PD, although considered to be
late-onset (LOPD). Although VPS35 patients are rare, accounting for under 1.5% of familial PD
cases, up to 41% of total familial PD is caused by mutations in LRRK?2 (Brice, 2005; Mohan and

Mellick, 2016). Despite LRRK? patients presenting a heterogeneity of phenotypes, the patients



carrying the G2019S mutation are clinically indistinguishable from sporadic PD cases (Healy et
al., 2008).

Mutations in PARKIN (also referred to as PARK?2), PINKI and DJ-1 are rare, but highly
penetrant, and cause a syndrome known as autosomal-recessive juvenile parkinsonism (AR-JP),
characterized by a very early onset of symptoms (Bonifati et al., 2003; Kitada et al., 1998; Valente
et al., 2004). AR-JP patients are typically characterized by an unwavering responsiveness to DA
therapy, slowness of disease progression, an intact sense of olfaction and typically, despite a rarity
of studies on the matter, a paucity of LBs (Lucking et al., 2000; Malek et al., 2016; Mori et al.,
1998). Truncating mutations in VPS13C cause recessive EOPD, although this is closer to sporadic

PD rather than AR-JP, and characterized by a rapid disease progression and diffuse LB pathology
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Figure L.1. The TCA cycle and electron transport chain (ETC). Pyruvate is transported into mitochondria, where it is
converted to acetyl-CoA by pyruvate dehydrogenase (PDH), which then enters the TCA cycle. The number of carbons of
each molecule is represented by grey hexagons, and CO: by a hexagon with two red circles. Electrons are transferred to
NAD+* and FAD, and then coenzyme Q (CoQ) through CI and CII, respectively, in the ETC, driving proton translocation
across the IMM. Electrons pass from reduced CoQ (CoQH:) through CIII, cytochrome c (cyt c), CIV and finally to water. The
proton gradient is used by the FoF1-ATPase (CV) to phosphorylate ADP, forming ATP, the energy currency of the cell. TCA
cycle metabolites are in grey, TCA enzymes in blue and the PDH-dependent step in green. Yellow shapes represent ETC
complexes, and accessory ETC components are in orange.



(Lesage et al., 2016). Finally, mutations in ATP13A42 cause a rare autosomal recessive form of PD
known as Kufor-Rakeb disease (KRD), which encapsulates typical PD symptoms within a broader
neurodegenerative spectrum (Ramirez et al., 2006; Williams et al., 2005). The ATP13A2 protein,

like a-synuclein, has also been reported to be a component of LBs (Dehay et al., 2012).

L.Liii Basics of mitochondrial function, and dysfunction in Parkinson’s disease

A deficit in the function of mitochondria has been associated with PD for almost 30 years
(Bindoff et al., 1989; Schapira et al., 1989). Referring to the mitochondrion in 1957, Philip
Siekevitz coined the term “powerhouse of the cell” (Siekevitz, 1957) in light of the organelle’s
apparent ability to generate the cell’s energy in the form of adenosine triphosphate (ATP). At this
time, future Nobel laureate (and Siekevitz’s post-doctoral supervisor) George Palade had been
performing pioneering electron microscopic studies on this organelle (among others), noting their
double membrane structure limited by an inner and outer mitochondrial membrane (IMM and
OMM, respectively), with the intermembrane space (IMS) existing between both membranes, and
a matrix limited by the IMM (Palade, 1975; Palade, 1952; Palade, 1953). Palade correctly
predicted that the morphological compartmentalization of the organelle implies functional
specialization, building on the previous observation that enzymatic activities must be organized in
a “definite spatial relationship” (Schneider and Hogeboom, 1951). Reducing equivalents — mostly
in the form of pyruvate, a glucose breakdown product — are shuttled into the mitochondrial matrix,
where they are stripped of their electrons through a cycle of chemical reactions referred to the
tricarboxylic acid (TCA) cycle or Krebs cycle (Fig. 1.1). Electrons are transferred to the carriers
NAD" and FAD to form NADH and FADHb, respectively, and are subsequently transferred to the

electron transport chain (ETC), where they are shuttled through multi-subunit ETC complexes



(which also form higher-order supercomplexes) according to increasing (i.e. more positive) redox
potential, to drive proton (H") translocation across the IMM, from the matrix into the IMS (Gu et
al., 2016; Senior, 1988). This electrochemical gradient (equivalent to a mitochondrial membrane
potential, AWn) is utilized by complex V (also referred to as the FoFi-ATPase, CV), a
phosphorylase, to couple proton flux back into the matrix with phosphorylation of adenosine
diphosphate (ADP) to form ATP (Senior, 1988).

The mitochondrion arose from an endosymbiotic event that occurred roughly one billion
years ago, where an a-proteobacterium (an obligate acrobe) was internalized into the primordial
eukaryotic cell. Electron shuttling by the bacterium’s primitive ETC — containing ancient
homologues of all four respiratory complexes as well as the CV ATPase (Thrash et al., 2011) —
allowed for the primitive eukaryote to greatly increase the energy yield per glucose molecule,
conferring it an evolutionary advantage. This new reality of dealing with oxidative metabolism,
and the damaging radicals associated with it, may have driven compartmentalization of the genome
into the nucleus, as well as the biogenesis of the endomembrane system (Gould et al., 2016). Over
millions of years, the ancestral bacterial genome was depleted through gene transfer to nuclear
DNA (nDNA) (Berg and Kurland, 2000). Indeed, only thirteen ETC subunits are encoded by the
mitochondrion’s own genome (mtDNA), which also encodes the organelle’s proper set of transfer
and ribosomal RNAs (Anderson et al., 1981). While the driving force of this transfer remains
unknown, it may have been a protective mechanism preventing the accumulation of deleterious
mtDNA mutations through asexual reproduction of the mitochondrial genome — a phenomenon
more generally known as Muller’s ratchet (Felsenstein, 1974; Muller, 1964).

In addition to their fundamental role as powerhouses, mitochondria also perform crucial

functions related to metabolism, lipid synthesis, iron handling, innate immunity, programmed cell



death, and biogenesis of other organelles (Naon and Scorrano, 2014; Newmeyer and Ferguson-
Miller, 2003; Sugiura et al., 2017) — some of these roles will be expanded upon later in this work.
One mechanism that mitochondria use to regulate this functional diversity throughout the
mitochondrial network is by organellar fusion and division (Friedman and Nunnari, 2014).
Regarding this point, Siekevitz was virtually prescient, writing in 1957 that mitochondria “are
either spherical or rod-shaped, and they may change from one shape to another” (Siekevitz, 1957),
referring to phenomenon which, four decades later, formed the basis for the field of mitochondrial
dynamics.

In the context of PD, the earliest indication of a role for mitochondrial dysfunction in the
disease came from observations that brains from PD patients had a selective CI functional deficit
(Bindoff et al., 1989; Schapira et al., 1989). Indeed, mtDNA mutational abnormalities and
decreased copy number, as well as increased deposition of elemental iron, have been measured in
patient brains and at-risk neuronal populations (Barnham and Bush, 2008; Bender et al., 2006;
Dexter et al., 1992; Grunewald et al., 2016; Perier et al., 2013; Pyle et al., 2016), which may
contribute to the reported respiratory deficit. Moreover, associations between incidences of
parkinsonism and POLG 1, the gene encoding the mtDNA polymerase, have been reported (Anvret
et al., 2010; Davidzon et al., 2006; Eerola et al., 2010; Gui et al., 2012; Luoma et al., 2007). AR-
JP patients carrying PARKIN mutations have mitochondrial deficits similar to individuals affected
by sporadic PD in primary patient cells (Mann et al., 1992; Muftuoglu et al., 2004; West and
Maidment, 2004). Mitochondrial dysfunction has additionally been observed in both fibroblasts
and induced pluripotent stem cells (iPSCs) isolated from PARKIN and PINK1 AR-JP patients, in
the form of decreased levels of respiration and cellular ATP, and alterations in AWy, and

mitochondrial morphology (Ambrosi et al., 2014; Chung et al., 2016; Shaltouki et al., 2015; van



der Merwe et al., 2014; Zanellati et al., 2015). Further observations that mitochondrial health is
impaired in LRRK2 G2019S carriers (Mortiboys et al., 2010) suggests that deficiencies in the
function of these organelles may be a phenomenon common throughout different variations of
parkinsonism. The answer to whether mitochondrial dysfunction is a cause or consequence of PD,

however, has remained elusive.

LIl PATHWAYS OF PINK1 AND PARKIN IN PARKINSON’S DISEASE
LILi PINK1 in mitochondrial health: import and CI deficiency

degradation mechanisms D espite the apparent

M prevalence of mitochondrial

5" dysfunction in PD, alterations in
endolysosomal trafficking, as well as

\\ ' / Ve protein turnover, are also suspected

culprits in  disease  etiology

(Abeliovich and Gitler, 2016);

V? together, they complete the three
ﬁ: < S v @ 8 v, comp

“cornerstones” of PD (Fig. 1.2).

mitochondrial health endolysosomal system
Figure 1.2. The three cornerstones of PD. Recurring themes in the field Returning to mitochondrial
of PD cell biology include mitochondrial health, mechanisms of
protein/organelle degradation, and the endolysosomal system. dysfunction, the most obvious PD

gene linked to mitochondria is PINK! (PTEN-induced putative kinase 1), which encodes a 581
amino acid protein that contains a mitochondrial targeting sequence (MTS) at its N-terminus (Fig.
[.3A) (Silvestri et al., 2005; Valente et al., 2004). The MTS is followed by a transmembrane (TM)

domain and a serine/threonine (S/T) kinase domain that most closely resembles Ca?*/calmodulin-



dependent protein kinases I and II, as well as dystrophia myotonica protein kinase (Cardona et al.,
2011; Valente et al., 2004). PINK 1 can autophosphorylate itself on residues S228 and S402 in cells
(Okatsu et al., 2012), and the protein retains at least some of its neuroprotective activity even when
the first 111 N-terminal amino acids (which cover the MTS and TM domains) of the protein are
deleted (Haque et al., 2008), highlighting the importance of the cytoplasmic kinase domain in its
function (Zhou et al., 2008).

In the absence of a ternary structure of PINK1, substrate and ATP, modeling the protein
has proven to be difficult. PINK1 is an atypical S/T kinase, on its own branch of the human kinome
tree (Fig. [.3B and C) (Eid et al., 2017). Initial protein modeling of human PINK1 predicted the

conserved, critical lysine residue involved in ATP coordination to be K186 which, based on the
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Figure 1.3. PINKI domain structure, mutations and similarity to other kinases. A Domain structure of human PINK1I,
including the mitochondrial targeting sequence (MTS, blue), transmembrane domain (TM, yellow) and S/T kinase
domain (green). Grey arrows indicate PD mutations, as curated by Uniprot.org. Autophosphorylation sites are indicated
by red circles. B The human kinome, produced using KinMap (Eid et al., 2017). Abbreviations: AGC, PKA-, PKC- and PKG-
containing families; CAMK, Ca?*/calmodulin-dependent protein kinase; CK1, casein kinase 1; CMGC, CDK-, MAPK-,
GSK3- and CLK-containing families; GYC, guanylate kinase; STE, homologues of Sterile-7, -11 and -20 kinases in yeast;
TK, tyrosine kinases; TLK, tyrosine kinase-like. C PINK1 and its surroundings in the human kinome (dotted blue box from
B). The unique PINK1 branch is shown in red.
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model, is in the proximity of G309 (Silvestri et al., 2005). By extension, the G309D PD mutation
could affect phosphoryl transfer of the kinase (Silvestri et al., 2005; Valente et al., 2004). Further
bioinformatic analyses, however, have instead shown K219 to be critical for ATP binding as part
of the P-loop (Cardona et al., 2011; Petit et al., 2005). While mutation of this residue to methionine
(K219M) is thought to supposedly abolish kinase activity (Beilina et al., 2005; Haque et al., 2008;
Petit et al., 2005), PINK1¥2!°A (alanine substitution) was shown to retain in vitro trans-
phosphorylation activity (Pridgeon et al., 2007). In their bioinformatic study, Cardona et al.
showed that K186, although in the kinase domain, is unconserved and PINK1 catalytic activity,
like related S/T kinases, likely resides in the HRD motif (H360 to D362 in human PINK1) of the
catalytic loop (Cardona et al., 2011). Indeed, mutation of either D362 in the catalytic loop or D384
in the activation loop results in a kinase-dead PINK1 variant (Pridgeon et al., 2007). A recent
crystal structure of phosphomimetic PINK1 from Tribolium castaneum (the residue equivalent to
the S228 phosphosite was mutated to glutamate) revealed several putative regulatory mechanisms,
including interactions between the HRD motif and the activation loop in the absence of
phosphorylation of the latter (Kumar et al., 2017b). The same study showed that
autophosphorylation at the conserved S228 (pS205 in 7cPINK1) likely aids in the recognition of
PINK1 substrates (Kumar et al., 2017b). It is important to note, however, that several insect
homologues of PINK1 — including 7cPINK1 — show robust phosphorylation activity in vitro
compared to the human form (Wauer et al., 2015a; Woodroof et al., 2011), and may accordingly
lack additional regulatory mechanisms. We currently await structural data concerning human
PINKI1 in order to determine exactly how the protein is regulated and the mechanism of phosphoryl

transfer.
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PINK1 protein is
synthesized and then
imported into

mitochondria,
potentially in a co-
translational manner;
evidence  for  co-
translational import of
mitochondrial proteins
includes the
observation that many
mitochondrial proteins

are translated on the

surface of mitochondria (Williams et al., 2014), as well as a recent EM tomographic study

demonstrating the presence of ribosomes on the OMM (Gold et al., 2017). PINK1 is imported

through the translocase of the outer membrane (TOM) and translocase of the inner membrane 23

kDa (TIM23) machineries (Fig. 1.4) (Harbauer et al., 2014). At the OMM, PINK1 can associate

with TOM70 (Lazarou et al., 2012), and is translocated through the TOM complex, followed by

the TIM23 complex; this latter step is electrophoretic due to the polarization of the IMM (Fig. I.1)

(Harbauer et al., 2014; Lin and Kang, 2008). Once the N-terminus has been translocated into the

matrix, the full-length (FL) 64 kDa protein is cleaved by the mitochondrial processing peptidase

(MPP), a dimeric mitochondrial zinc metalloprotease, reducing the molecular weight of the protein

to ~60 kDa (Greene et al., 2012). This form is further processed by the IMM proteases presinilin-
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associated rthomboid-like protease (PARL) and the m-AAA (matrix-ATPase associated with
diverse cellular activities) protease subunit AFG3 ATPase family-like 2 (AFG3L2) to create a 52
kDa form of PINK1 (Deas et al., 2011; Greene et al., 2012; Jin et al., 2010; Meissner et al., 2011).
Accordingly, PARL and PINK orthologues have been shown to interact genetically in Drosophila
(Whitworth et al., 2008). Although PARL and AFG3L2 cleave ~60 kDa PINKI in possibly
redundant steps, recent evidence has shown that both proteins co-migrate in a ~2 MDa proteolytic
complex (Wai et al., 2016). 52 kDa PINKI is retrotranslocated to the cytosol by an unknown
mechanism (Yamano and Youle, 2013). The cleavage of ~60 kDa PINK1 at A103 allows F104 to
be recognized by Ub ligases involved in the N-end rule pathway, leading to turnover of the protein
by the proteasome (Deas et al., 2011; Yamano and Youle, 2013). Indeed, treatment of cells with
the proteasomal inhibitor MG132 stabilizes the 52 kDa form of PINKI, which collects in
ubiquitinated inclusions (Greene et al., 2012; Jin et al., 2010; Yamano and Youle, 2013).
Classically, PINK1 has been implicated in promoting ETC activity. Replicating sporadic
PD, a marked decrease in CI activity has been reported in PINK1 deficient cells and organisms
(Grunewald et al., 2009; Morais et al., 2009), possibly resulting from disruption of electron
transport between CI and coenzyme Q (CoQ, also termed ubiquinone) (Grunewald et al., 2009).
Accordingly, PINK1-associated degenerative phenotypes can be rescued by either bypassing CI
altogether through expression of an alternative NADH dehydrogenase (Vilain et al., 2012), by
reverse electron transport through CI (Scialo et al., 2016), or by facilitating CI-CoQ reductive
transfer through alternative electron carriers such as cardiolipin or menaquinone (vitamin K2) (Vos
et al., 2012; Vos et al., 2017). These terminal mechanisms, however, may simply rescue PINK1
phenotypes by acting as electron sinks, as antioxidants also confer resistance to loss of PINK1 in

flies (Wang et al., 2006). Along these lines, overexpression of the CI subunit NDUFA10, which is
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positioned close by the CoQ binding pocket in CI (Sazanov, 2015), also rescues the CI defect in
PINK1 null flies (Morais et al., 2014; Pogson et al., 2014). Thus, while the CI defect induced by
PINK1 loss is responsive to several rescue mechanisms, how it arises in the first place remains to

be determined.

LILii Parkin and the ubiquitin system

A gene closely related to PINKI — at least in what will become clear as function — is the
AR-JP gene PARKIN, which encodes a 465 amino acid ubiquitin (Ub) ligase (Kitada et al., 1998;
Shimura et al., 2000; Zhang et al., 2000). Ub ligases act as the E3 enzymatic component of protein
ubiquitination. Ub, a small protein of 76 amino acids, is directly conjugated to substrate proteins
through a covalent glycyl-lysine linkage between the C-terminal glycine in Ub and an g-amino
group in a lysine side chain of the substrate, forming a so-called isopeptide bond. Ub can also be
conjugated to lysines in other Ub molecules to form chains of structurally distinct linkages, as Ub
contains seven lysines — K6, K11, K27, K29, K33, K48 and K63 — in addition to the a-amino group
of the N-terminal methionine (to form linear chains) (Fig. I.5A) (Komander and Rape, 2012).
Conjugation to internal lysines is favoured as these side chain amino groups typically have higher
pKa values relative to the N-terminus (values of ~10.5 to ~8.0, respectively), favouring
deprotonation and nucleophillic attack (Grimsley et al., 2009). Chain branching (two Ub molecules
conjugated to different lysines in another Ub molecule), linkage mixing (a Ub chain featuring
conjugation at different lysines), as well as mixed chains (chains featuring Ub and other Ub-like
proteins) create a complex and diverse “ubiquitin code” (Kravtsova-Ivantsiv and Ciechanover,

2012; Trempe, 2011).
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Figure 1.5. Catalytic mechanism of protein ubiquitination. A Structure (surface) of human Ub (PDB ID 1UBQ, grey) with
lysine residues available for conjugation highlighted in red. B Protein ubiquitination involves ATP-dependent charging of
the E1 activating enzyme, followed by transfer of Ub to the E2 conjugating enzyme. While RING-type E3 ligases (lower

path) bring charged E2 and the substrate protein (X) in close proximity for Ub transfer to occur between the E2 and the
substrate, HECT-type ligases (upper path) receive Ub from the E2 prior to direct ligation to the substrate.

Conjugation of a single Ub moiety onto a lysine residue (monoubiquitination) or ubiquitin
chain formation (polyubiquitination) is catalyzed by a series of enzymatic reactions (Fig. 1.5B).
Ub is first “activated” by an E1 activating enzyme in an ATP-dependent step, forming a glycyl-
cysteine linkage (a thioester bond) between the Ub C-terminus and the E1 active site. Ub is then
transferred to the active site cysteine of the E2 conjugating enzyme, which supplies Ub to E3
ligases for ligation onto substrate lysines (glycyl-lysine linkage). While HECT-type ligases form
a transient thioester bond with the donor Ub C-terminus, RING-type ligases coordinate the E2 and
substrate so that ubiquitination occurs directly from the E2 (Metzger et al., 2012).

Classically, polyubiquitination has been a key feature of the ubiquitin-proteasome system
(UPS) — the major cellular turnover pathway of short-lived proteins (Arrigo et al., 1988; Hershko

et al., 1980). Polyubiquitinated proteins are typically recognized by the proteasome — a massive
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protein complex formed by a 20S core particle capped at one or both ends by a 19S regulatory
particle. The barrel-shaped core particle catalyzes proteolysis and is formed of heptameric rings of
a- and B-subunits with trypsin-like, chymotrypsin-like and PHGH-like activities (Besche et al.,
2009; Goldberg, 2007). The regulatory particle acts to recognize Ub chains via the receptors
Rpn10/S5a and Rpn13, and then unfold polypeptides through the activity of its AAA-ATPases in
order to feed them into the core particle (Besche et al., 2009; Goldberg, 2007). Ub recognition by
the proteasome occurs through interactions of Rpn receptors with the so-called “hydrophobic
patch” on Ub, which includes residues L8, 144, H68 and V70 in Ub (Beal et al., 1996; Beal et al.,
1998). Canonically, K48-linked chains are associated with proteasomal degradation, although
there are exceptions; most notably, ornithine decarboxylase is not ubiquitinated yet turned over by
the proteasome (Murakami et al., 1992).

With respect to the E3 ligase parkin, its domain structure consists of a Ub-like (Ubl) domain
at its N-terminus, separated from four zinc-coordinating RING (really interesting new gene)
domains, named RINGO, RINGI1, IBR (in-between RING) and RING2, by a flexible linker (Fig.
[L6A). A single a-helix, termed the repressor element of parkin (REP), is located between the IBR
and RING2 domains (Trempe et al., 2013). Ligases with a RING-IBR-RING (RBR) domain
module form a family of hybrid, RING-/HECT-type ligases, in which a thioester intermediate is
formed and direct ligation of Ub to the substrate occurs despite a structure consisting of RING
domains (Smit and Sixma, 2014); in parkin, the active site residue is C431 in the RING2 domain
(Iguchi et al., 2013; Trempe et al., 2013; Wenzel et al., 2011). The RBR family, which includes
other E3 ligases such as HHARI, HOIP and HOIL, are typically autoinhibited (Smit and Sixma,
2014). RING domains coordinate zinc ions through electrostatic interactions with cysteine and

histidine (H) residues (four residues per ion). The importance of this structural element cannot be
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understated, as incubation of parkin with EDTA, a chelator of divalent cations, unfolds the protein
(Beasley et al., 2007; Hristova et al., 2009). Indeed, several Zn-coordinating cysteines are mutated
in AR-JP (Fig. 1.6B), and contribute to unfolding and aggregation of the protein (Gu et al., 2003;
Hampe et al., 2006; Wong et al., 2007).

At the N-terminus, the Ubl domain was initially suggested to play a role as a negative
regulator of enzymatic function and turnover stability (Burchell et al., 2012; Chaugule et al., 2011;
Finney et al., 2003). It contains, as its name suggests, a high level of primary sequence homology
to Ub and structurally adopts a ubiquitin superfold (Fig. 1.6C) (Sakata et al., 2003; Tomoo et al.,
2008; Vijay-Kumar et al., 1987). The domain’s relevance to parkin function is highlighted by the

R42P mutation, which unfolds the Ubl domain and causes AR-JP (Safadi and Shaw, 2007; Terreni
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Figure 1.6. Parkin domain structure and mutations, zinc coordination and Ubl structure. A Domain structure of human
parkin, including the Ub-like domain (Ubl, blue), RING/IBR domains (different shades of green) and repressor element of
parkin (REP, red). Grey arrows indicate PD mutations, as curated by Uniprot.org. The red circle indicates a site of
phosphorylation, and the yellow circle indicates the active site residue. B Diagram of zinc ion coordination by C/H
residues (yellow circles) within the RING domains, adapted from Trempe et al/, 2013. Red circles highlight residues
mutated in PD. C Structure (surface) of human Ub (PDB ID 1UBQ) and the murine parkin Ubl domain (PDB ID 2ZEQ)
(blue). The hydrophobic patch formed by L/N8, 144, H68 and V70 is highlighted in red in both proteins.
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et al.,, 2001). Importantly, Ub residues corresponding to the hydrophobic patch are mostly
conserved in the Ubl (L8 is an asparagine residue). Like Ub, the parkin Ubl can bind proteasomal
Ub receptors through the association of its hydrophobic patch with the Ub interacting motifs
(UIMs) of Rpn10 or the pleckstrin-like receptor for ubiquitin (Pru) domain of Rpn13 (Aguileta et
al., 2015; Husnjak et al., 2008; Safadi and Shaw, 2010; Sakata et al., 2003; Schreiner et al., 2008).
Although the affinity of the Ubl for Rpn13 was found to be ten-fold greater than the affinity of Ub
for the same Ub receptor (Kp values of ~3 uM and ~70 uM, respectively) and seventy-fold greater
than the Ubl-Rpn10 interaction (Kp of ~220 uM) (Aguileta et al., 2015; Safadi and Shaw, 2010),
the affinity of Rpn13 for K48-linked diUb was measured to be in the nanomolar range (Husnjak
et al., 2008). Regardless, this interaction may serve to promote the proteasomal degradation of
parkin (Aguileta et al., 2015), whose stability is regulated by ubiquitination; ataxin-3 and USPS,
two deubiquitinases (DUBs) — enzymes that cleave Ub molecules or entire chains off substrates —
also function to control cellular levels of parkin (Durcan et al., 2011; Durcan et al., 2014).

Ubl interactions also highlight an apparent role for parkin in endocytic trafficking. Eps15
is an endocytic adaptor protein with tandem UIMs that, similar to Rpn10, bind parkin (Fallon et
al., 2006; Safadi and Shaw, 2010). Parkin monoubiquitinates Eps15, a modification associated
with the endocytic pathway, to prolong receptor tyrosine kinase signaling in the presence of growth
factor (Fallon et al., 2006; Haglund et al., 2003). Parkin also monoubiquitinates other proteins
involved in endocytosis, such as PICK1 and endophilin-A1 (EndoA1) (Joch et al., 2007; Trempe
et al., 2009), and endocytic and trafficking defects have been observed in parkin-null cells (Cortese
etal., 2016; Song et al., 2016). In the case of parkin-mediated EndoA1 ubiquitination, this is again
achieved through an interaction with the parkin Ubl, although via the SH3 domain of EndoAl

(Trempe et al., 2009). In addition to the Ubl hydrophobic patch, this interaction also relies on basic
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C-terminal residues that are unique to the parkin Ubl, termed the PaRK extension (P73-K76, with
a PxRK consensus sequence) (Trempe et al., 2009). Accordingly, parkin levels were increased in
the brains of EndoA-null mice (Cao et al., 2014), suggesting a functional interplay between these
two proteins. Moreover, EndoA1 is phosphorylated by LRRK2 to promote protein turnover via
the autophagy pathway at synapses (Soukup et al., 2016), highlighting the relevance of endocytic

mechanisms to PD gene products.

LILiii Fruit fly studies link AR-JP genes to mitochondrial dynamics and oxidative stress

Despite its apparent importance in endocytosis, loss of PARKIN has, like PINKI, been
associated with mitochondrial dysfunction (Ryan et al., 2015). Indeed, early studies on parkin
suggested that it played a protective role in preventing apoptosis (Darios et al., 2003; Imai et al.,
2000; Kahns et al., 2002). Despite a lack of an overt parkinsonian phenotype (Perez and Palmiter,
2005), both PINKI”~ and PARKIN’- mice have increased susceptibility to oxidative stress and
severe mitochondrial deficits, emphasized by reduced levels and activities of CI in the striatum
and substantia nigra (Gautier et al., 2008; Gispert et al., 2009; Palacino et al., 2004; Stichel et al.,
2007). The most prominent phenotype, however, appears in Drosophila melanogaster. While both
fruit flies, as well as nematodes (Caenorhabditis elegans), have PINKI and PARKIN homologues,
these are absent in fungi and plants, suggesting coevolution of both genes (Cardona et al., 2011;
Marin and Ferrus, 2002). Both PARKIN- and PINK-null flies have very similar phenotypes; in
both cases, deletion or mutation of either gene resulted in male sterility, a wing phenotype resulting
from degeneration of the indirect flight muscle, and death of a subset of DAergic neurons (Clark
et al., 2006; Greene et al., 2003; Park et al., 2006; Yang et al., 2006). At the cellular level, these

phenotypes were linked to mitochondrial defects in energy production, reactive oxygen species
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(ROS) handling, and morphology (Clark et al., 2006; Greene et al., 2003; Park et al., 2006; Yang
et al., 2006). Amazingly, these PINKI phenotypes could be rescued by overexpression of parkin,
but not vice versa, indicating that both proteins function in the same genetic pathway, with PINK
acting upstream of PARKIN (Clark et al., 2006; Park et al., 2006; Yang et al., 2006). Since the
PARKIN and PINK]1 fly phenotypes are tractable for genetic screening, suppressors of the wing
phenotype were first sought in order to determine the nature of the PINKI1/parkin pathway.
Interestingly, the first group of genes interacting with the pathway were classical genes involved
in mitochondrial dynamics; factors that regulate the shape (and, by extension, function) of the
mitochondrial reticulum (Friedman and Nunnari, 2014).

Mitochondria undergo fission and homotypic fusion (Fig. 1.7), and these processes are
coordinated by large GTPases of the dynamin superfamily — a collection of homologous proteins
involved in membrane tubulation and scission (Praefcke and McMahon, 2004). Much of the
mitochondrial fusion and fission machinery was discovered in budding yeast (Saccharomyces
cerevisiae). Dynamin-related protein 1 (Dnmlp or, in mammals, Drpl) was the first protein
implicated in mitochondrial fission where, in budding yeast, it was shown to function in the
maintenance of the reticulum through proper mitochondrial inheritance into the daughter bud
during cell division (Nunnari et al., 1997; Otsuga et al., 1998; Pitts et al., 1999; Smirnova et al.,
1998). Dnm1p/Drpl is recruited to the OMM via receptor proteins — Fis1, MiD49, MiD51 and Mff
in mammals — where it oligomerizes into a ring-like structure, constricting the OMM to between
80 and 150 nm (Bleazard et al., 1999; Ingerman et al., 2005; Lackner et al., 2009; Loson et al.,
2013; Mozdy et al., 2000; Osellame et al., 2016; Rosenbloom et al., 2014). Once fully constricted,
the ultimate step of mitochondrial scission is potentially mediated by dynamin-2 (Lee et al., 2016),

a classical dynamin implicated in membrane scission (Praefcke and McMahon, 2004).

-20-



Conversely, mitochondrial fusion is achieved via the sequential activities of two large
dynamin-like GTPases in mammals, mitofusin (Mfn) 1 and 2 (homologous to a single gene in
yeast [Fzol] and Drosophila [MARF1), that mediate OMM fusion, followed by fusion of the IMM
by Opal (Chen et al., 2003; Friedman and Nunnari, 2014). Mfn molecules from opposing OMMs
dimerize in order to bring both membranes into close proximity — forming a ring-like structure
perpendicular to the membrane during tethering — and fusion is achieved via an unknown

mechanism requiring GTP hydrolysis (Brandt et al., 2016; Ishihara et al., 2004). Mfn molecules
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Figure 1.7. Mitochondrial dynamics are regulated by large GTPases. The green pathway demonstrates mitochondrial
fission. Drpl receptors on the OMM recruit Drpl (1) to sites of mitochondrial division, where it self-associates to constrict
the membrane via a ring-like structure. Following membrane constriction, dynamin-2 is recruited (2 to mediate
mitochondrial scission. For simplicity, the role of the ER and actin is not shown, and Drpl is shown to be oligomerized on
only one side of the division site. The blue pathway demonstrates OMM tethering and fusion. Mfn1/2 molecules from
opposing OMMs bind (Z) to bring the membranes into proximity for fusion by an unknown mechanism. IMM fusion is
mediated by Opal (not shown). Mfn2 can also function as a tether (2) through the association of molecules on the OMM
and ER. Note that each Mfn is coloured a different shade of blue to denote separate molecules (and not specifically Mfnl
or 2), and that the single-pass topology is depicted in the figure.

can also assemble into higher-order cis-oligomers dependent on redox state, possibly to promote

mitochondrial fusion (de Brito and Scorrano, 2008; Karbowski et al., 2006; Shutt et al., 2012).
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Both Mfns have very high primary sequence homology and exactly the same domain structure,
with a N-terminal GTPase domain, followed by two coiled-coil domains termed heptad repeat
(HR) 1 and 2, which flank a hydrophobic region (Praefcke and McMahon, 2004). This
hydrophobic region is thought to contain two TM domains, giving Mfns a hairpin structure where
the N- and C-termini face the cytoplasm, and is supported by recent crystal structures generated
from truncated proteins (Cao et al., 2017b; Qi et al., 2016), although these conflict with a previous
crystal structure of a self-associated HR2 dimer (Koshiba et al., 2004). However, bioinformatic
and protease protection data suggest that the Mfns are single-pass transmembrane proteins, with
the N-terminus (GTPase and HR1) facing the cytosol and the HR2 domain present in the IMS
(Mattie et al., in revision). Thus, how exactly OMM fusion is catalyzed remains to be determined.
Opal mediates fusion of the IMM in a process coupled to OMM fusion (Cipolat et al., 2004;
Mishra et al., 2014; Song et al., 2009), in addition to its other proteolytically-regulated roles, such
as cristae remodeling (Frezza et al., 2006; Ishihara et al., 2006).

Returning to PARKIN and PINK null flies, suppressor screens revealed that inhibition of
mitochondrial fusion or promotion of fission — either through Drpl overexpression, or additional
mutation of either OPAI or MARF — rescued the phenotype (Deng et al., 2008; Poole et al., 2008;
Yang et al., 2008), although studies in mammalian cell lines were less conclusive (Exner et al.,
2007; Lutz et al., 2009; Mortiboys et al., 2008; Yang et al., 2008; Yu et al., 2011). However, just
as with PINKI null flies, PARKIN mutant fly phenotypes can be rescued by increasing cellular
antioxidants, such as reduced glutathione (Greene et al., 2005; Trinh et al., 2008; Whitworth et al.,
2005). Thus, increased oxidative stress and respiratory chain dysfunction — known triggers of
mitochondrial fragmentation (Toyama et al., 2016) — in PINK1- or parkin-null conditions may

stimulate fission, despite the contribution made by these proteins towards mitochondrial division;
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here, physiology and pathophysiology converge in this experimental readout. It is important to
note that parkin itself is inactivated by oxidation; specifically, via S-nitrosylation by reactive
nitrogen species (RNS) (Chung et al., 2004; Yao et al., 2004). Thus, oxidative stress arising from
mitochondrial dysfunction may contribute to or even cause AR-JP, and the PINK 1/parkin pathway
may act to neutralize these disease mechanisms.

Additionally, the implication of DJ/ in AR-JP (Bonifati et al., 2003) supports a role for
oxidative stress in disease pathogenesis. DJI belongs to the ancient DJ-1/ThiJ/Pfpl gene
superfamily, which traces its origin to bacterial ThiJ phosphorylases involved in thiamine synthesis
(Bandyopadhyay and Cookson, 2004). The DJ-1 protein itself appears to be a glyoxalase (Lee et
al., 2012) — a function conserved in other superfamily homologues in other species (Bankapalli et
al., 2015; Hasim et al., 2014; Kwon et al., 2013) — that catalyzes the removal of glyoxal and
methylglyoxal adducts from side chain amines (Allaman et al., 2015). These reactive dicarbonyls
arise as by-products of glycolysis (Allaman et al., 2015), and DJ-1 may help to buffer a reliance
on glycolysis for ATP production during chronic mitochondrial dysfunction (Shi et al., 2015).
Indeed, DJ-1 protects against oxidative stress, and its overexpression can rescue PINK- but not
PARKIN-null flies, suggesting it acts in parallel to the PINKI/parkin pathway to curb
mitochondrial defects arising from PINK1 loss (Hao et al., 2010; Meiser et al., 2016; Meulener et
al., 2006; Thomas et al., 2011). The active site cysteine, C106, is sensitive to oxidation and
possibly regulates localization of the protein to mitochondria (Andres-Mateos et al., 2007; Canet-
Aviles et al., 2004). In summary, AR-JP genes genetically buffer mitochondrial dysfunction, with
both PINKI and PARKIN acting in a common pathway, whereas DJI operates independently. A
loss of either PARKIN or PINKI is suppressed by increasing mitochondrial fission or curbing

oxidative stress. Thus, what is the nature of the PINK 1/parkin pathway?
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LIII MITOCHONDRIAL QUALITY CONTROL: MOLECULAR MECHANISMS
LIILi The autophagy pathway: all roads lead to the lysosome

Work from a number of laboratories over the past decade has revealed that PINK1 and
parkin surveil the functionality of mitochondria by targeting damaged organelles for degradation;
a type of “quality control” mechanism that maintains the health of the mitochondrial reticulum.
Mitochondrial turnover is achieved via the autophagy pathway, a (normally) bulk degradative
process that is conserved from yeast. There are many different types of autophagic mechanisms,
both selective and non-selective, but all typically involved sequestration of cargo by an expanding
membrane, termed a phagophore (yeast) or an isolation membrane (IM, mammals); a double-
membrane structure that originates from the well-defined phagophore assembly site (PAS) in
yeast, with the endoplasmic reticulum (ER), mitochondria, the ER-Golgi intermediate
compartment (ERGIC) and the plasma membrane serving as proposed sources of autophagic
membrane in mammals (Ge et al., 2013; Hailey et al., 2010; Hayashi-Nishino et al., 2009; Puri et
al., 2013; Yang and Klionsky, 2010). Closure of the IM around the cargo creates a mature
autophagosome and appears to require conjugation of ATG8/LC3 to phosphatidylethanolamine
(PE) by the ATG conjugation system — requiring the E1-like ATG7 and E2-like ATG3 in a process
similar to Ub charging — cementing the role of LC3 as an autophagosomal marker (Kabeya et al.,
2000; Tsuboyama et al., 2016; Yang and Klionsky, 2010).

The involvement of lysosomal hydrolases at the end-stage of autophagy has been known
for half a century (Deter et al., 1967); once closed, the autophagosome undergoes a maturation
process before its fusion with lysosome (Reggiori and Ungermann, 2017). In a differing manner
to homotypic mitochondrial fusion, heterotypic fusion between autophagosomes and lysosomes is

achieved via a canonical SNARE-mediated mechanism, in which SNARE (soluble N-
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ethylmaleimide-sensitive factor attachment protein receptor) proteins on opposing membranes
complex via the formation of a four-helix bundle by their helical SNARE domains, which
progressively zipper towards the membrane in a reaction driven by protein folding (Gao et al.,
2012; Li et al., 2014; Rothman, 2014; Zhang, 2017). Complementary SNAREs on the
autophagosome and lysosome allow for the proper targeting of both organelles, in an iteration of
the “SNARE hypothesis” (Sollner et al., 1993). This process also requires lipid phosphorylation —
specifically phosphatidylinositol (PI) phosphorylation to form phosphatidylinositol-4-phosphate
(PI4P) (Dall'Armi et al., 2013; Wang et al., 2015a) — and the activity of the late endosome-
associated Rab-family GTPase Rab7 (Ganley et al., 2011; Gutierrez et al., 2004; Jager et al., 2004),
and thus shares similarities with the late endocytic pathway (Scott et al., 2014).

Canonical, starvation-induced autophagy is non-selective, evolutionarily-conserved and is
coordinated by a cellular response to nutrient stress (Reggiori and Klionsky, 2013). Activity of the
mammalian target of rapamycin (mTOR) complex 1 (mTORCI) kinase complex suppresses
autophagy through phosphorylation of the upstream autophagy regulator ULK1/2 (Atglp in yeast)
(Laplante and Sabatini, 2012). Signaling complexes that sense nutrient abundance activate Rag
GTPases — scaffolded with the lysosomal ATPase by the Ragulator complex at the lysosomal
membrane — which act to translocate mMTORCI1 to the lysosomal surface and activate it (Bar-Peled

et al., 2012; Chantranupong et al., 2016; Sancak et al., 2010; Zoncu et al., 2011). Downstream of
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Figure 1.8. Autophagic membrane expansion. Nutrient availability activates mTORC1, which inhibits the ULK complex via
direct phosphorylation. Starvation inactivates mTORC1, activating the ULK complex, which in turn phosphorylates beclin-1
to activate the class III PI3K complex, comprising beclin-1, p150, ATG14L (14L) and VPS34 (34). The activated complex
catalyzes the formation of PI3P from PI (denoted in pink) during membrane expansion from the ER (shown cross-
sectionally), and remains tethered through ATG14L' s ability to bind PI3P. The ULK complex also directs ATG9-containing
vesicles, originating from recycling endosomes, to the expanding isolation membrane to promote membrane addition in a
manner potentially dependent upon the ATG17/ATG29/ATG31 (17/29/31) complex.

ULK1/2, the autophagosome is nucleated (Fig. 1.8) through the activity of a conserved class-I1I
P13 kinase (PI3K)) complex containing VPS34, ATG6/beclin-1, p150/VPS15 and ATG14L/Barkor
(Itakura et al., 2008; Sun et al., 2008; Zhong et al., 2009). VPS34 is the catalytic subunit of the
complex — harboring lipid kinase activity (Kihara et al., 2001; Schu et al., 1993) — while, based on
homology to the yeast complex, the pseudokinase p150 likely serves to bridge VPS34 to a
subcomplex composed of beclin-1 and ATG14L (Baskaran et al., 2014). Beclin-1 plays a
regulatory role, wherein its phosphorylation by upstream signaling kinases (including ULK1) in
turn controls the activity of VPS34 (Kim et al., 2013a; Russell et al., 2013). ATG14L acts to
localize the complex to the ER via binding of its BATS domain to highly-curved membranes

labeled with PI3P and PI(4,5)P> (another lipid involved in autophagosome formation) (Fan et al.,
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2011; Matsunaga et al., 2010; Tan et al., 2016). Localization of the activated PI3 kinase complex
to PI3P-labeled membranes to catalyze further PI3P production likely nucleates the formation of
the nascent autophagosome.

Membrane is recruited for IM expansion from various sources (see above), but membrane
delivery by ATG9-labeled vesicles plays an important role. During autophagosome formation,
ATGY9 (a multipass transmembrane protein) delivers membrane from the cell surface through
recycling endosomes to sites of autophagosome biogenesis, where it is phosphorylated by ULK
complexes in both yeast and mammals (Imai et al., 2016; Karanasios et al., 2016; Mari et al., 2010;
Papinski et al., 2014; Popovic and Dikic, 2014; Puri et al., 2013; Yamamoto et al., 2012). These
vesicles also likely incorporate PI into the elongating IM from the endosomal pool — in a manner
that may depend on a complex of ATG17, ATG29 and ATG31 (at least in yeast) — thus increasing
the amount of available substrate for VPS34 and driving nucleation (Ragusa et al., 2012; Schink
et al., 2013). This process may additionally depend on ULK-mediated phosphorylation of ATG9,
which regulates pathway processivity, allowing for the recruitment of lipidated ATG8 and
conjugated ATG5-ATGI12 to the expanding IM (Karanasios et al., 2016; Papinski et al., 2014).
Colocalization and interaction between multiple corps of autophagic machineries at the ER
highlights its role as a platform for IM expansion; indeed, the ER truly acts as a “cradle” during
this process, as electron micrographs show ER present on both sides of the IM, with an in-depth
tomographic study demonstrating that the biogenesis of autophagosomes occurs within a large
cistern formed by a subdomain of the ER (Furuno et al., 1990; Hayashi-Nishino et al., 2009). This
subdomain (termed the “omegasome”) is, expectedly, rich in PI3P and PI3P-binding proteins, such

as double FYVE domain-containing protein 1 (DFCP1) (Polson et al., 2010; Uemura et al., 2014).
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In summary, starvation-induced autophagosome formation is a localized process, driven by a

positive feedback loop of lipid phosphorylation and membrane addition.

LIILii Proteasomes and isolation membranes converge at the mitochondrion during PINK 1/parkin
mitophagy

While starvation-induced autophagy is a non-selective degradation pathway -
stochastically engulfing cytoplasmic components and some organelles — parkin- and PINKI-
mediated autophagy of mitochondria (termed “mitophagy”) targets damaged organelles for
turnover. Indeed, through this selective targeting of defective mitochondria, parkin (and perhaps

PINK1 as well, although this has yet to be tested) can cleanse a mitochondrial population suffering

IM expansion

e—

D

=%

\ L <

+
S“\/

Figure 1.9. PINKI and parkin initiate mitophagy. A PINK1 is stabilized in a complex with the TOM channel on depolarized

OMm

mitochondria as its AWn-dependent import (see Fig. 1.4) is prohibited. B PINK1 directs parkin to depolarized mitochondria,
where parkin becomes activated (described in Fig. 1.10). C Parkin ligates Ub to substrate proteins (blue shapes) on the OMM.
D Ub chains on mitochondria recruit autophagy adaptor proteins, such as OPTN. E OPTN is phosphorylated by TBK1 on
multiple residues to promote binding to Ub chains on mitochondria and lipidated ATG8-family proteins (8) on the
expanding IM. Blue arrows indicate translocation events, while cyan arrows depict catalytic steps. The large red arrow
indicates the direction of IM expansion.



from highly deleterious mitochondrial mutations, both in cells and in vivo (Pickrell et al., 2015;
Suen et al., 2010). The participation of PINK1 and parkin in this type of pathway could explain
the resulting mitochondrial phenotype described in Drosophila lacking either gene, and the
mitochondrial dysfunction observed in patients (see section L.ILiii). A note on methods, however;
while it is standard protocol in the field to induce mitochondrial damage experimentally through
the use of pharmacological uncouplers (such as valinomycin or CCCP) — which completely
depolarize mitochondria — the working assumption (and the one used in this section) is that these
agents trigger a pathway that is perhaps characterized by a low number of events at the steady-
state. While parkin and PINKI regulate damage-induced mitophagy, additional mitophagy
pathways — triggered by other stimuli, such as hypoxia in FUNDCI-mediated mitophagy or
excessive mitochondrial fragmentation in BCL-rambo-/BCL2L13-induced mitophagy — are also
used by the cell, and these complementary mechanisms may be able to buffer a loss of parkin-
/PINK 1-dependent mitophagy in certain systems (Liu et al., 2012; Murakawa et al., 2015; Yun et
al., 2014).

To initiate damage-induced mitophagy (Fig. 1.9), damaged mitochondria are sensed by
PINK1 by an import-related mechanism (see Fig. 1.4). Loss of AW across the IMM of depolarized
mitochondria (or very low A¥n in highly damaged organelles) abolishes the electrophoretic force
drawing polypeptides destined for the matrix through the membrane (Harbauer et al., 2014).
Failure to import PINK1 because of compromised AWn results in its accumulation on the surface
of damaged mitochondria (Jin et al., 2010; Narendra et al., 2010b; Vives-Bauza et al., 2010), where
it stabilizes as a dimer in a ~700 kDa complex with TOM70 and other TOM subunits, in a manner
that may require the TOM7 subunit of the TOM complex (Hasson et al., 2013; Lazarou et al.,

2012; Okatsu et al., 2013). The dimer undergoes autophosphorylation — likely in trans — on S228
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and S402 within the kinase domain (see Fig. .3A) to become fully active (Okatsu et al., 2012).
Stabilization of PINK1 on the OMM of depolarized mitochondria can be mimicked by depleting
cells of the catalytic subunit of MPP (Greene et al., 2012). This, however, may hint at parallel
mechanisms for PINKI1 accumulation; indeed, PINKI1 stabilization can occur on polarized
mitochondria expressing misfolded proteins (Jin and Youle, 2013). Accordingly, PINK1 contains
—ancillary to its N-terminal MTS — a cryptic, alternative mitochondrial localization signal (aMLS)
(Becker et al., 2012; Okatsu et al., 2015a). While the MTS-dependent localization of PINK1 to
mitochondria occurs regardless of polarization status, the aMLS is sufficient to selectively target
PINK1 to depolarized mitochondria in a manner dependent on the TOM channel (Okatsu et al.,
2015a). The MTS and aMLS may synergize to uniquely stabilize PINKI1 (versus other
mitochondrial proteins) on the OMM of depolarized mitochondria.

Parkin is basally present in an inactive conformation in the cytosol, but is recruited to and
activated at depolarized mitochondria in a manner that requires PINK1 (Geisler et al., 2010;
Narendra et al., 2008; Narendra et al., 2010b; Trempe et al., 2013; Vives-Bauza et al., 2010) (the
precise mechanism of this activation is detailed in the next section). Once recruited to depolarized
mitochondria by PINK 1, parkin catalyzes the ubiquitination of a subset of OMM proteins — the
Mfns and voltage-dependent anion channels (VDACs), among others — that ultimately serves to
degrade the organelle (Rakovic et al., 2011; Sarraf et al., 2013; Tanaka et al., 2010; Ziviani et al.,
2010). Initially, parkin-mediated ubiquitination may serve a role in sequestering damaged
organelles from the reticulum. Ubiquitinated Mfns are extracted from the OMM by the AAA-
ATPase p97/VCP and degraded by the proteasome, preventing re-insertion of the organelle into
the mitochondrial population (Kim et al., 2013b; Kimura et al., 2013; Tanaka et al., 2010).

Similarly, proteasomal degradation of ubiquitinated MIRO proteins — adaptors that recruit motors
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to mitochondria — would serve to halt motility so that turnover of the organelle can occur (Wang
etal.,2011). Ubiquitination also plays a more general role on the OMM, targeting resident proteins
for proteasomal turnover to eventually rupture the membrane (Yoshii et al., 2011). Indeed,
proteasomes translocate to mitochondria during mitophagy, and blocking proteasomal degradation
impairs the pathway (Chan et al., 2011; Yoshii et al., 2011).

Once isolated, the organelle is engulfed by the IM and turned over lysosomally (Narendra
et al., 2008). Unlike starvation-induced autophagy, mitophagy is highly discriminatory, and this
selectivity is conferred by the recognition of ubiquitinated mitochondrial proteins by autophagic
adaptor proteins, which contain Ub binding domains and LC3 interacting regions (LIRs) to bind
Ub and LC3/ATGS on the autophagosome, respectively (Khaminets et al., 2016). LIRs bind LC3-
and the closely-related GABARAP-family proteins on the autophagosome through hydrophobic
interactions, as well as acidic or phosphorylated residues upstream of the LIR (Rogov et al., 2014).
Mitophagy is dependent upon the redundant activities of adaptor proteins optineurin (OPTN) and
NDP52 (and possibly TAX1BP1), in the sense that clearance of mitochondria is impaired in cells
lacking both factors (Heo et al., 2015; Lazarou et al., 2015; Moore and Holzbaur, 2016; Wong and
Holzbaur, 2014). Other adaptors, such as p62, are recruited to ubiquitinated mitochondria during
mitophagy as well, although these may not be considered core machinery (Geisler et al., 2010;
Narendra et al., 2010a). Ub binding by NDP52 and OPTN is regulated via phosphorylation by the
Ser/Thr kinase TBK1, which phosphorylates both proteins on multiple residues over many
domains and is activated downstream of parkin ubiquitination (Heo et al., 2015; Richter et al.,
2016). In the case of OPTN, phosphorylation N-terminal to the LIR promotes its interaction with
LC3/GABARAP (Wild et al., 2011), while phosphorylation within its UBAN (Ub binding in

ABIN and NEMO) domain promotes its binding to Ub chains (Heo et al., 2015; Richter et al.,
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2016). Thus, autophagy adaptors link ubiquitinated mitochondrial proteins to ATG8 homologues
on the expanding IM.

Autophagosome formation proceeds with the recruitment of ULK1, as well as ATG9-
positive vesicles, to depolarized mitochondria in a parkin-dependent manner (Itakura et al., 2012a),
as elaborated on in the previous section. While autophagy adaptors, through their association with
ATGS8-family proteins, may aid to guide the IM around the target mitochondrion and promote
omegasome biogenesis (Lazarou et al., 2015), factors on the OMM may also serve a similar
purpose. Notably, Fisl — an OMM Drpl receptor and parkin ubiquitination target — serves as a
receptor for TBC1D135, a protein that serves the dual purpose of binding ATGS8-family proteins on
the IM to restrict autophagosome formation (TBC1DI15-null cells have unrestrained LC3
tubulation) and inhibit Rab7 activation through TBC1D15’s GAP activity, presumably to prevent
the premature recruitment of factors associated with complete autophagosomes during IM
expansion (Yamano et al., 2014). Indeed, association of mitochondria with LC3 is suppressed in
nematodes harbouring Fis] mutations (Shen et al., 2014). TBC1D15 binds GABARAP family
members (GABARAP, GABARAPL1 and GABARAPL2) much more strongly than their LC3
family counterparts (LC3A, LC3B and LC3C) in vitro (Yamano et al., 2014). The role of both
families in mitophagy is complex; while mitochondrial clearance was shown to be dependent upon
GABARAPs rather than LC3 family proteins (in accordance with binding data), closure of
autophagocytosed mitochondria (termed mitophagosomes) required both families (Nguyen et al.,
2016). Clearance of autophagosomes in the absence of their closure is not a biological paradox, as
unclosed mitophagosomes in LC3-null cells — or starvation-induced autophagosomes in cells
lacking the conjugation system to produced lipidated LC3 — are still turned over, albeit with

reduced kinetics (Nguyen et al., 2016; Tsuboyama et al., 2016). To summarize, while much of the
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core autophagic machinery is shared between mitophagy and starvation-induced autophagy, the
former includes added levels of complexity involving protein ubiquitination and pathway-specific

factors such as Fisl and TBC1D15.

LIILiii Mitophagy reveals the mechanism of parkin activation by PINK1

PINKI1 and parkin act as the sensor and effector, respectively, during damage-induced
mitophagy, despite their initially disparate subcellular locations. Accordingly, how PINK1 on the
OMM of damaged mitochondria signals to parkin in the cytosol and how parkin remains localizaed
to these organelles have become intense areas of study, notably because an interaction between
parkin and PINKI1 proved to be undetectable, and parkin is absent from the ~700 kDa PINK1-
containing complex on depolarized mitochondria (Lazarou et al., 2012). Studies into this
mechanism stemmed from an initial observation that catalytically-dead parkin harbouring either a
C431S or C431A mutation at the active site failed to translocate to depolarized mitochondria
(Lazarou et al., 2013; Zheng and Hunter, 2013). Strikingly, loss of parkin®!® translocation could
be rescued by co-expression of the wild-type (WT) protein (Lazarou et al., 2013; Zheng and
Hunter, 2013). Although this was initially thought to be due to parkin oligomerization at the
membrane (Lazarou et al., 2013), an elegant rescue study utilizing chimeric constructs showed that
co-expression of chimeras composed of the PINK1 N-terminus (lacking the kinase domain) and
either the RBR portion of parkin or tetra-Ub (four linears Ub moieties in succession) was sufficient
to rescue parkin“*!S translocation (Zheng and Hunter, 2013).

While the above study suggested Ub chains conjugated to OMM proteins could act as a
parkin tether, this explanation was only partial. The crystal structure of parkin (Fig. I.10A) was

solved by several groups in 2013 and showed the protein to be autoinhibited (Riley et al., 2013;
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Spratt et al., 2013; Trempe et al., 2013; Wauer and Komander, 2013). Firstly, the active site residue
C431 — which forms the thioester bond with the ubiquitin C-terminus, coordinated by the other
members of the catalytic triad, H433 and E444 — is occluded by a hydrophobic interaction with
the RINGO domain. Moreover, the REP helix makes the E2 binding site in the RING1 domain
inaccessible. Mutations that disrupt either of these interactions increase parkin ligase activity in
vitro and increase the kinetics of its translocation to mitochondria as (this bears repeating) its
recruitment is coupled to catalysis (Trempe et al., 2013; Zheng and Hunter, 2013). Interestingly,
mapping of a selection of AR-JP-associated mutations on the surface of parkin revealed that these
mutations cluster around functionally important areas of the protein, including the potential E2
binding face of RING1 and the catalytic RING2 domain (Riley et al., 2013). This approach, in
addition to the concept that mutation of internal residues involved in or located near sites of Zn>*
binding (see Fig. 1.6B for examples) unfold the protein, supports a role for parkin inactivation as
a primary cause of AR-JP.

If parkin is present in an autoinhibited state (presumably at the steady-state), how is it
activated? This mechanism explains the PINK1-dependence of parkin function. PINK1 directly
phosphorylates both Ub and the parkin Ubl domain on the homologous residue S65 to activate
parkin ligase activity (Kane et al., 2014; Kazlauskaite et al., 2014a; Kazlauskaite et al., 2014b;
Kondapalli et al., 2012; Koyano et al., 2014; Shiba-Fukushima et al., 2012). Phosphoubiquitin
(pUb) is poorly ligated by parkin in in vitro ubiquitination assays, demonstrating that parkin is not
an E3 pUDb ligase (Wauer et al., 2015b). Rather, pUb activates parkin ligase activity allosterically
by directly binding parkin on the backside of the RING1 domain (Fig. 1.10B), coordinated by
K151, H302 and R305 in the phosphate binding pocket (Sauve et al., 2015; Wauer et al., 2015a;

Yamano et al., 2015). The hydrophobic patch of pUb also directly interacts with an extended
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helical portion of RING1, and disruption of this interaction (via A320R substitution in parkin)
abolishes binding (Wauer et al., 2015a). This helix changes conformation from a “kinked” to a
“straight” shape, and accordingly displaces the IBR domain upwards (compare the position of the
domain in Fig. I.10A to Fig. I.10B) where it can contact the C-terminus of pUb (Wauer et al.,
2015a). Notably, structural determination of the pUb-parkin complex utilized a truncated form of
parkin containing only the RINGO-RING1-IBR-RING2 (RORBR) domains; in fact, the Ubl is
normally displaced in this complex as Ubl and pUb binding to the RORBR module are mutually

exclusive (Sauve et al., 2015).
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Figure 1.10. Parkin binds phosphorylated ubiquitin to induce mitophagy via a feed-forward mechanism. A Structure
(cartoon) of human parkin (PDB ID 4K95) in an autoinhibited conformation. The active site residue (C431) is labeled as
yellow spheres. B Structure (cartoon) of flea parkin (lacking the Ubl domain) in a complex with pS65 Ub (PDB ID 5CAW).
The active site cysteine (C428) of parkin and pS65 of pUb are labeled as yellow and red spheres, respectively. C Feed-
forward mechanism of parkin activation and translocation. PINK1, stabilized on the OMM and activated by
autophosphorylation, phosphorylates a Ub moiety already conjugated to a protein on the OMM (step 1-1), which binds
parkin from the cytosol (step 1-2). PINK1 then phosphorylates the newly-dislodged parkin Ubl domain (step 1-3) to fully
activate parkin ligase activity (step 1-4). Newly-ligated Ub is then phosphorylated by PINK1 (step 2-1) to drive further parkin
translocation and OMM substrate ubiquitination. Conformational changes in parkin (see text) likely occur between steps
1-2 and 1-3 (Ubl disassociation from RORBR) and steps 1-3 and 1-4 (opening of the RINGO-RING2 interface for catalysis).
This latter change is not illustrated.
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With regards to the role of PINK1 in the process of parkin activation, S65-phosphorylation
of the Ubl by PINKI1 to form phosphoUbl (pUbl) disrupts the interaction of this domain with
RINGI (Kazlauskaite et al., 2015; Sauve et al., 2015). Parkin phosphorylation also enhances the
binding of both pUb and E2 enzyme by RING1 (Ordureau et al., 2014; Sauve et al., 2015). This
latter observation implies that pUbl release facilitates de-repression of RING1 by the REP (this is
mimicked by the W403 A designer mutation in the REP helix) (Trempe et al., 2013). Finally, while
two studies reported that the addition of pUb to maximally-phosphorylated parkin did not increase
autoubiquitination in vitro — suggesting that pUb binding primes the Ubl for phosphorylation by
PINK1 (Kazlauskaite et al., 2015; Sauve et al., 2015) — another study indeed reported a pUb-
dependent enhancement (Ordureau et al., 2015). While this latter group also observed
phosphorylation of parkin by PINKI1 in cells despite the replacement of all Ub with non-
phosphorylatable Ub%3* (Ordureau et al., 2015), this has also been challenged by the observation
that parkin phosphorylation in organello by isolated mitochondria from depolarized cells is
abolished by preventing its association with pUb (Tang et al., 2017). Despite the manner by which
both phosphorylation steps are orchestrated, the above data provide a structural basis for the
observation that both PINK1-phosphorylated parkin and ubiquitin are required for full activation
of parkin in vitro and in cells (Kane et al., 2014; Kazlauskaite et al., 2014b; Koyano et al., 2014).

PINK1-mediated phosphorylation of Ub and parkin, pUb-parkin complex formation, and
Ub ligation by parkin coordinate a feed-forward mechanism of parkin recruitment (Fig. I.10C).
Targeting phosphomimetic Ub chains to mitochondria can trigger PINK 1-independent recruitment
of phosphomimetic parkin (but not the WT) (Okatsu et al., 2015b), indicating that parkin, PINK1
and Ub represent the core machinery required for parkin translocation. Indeed, as parkin and Ub

are both initially cytosolic, an early result in which the PINK1 kinase domain ectopically targeted
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to other cellular membranes induced parkin translocation to these compartments no longer seems
surprising (Lazarou et al., 2012). While the precise mechanistic details of translocation are not
fully clear at this time, data from Tang et al. suggest that Ub already present on mitochondria is
first phosphorylated by PINK1, which directs parkin to mitochondria (FL parkin still binds pUb
with an affinity [Kp] of ~400 nM) (Sauve et al., 2015; Tang et al., 2017). This event could dislodge
the Ubl, making it amenable to phosphorylation by PINK1, which secures the parkin-pUb complex
on mitochondria by increasing the interaction affinity twenty-fold (Sauve et al., 2015). Once
phosphorylated and bound to pUb, parkin is “fully active” and likely exists in another
conformation, as the RINGO-RING2 interface must be loosened to allow C431 access to the
charged E2 bound to RING1. Parkin is then free to ligate Ub to other mitochondrial substrates, to
drive further Ub phosphorylation by PINK1, and parkin translocation and activation (Ordureau et
al., 2014). This mechanism explains the aforementioned observations by Zheng and Hunter that
describe the rescue of mitochondrial translocation of parkin®3!S by chimeras of the PINK1 N-
terminus combined with either the parkin RBR module or tetraUb (Zheng and Hunter, 2013). Here,
exogenously increasing the levels of parkin receptors (i.e. S65-phosphorylated Ub) on
mitochondria (which are normally increased via parkin-dependent Ub ligation) is the rescue
mechanism, as endogenous PINK 1 must phosphorylate overexpressed, mitochondrially-localized
tetraUb. Alternatively, parkin RBR — defined by Zheng and Hunter as the C-terminal portion of
parkin comprising the RINGI, IBR, REP and RING2 domains — represents a likely semi-active
form of parkin, as it lacks the portion of RINGO that typically acts to conceal the catalytic cysteine
(Trempe et al., 2013). Targeting an active form of parkin on the OMM would increase the levels

of mitochondrial Ub, and PINKI1-mediated phosphorylation of Ub during mitochondrial
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depolarization would drastically increase the number of parkin binding sites on the OMM,
allowing for the recruitment of ligase-dead parkin.

On the surface of depolarized mitochondria, parkin catalyzes the formation of both
canonical (K48- and K63-linked) and non-canonical (K6- and Kl1-linked) Ub chains
(Cunningham et al., 2015; Ordureau et al., 2014), possibly via a combination of direct
ubiquitination in addition to the activity of enzymes that elongate existing Ub chains with their
own distinct linkages (i.e. E4 enzymes). Parkin also autoubiquitinates itself once activated,
selectively forming predominantly K6-linked Ub chains (Durcan et al., 2014) — an observation that
suggests that parkin is responsible for K6-linked Ub chain formation on the OMM during
mitophagy. Parkin-mediated ubiquitination on mitochondria is antagonized by DUBs, namely
USP15 and USP30, which act to deubiquitinate proteins on the OMM (Bingol et al., 2014;
Cornelissen et al., 2014; Wang et al., 2015b). USP30 — an OMM-localized DUB — has a strong
selectivity for K6- and K11-linked chains and potentially “sculps” Ub linkages to favour more
canonical linkages (Cunningham et al., 2015). Mechanistically, K48- and K63-linked Ub chains
may facilitate recognition by the p97 ATPase to mediate extraction of ubiquitinated OMM proteins
(Tanaka et al., 2010). While the selectivity of p97 towards various linkages remains unknown, the
complex is capable of binding both K48- and K63-linked chains (Hao et al., 2015; Meerang et al.,
2011), and thus a model in which USP30 drives Ub linkage dynamics towards canonical chain
formation to promote OMM protein extraction via p97 seems reasonable. However, depletion of
USP30 promotes mitophagy, cementing its role as a pathway antagonist (Bingol et al., 2014); thus,
the mechanistic purpose of the involvement of USP30 in mitophagy remains unclear. Another
DUB, USP8, may also function to remove K6-linked Ub from parkin to drive its recruitment to

depolarized mitochondria (Durcan et al., 2014). Thus, the coordination of Ub linkages during
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mitophagy appears to have some importance with respect to the pathway. Interestingly, pUb
appears to be resistant to DUBs in general, and USP§, USP15 and USP30 in particular (Wauer et
al., 2015b). This supports a role for pUb in parkin activation; indeed, Ub phosphorylation plateaus
at 20% of total Ub during mitophagy (Ordureau et al., 2014). Moreover, typical autophagy
receptors bind weakly to pUb chains (Heo et al., 2015), although this data remains preliminary
(Lazarou et al., 2015). Thus, mitophagy is driven by a feed-forward mechanism involving Ub
ligation and phosphorylation, and is antagonized by deubiquitination. Importantly, the relative
levels and activation states of the enzymatic factors involved in coordinating Ub chain formation

are important to drive mitochondrial turnover.

LIILiv Mitochondrial vesicular traffic: an emerging quality control mechanism?

Table I.2. Drpl-independent drivers of OMM curvature and fission

Curvatur .
Factor Pathway Mechanism Reference(s)
e Type
. apoptosi  form ring-like structures at OMM (Terrones et al.,
BAX/BID positive
s pores 2004)
. apoptosi N-BAR domain, potentially (Rostovtseva et al.,
EndoB1 positive
s downstream of BAX 2009)
. (Kopek et al., 2007;
. viral presumably analogous to MVB i
HRS negative . ) . Richardson et al.,
infection formation

2014)

positive | bacterial i )
LLO o i . unknown; but associated with ER (Stavru et al., 2013)
(fission) = infection

o- positive . ) (Nakamura et al.,
. o ? directly binds and curves OMM
synuclein (fission) 2011)
positive viral . (McCormick et al.,
vMIA o . . unknown; potentially related to BAX
(fission) | infection 2003)

Abbreviations: BAX, B-cell CLL/lymphoma 2-associated X protein; BID, BH3 interacting-domain death agonist; EndoB1,
endophilin B1; ER, endoplasmic reticulum; HRS, hepatocyte growth factor-regulated tyrosine kinase substrate; LLO,
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listeriolysin O; MVB, multivesicular body; N-BAR, N-terminal Bin/Amphiphysin/Rvs-homology; OMM, outer mitochondrial
membrane; vMIA, viral mitochondrion-localized inhibitor of apoptosis.

While the importance of mitophagy as a quality control pathway is apparent, other
membrane trafficking-type pathways may be necessary for the maintenance of the mitochondrial
reticulum. Notably, mitochondrial-derived vesicles (MDVs) represent an emerging, potential
mitochondrial quality control mechanism. MDVs were first implicated in a trafficking pathway
between mitochondria and peroxisomes, and were identified based on a) the incorporation of
selected mitochondrial cargo, b) an independence from canonical, Drp1-mediated mitochondrial
fission and c) ultrastructural imaging showing 70 to 100 nm-wide budding profiles on the OMM
(Neuspiel et al., 2008). Mitochondria-anchored protein ligase (MAPL, also termed MULI1) was
identified bioinformatically as a mitochondrially-localized E3 ligase, and was found to traffic to
peroxisomes as cargo, given that delivery of a MAPL construct lacking the catalytic RING domain
to peroxisomes was unobstructed (Neuspiel et al., 2008). Intriguingly, MAPL, a SUMO E3 ligase,
promotes mitochondrial fission by stabilizing Drp1, yet its ability to traffic to peroxisomes is Drp1-
independent (Neuspiel et al., 2008; Prudent et al., 2015). Delivery requires VPS35, a PD gene (see

Table 1.1) and subunit of the retromer complex, which is composed of a two subcomplexes; a

Merge PDH E2/E3bp TOMZ20 Merge

Figure 1.11. Cargo-selected transport of PDH EZ/E3bp. COS7 cells were stimulated with antimycin A to generate the
formation of MDVs containing PDH E2/E3bp (green) but not TOM20 (red) prior to fixation, and imaged by super-resolution
microscopy (see Chapter III for experimental details). The green arrows indicate cargo-selected structures en route to the
lysosome that measure 150 to 180 nm in diameter (the resolution limit of this imaging technique). Scale bars, 5 (left) and

1 (riaht) microns.
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membrane curvature-sensing sorting nexin (SNX) heterodimer and VPS26-VPS29-VPS35
subcomplex involved in sorting cargo (Cullen and Korswagen, 2012). VPS35 is recruited
transiently to mitochondrial subdomains enriched in MAPL, where it may mediate sorting of cargo
into MDVs; indeed, VPS35 depletion blocks delivery of MAPL to peroxisomes (Braschi et al.,
2010).

How could Drpl-independent membrane scission be achieved? Table 1.2 lists several
factors involved in OMM shape and mitochondrial fission that function independently of Drp1. In
the case of MAPL-positive vesicles — which contain a subset of OMM proteins, excluding TOM20
— the role of the retromer hints at a process involving at least some factors implicated in canonical
membrane trafficking. While the VPS35-containing subcomplex functions in cargo binding and
sorting, each subunit of the SNX heterodimer (canonically this is SNX1 and SNX2) contains a
BAR domain for sensing membrane curvature, and a PX domain capable of detecting PI3P,
potentially implicating lipid phosphorylation in MDV formation (Cullen and Korswagen, 2012).

More recently, two MDYV pathways to the lysosome have been described (Soubannier et
al., 2012a). Both pathways were identified as containing the reciprocally-exclusive cargo TOM20
(single membrane MDVs) and the E2/E3bp subunits of the pyruvate dehydrogenase complex
(double membrane MDVs) (Soubannier et al., 2012a). Both pathways are triggered by oxidative
stress and traffic to the lysosomal compartment in order to be turned over, likely transiting through
the late endosome/multivesicular body (MVB) (Soubannier et al., 2012a). While the TOM20-
containing MDVs may recycle portions of the OMM, the PDH-positive MDVs (Fig. 1.11) deliver
oxidized IMM and matrix cargo, including respiratory chain subunits, for degradation (Soubannier
et al., 2012a; Soubannier et al., 2012b). Thus, one or both these pathways has the potential to

function in mitochondrial quality control, delivering selected, damaged mitochondrial components
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to the lysosome in order to preserve the function of the organelle. Clearly, more work is required
to understand the machinery that regulates MDV formation and turnover, and whether these

pathways may be related to human disease.

LIV MITOCHONDRIAL QUALITY CONTROL: INTEGRATION WITHIN THE CELL
LIV.i Metabolism as a regulator of mitochondrial quality control

It is crucial to recognize that mechanisms monitoring mitochondrial health exist within the
cellular milieu, and are subject to regulation by external factors that do not directly impinge on
quality control pathways themselves. For example, the lysosome — the end-of-the-line destination
of mitophagosomes — is an important integrator of cellular metabolism (Lim and Zoncu, 2016).
Lysosomal biogenesis is controlled through the coordinated lysosomal expression and regulation
(CLEAR) gene network, and transcription factor EB (TFEB) acts as a “master regulator” at the
top of this cascade by directly controlling the expression of almost five hundred genes (Palmieri
et al., 2011; Sardiello and Ballabio, 2009). Upregulation of lysosome-related genes by TFEB
occurs during the induction of starvation-induced autophagy, and involves the translocation of the
protein from the cytosol to the nucleus in a manner dependent upon lysosomal calcium (Ca")
release to activate transcription (Medina et al.,, 2015; Settembre et al., 2011). A similar
translocation event occurs with TFEB and associated family members in PINKI1-/parkin-
dependent mitophagy, and these factors are indeed required for efficient mitochondrial turnover to
proceed (Ivankovic et al., 2016; Nezich et al., 2015). One notable difference between TFEB
translocation during mitophagy and starvation-induced autophagy is that, in the case of the latter,
TFEB is directly phosphorylated by mTORCI1 at the lysosomal membrane during periods of

nutrient availability to maintain TFEB in the cytosol, and thus lysosomal biogenesis is controlled
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at the highest point in the cascade (Pena-Llopis et al., 2011; Settembre et al., 2012). However, in
PINK1-/parkin-dependent mitophagy, while constitutively active Rag GTPases (simulating a
“fed” state from the point of view of the mTORC1 complex) blocked translocation, loss of the
early ATG genes ATG5 and ATGY also prevented nuclear TFEB signaling. Thus, in the context
of mitophagy, mTORCI1-dependent derepression of TFEB nuclear translocation is therefore
triggered downstream of mitophagosome formation (Nezich et al., 2015); conversely, in the
context of starvation-induced autophagy, TFEB translocation occurs once mTORCI1 is activated
(Settembre et al., 2012). These observations imply that mitophagy feeds back onto the more
general autophagy-lysosome pathway, and sustained mitophagy may in fact impair other turnover
systems, perhaps through the sequestration of common factors. Lysosomal dyshomeostasis may
also conversely impact mitophagy, either directly or by affecting mitochondrial health (Hughes
and Gottschling, 2012; Soleimanpour et al., 2014). Accordingly, upregulation of the autophagy-
lysosome system through TFEB-dependent driving of CLEAR gene expression is neuroprotective
in PINKI-null organisms (Zhang et al., 2017b).

In addition to the transcriptional stimulation of CLEAR target genes, mitochondrial
biogenesis (i.e. synthesis of mitochondrial proteins, ETC complex assembly, mtDNA replication,
etc.) is also upregulated during mitophagy. Peroxisome proliferator-activated receptor gamma-
coactivator la (PGC-1a) activity is stimulated during mitophagy in a TFEB-dependent manner,
and has been proposed to be a TFEB target gene (Ivankovic et al., 2016). PGC-1a is another
“master regulator” -type coactivator, and upregulates the transcription of genes associated with
mitochondrial biogenesis, fatty acid oxidation, mtDNA replication and OXPHOS (Finck and
Kelly, 2006). Parkin and PINK 1 have been directly implicated in PGC-1a function, as parkin has

been reported to ubiquitinate and degrade (via the proteasome) a transcriptional repressor of PGC-
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la, termed parkin interaction substrate (PARIS), in a PINK1-dependent manner (Lee et al., 2017;
Shin et al., 2011). In parkin loss-of-function models, PGC-1a repression due to heightened PARIS
levels leads to a loss of mitochondrial viability (Stevens et al., 2015). While PARIS represses
PGC-la by directly binding the promoter (Shin et al., 2011), parkin and PINK1 presumably
collaborate to destroy it in the cytoplasm; perhaps, like TFEB, there is a component of nuclear-
cytoplasmic — or mitochondrial — shuttling involving PARIS. A potentially similar mechanism
occurs during the mitochondrial unfolded protein response (UPR™) in C. elegans. Activating
transcription factor associated with stress-1 (ATFS-1) is imported into healthy mitochondrial,
where it is normally degraded in the mitochondrial matrix (Nargund et al., 2012), analogous to the
fate of PINKI. In instances of mitochondrial stress, ATFS-1 import is stalled, and its nuclear
localization sequence (NLS) serves to target to protein to the nucleus where it drives the expression
of chaperones, proteases and glycolytic enzymes in an effort to rescue OXPHOS function (Lin and
Haynes, 2016; Nargund et al., 2015; Nargund et al., 2012). A similar mechanism involving ATF5,
a potential ATFS-1 homologue, also occurs in mammals (Fiorese et al., 2016). Thus, there is
precedence for direct communication between transcriptional regulators and mitochondria.

While parkin and PINK1 may regulate mitochondrial activity, mitochondrial activity
reciprocally regulates mitophagy. For example, forcing mitochondrial respiration and energy
production through OXPHOS greatly attenuates both the recruitment of parkin to mitochondria
and mitophagy itself (McCoy et al., 2014; Van Laar et al., 2011). Cells whose mitochondria have
been cleared by parkin-mediated mitophagy fail to grow in media containing galactose (as opposed
to glucose) as, under these conditions, the TCA cycle is required for energy production (Narendra
et al., 2008; Reitzer et al., 1979). Indeed, shifting ATP production to glycolysis is likely required

during periods of increased mitophagy (and mitochondrial dysfunction), and is highlighted by a
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requirement for hexokinase 1 — a known driver of high glycolytic metabolism — during parkin-
mediated mitophagy (Bustamante and Pedersen, 1977; McCoy et al., 2014). While high ATP levels
have been suggested to maintain PINK1 translation during mitophagy (Lee et al., 2015), other
metabolites, such as pyruvate and certain fatty acids, may also affect PINK1 stabilization (Ivatt et
al., 2014; Park et al., 2015b; Shi and McQuibban, 2017). Thus, it is important to consider
parkin/PINK1 mitophagy within the context of the cellular state; not only is this mechanism
vulnerable to the regulatory whim of the metabolic environment of the cell, but also directly and

indirectly impacts other pathways.

=
N
N

2

dLoy)/ L anNvHD

=D

Figure L.12. Roles of mitochondria-ER membrane contact sites. Membrane contact sites between mitochondria and ER
tubules are visible by EM; in the bottom-left micrograph, a U20S cell mitochondrion is contacted by an ER tubule (blue
box). These sites are physically and functionally regulated by several factors and physiological processes. A Mfn2 molecules
on the OMM and the ER homo-oligomerize to tether the ER and mitochondria. B Ca?* transfer from the ER lumen to the
mitochondrial matrix is achieved by the cooperative action of the IPsR and VDACL channels, which are physically linked by
the chaperone GRP75, and MCU. C PS is synthesized by PTDSS on the ER membrane, and is channeled to mitochondria by
a mechanism that involves EMC. D Sterol transport from the ER to mitochondria in mammals is presumably achieved by
the GRAMD1 family of sterol transporters (Ltcl in yeast), which are physically coupled to TOM70 on the OMM. E The ER
controls mitochondrial division by INF2-dependent actin nucleation ( “X" ), which functions in the recruitment of Drpl to
the OMM by Drp1 receptors (dark red).
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LIV.ii Membrane contact sites between mitochondria and the endoplasmic reticulum

Membrane contact sites between mitochondria and other organelles represent important
signaling hubs that are critical for mitochondrial function. The most studied contact is that between
the mitochondrion and the ER (Fig. 1.12), which regulates a number of mitochondrial and
metabolic activities. Structurally, these sites are appositions of the ER and OMM, 9 to 30 nm in
distance, held together by tethering proteins (Csordas et al., 2006). Mfn2 (first depicted in Fig. 1.7
and additionally shown in Fig. I.12A) is thought to be a true tether; two Mfn2 molecules, one on
each opposing membrane, form a homomeric complex to sustain the ER and OMM in proximity
of one another (de Brito and Scorrano, 2008; Naon et al., 2016). Other molecules — such as PACS2,
Stx17 and TMX1 — also promote ER-OMM tethering, but this may occur indirectly (Arasaki et al.,
2015; Raturi et al., 2016; Simmen et al., 2005). Stx17, for example, may promote tethering through
its proposed role in mitochondrial cholesterol uptake (Lin et al., 2016), as ER-OMM contacts,
known biochemically as the mitochondria-associated membrane of the ER (MAM), constitute a
detergent-resistant membrane (DRM) rich in cholesterol (Area-Gomez et al., 2012; Hayashi and
Fujimoto, 2010). Factors involved in numerous cellular processes — including lipid synthesis,
apoptosis, and innate immunity — cluster at this location (Horner et al., 2011; Phillips and Voeltz,
2016).

Mitochondria-ER coupling is crucial in metabolic regulation; in the context of starvation-
induced autophagy, these contacts are where autophagosome biogenesis occurs (Hamasaki et al.,
2013), potentially regulated by the lipid transfer that occurs at these sites (Lamb et al., 2013).
During starvation, the class-III PI3K complex translocates to these sites, where it interacts with
Stx17 — a SNARE protein that functions in autophagosome-lysosome fusion in addition to its

proposed role in mitochondria-ER tethering (Hamasaki et al., 2013; Itakura et al., 2012b). Indeed,
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ATGI4L — which tethers the PI3K complex to membranes by binding phospholipids — clamps a
binary complex composed of the SNAREs Stx17 and SNAP29 on the autophagosome and
promotes their association with VAMPS (to form a ternary SNARE complex) on lysosomes (Diao
et al., 2015). In the absence of mitochondria-ER tethering, autophagosome formation is disrupted
(Hamasaki et al., 2013). Indeed, other regulatory complexes, such as the growth factor-responsive
mTORC2 (Betz et al., 2013), also localize to appositions between mitochondria and the ER,
emphasizing the role of these locations in cellular metabolic and catabolic processes.
Mitochondria-ER contacts are also crucial for Ca®>" dynamics between both organelles (de
Brito and Scorrano, 2008). Ca®" transfer from the ER lumen to the mitochondrial matrix is an
important driver of TCA cycle metabolism and ATP production (Llorente-Folch et al., 2015), and
occurs through a system of channels (Fig. 1.12B), beginning with the physical coupling of the
inositol-1,4,5-triphosphate receptor (IP3R) in the ER membrane to VDAC in the OMM through
the chaperone GRP75, which acts a bridge molecule (Szabadkai et al., 2006). Flow of Ca®" across
the IMM occurs through the mitochondrial Ca?* uniporter (MCU), a selective Ca?* channel (Kp <
2 nM) (Kirichok et al., 2004; Mironova et al., 1994). Structurally, MCU homo-oligomers span the
IMM to form the pore (Baughman et al., 2011; Chaudhuri et al., 2013; De Stefani et al., 2011;
Oxenoid et al.,, 2016). Indeed, reconstitution assays in S. cerevisiae (which lack MCU)
demonstrated that expression of exogenous MCU alone was sufficient to mediate mitochondrial
Ca®" uptake (Kovacs-Bogdan et al., 2014). MCU is additionally regulated by soluble, accessory
subunits such as mitochondrial Ca** uptake protein 1 (MICU1) and MICU2 (Kamer and Mootha,
2015; Wang et al., 2014), as well as MCU regulator 1 (MCUR1) — although whether or not this
latter factor regulates MCU directly remains unclear (Chaudhuri et al., 2016; Paupe et al., 2015;

Vais et al., 2015).
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In addition to Ca?" transfer, contacts between mitochondria and the ER have a functional
role in the shuttling of phospholipids between both organelles. Phosphatidic acid (PA) is converted
to phosphatidylserine (PS) by phosphatidylserine synthase (PTDSS, Chol in yeast) in the ER
membrane (Phillips and Voeltz, 2016). PS is transported across the ER-mitochondrion interface
by a mechanism that involves the conserved ER membrane protein complex (EMC, Fig. 1.12C)
(Lahiri et al., 2014). Indeed, perturbing the EMC itself or its interactors leads to mitochondrial
lipid dyshomeostasis (Janer et al., 2016; Lahiri et al., 2014). This is one of the very first steps in a
shuttling pathway, in which mitochondrial PS is then converted to phosphatidylethanolamine (PE),
transported back to the ER to undergo enzymatic conversion to phosphatidylcholine (PC), and
finally (likely) transported back to mitochondria (Phillips and Voeltz, 2016). Additionally, in
yeast, sterols are transported from the ER to mitochondria via an interaction between the sterol
transporter Ltc1p on the ER and Tom70p on mitochondria (Fig. 1.12D) (Murley et al., 2015). This
process is thought to be conserved in mammals, as the GRAMDI1 family of proteins bears a domain
configuration similar to Ltc1p and these proteins are highly-expressed in steroidigenic cell lines
(McDowell et al., 2012; Murley et al., 2015; Rosenbloom et al., 2015). Additionally, organellar
morphology itself is regulated by contact with the ER (Fig. [.12E); during mitochondrial fission,
the ER contacts the OMM to label fission sites in order to stabilize Drpl (Friedman et al., 2011;
Prudent et al., 2015), likely through pre-constriction of the membrane via actin polymerization (Ji
et al., 2015; Korobova et al., 2013). Thus, mitochondria-ER contact sites play critical and diverse
functional roles in maintaining cellular homeostasis.

Returning to the PINK 1/parkin quality control system, links between these disease genes
and mitochondria-ER contacts are apparent, exemplified primarily by the association of PINK1

with Ca?" dynamics. In cultured cells, PINK1 depletion leads to an impairment of Ca** uptake by
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mitochondria — although this may be a secondary phenomenon arising from mitochondrial
dysfunction — and, similarly, parkin-deficient cells have dysregulated Ca** homeostasis (Heeman
et al., 2011; Sandebring et al., 2009). Moreover, PINK1 deficiency in neurons — a cell type reliant
on mitochondrially-generated energy production — sensitizes mitochondria to Ca** overload,
inducing cell death (Akundi et al., 2011; Almeida et al., 2004; Gandhi et al., 2009; Kostic et al.,
2015), and deletion of MCU accordingly prevents dopaminergic degeneration in a zebrafish model
of PINKI loss (Soman et al., 2017). Conversely, highly glycolytic tissues (such as muscle) adapt
to altered metabolism due to a loss of PINK1 by further increasing glycolysis and hyperpolarizing
mitochondria, and become desensitized to Ca®*-induced stress (Yao et al., 2011). Thus, the
metabolic state of the cell can act as an important determinant for PINK 1-related phenotypes. Both
this observation and the inability of PINK1-null mitochondria to buffer Ca** may sensitize
DAergic neurons — which have an intrinsic pacemaking activity via Ca®" transients — to stress and
cell death (Chan et al., 2007). More directly, perturbations in mitochondria-ER coupling have
recently been described in PARKIN and PINK1 loss-of-function systems, although these include
both increases and decreases in contact (Celardo et al., 2016; Gautier et al., 2016; Gelmetti et al.,
2017). Accordingly, dysregulation of lipid homeostasis has been reported in PARKIN mutant
fibroblasts (Lobasso et al., 2017), and this may be due to dysregulation of mitochondria-ER
uncoupling; indeed, the increase in PS observed by Lobasso ef al. in mutant cells may be due to a
failure of its ER-to-mitochondrion transfer, as PS synthesis is concentrated at these interorganellar
junctions (Kannan et al., 2017). How parkin and PINKI1 modulate mitochondria-ER contact
remains unknown, although depolarization-stabilized PINK1 has recently been suggested to

accumulate at contacts between both organelles (Gelmetti et al., 2017). Clearly, more study into
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the direct, mechanistic role of PINK1 and parkin function at mitochondria-ER contact sites is

required.

L.V RATIONALE

Over the past decade, study of the cell biology of PARKIN and PINKI, building upon
earlier work in Drosophila, has advanced significantly with respect to their roles in mitochondrial
quality control. In focusing on how these proteins regulate mitophagy, the field has made
significant progress in three major areas; a) how PINK1 transmits the mitochondrial damage signal
to parkin, ) how parkin is activated, and c¢) how the mitochondrial ubiquitin signal is recognized
by the cell to ensure degradation of the organelle. However, there is a significant dearth of
knowledge concerning how parkin and PINKI initiate mitophagy, and potentially other
mitochondrial quality control mechanisms (i.e. between points b and c¢). Logically, regulatory
mechanisms should precede the feed-forward cycle of ubiquitination and Ub phosphorylation —
the point of no return — yet very little is known about factors modulating the pathway. Moreover,
while transient or oscillating depolarizations have been measured in a variety of cell types
(including DAergic neurons in in situ preparations), prolongued mitochondrial depolarization is
rare under physiological conditions (Brady et al., 2004; Duchen et al., 1998; Guzman et al., 2010;
Hattori et al., 2005; Li et al., 2012; Suen et al., 2010). Thus, the heavy reliance of the field on
mitochondrial uncoupling agents and parkin overexpression to achieve phenotypes may mask the
true nature of the parkin/PINK1 pathway; indeed, evidence in Drosophila suggests that these
proteins regulate both autophagic turnover of mitochondria and selective degradation of

mitochondrial proteins (Vincow et al., 2013). The overarching goal of the work contained within
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this thesis was to investigate how mitochondrial quality control pathways — specifically at the

initiation step — are regulated by parkin, PINKI and other factors.
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Chapter I1

PARKIN AND PINK1 FUNCTION IN A VESICULAR TRAFFICKING PATHWAY

REGULATING MITOCHONDRIAL QUALITY CONTROL

The following Chapter originally appeared as a Research Article in the EMBO Journal:

McLelland GL, Soubannier V, Chen CX, McBride HM, Fon EA (2014). Parkin and PINK1

function in a vesicular trafficking pathway regulating mitochondrial quality control. EMBO J.

33(4):282-295, doi:10.1002/emb;.201385902. PMID: 24446486
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IL.I ABSTRACT

Mitochondrial dysfunction has long been associated with Parkinson’s disease (PD). PARKIN and
PINK1, two genes associated with familial PD, have been implicated in the degradation of
depolarized mitochondria via autophagy (mitophagy). Here, we describe the involvement of parkin
and PINK1 in a vesicular pathway regulating mitochondrial quality control. This pathway is
distinct from canonical mitophagy and is triggered by the generation of oxidative stress from
within mitochondria. Wild-type but not PD-linked mutant parkin supports the biogenesis of a
population of mitochondria-derived vesicles (MDVs), which bud off mitochondria and contain a
specific repertoire of cargo proteins. These MDVs require PINK1 expression and ultimately target
to lysosomes for degradation. We hypothesize that loss of this parkin- and PINK1-dependent
trafficking mechanism impairs the ability of mitochondria to selectively degrade oxidized and

damaged proteins, leading, over time, to the mitochondrial dysfunction noted in PD.

ILIT INTRODUCTION

Mitochondrial quality control, a term encompassing various cellular pathways overseeing
the regulated turnover of mitochondrial proteins and lipids, ensures the functionality of the
mitochondrial reticulum throughout the lifetime of the cell (Youle and van der Bliek, 2012). The
deterioration of these mechanisms has been hypothesized to underlie the pathogeneses of several
neurodegenerative diseases, most notably Parkinson’s disease (PD), the second-most common
neurodegenerative disorder worldwide (Dawson et al., 2010; Schon and Przedborski, 2011;
Tatsuta and Langer, 2008). PINK1 and parkin, two PD-linked genes initially implicated in a
common pathway regulating mitochondrial function in Drosophila, have been shown to mediate

the degradation of dysfunctional mitochondria that have become depolarized by treatment of cells
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with the uncoupler CCCP (Clark et al., 2006; Greene et al., 2003; Park et al., 2006; Poole et al.,
2008; Yang et al., 2006). In this paradigm, PINK1, a serine/threonine kinase, globally accumulates
on depolarized mitochondria and recruits parkin from the cytosol to mitochondria in a manner
dependent upon PINK1 phosphorylation activity (Greene et al., 2012; Matsuda et al., 2010;
Narendra et al., 2008; Narendra et al., 2010b; Vives-Bauza et al., 2010). At depolarized
mitochondria, parkin, an E3 ubiquitin ligase, catalyzes the polyubiquitination of several substrates,
including the mitofusins and VDACs, and triggers whole-mitochondrial engulfment by
autophagosomes and subsequent degradation through the autophagosome-lysosome pathway (a
process known as mitophagy) (Geisler et al., 2010; Narendra et al., 2008; Poole et al., 2010; Sun
et al.,, 2012; Tanaka et al., 2010; Wang et al., 2011; Ziviani et al., 2010). Kinetic studies of
mitophagic clearance of entire mitochondria by PINK1 and parkin have demonstrated that this
process occurs on the scale of several hours to days (Chan et al., 2011; Yoshii et al., 2011).
Recently, we showed that a subpopulation of mitochondrial-derived vesicles (MDVs) —
cargo-selective vesicles that bud off mitochondria independently of the mitochondrial fission
machinery — play a role in mitochondrial quality control (Neuspiel et al., 2008; Soubannier et al.,
2012a; Soubannier et al., 2012b). We have shown that MDVs mediate transport between
mitochondria and various other organelles in response to a variety of stimuli (Braschi et al., 2010;
Neuspiel et al., 2008; Soubannier et al., 2012a). Correspondingly, upon generation of cytosolic
oxidative stress, we observed the biogenesis of mitochondrial vesicles that ultimately targeted to
lysosomes for degradation, on a scale of tens of minutes to an hour (Soubannier et al., 2012a). As
in vitro reconstitution experiments demonstrated that these vesicles were enriched for oxidized
proteins (Soubannier et al., 2012b), we hypothesized that certain populations of mitochondrial

vesicles may regulate a form of mitochondrial quality control, kinetically faster than mitophagy,
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which would function prior to total depolarization in an effort to preserve the integrity of the
organelle.

Here, we demonstrate the involvement of parkin and PINK1 in the generation of MDVs in
response to mitochondrial oxidative stress. Parkin colocalizes with MDVs in a PINK1-dependent
manner, and stimulates their formation in response to antimycin A, a potent generator of reactive
oxygen species (ROS). Once formed, these vesicles target to lysosomes for degradation in a
manner independent of canonical mitophagy. These findings implicate PINK1 and parkin in a
mitochondrial quality control pathway that operates at an early stage in order to salvage
mitochondria by selectively extracting damaged components via vesicular carriers. We propose
that it is only once this first line of defense is overwhelmed — and that mitochondria become

irreversibly damaged — that the entire organelle is targeted for degradation by mitophagy.

IL.III RESULTS
ILIIL.1 Mitochondrial ROS generate mitochondrial vesicles in a parkin-dependent manner

To test whether parkin is involved in a mitochondrial vesicular trafficking pathway, we
expressed GFP-parkin and a mitochondrial matrix-targeted DsRed2 (OCT-DsRed2) in HeLa cells,
which express no endogenous parkin (Denison et al., 2003). Throughout this study, to ensure that
we were examining MDVs rather than mitochondrial fragments generated by fission, Drpl-
dependent fission was suppressed by either overexpressing a dominant-negative Drpl mutant
(CFP-Drp1*3%€ Fig. I11.51) (Harder et al., 2004) or by reducing endogenous Drp1 levels via siRNA.
These cells, subjected to a variety of treatments, were fixed and immunostained against the outer

mitochondrial membrane (OMM) protein TOM20 (Fig. I1I.1A). In untreated cells, GFP-parkin
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Figure IL1. Parkin promotes the biogenesis of cargo-selective MDVs in response to mitochondrial ROS. A Schematic
depicting the location of relevant protein markers relative to the mitochondrion, as well as the site of action of
pharmacological agents used. B Hela cells expressing GFP-parkin (green), OCT-DsRed2 (red) and CFP-Drp1X3% were left
untreated (untreated) or treated for two hours with 10 uM CCCP (CCCP), then fixed and stained for TOM20 (blue). Scale
bars, 30 microns. C Cells prepared as in B were treated with 50 uM antimycin A for two hours. Arrows indicate OCT-DsRed2-
positive/TOM20-negative MDVs that colocalize with GFP-parkin, while circles indicate MDVs that are parkin-negative.
Arrowheads indicate “nascent” vesicles, adjacent to mitochondria, exhibiting cargo selectivity and parkin recruitment.
Open arrowheads indicate parkin-negative MDVs containing the reciprocal cargo (TOM20-positive/OCT-DsRed2-negative).

Cell boundaries are delineated in the GFP-parkin single-channel image. Scale bars, 30 microns.

remained predominantly cytosolic, and both mitochondrial markers overlapped almost perfectly
(Fig. II.1B, untreated). As expected, disruption of Aym with CCCP led to recruitment of parkin en
masse to the mitochondrial reticulum (Fig. I1.1B, CCCP), which remained elongated as Drpl-
dependent fission was inhibited by CFP-Drp1%*%E In our previous study, the generation of ROS

within mitochondria in COS7 cells (which express low levels of endogenous parkin), using the
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complex III inhibitor antimycin A, led to the formation of specific MDVs that incorporated
selective cargo (Soubannier et al., 2012a). In vitro reconstitution followed by biochemical and
ultrastructural analysis showed that these vesicles were enriched for oxidized cargo proteins, and
that matrix cargo-containing MDVs, which excluded TOM20, were double-membrane structures
containing both an inner and outer membrane (Soubannier et al., 2012b). Strikingly, treatment of
HeLa cells with antimycin A for two hours led to the recruitment of GFP-parkin from the cytosol
to puncta containing the matrix-targeted DsRed2 but not TOM20 (Fig. IL.1C, boxes i to iii).
Although we only observed these antimycin A-induced, matrix-positive/TOM20-negative MDVs
in HeLa cells expressing GFP-parkin and not GFP alone (Fig. I1.2A), only 20% to 40% of these
structures colocalized with parkin, often at the periphery of mitochondria on what appeared to be
nascent, budding vesicles (Fig. II.1C, arrowheads), as well as ones that had dissociated completely
from mitochondria (Fig. II.1C, arrows). Thus, whereas both parkin and mitochondrial ROS are
required to induce this population of double-membraned mitochondrial vesicles, it appears that the
association of parkin with these structures is transient and occurs initially at sites of MDV budding.

Importantly, we found that the antimycin A-induced vesicular recruitment of parkin was
specific to this OCT-DsRed2-positive/TOM20-negative MDYV population, as vesicles with the
reciprocal cargo (TOM20-positive/OCT-DsRed2-negative) lacked parkin (Fig. IL.1C, open
arrowheads). Moreover, treatment of GFP-parkin-expressing HeLa cells with antimycin A did not
increase the overall number of this other, reciprocal vesicle population (Fig. II.S2A). When cells
were treated with glucose oxidase, which induces ROS formation external to mitochondria, for
two hours — a treatment that triggers the robust formation of TOM20-positive/matrix-negative

vesicles (Soubannier et al., 2012a) — we again did not observe the recruitment GFP-parkin to these
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MDVs (Fig. I1.S2B, open arrowheads). Thus, parkin is recruited to a specific population of MDVss
upon generation of mitochondrial ROS.

Next, we tested whether different PD-linked parkin mutants (depicted in Fig. I1.2B) could
induce MDVs in response to antimycin A. The number of matrix-positive, TOM20-negative
structures was quantified in antimycin A-treated HeLa cells expressing GFP, GFP-parkinVT, GFP-

parkin®#?* GFP-parkin®?!'N or GFP-parkin®?'F. Only upon expression of GFP-parkin™T did we
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Figure I1.2. Wild-type parkin, but not PD-associated parkin mutants, promotes MDV biogenesis. A Quantification of the
number of OCT-DsRed2-positive/TOM20-negative vesicles in cells expressing GFP, GFP-parkinVT, GFP-parkin®4?P, GFP-
parkink?!IN or GFP-parkin®3?F, treated with or without antimycin A; both total number (white bars) and the number
colocalizing with GFP-parkin (gray bars) are indicated. Bars represent the mean+SEM. P-values are given first for GFP-/GFP-
parkin-positive vesicles, then for total vesicle number (n = 49 to 68 cells in 2 to 3 experiments; ns, not significant; *, p<.05;
** p<.01; *** p<.001). B Structure of parkin, with PD-linked residues from D highlighted in dark gray (PDB ID: 4K95). Ubl,
ubiquitin-like domain (red); RO, RINGO domain (green); R1, RINGL1 (cyan); IBR, in-between RING (magenta); REP, repressor
element of parkin (yellow); R2, RING2 (salmon). C Hela cells expressing various GFP-parkin mutant contructs (green), pOCT-
DsRed? (red) and CFP-Drp1K38E were treated with 50 pM antimycin A for two hours, then fixed and immunostained against
TOM20. Arrows indicate matrix-positive/TOM20-negative structures colocalizing with GFP-parkin. Scale bars, 30 microns.
D Immunoblot of whole-cell lysates of Hela cells expressing various GFP-parkin constructs, treated with 50 uM antimycin
A or DMSO for two hours.
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observe the formation of matrix-positive MDVs (Fig. II.2A and C). In contrast, both GFP-
parkin®?!''™N and GFP-parkin®*'F failed to generate mitochondrial vesicles (Fig. IL.2A and C). The
mutation of the catalytic C431 abolishes parkin ubiquitin ligase activity (Trempe et al., 2013),
suggesting a role for ubiquitination in MDV biogenesis, and the GFP-parkin®?!'N has been
previously reported to be completely deficient in depolarization-induced parkin translocation

R42P it was found that, although

(Geisler et al., 2010). In the case of cells expressing GFP-parkin
the antimycin A-dependent increase in total matrix-positive/TOM20-negative vesicles was not
significant (Fig. II.2A and C), parkin colocalized with most of the few mitochondrial vesicles
present in these treated cells (Fig. I1.2A). The R42P mutation disrupts the folding of the Ubl
domain but does not abolish CCCP-induced mitochondrial translocation (Geisler et al., 2010;
Narendra et al., 2010b; Safadi and Shaw, 2007). Moreover, as an intact Ubl is critical for parkin
to interact with membrane trafficking partners (Fallon et al., 2006; Trempe et al., 2009), we
hypothesize that a functional Ubl domain may facilitate interactions between parkin and trafficking
proteins downstream of vesicle formation. Additionally, we do not disregard the possibility that
GFP-parkin®*?*-induced MDV formation may simply be kinetically slower in comparison to the
wild-type.

To further extend our findings and show they were not cell-type specific, instead of HeLa
cells, we used U20S cells stably expressing either GFP (U20S:GFP) or GFP-parkin (U20S:GFP-
parkin) and, instead of CFP-Drp1%**E, we used Drp1 siRNA to inhibit mitochondrial fission (Fig.
II.3A). To determine whether the parkin- and antimycin A-induced structures could incorporate
endogenous mitochondrial proteins, instead of using OCT-DsRed2, the cells were stained with

antibodies raised against the E2 and E3bp subunits of the pyruvate dehydrogenase complex (PDH

E2/E3bp, localized to the mitochondrial matrix; Fig. I1.1A) as well as TOM20. We again observed
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Figure I1.3. Parkin-dependent MDVs incorporate endogenous mitochondrial cargo. See legend on the following page.

cargo-selective (PDH E2/E3bp-positive/TOM20-negative) structures that did (Fig. 11.3B, arrows)

or did not (Fig. I1.3B, circles) colocalize with parkin after treatment. Expectedly, silencing of Drp1

had no effect on the total number of MDVs observed, confirming that MDVs are not a product of
mitochondrial fission (Fig. I1.3C). Again, only a fraction of the parkin-induced structures

colocalized with GFP-parkin (Fig. I1.3C) and those that did were predominantly adjacent to
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Figure I1.3. Parkin-dependent MDVs incorporate endogenous mitochondrial cargo. A Representative immunoblot of
whole-cell lysates from U20S:GFP and GFP-parkin cells transfected with non-targeting siRNA or siRNA targeting Drpl
(siDrpl). B U20S:GFP-parkin cells transfected with siRNA targeting Drp1 were treated with DMSO (left panel set) or 25 yM
antimycin A (anti A, right panel set) for 90 minutes, then fixed and immunostained against PDH (red) and TOM20 (blue).
PDH E2/E3bp-positive/TOM20-negative MDVs colocalizing with GFP-parkin (arrows) or not (circles) are indicated. Scale
bars, 20 and 2 microns. C Quantification of PDH-positive/TOM20-negative vesicles in U20S:GFP and GFP-parkin cells,
transfected with the indicated siRNA, treated with DMSO or antimycin A as in B; both total number (white bars) and the
number colocalizing with GFP-parkin (gray bars) are indicated. Bars represent the mean+SEM. P-values are given first for
GFP-/GFP-parkin-positive vesicles, then for total vesicle number (n = 48 to 85 cells in 2 to 3 experiments; ns, not significant;
* p<.05; **, p<.01; *** p<.001). D 5 pm-long profile of the parkin-positive vesicle and adjacent mitochondrial tubule
depicted in the antimycin A-treated cell from B (left). Increasing position values on the x-axis of the fluorescent intensity
plot (right) correspond to moving from the top to the bottom of the profile. “*" denotes the MDV indicated by an arrow
in B. E Quantification of the distance between the centres of GFP-parkin-negative (black bar) and -positive (gray bar)
vesicles and the edge of the nearest mitochondrial tubule for the vesicles quantified in antimycin A-treated U20S:GFP-
parkin cells transfected with siDrpl in C. Bars represent the mean+SEM. p<0.05 (*) was obtained by Student’ s t-test. F
U20S:GFP-parkin cells transfected with siRNA targeting Drp1 (siDrp1) were treated with 25 pM antimycin A for 90 minutes
prior to fixation. Samples were immunostained against TOM20 (blue) and the indicated mitochondrial marker (red). PDH
E2/E3bp-positive/TOM20-negative MDVs colocalizing with GFP-parkin (arrows) or not (circles) are indicated. Arrowheads
show lack of colocalization between GFP-parkin and the indicated mitochondrial marker. Scale bars, 20 and 2 microns. G
Quantification of TOM20-negative structures that stained positively for the indicated cargo in U20S:GFP and GFP-parkin
cells, transfected with the indicated siRNA, treated with antimycin A; both total number (white bars) and the number
colocalizing with GFP-parkin (gray bars) are indicated. Bars represent the mean+SEM. P-values are given first for GFP-/GFP-
parkin-positive vesicles, then for total vesicle number (n = 24 to 59 cells in 2 experiments; ns, not significant; *, p<.05; **,
p<.01; *** p<.001).

mitochondrial tubules (Fig. I.3D and E). Next, we asked whether parkin is required for the
formation of this class of MDVs. We had previously shown that, in COS7 cells, a population of
PDH E2/E3bp-positive, TOM20-negative MDVs was similarly induced by treatment with
antimycin A (Soubannier et al., 2012a). Silencing of endogenous parkin with siRNA in these cells
(Fig. IL.S3A) significantly reduced the number of PDH E2/E3bp-positive, TOM20-negative
MDVs that formed in response to antimycin A (Fig. I1.S3B). Thus, the ROS-induced biogenesis
of this class of MDV requires endogenous parkin in COS7 cells and is stimulated by parkin
expression under multiple conditions in a variety of cell lines.

To further characterize the endogenous cargo being carried by these vesicles, we also
screened a variety of other mitochondrial proteins to determine if they, like PDH E2/E3bp and

OCT-DsRed2, were incorporated into the parkin-dependent MDVs in U20S:GFP-parkin cells.
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Strikingly, we did not observe sorting of the Ela subunit of the PDH complex (PDH Ela) in
parkin-dependent MDVs (Fig. II.3F and G), suggesting that the megadalton PDH complex is at
least partially disassembled before incorporation into vesicles. Moreover, while COXI (a
transmembrane component of complex IV of the electron transport chain [ETC] located in the
inner mitochondrial membrane [IMM]) was incorporated into the antimycin A/parkin-induced
MDYV population, several other mitochondrial proteins, including cytochrome c (intermembrane
space [IMS]), TIM23 (IMM) and TRAP1 (IMS/matrix) were not (Fig. II.3F and G). These data
confirm that cargo selection extends beyond the exclusion of TOM20 and suggest that components
from the same mitochondrial locale and complex sort differentially into vesicles, in line with what
has been observed in in vitro reconstitution assays (Soubannier et al., 2012b).
Mitochondrially-localized parkin has been shown to polyubiquitinate and mediate the
degradation of OMM proteins in a manner dependent upon p97/VCP and the proteasome (Chan et
al., 2011; Tanaka et al., 2010; Yoshii et al., 2011). Thus, it could be conceived that the exclusion
of TOM20 from the observed parkin-dependent, antimycin A-induced MDV population may result
from its proteasomal degradation. To test this, we treated HeLa cells expressing GFP-parkin with
antimycin A in the presence of MG132 or epoxomicin, two proteasomal inhibitors (Fig. 11.S4A).
Under circumstances of proteasomal inhibition, we observed no decrease in the total number of
antimycin A-induced PDH E2/E3bp-positive/TOM20-negative structures, or those colocalizing
with parkin (Fig. I1.S4B). Additionally, we did not observe a change in the ratios of PDH E2/E3bp-
positive/TOM20-negative puncta (vesicles) with those that were doubly-positive (mitochondrial
fragments) that colocalized with GFP-parkin (Fig. I1.S4C), as would be expected if parkin were

degrading TOM20 from the surface of these structures. We also did not observe any change in
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Figure I1.4. Parkin-dependent MDVs are targeted to lysosomes independently of autophagy. A Hela cells, transfected with
siRNA targeting Drpl and GFP-parkin (green), were treated with 25 uM antimycin A for 90 minutes following a 30-minute
pretreatment with 50 nM bafilomycin, then fixed and immunostained against PDH E2/E3bp (red) and TOM20 (blue). PDH
E2/E3bp-positive/TOM20-negative MDVs colocalizing with GFP-parkin (arrows) or not (circles) are indicated. Scale bar, 30
microns. B Quantification of PDH E2/E3bp-positive/TOM20-negative vesicles in Hela cells treated with antimycin A in the
presence of the lysosomal inhibitors bafilomycin A: or pepstatin A and E-64d; both total number (white bars) and the
number colocalizing with GFP-parkin (gray bars) are indicated. Bars represent the mean+SEM. P-values are given for total
vesicle number (n = 19 to 120 cells in 2 to 3 experiments; ns, not significant; *, p<.05; **, p<.01; ***, p<.001). C Hela cells,
transfected with GFP-parkin (green) and siRNA targeting Drpl and Atg5, were treated with 25 pM antimycin A for 90
minutes, then fixed, immunostained for PDH E2/E3bp (red) and TOM20 (blue), and counterstained for Hoescht (gray). PDH
E2/E3bp-positive/TOM20-negative MDVs colocalizing with GFP-parkin (arrows) or not (circles) are indicated. Scale bars, 20
microns. D Quantification of PDH E2/E3bp-positive/TOM20-negative vesicles from Hela cells transfected with the indicated
siRNA; both total number (white bars) and the number colocalizing with GFP-parkin (gray bars) are indicated. Bars represent
the mean+SEM. P-values are given for total vesicle number (n = 42 to 64 cells in 2 to 3 experiments ns, not significant; *,
p<.05; **, p<.01; *** p<.001).

-63 -



total levels of TOM20 in U20S:GFP-parkin cells treated with antimycin A compared to those
treated with DMSO (Fig. I1.S4D and E). Finally, we silenced p97/VCP expression in U20S:GFP-
parkin cells (Fig. II.S4F), and observed no change in the total number of antimycin A-induced
MDVs (Fig. I1.S4G). Taken together with our data demonstrating differential sorting of
endogenous cargo into vesicles (Fig. 11.3), these results implicate bona fide selective incorporation

— rather than selective degradation — in the generation of parkin-dependent MDVs.

ILIILii Parkin MDVs are targeted to lysosomes for degradation independently of autophagy

As our previous study had shown that ROS-induced mitochondrial vesicles are targeted to
lysosomes for degradation (Soubannier et al., 2012a), we suspected the fate of parkin-dependent
vesicles to be similar. To address this, we first silenced Drpl expression in HeLa cells (Fig.
II.S5A), and overexpressed either GFP or GFP-parkin. In cells expressing GFP-parkin, we saw an
increase in PDH E2/E3bp-positive/TOM20-negative structures after antimycin A treatment (Fig.
I1.S5B), similar to what we had observed in U20S:GFP-parkin cells. We then incubated these
HeLa cells with antimycin A in the presence of the V-ATPase inhibitor bafilomycin A; or the
lysosomal hydrolase inhibitors pepstatin A and E64d; inhibitors commonly used in the study of
the lysosomal degradative pathway (Klionsky et al., 2012; Mizushima et al., 2010). Both the total
number of PDH E2/E3bp-positive/TOM20-negative MDVs, as well as the number of vesicles that
colocalized with GFP-parkin, increased significantly in the presence of antimycin A and
bafilomycin or pepstatin/E64d compared to treatment with antimycin A alone (Fig. I[.4A and B).
The increase resulting from lysosomal inhibition was parkin-dependent, as it was not observed in

cells expressing an empty GFP vector (Fig. [1.4B).
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Given that parkin-dependent mitochondrial turnover via autophagy requires mitochondrial

fission (Tanaka et al., 2010; Twig et al., 2008) and that Drpl was suppressed in our cells, it is

unlikely that the parkin-induced MDYV biogenesis that we observed involved canonical autophagy

pathways. To definitively test whether the role of parkin in the formation of mitochondrial vesicles

is distinct from its established role in mitophagy, MDV formation in autophagy-deficient cell

systems was investigated. We observed antimycin A-induced mitochondrial vesicles in parkin-

expressing, immortalized mouse embryonic fibroblasts (MEFs) generated from both WT mice and
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Figure IL.5. PINKI is required for parkin-dependent MDV formation. A Representative
immunoblot of whole-cell lysates from Hela cells transfected with non-targeting siRNA
or siRNA targeting PINK1 (siPINK1), treated with 10 yM CCCP for 6 hours in order to
stabilize the PINK1 full-length band. B Hela cells, transfected with GFP-parkin (green) and
siRNA targeting Drpl and PINK1 (or non-targeting control), were treated with 25 pM
antimycin A for 90 minutes, then fixed, immunostained for PDH E2/E3bp (red) and TOM20
(blue). PDH E2/E3bp-positive/TOM20-negative MDVs colocalizing with GFP-parkin
(arrows) or not (circles) are indicated. Arrowheads indicate parkin-positive MDVs adjacent
to mitochondria, possibly budding. C Quantification of PDH E2/E3bp-positive/TOM20-
negative structures from B; both total number (white bars) and the number colocalizing
with GFP-parkin (gray bars) are indicated. Bars represent the mean+SEM. P-values are
given first for GFP-/GFP-parkin-positive vesicles, then for total vesicle number (n = 42 to
60 cells in 3 experiments; ns, not significant; *, p<.05; **, p<.01; *** p<.001).
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silenced using siRNA (Fig. I1.S6B) (Narendra et al., 2008; Nishida et al., 2009; Xie and Klionsky,
2007). In these cells, autophagy was severely inhibited, as evidenced by the lack of GFP-LC3-
positive autophagosomes (Fig. I1.S6C). When GFP-parkin was expressed in these autophagy-
deficient HeLa cells, we again observed an antimycin A-dependent increase in the total number of
PDH E2/E3bp-positive/TOM20-negative vesicles (Fig. I1.4C and D). As these numbers remained
unchanged between autophagy-deficient and control cells, it is unlikely that these autophagy-
related proteins play a role in parkin-dependent MDV biogenesis or degradation, as, in these

instances, the number of vesicles would be expected to decrease or increase, respectively.

ILIILiii PINK is required for parkin-dependent MDYV biogenesis

Given that parkin-dependent mitophagy has been shown to require PINKI protein
stabilization on mitochondria (Geisler et al., 2010; Matsuda et al., 2010; Narendra et al., 2010b;
Vives-Bauza et al., 2010), the involvement of PINK1 in parkin-dependent MDV formation was
investigated. PINK1 expression was silenced via siRNA-mediated knockdown in HeLa cells
expressing GFP-parkin (Fig. I1.5A), and the number of PDH E2/E3bp-positive/TOM20-negative
structures was quantified after treatment with antimycin A. Interestingly, it was observed that, in
cells lacking PINKI, antimycin A-induced, parkin-dependent MDV biogenesis was severely
abrogated (Fig. IL.5B and C). This finding indicates that PINKI1 and parkin regulate both
mitophagy and mitochondrial vesicle formation, and may do so in response to distinct stimuli.
ROS generation may induce the formation of MDVs in an effort to preserve organelle integrity,
while mitophagy may occur only once this vesicular system is overwhelmed and Ay, has been

lost.

-66 -



ILIILiv Parkin-dependent MDYV formation and turnover precedes mitophagy

In order to test our hypothesis that, relative to mitophagy, parkin-dependent vesicle
biogenesis represents an early response to mitochondrial stress, we performed kinetic experiments
in U20S:GFP-parkin cells, a cell line which undergoes parkin-dependent mitophagy in response
to loss of Aym by CCCP (Lefebvre et al., 2013). As we decided to monitor both MDV formation
and mitophagy, we did not manipulate Drp1 levels. In addition to using antimycin A and CCCP to
generate mitochondrial ROS and ablate Ay, respectively, we also chose to incubate cells with
both antimycin A and oligomycin (a mitochondrial ATPase inhibitior). As oligomycin blocks both
forward and reverse electron flow through the F1Fo ATP synthase, its use would prevent, during
antimycin A-induced respiratory chain inhibition, the attempted repolarization of mitochondria
through reverse ATP synthase activity (Hatefi, 1985).

We first monitored Ay in these cells by TMRM fluorescence, and observed a sharp
decline in TMRM fluorescence signal (down to 23.8% of DMSO-treated control cells) following
CCCP treatment at 30 minutes (the first time point measured) that was maintained for the 6 hours
of the experiment (Fig. I1.6A, CCCP). As expected, antimycin A induced a much smaller decrease
in TMRM signal after the first hour (67.0% of control at 60 minutes), which was then followed by
a rebound in Ay, that, at 6 hours, had recovered almost completely (90.5% of control) (Fig. I.6A,
anti A). This finding is consistent with the phenomenon of reverse proton flow through the FiFo
ATPase induced by compromised mitochondrial respiration (Campanella et al., 2008; Hatefi,
1985). Indeed, combined inhibition with antimycin A and oligomycin prevented this rebound, and
Ay decreased steadily over time (to 50.9% of control at 6 hours) (Fig. II.6A, anti A + oligo),
although this decline was not as severe as cells treated with CCCP (17.2% of control at 6 hours,

Fig. I1.6A). Interestingly, we still observed global GFP-parkin recruitment in U20S:GFP-parkin
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Figure IL.6. Parkin-dependent
mitochondlrial vesicle biogenesis is a rapid
response  triggered by ROS. A

Quantification of TMRM fluorescence by
flow cytometry in U20S:GFP-parkin cells
treated with 25 pM antimycin A (anti A), 25
MM antimycin A and 10 pM oligomycin (anti
A + oligo) and 20 uM CCCP for the
indicated time, represented as a fraction of
fluorescence intensity compared to DMSO-
treated cells. Bars represent the mean+SEM
(n = 3 experiments). B U20S:GFP-parkin
cells were treated with DMSO (DMSO), 25
MM antimycin A (anti A), 25 uM antimycin A
and 10 uM oligomycin (anti A + oligo) or 20
MM CCCP (CCCP) for two hours, then fixed
and immunostained for TOM20 (red). Scale
bars, 50 microns. C Quantification of the
total PDH  E2/E3bp-
positive/TOM20-negative  structures in

number  of

U20S:GFP-parkin cells observed at various
times for the indicated treatment. Bars
represent the mean+SEM (n = 46 to 166
cells in 2 to 3 experiments; ns, not
significant; *, p<.05; **, p<.01; *** p<.001).
D U20S:GFP-parkin cells were treated with
DMSO (DMSO), 25 uM antimycin A (anti A),
25 uM antimycin A and 10 yM oligomycin
(anti A + oligo) or 20 pM CCCP (CCCP) for
two hours, then fixed and immunostained
for PDH E2/E3bp (red) and TOM20 (blue). A
merged image of both mitochondrial
markers (mito) is shown at the far right.
PDH  E2/E3bp-
positive/TOM20-negative structures

Arrows indicate

colocalizing with GFP-parkin (green). Scale
bars, 20 microns.

hours (Fig. 11.6B). This result supports previous data showing that perturbations in the Aym-

dependent import machinery can have amplified effects on parkin recruitment to mitochondria

(Greene et al., 2012), and is in line with a study demonstrating that FiFo ATPase inhibition is

sufficient to induce parkin recruitment in non-respiring cells (Suen et al., 2010).
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Figure IL.7. Cell-wide clearance of
mitochondria via autophagy is
triggered by depolarization and
proceeds over a 24-hour time
period. A Representative
immunoblot of whole-cell lysates
from U20S:GFP and GFP-parkin
cells treated with DMSO, 25 uM
25 uM
antimycin A with 10 uM oligomycin
(anti A + oligo), or 20 uM CCCP for
the time period. B
Quantification of PDH Ela signal
intensity relative to that of actin in

antimycin A (anti A),

indicated

immunoblots  from A, Bars
represent the meantSEM (n = 3
experiments). C Quantification of
mitochondrial clearance in
U20S:GFP-parkin cells treated as in
A, fixed and immunostained for
TOM20. Data
percentage of cells
mitochondria, by TOM20 staining,

fluorescence

are shown as

containing

visualized by
microscopy. Bars
mean+SEM (n =

represent the
3 experiments,
with at least 85 cells quantified per
condition, per experiment). D
U20S:GFP-parkin cells were treated
as in A for the indicated time
period, then fixed and
immunostained for TOM20 (red).
Cell boundaries are delineated in
single-channel images. Scale bars,
20 microns.
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We then addressed the kinetics of MDV formation by

quantifying the total number of PDH E2/E3bp-positive/TOM20-negative structures over time in

U20S:GFP-parkin cells treated with DMSO, CCCP, antimycin A, antimycin A and oligomycin,

and antimycin A and the ROS scavenger EUK-134 (Fig. I1.6C and D). Both antimycin A and

antimycin A combined with oligomycin triggered vesicle formation, which peaked at two hours

(Fig. I1.6C and D, anti A and anti A + oligo). Interestingly, the average number of vesicles per cell
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decreased after this time, likely due to their lysosomal turnover, as well as decreased biogenesis
owing to inhibition of forward electron flow through the ETC mitigating the amount of ROS
generated by antimycin A (Fig. I1.6A). Indeed, addition of EUK-134 decreased the observed
number of antimycin A-induced MDVs, whereas incubation of cells with CCCP did not generate
many vesicles (Fig. I1.6C, anti A + EUK-134 and CCCP), indicating that parkin MDV formation
is a ROS-dependent process not induced by global depolarization.

Our observation that parkin-dependent MDV formation and turnover occur over a period
of one to four hours (Fig. I1.6C) contrasts this pathway with parkin-mediated mitochondrial
turnover via autophagy, which occurs over a much larger scale of time (Geisler et al., 2010;
Narendra et al., 2008). Indeed, depolarizing U20S:GFP and GFP-parkin cells with CCCP or with
antimycin A and oligomycin induced parkin-dependent mitophagy over a period of 4 to 24 hours,
as assayed by the decrease in levels of several mitochondrial markers (Fig. I.7A and B and Fig.
II.S7A). In contrast, no such effect was observed after treatment with antimycin A alone.
Moreover, we observed cell-wide clearance of mitochondria in cells that had been depolarized for
12 hours, but not in cells treated with antimycin A alone (Fig. II.7C and D, Fig. II.S7B and C).
These data support our view that parkin-dependent vesicle formation is a rapid response triggered
by ROS, whereas turnover of the entire organelle is a relatively slow process initiated by

depolarization.

I1.IV DISCUSSION
Parkin function has been implicated in both vesicular trafficking and mitochondrial quality
control (Fallon et al., 2006; Fallon et al., 2002; Joch et al., 2007; Narendra et al., 2008; Trempe et

al., 2009; Youle and Narendra, 2011). We recently identified MDV transport as a delivery
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mechanism of selective, oxidized cargo to the late endosome (Soubannier et al., 2012a; Soubannier
et al., 2012b). With this study, we greatly expand our understanding of this pathway with the
identification of both parkin and PINK1 as core machinery required for the generation of double-
membrane, matrix-containing MDVs. Thus, parkin and PINK1 sit at the crossroads of two distinct
mitochondrial quality control mechanisms; the shuttling of selective cargo to lysosomes by
autophagy-independent vesicular carriers, and the delivery of entire organelles to the
autophagosome via autophagy. In contrast to mitophagy, parkin- and PINK1-dependent vesicles
form in the absence of Drp1-dependent fission and are generated by ROS, not global mitochondrial
depolarization. Additionally, these vesicles, whose formation can be induced by endogenous levels
of parkin, preferentially incorporate certain endogenous mitochondrial cargo while excluding
others, and target to lysosomes in a manner that is autophagy-independent. Kinetic studies
demonstrate that much of the vesicle biogenesis and turnover occurs within the first few hours of
treatment, whereas mitophagic clearance of mitochondria occurs over a period of days.

Both parkin-dependent mitophagy and vesicle formation may contribute to mitochondrial
quality control, albeit it at differing levels. MDV formation in vitro shows that about 4% of the
selected mitochondrial cargo can be sorted into vesicles per hour (Soubannier et al., 2012b), which
is similar to the 6 to 12% of protein turnover generated by mitochondrial proteases in yeast
(Augustin et al., 2005). Our data suggest that parkin may mediate the extraction of damaged
respiratory proteins and chaperones by vesicular carriers that transport them to lysosomes for
degradation, thus preserving the integrity of the whole mitochondrion at the steady state. If,
however, these damaged proteins accumulate beyond a certain threshold, the dissipation of Aym

would trigger the autophagic engulfment and degradation by parkin-dependent mitophagy.

-71-



PINK1 may play a crucial role in the detection of this threshold. While CCCP triggers a
massive PINK1 increase due to global import failure (Greene et al., 2012; Lazarou et al., 2012;
Matsuda et al., 2010; Narendra et al., 2010b), antimycin A-induced ROS may cause PINKI
buildup at local or individual import channels. This interplay between local and global PINK1
accumulation may regulate the magnitudes of subsequent parkin recruitment and ubiquitin ligase
activity. This latter point is intriguing, as while mitochondrial polyubiquitination has been
implicated in autophagy (Chan et al., 2011; Geisler et al., 2010; Tanaka et al., 2010), we have
previously shown that interactions between parkin and binding partners involved in endocytic
trafficking and membrane curvature are regulated by monoubiquitination (Fallon et al., 2006; Joch
et al.,, 2007; Trempe et al., 2009). Additionally, monoubiquitination and ubiquitin cycling are
common themes in the endocytic system (d'Azzo et al., 2005). In our study, a role for
ubiquitination in MDV formation is supported by the observation that vesicle formation is
abolished upon expression of the ligase-dead parkin mutant.

Mounting evidence implicates the dysregulation of membrane trafficking pathways, as
well as mitochondrial dysfunction, in the pathogenesis of PD. Recently, two exome sequencing
analyses linked the retromer subunit Vps35 to PD (Vilarino-Guell et al., 2011; Zimprich et al.,
2011). Vps35, along with Vps26 and Vps29, forms the so-called cargo recognition complex of the
retromer, which cooperates with sorting nexins to mediate cargo selection and membrane
curvature, respectively (Bonifacino and Hurley, 2008; Cullen and Korswagen, 2012).
Interestingly, Vps35 localizes to mitochondria and is required for the formation of a population of
mitochondrial vesicles that targets to peroxisomes (Braschi et al., 2010). Clearly, identification of
the machinery regulating cargo selection and membrane dynamics, downstream of PINKI-

dependent parkin recruitment to bud sites, requires further elucidation.
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It is becoming evident that, in neurons, continued deregulation of mitochondrial quality
control can lead to neurodegeneration (Rugarli and Langer, 2012). The existence of two distinct,
yet complimentary, mitochondrial quality control pathways involving parkin and PINKI1 is
supported by a recent study in Drosophila, in which parkin/PINK1 mitochondrial quality control
was shown to have both autophagy-dependent and -independent components at steady-state in vivo
(Vincow et al., 2013). Additionally, Vincow et al. found that the turnover rates of individual
subunits from the same multiprotein complex vary significantly, supporting our finding that
different PDH subunits are sorted differentially into the MDYV population that we observed.

In PD patients harbouring defects in parkin or PINKI, a loss of mitochondrial quality
control mechanisms may lead to a buildup of mitochondrial damage, and ultimately mitochondrial
dysfunction. This is supported by the observation that leukocytes collected from PD patients
carrying parkin mutations have decreased mitochondrial respiratory capacity (Muftuoglu et al.,
2004), similar to what has been observed in the substantia nigra of sporadic PD patients (Mann et
al., 1992). Elucidating the precise role of PD-linked genes in the regulation of mitochondrial
quality control, and how the loss of these processes may lead to the death of dopaminergic neurons,
may point to specific degenerative mechanisms shared between genetic and sporadic forms of PD.
Thus, further investigation of the exact role played by parkin and PINK1 in MDYV biogenesis will
enrich existing knowledge regarding mitochondrial quality control mechanisms and their relation
to PD, and prospectively shed light on therapeutic possibilities regarding this debilitating, aging

disease.

II.V MATERIALS AND METHODS
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Reagents — MG132 and epoxomicin were obtained from Boston Biochem. EUK-134 was
purchased from Cayman Chemical. Tetramethylrhodamine methyl ester (TMRM) was purchased

from Molecular Probes. All other reagents were purchased from Sigma-Aldrich.

Plasmids — pEGFP-C3 (Clontech), pEGFP-parkin, pECFP-Drp1¥3®E (Harder et al., 2004), pPEGFP-
LC3B and mito-DsRed2/pOCT-DsRed2 (Harder et al., 2004) were used in this study. pEGFP-
parkin®*?* pEGFP-parkin®*''N and pEGFP-parkin“*'" were generated from pEGFP-parkin™®
using the QuikChange II site-directed mutagenesis kit (Agilent Technologies) according to the

manufacturer’s instructions.

siRNA oligonucleotides — Stealth RNAi siRNA oligonucleotides were purchased from Invitrogen.
These included siRNA duplexes targeting Atg5 (5'-AACCUUUGGCCUAAGAAGAAAUGGA-
3' (Chen et al., 2007)), beclin-1 (1:1 mixture of 5'-CAGUUUGGCACAAUCAAUAACUUCA-3'
and 5'-CAGGAACUCACAGCUCCAUUACUUA-3' (Hoyer-Hansen et al., 2005)), Drpl (5'-
ACUAUUGAAGGAACUGCAAAAUAUA-3' (Taguchi et al, 2007)) and Rab9 (5'-
AAGUUUGAUACCCAGCUCUUCCAUA-3' (Ganley et al., 2004)). Non-targeting siRNA was
also obtained from Invitrogen. siRNA targeting parkin (ON-TARGETplus SMARTpool), PINK1
(ON-TARGETplus J-004030-07) and p97/VCP (ON-TARGETplus SMARTpool) were purchased

from Dharmacon.

Cell culture and transfection — HeLa cells (ATCC), COS7 cells (ATCC), Atg5™* and Atg5”’ MEFs

(RIKEN BioResource Center, Ibaraki, Japan), and U20S:GFP and GFP-parkin cells (Rob

Screaton, University of Ottawa) were cultured in DMEM (Multicell) supplemented with 10% fetal
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bovine serum, L-glutamine, penicillin and streptomycin at 37°C with 5% CO.. HeLa cells and
MEFs were plated on coverslips in 24-well plates (at 5 to 6x10* cells per well). Cells were
simultaneously infected with the Drp1¥**E_.CFP adenovirus (MOI of 300) and transfected with 0.3
to 0.5 pg/ml of the indicated plasmid using jetPRIME transfection reagent (Polypus Transfection,
Illkirch, France) according to the manufacturer’s instructions. In the case of subsequent siRNA
and DNA transfections, cells were first plated in 6-well or 10 cm plates, and transfected with 25
to 50 nM of each siRNA oligo using jetPRIME. At 24 hours post-transfection, cells were plated in
6-well plates or on coverslips in 24-well plates (at 2.5x10° and 5 to 6x10* cells per well,
respectively). The following day (48 hours post-siRNA transfection), cells were transfected with
DNA as indicated above. U20S:GFP and GFP-parkin cells were plated for siRNA transfection,
and then replated in 6-well plates or on coverslips in 24-well plates (at 2.5x10° and 4x10* cells per
well, respectively) at 24 hours post-transfection. For the time-course experiment, U20S:GFP-
parkin cells were plated on coverslips in 24-well plates (at 8x10* cells per well) the day prior to

treatment.

Cell treatments — Unless otherwise specified, treatments were performed 24 hours after DNA
transfection and/or 72 hours following siRNA transfection. Typically, cells were treated with 100
mU/ml glucose oxidase, 10 uM CCCP or 25 to 50 uM antimycin A for 90 to 120 minutes before
fixation or lysis. In assays requiring lysosomal or proteasomal inhibition, cells were preincubated
with 2 uM epoxomicin, 10 pM MG132, 50 nM bafilomycin A; or 10 pg/ml pepstatin A and 10
ug/ml E-64d for one hour, followed by an additional 90 minutes of the indicated inhibitor with

antimycin A or DMSO. In the time-course experiment, cells were treated with DMSO, 25 uM
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antimycin A, 25 pM antimycin A and 10 pM oligomycin, 25 pM antimycin A and 50 uM EUK-

134, and 20 uM CCCP for the indicated time prior to fixation.

Cell lysis and immunoblotting — Cells were rinsed in ice-cold PBS and lysed in lysis buffer (20
mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, and
a protease inhibitor cocktail [aprotinin, leupeptin, benzamidine and PMSF]) on ice. Protein content
of the lysates was determined by BCA assay (Pierce/Thermo Scientific). 15 to 45 ug of protein
were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Primary antibodies
were diluted in 5% milk or 3% BSA in PBS-Tween, and incubations with primary antibody were
performed overnight at 4°C. Primary antibodies used in this study included anti-actin (Millipore,
MAB1501, 1:100000), anti-Apg5 (Santa Cruz Biotechnology, sc-8667. 1:1000), anti-beclin-1 (BD
Biosciences, 612113, 1:1000), anti-Drp1 (BD, 611113, 1:5000), anti-GAPDH (Novus Biologicals,
NB300-320, 1:50000), anti-parkin (Santa Cruz, sc-32282, 1:2000 [endogenous parkin] or
1:100000 [ectopic parkin]), anti-PINK 1 (Novus, BC100-494, 1:2500), anti-Rab9 (Abcam, ab2810,
1:1000), anti-TIM23 (BD, 611222, 1:40000), anti-TOM20 (Santa Cruz, sc-11415, 1:50000), anti-
p97/VCP (Abcam, ab11433, 1:10000), anti-PDH Ela (Abcam, ab110330, 1:5000), anti-TRAP1
(Abcam, ab2721, 1:5000), anti-a-tubulin (Santa Cruz, sc-23948, 1:50000) and anti-VDACI
(Abcam, ab14734, 1:40000). HRP-conjugated secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories, and were diluted in 5% milk in PBS-Tween. Incubations with
secondary antibodies were performed at room temperature for one hour. Western Lightning ECL
and Plus-ECL kits (PerkinElmer) were used to detect protein bands according to the

manufacturer’s instructions.
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Immunofluorescence — Following treatments, cells were fixed in 6% paraformaldehyde and
quenched with 50 mM NH4Cl in PBS. Cells were then permeabilized in PBS containing 0.25%
Triton X-100 and blocked in 10% FBS in PBS. Primary antibodies were diluted in PBS containing
5% FBS. Primary antibodies used in this study included anti-COXI (Abcam, ab14705, 1:50), anti-
cytochrome ¢ (BD, 556432, 1:500), anti-PDH Ela (Abcam, ab110330, 1:50), anti-PDH E2/E3bp
(Abcam, ab110333, 1:1000), anti-TIM23 (BD, 611222, 1:50), anti-TOM?20 (Santa Cruz, sc-11415,
1:1000) and anti-TRAP1 (Abcam, ab2721, 1:100). Alexa Fluor 555- and 647-conjugated donkey
anti-mouse and anti-rabbit secondary antibodies were purchased from Molecular Probes, and a
DyLight 405-conjugated donkey anti-rabbit secondary antibody was purchased from BioLegend.
Both primary and secondary antibody incubations were performed at room temperature for one
hour. In certain cases, coverslips were counterstained with Hoescht 33342 (Molecular Probes)

prior to mounting on glass slides using Aqua Poly/Mount (Polysciences Inc.).

Confocal microscopy and vesicle quantification — Confocal images (~0.8 um-thick slices) were

acquired either on an LSM 510 Meta confocal microscope (Zeiss) through a 100X, 1.4 NA
objective or on an LSM 710 (Zeiss) through either a 40X, 1.3 NA or a 63X, 1.4 NA objective using
excitation wavelengths of 405 nm, 458nm, 488 nm, 543 nm and 633 nm. Image files were analyzed
using Image] (NIH, Bethesda, MD). Vesicles were identified by eye, based on cargo selectivity
(i.e. the presence of one cargo and the absence of another) and quantified in two to three
independent, blinded experiments. Typically, vesicles within 20 to 50 cells were counted per

experiment.
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Determination of Aym by fluorescence-activated cell sorting — To quantitatively measure Aym, we
modified a protocol established by Chazotte (Chazotte, 2011). U20S:GFP-parkin cells were plated
in 12-well plates (at 1.3x10° cells per well) 12 hours prior to incubation with TMRM. Cells were
then pulsed with 600 nM TMRM diluted in culture medium for 30 minutes, rinsed with PBS and
incubated in culture medium containing 150 nM TMRM. All treatments were performed in the
presence of 150 nM TMRM. Following treatment with various inhibitors, cells were trypsinized
for 2 to 3 minutes at 37°C, collected in culture medium without TMRM and then kept on ice.
Fluorescence-activated cell sorting measurements were performed with a FACSCalibur flow
cytometer (BD Biosciences). Data was analyzed using FlowJo software (Tree Star Inc., Ashland,

OR).

Statistical analysis — Histograms were generated from the mean number of vesicles per cell,
obtained from two to three independent experiments in which the MDVs in at least 20 cells per
experiment were counted. Error bars represent the mean+SEM, which was calculated using the
total number of cells quantified as the n-value. Statistical significance was determined by one- or
two-way ANOVA followed by a Bonferroni post-hoc analysis (Prism 5, GraphPad Software, La

Jolla, CA). Differences were considered significant if p<0.05.
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II.VII SUPPLEMENTARY FIGURES

untransduced untransduced

Figure I.S1. Expression of CFP-DrpI*3%t jn Hela cells. Representative confocal images of Hela cells left untransduced (top)
or infected with adenovirus encoding CFP-Drp1X38 (bottom) and fixed 24 hours post-infection. Mitochondrial morphology
was visualized by endogenous TOM20 immunostaining (red, top) or localization of ectopically-expressed pOCT-DsRed2
(red, bottom). Scale bars, 50 microns.
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Figure I1.S2. Parkin does not associate with TOMZ20-positive MDVs. A Quantification of the number of TOM20-
positive/OCT-DsRed2-negative MDVs from GFP and GFP-parkin expressing cells from Fig. IL1C. Bars represent the
mean+SEM. B Hela cells expressing GFP-parkin (green), OCT-DsRed2 (red) and CFP-Drp1X38¢ were treated with 100 mU/ml
glucose oxidase (GO) for two hours before fixation. Open arrowheads indicate TOM20-positive/OCT-DsRed2-negative
structures that do not colocalize with GFP-parkin. Scale bars, 30 microns.
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Figure I1.S3. Loss of parkin abolishes MDV formation in COS7 cells. A Representative immunoblot of whole-cell lysates from
COS7 cells transfected with non-targeting siRNA or siRNA targeting parkin (siParkin). The asterisk indicates a non-specific
band. B Quantification of the total number of PDH E2/E3bp-positive/TOM20-negative structures from COS7 cells treated
with or without 50 uM antimycin A for two hours prior to fixation. Bars represent the mean+SEM (n = at least 45 cells over
3 experiments; ns, not significant; *, p<.05; **, p<.01; ***, p<.001).
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Figure I1.S4. Exclusion of TOMZ20 on MDVs does not occur through p97/VCP-dependent proteasomal degradation. A Hela
cells transfected with siRNA targeting Drpl and transiently expressing GFP-parkin (green) were pretreated for 30 minutes
with 10 yM MG132 prior to treatment with 25 uM antimycin A (with MG132) for 90 minutes. After fixation, samples were
immunostained against TOM20 (blue) and PDH E2/E3bp (red). PDH E2/E3bp-positive/TOM20-negative MDVs colocalizing



with GFP-parkin (arrows) or not (circles) are indicated. Scale bars, 20 microns. B Quantification of PDH E2/E3bp-
positive/TOM20-negative structures from Hela cells treated with antimycin A and 10 pM MG132 or 2 yM epoxomicin
(epoxo); both total number (white bars) and the number colocalizing with GFP-parkin (gray bars) are indicated. Bars
represent the mean+SEM. P-values are given first for GFP-/GFP-parkin-positive vesicles, then for total vesicle number (n =
61 to 73 cells in 3 experiments; ns, not significant; *, p<.05; **, p<.01; *** p<.001). C Quantification of the ratio of parkin-
positive MDVs (PDH E2/E3bp-positive/TOM20-negative, gray bars) to fragments (PDH E2/E3bp- and TOM20-positive, white
bars) of all cells quantified in B (ns, not significant). D Representative immunoblot of whole-cell lysates from U20S:GFP and
GFP-parkin cells treated with antimycin A and proteasomal inhibitors depicting total TOM20 levels. VDACL is used as a
mitochondrial loading control. E Quantification of TOM20 signal intensity relative to that of actin in immunoblots from D.
Bars represent the mean+SEM (n = 3 experiments). F Representative immunoblot of whole-cell lysates from U20S:GFP-
parkin cells transfected with non-targeting siRNA, siRNA targeting Drp1 (siDrp1l) and/or p97/VCP (siVCP). G Quantification
of the total number of PDH E2/E3bp-positive/TOM20-negative structures from U20S:GFP-parkin cells (transfected with the
indicated siRNA) treated with 25 pM antimycin A for 90 minutes. Bars represent the mean+SEM (n = 48 to 62 cells in 2
experiments; ns, not significant; *, p<.05; **, p<.01; *** p<.001).
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Figure I1.S5. Silencing of Drp1 in Hela cells. A Representative immunoblot of whole-cell lysates from Hela cells transfected
with non-targeting siRNA or siRNA targeting Drpl (siDrpl). B GFP-parkin-expressing Hela cells transfected with siRNA
targeting Drpl were treated with 25 pM antimycin A (anti A) or DMSO (DMSO) for 90 minutes, then fixed and
immunostained against PDH E2/E3bp (red) and TOM20 (blue). PDH E2/E3bp-positive/TOM20-negative MDVs colocalizing
with GFP-parkin (arrows) or not (circles) are indicated. Scale bars, 20 and 5 microns.
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Figure I1.S6. Silencing of genes involved in autophagy in Hela cells. A Atg5+/+ and Atg57- mouse embryonic fibroblasts
(MEFs) were transfected with GFP-parkin (green), OCT-DsRed2 (red, mtDsRed2) and CFP-Drp1%3¢E, treated with 40 yM
antimycin A for two hours, fixed and immunostained against TOM20 (blue). Circles indicate OCT-DsRed2-positive/TOM20-
negative MDVs colocalizing with GFP-parkin. Scale bars, 30 microns. B Representative immunoblots of whole-cell lysates
depicting efficiency of siRNA-mediated knockdown of autophagy-related genes in Hela cells. The asterisk indicates a non-
specific band. C Representative images of Hela cells transfected with GFP-LC3 (green) and siRNA targeting Drpl and the
indicated autophagy-related gene (or control), fixed 24 hours after plasmid transfection. Boxes highlight (lack of) GFP-LC3
clustering in untreated cells.
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Figure I1.S7. Parkin-dependent mitophagy degrades mitochondria over 24 hours. A Representative immunoblot of whole-
cell lysates from U20S:GFP-parkin cells treated with DMSO, 25 pM antimycin A (anti A), 25 pM antimycin A with 10 yM
oligomycin (anti A + oligo), or 20 uM CCCP for the indicated time period. B Quantification of mitochondrial clearance in
U20S:GFP-parkin cells treated as in A, fixed and immunostained for TRAP1. Data are shown as percentage of cells containing
mitochondria, by TRAP1 staining, visualized by fluorescence microscopy. Bars represent the mean+SEM (n = 3 experiments,
with at least 85 cells quantified per condition, per experiment). C U20S:GFP-parkin cells were treated as in A for the indicated
time period, then fixed and immunostained for TRAP1 (red). Cell boundaries are delineated in single-channel images. Scale
bars, 20 microns.
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ILVIII INTEGRATIVE SUMMARY
The work detailed in Chapter II shows that parkin and PINK1 play a critical role in the

generation of a class of MDVs that transports components of the mitochondrial matrix and ETC

DAMAGE

to the lysosome for turnover. This ;||||||||[|”””|

study contains one of the first

0.2"0
descriptions of core machinery - o
involved in an MDV pathway, OQ © )
demonstrates a role for parkin and — o (¥ Autophagosome
<_> PINK1 0 Lysosome

PINK1 in mitochondrial quality

control in addition to mitopha
phagy Figure I1.8. Parkin and PINK1 function in MDV formation and mitophagy.
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. . response. This figure was reproduced from EMBO J, 33(4), based on the
pathway surveys mitochondrial P 9 P @
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health across a spectrum of damage (Fig. I1.8). This work underscores the importance of studying
PINK1 and parkin function under more physiological conditions (although antimycin A is still a
pharmacological inhibitor) and reveals a new facet of the relationship between parkin/PINK1 and

ATOGNOuBRI mitochondrial biology. Of further

interest is the notion that PINK1 and

CELL SURFACE

parkin are involved in the formation
ENRALYSCRONE of PDH" wvesicles, but not the
TOM20" subpopulation (Fig. 11.S2).

Moreover, MAPL" vesicles are

Figure IL.9. How do MDVs know where to go?. Diagram highlighting the ~ likely parkin-independent, as this
need for an understanding of mechanisms governing MDV targeting.
pathway was first described in HeLa
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cells (which lack endogenous parkin) (Denison et al., 2003; Neuspiel et al., 2008). An emergent
property of MDVs that stems from these observations is that distinct populations must target to
specific destinations in pathway-specific manners (Fig. 11.9). Thus, mechanisms intrinsic to these
individual populations (i.e. PDH', TOM20", MAPL", etc.) must confer the selectivity of their

targeting. This topic is addressed in Chapter II1.
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Chapter III

SYNTAXIN-17 DELIVERS PINK1/PARKIN-DEPENDENT MITOCHONDRIAL VESICLES

TO THE ENDOLYSOSOMAL SYSTEM

The following Chapter originally appeared as an Article in the Journal of Cell Biology:

McLelland GL, Lee SA, McBride HM, Fon EA (2016). Syntaxin-17 delivers PINK1/parkin-

dependent mitochondrial vesicles to the endolysosomal system. J. Cell Biol. 214(3):275-291,

doi:10.1083/j¢cb.201603105. PMID: 27458136
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LI ABSTRACT

Mitochondria are considered autonomous organelles, physically separated from endocytic and
biosynthetic pathways. However, recent work uncovered a PINKI/parkin-dependent vesicle
transport pathway wherein oxidized or damaged mitochondrial content are selectively delivered to
the late endosome/lysosome for degradation, providing evidence that mitochondria are indeed
integrated within the endomembrane system. Given that mitochondria have not been shown to
employ canonical SNARE machinery for fusion, the mechanism by which mitochondrial-derived
vesicles (MDVs) are targeted to the endosomal compartment has remained unclear. In this study
we identify syntaxin-17 as a core mitochondrial SNARE required for the delivery of stress-induced
PINK1/parkin-dependent MDVs to the late endosome/lysosome. Syntaxin-17 remains associated
with mature MDVs and forms a ternary SNARE complex with SNAP29 and VAMP7 to mediate
MDV-endolysosome fusion in a manner dependent upon the HOPS tethering complex. Syntaxin-
17 can be traced to the last eukaryotic common ancestor, hinting that the removal of damaged

mitochondrial content may represent one of the earliest vesicle transport routes in the cell.

ITLIT INTRODUCTION

Proper mitochondrial function is paramount to neuronal survival, and deficits in
mitochondrial activity may underlie neurodegenerative diseases such as Parkinson’s disease (PD).
Mutations in PARKIN and PINK 1 cause recessive forms of PD (Kitada et al., 1998; Valente et al.,
2004), and these genes — encoding parkin, an E3 ubiquitin ligase, and PINK1, a mitochondrially-
targeted protein kinase — primarily function in the quality control of mitochondria; a collection of
pathways regulating the removal of damaged proteins, lipids, and organelles from the

mitochondrial reticulum to ensure its proper activity (Ryan et al., 2015). In one such mechanism,
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parkin is recruited to depolarized mitochondria by PINKI1, where it initiates their autophagic
turnover (termed “mitophagy”) (Ryan et al., 2015; Yamano et al., 2016). Alternatively, in response
to oxidative stress, parkin and PINK1 deliver selective, oxidized components of the mitochondrial
matrix and inner membrane to the late endosome for turnover via a class of mitochondrial-derived
vesicles (MDVs) (McLelland et al., 2014; Soubannier et al., 2012a; Soubannier et al., 2012b).
Whereas mitophagy describes the engulfment of a fusion-incompetent mitochondrial fragment
within the autophagosome, PINK1-/parkin-dependent MDVs are mechanistically distinct in that
vesicles containing highly-selected mitochondrial cargo bud off mitochondria independently of
the core mitochondrial fission GTPase Drpl, and their turnover does not require canonical
autophagy machinery (McLelland et al., 2014; Soubannier et al., 2012a). Indeed, evidence from
parkin and PINK 1 null flies has supported a role for these proteins in both mitophagy and selective
mitochondrial protein turnover in vivo (Vincow et al., 2013). Moreover, a recent study in
Drosophila revealed a strong genetic interaction between parkin and Vps35 (Malik et al., 2015),
another PD-linked gene involved in the generation of other MDV populations (Braschi et al., 2010;
Wang et al., 2016c¢), suggesting that defective MDYV transport may play a role in PD pathogenesis.

While parkin and PINK1 activity are required for the generation of oxidative stress-
triggered MDVs, the mechanism by which this vesicle population reaches the lysosome remains
poorly understood. As mitochondrial vesicles are membrane-bound structures, a role for
membrane fusion in turnover seems apparent (Sugiura et al., 2014). Soluble NSF attachment
protein receptors (SNAREs) mediate most membrane fusion events in cells — mitochondrial
membrane fusion being one exception — and associate via the formation of a four-helix bundle
between their helical SNARE domains (designated Qa, Qb, Qc and R based on the amino acid

present at the so-called zero layer) (Fasshauer et al., 1998; Sutton et al., 1998), which zipper
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progressively towards the membrane-bound end of the complex in order to bring membranes
together to fuse (Gao et al., 2012; Hanson et al., 1997; Li et al., 2014). As the compartmental
specificity of fusion events is encoded by the SNARESs on the vesicle and target membrane (Sollner
et al., 1993), the regulation of targeting and turnover of MDVs by SNARE-dependent membrane
fusion presents itself as an intriguing and logical possibility. However, given the endosymbiotic
origin of mitochondria, as well as the established roles of large GTPases involved in both
homotypic and heterotypic mitochondrial fusion and tethering events, a role for SNAREs in MDV
targeting and fusion is not a foregone conclusion.

Here, we demonstrate that syntaxin-17 (Stx17), a Qa-SNARE, is involved in the targeting
of parkin/PINK 1-generated MDVs to endolysosomal compartments. We observe the loading of
Stx17 onto vesicles that were budded from mitochondria in vitro, and the enrichment of Stx17 on
mitochondrial foci and nearby fully-formed vesicles in cells. Loss of Stx17 abrogates lysosomal
targeting of MDVss and prevents pathway processivity. Stx17 assembles into a ternary SNARE
complex with SNAP29 and VAMP7 to mediate MDV-endolysosome fusion, which can be
disrupted using structure-based mutations. Strikingly, these SNAREs are dispensable for
mitophagy, implying divergent targeting mechanisms in different parkin/PINK1 mitochondrial
quality control pathways. These results demonstrate that MDVs are integrated within bone fide

cellular membrane trafficking pathways, and identify machinery required for MDV turnover.

IILIIT RESULTS
HILIIL.1 Syntaxin-17 is biochemically enriched on mitochondrial-derived vesicles
We sought to identify the manner by which oxidative stress-triggered MDVs target to the

lysosome, reasoning that this turnover pathway — in a similar manner to lysosomally-directed
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Figure ML.1. Stx17 is biochemically enriched on MDVs. A Flowchart of cell-free MDV budding assay. See Materials and
Methods for complete details. B Mouse liver was fractionated according to Materials and Methods, and 40 ug heavy
membrane (HM), soluble (S) and light membrane (LM) fractions were separated by SDS-PAGE and analyzed by
immunoblotting. C Trypsinized supernatants and pellets from /n vitro MDV budding assays incubated in the presence of
cytosol and/or 50 pM antimycin A (anti A) were separated, along with the reaction pellets (mitochondria), by SDS-PAGE
and analyzed by immunoblotting. The asterisk indicates a non-specific band. D A large-scale budding reaction (incubated
with cytosol and 50 uM antimycin A) was fractionated over a discontinuous sucrose gradient, separated by SDS-PAGE and
analyze by immunoblotting. E Intensity profiles for the proteins probed for in D, expressed as a fraction of their maximum
intensity.

endosomal transport — required SNARE-dependent targeting to reach the endolysosomal
membrane. A portion of the Qa-SNARE syntaxin-17 (Stx17) localizes to mitochondria, in addition
to the endoplasmic reticulum (ER) (Arasaki et al., 2015; Hamasaki et al., 2013; Hung et al., 2014).
Moreover, Stx17 can form complexes with target R-SNAREs associated with lysosomes and late
endosomes (Itakura et al., 2012b), and its assembly into these complexes is metabolically-
regulated (Guo et al., 2014), making it a prime candidate for MDV-endolysosome fusion.

We began by testing whether Stx17 — which is unique among SNAREs with its two C-
terminal transmembrane domains (Kloepper et al., 2008) — is biochemically enriched on MDVs,

turning to in vitro MDV reconstitution assays (outlined in Fig. III.1A) that we adapted from
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previous work (Soubannier et al., 2012b). We fractionated mouse liver into heavy membranes
(HM; enriched in the mitochondrial proteins VDACI, PDH E2 and SDHA), a soluble fraction (S;
containing cytosol) and light membranes (LM; containing microsomes with some mitochondrial
contamination) (Fig. III.1B). Endogenous Stx17 was evenly enriched in both membrane fractions
(Fig. III.1B), as expected (Hamasaki et al., 2013). We then incubated the heavy membranes in the
presence or absence of cytosol (fraction S) and/or antimycin A (a mitochondrial complex III
inhibitor that causes oxidative stress; see Fig. III.1A or, for a detailed description of the assay, see
Materials and Methods), as we have previously shown that mitochondrial cargo can be extracted
from the HM fraction in a manner dependent on ROS generation and cytosolic components in vitro
(Soubannier et al., 2012b). We then pelleted the mitochondria and trypsinized the MDV-containing
supernatant; MDV cargoes remain trypsin-protected as they are contained within vesicles
((Soubannier et al., 2012b). Immunoblot analysis of trypsinized supernatants revealed that Stx17
was extracted from the mitochondrial fraction, along with PDH E2 (an established MDV cargo
(McLelland et al., 2014)), in a cytosol- and antimycin A-dependent manner (Fig. II1.1C). VDACI
and TIM23, which do not enrich with this MDV population in vitro (Soubannier et al., 2012b) or
in cells (McLelland et al., 2014), respectively, were not present in these supernatants, as expected
(Fig. II1.1C). Although Stx17, likely present on the outer MDV membrane, was available to trypsin
digestion, its proteolytic protection in our assay was not surprising as SNAREs are often resistant
to trypsin (Lawrence and Dolly, 2002a; Lawrence and Dolly, 2002b; Poirier et al., 1998).

To ensure that Stx17 was truly enriched on membranous structures, we fractionated the
supernatant from the reaction containing both antimycin A and cytosol (not treated with trypsin)
on a discontinuous sucrose gradient. We have previously shown that double-membrane MDV's

(the population generated by antimycin A) enrich at the 30/40% sucrose interface (Soubannier et
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al., 2012b). As expected, immunoblotting our fractionated sample showed an accumulation of the
Rieske subunit of complex III (CIII-Rieske) around the 30/40% interface, while the soluble protein
Eps15 remained at the bottom of the gradient, where the reaction supernatant was initially loaded
(Fig. II.1D and E, blue and green lines for CIII-Rieske and Eps15, respectively). While a portion
of Stx17 also remained at the bottom of the gradient, most Stx17 co-fractionated with the MDV's
(Fig. IIL.1D and E, red line), corroborating our earlier results with trypsinized supernatants (Fig.

II.1C). Thus, Stx17 is enriched on double-membrane MDVs generated in vitro.

L1 Syntaxin-17 is recruited to nascent vesicles prior to scission

We next followed the dynamics of YFP-Stx17 by live-cell confocal microscopy in COS7
cells in order to determine the manner through which this SNARE was recruited to MDVs. We
grew these cells in media containing galactose as a carbon source, as this increases steady-state
MDV biogenesis through increased mitochondrial respiration (Soubannier et al., 2012a); unless
explicitly stated, all cell-based experiments were performed under these bioenergetic conditions.
In MitoTracker-labeled COS7 cells, steady-state formation and subsequent lateral disassociation
of diffraction-limited YFP-Stx17 puncta on mitochondrial tubules were seen (Fig. II1.2A, the white
arrowheads indicate a ~0.3 micron-wide structure). We also observed much larger (>0.5 micron),
stationary Stx17 structures adjacent to mitochondria (for example, the larger, brighter Stx17
structure in Fig. 1II.2A) that possibly corresponded to autophagosomes, as these structures form
adjacent to mitochondria (Cheng et al., 2015; Hamasaki et al., 2013; Itakura et al., 2012b).
Focusing on the smaller Stx17 structures on mitochondria, we were able to observe a buildup of
YFP-Stx17 signal (depicted in Fig. II1.2B) on the mitochondrial tubule prior to lateral release (Fig.

III.2A, rapid release occurs between frames “+12 s” and “+13 s”). We have previously observed
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Figure I1.2. Dynamics and ultrastructure of mitochondrial Stx17 foci. A Live-cell observation of Stx17 vesicle formation and
release in an untreated COS7 cell expressing YFP-Stx17 (green, 800 ms exposure time) and stained with MitoTracker Deep
Red FM (red, 50 ms exposure time) by spinning disc confocal microscopy. Elapsed time is indicated in the bottom-right of
each merged image. The white arrowhead indicates a Stx17+ structure that forms on and subsequently dissociates from
the tubule. Scale bars, 10 (full image) and 0.5 (zoom-in) microns. B Stx17 concentrates on the tubule prior to release. In the
same time series from A, YFP-Stx17 signal (right) concentrates on the MitoTracker-labeled tubule (left). The YFP-Stx17
image is represented as a heat map, and the brightness/contrast has been adjusted (from A) so that the fully-formed
structure is almost saturating and the concentration of signal can be clearly seen. Scale bar, 0.5 microns. C Spinning-disc
Olympus super-resolution (SD-OSR) images of live cells transfected with GFP-Stx17. The Stx17 signal is located on the outer
mitochondrial membrane, and white arrowheads indicates Stx17 foci on the OMM. Dashed blue lines delineate the
mitochondrial interior. Scale bar, 200 nm. D Representative transmission electron micrographs of COS7 cells expressing
YFP-Stx17, immunostained against YFP and labeled with 1.4 nm gold particles and silver enhanced (SE). Cells were treated
with 25 pM antimycin A for 45 minutes prior to fixation. Black arrowheads indicate YFP-Stx17 foci on the cytosolic face of
the mitochondrial outer membrane. Scale bars, 250 nm (top-left), 50 nm (top-left inset), 250 nm (top-right), 200 nm
(bottom-left), and 500 nm (bottom-right). E Quantification of the number of YFP-positive foci per distance of mitochondrial
outer membrane, in antimycin A-treated and untreated cells expressing YFP and YFP-Stx17, in cells from D. Bars represent
mean+SEM, n=80 to 112 mitochondria per condition. *** p<.001. F Quantification of the proportion of mitochondria with
YFP-Stx17 foci in cells from D. Bars represent the mean. G Representative transmission electron micrographs of COS7 cells
expressing YFP-Stx17, immunostained against YFP and labeled with 10 nm gold particles. Red arrowheads indicate gold
particles present on mitochondrial membrane deformations at the cytosolic face of the mitochondrial outer membrane.
Scale bars, 50 nm.

this type of lateral release when studying the budding of MDVs off mitochondria (Neuspiel et al.,
2008). Further analysis of GFP-Stx17 by super-resolution microscopy (using the spinning disk —

Olympus super-resolution [SD-OSR] system) revealed a weak, diffuse signal along the outer
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mitochondrial membrane (OMM), with clusters on the cytosolic side of the OMM that exceeded
the resolution limit of this technique (Fig. II1.2C, white arrowheads indicate GFP-Stx17 foci while
the dashed blue markings delineate the inside of mitochondria). We then sought to analyze these
mitochondrial Stx17 foci, which were continually beneath the resolution limit of our light
microscopy techniques. To this end, we labeled YFP-Stx17 with 1.4 nm gold particles in semi-
permeabilized cells, and analyzed the samples by electron microscopy (EM) after developing the
gold signal by silver enhancement (SE) (Fig II1.2D to F). Similar to what we had observed by
super-resolution microscopy, we detected a strong enrichment of YFP-Stx17 within mitochondrial
subdomains on the cytosolic face of the OMM (Fig. I11.2D, black arrowheads), which increased in
frequency with antimycin A treatment (Fig. III.2E and F), the trigger used to upregulate the
biogenesis of double-membrane MDVs. Importantly, we did not observe any clustering in cells
transfected with YFP alone (Fig. II.2E), and these <100 nm-wide mitochondrial Stx17 foci
differed morphologically from mature or pre-autophagosomal structures (Kishi-Itakura et al.,
2014). We also observed, by immunoEM using 10 nm gold particles (without enhancement, thus
revealing membrane structure beneath the gold signal), YFP-Stx17 Ilabeling on OMM
deformations (Fig. II1.2G, red arrowheads). Taken together, these confocal, super-resolution and
ultrastructural data indicated that Stx17 is recruited to mitochondrial subdomains during vesicle
formation and remains associated with fully-formed MDVs after scission, and supported our
biochemical studies.

We next tested the link between these mitochondrial clusters of YFP-Stx17 and MDV
biogenesis by parkin and PINK1. During biogenesis, nascent MDVs are visible under the electron
microscope as 70 to 150 nm, double-membrane budding profiles (Neuspiel et al., 2008; Soubannier

et al., 2012b) still attached to their parent mitochondrion via a constricted neck (Fig. III.3A). These
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Figure I1.3. Stx17 localizes to parkin-/PINKI-dependent MDVs. See legend on the following page.

vesicle necks are much smaller than the ~100 nm-wide ring formed by assembled Drp1 oligomers
during mitochondrial division (Rosenbloom et al., 2014) — consistent with MDV formation being
Drpl-independent (McLelland et al., 2014; Neuspiel et al., 2008; Soubannier et al., 2012a) — and
much more reminiscent of a vesicular budding process. We have previously shown that the activity

of parkin and PINK1 are required to generate double-membrane MDVs in response to oxidative

-96 -



Figure I1.3. Stx17 localizes to parkin-/PINKI-dependent MDVs. A Transmission electron micrograph of a COS7 cell treated
with 25 pM antimycin A for 45 minutes prior to fixation. The inset (black box) shows a budding profile connected to the
mitochondrial outer membrane. White and black arrowheads indicate the inner and outer vesicular membranes,
respectively, and the black arrow indicates the vesicle neck. Scale bars, 100 (full image) and 50 (inset) nm. B COS7 cells were
transfected with the indicated siRNA and 60 pg of lysate from untreated cells was separated by SDS-PAGE and
immunoblotted against the indicated protein. The asterisk indicates a non-specific band. C Representative confocal images
of antimycin A-treated cells immunostained for PDH E2/E3bp (green) and TOM20 (red) (Hoescht, blue). Selective, PDH
E2/E3bp*/TOM20- structures corresponding to MDVs are indicated by red arrowheads. Scale bars, 10 and 2 microns. D
Quantification of the number of PDH E2/E3bp*/TOM20- MDVs per cell in cells from C treated with or without 25 pM
antimycin A for 45 minutes. Bars represent mean+SEM, n=23 to 29 cells per condition. ***, p<.001; n.s., not significant. E
Confocal image of a U20S:GFP-parkin (cyan) cell, expressing Flag-Stx17 (magenta), treated with 25 uM antimycin A for two
hours, fixed and immunostained against PDH E2/E3bp (yellow) and TOM20 (blue). Red arrowheads in the insets indicate a
PDH E2/E3bp*/TOM20- structure colocalizing with GFP-parkin and Flag-Stx17. Scale bars, 10 (full image) and 1 (insets)
microns. F Intensity plot through the 3-micron line drawn in the merged inset in E. The MDV indicated in E, as well as a
mitochondrion (mito) are indicated. G Representative transmission electron micrographs of COS7 cells, transfected with
control siRNA (ctrl siRNA) or siRNA targeting parkin (siParkin) or PINK1 (siPINK1), expressing YFP-Stx17, immunostained
against YFP and labeled with 1.4 nm gold particles and silver enhanced (SE). Cells were treated with 25 uM antimycin A for
45 minutes or left untreated prior to fixation. M, mitochondrion; C, cytosol. Scale bar, 100 nm. H Quantification of the
number of YFP-positive foci per distance of mitochondrial outer membrane, in antimycin A-treated and untreated cells
expressing YFP-Stx17, in cells from G. Bars represent mean+SEM, n=105 to 207 mitochondria per condition. ***, p<.001.

stress, which contain, among other cargoes, the mitochondrial matrix protein PDH E2/E3bp
(detected by an antibody raised against homologous regions of the E2 and E3bp subunits, herein
referred to as “PDH”), but lacking the OMM marker TOM20 (McLelland et al., 2014; Soubannier
et al., 2012a). Despite an absence of TOM20, matrix-containing MDVs have an outer membrane
(Fig. III.3A). We first confirmed the involvement of endogenous parkin and PINK1 in PDH-
positive/TOM20-negative MDV generation in COS7 cells by silencing both parkin and PINK1, as
well as Drpl (Fig. [I1.3B). In cells transfected with only siDrpl, we observed few cargo-selective
puncta in the cytosol, which increased after antimycin A treatment (Fig. III.3C and D). As
expected, additional silencing of parkin or PINK1 abolished MDV formation in these cells (Fig.
III.3C and D). In U20S cells stably over-expressing GFP-parkin (U20S:GFP-parkin cells), we
confirmed that Flag-Stx17 localized to PDH-positive/TOM20-negative MDVs, along with GFP-
parkin (Fig. III.3E, red arrowhead), enriching on these vesicles compared to mitochondria (Fig.

III.3F). Returning to ultrastructural studies, we repeated our 1.4 nm gold labeling and silver
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Figure IL.4. Stx17 is required for the lysosomal turnover of parkin-/PINKI-dependent MDVs. See legend on the following
page.
enhancement of YFP-Stx17 in cells in which parkin or PINK1 were silenced. Upon quantification

of the number of clusters, we observed that YFP-Stx17 cluster formation on the OMM in the
absence of parkin or PINK1 in both untreated cells and cells treated with antimycin A was greatly
reduced (Fig. III.3G and H, red arrowheads). Thus, parkin and PINK1 are required for Stx17

clustering on the OMM.
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FigureIIL.4. Stx17 is required for the lysosomal turnover of parkin-/PINKI-dependent MDVs. A Stx17 silencing was detected
in COS7 cells by immunoblot using two different antibodies. B Representative confocal images of cells expressing LAMP1-
mRFP (magenta) treated with antimycin A, fixed and immunostained for PDH E2/E3bp (yellow) and TOM20 (cyan) (Hoescht,
blue). PDH E2/E3bp*/TOM20- structures that are positive (red arrowheads) or negative (blue arrowheads) for LAMP1 are
indicated. Scale bars, 10 and 2 microns. C Quantification of the percent of PDH E2/E3bp*/TOM20- MDVs that colocalize
with LAMP1-mRFP in the antimycin A-treated cells from B. Bars represent the mean, n=29 and 25 cells for ctrl sSiRNA and
siStx17, respectively. ****, p<.0001. D Pulse-chase analysis of MDV turnover in siStx17 cells. Cells were pulsed with 25 yM
antimycin A for 45 minutes in COS7 cells tranfected with control siRNA (red line) or siRNA targeting Stx17 (blue line), then
chased with media lacking drug for 0.5 to 2 hours prior to fixation. The number of PDH E2/E3bp*/TOM20- structures were
counted for the indicated times. Bars represent the mean+SEM, n=19 to 23 cells per condition. **, p<.01; *** p<.001. MDV
half-lives were calculated from fitted decay plots (outlined in Materials and Methods; r?=0.98 for ctrl siRNA, r2=0.91 for
siStx17). E Stx17 silencing delays parkin dissociation from MDVs. U20S:GFP-parkin cells were transfected with the indicated
siRNA and treated with 25 uM antimycin A for 4 hours, fixed and immunostained for PDH E2/E3bp (red) and TOM20 (blue).
PDH E2/E3bp*/TOM20- MDVs that are also positive (arrowheads) or negative (circles) for GFP-parkin (green) are indicated.
Scale bars, 5 microns. F Quantification of the percent of PDH E2/E3bp*/TOM20- MDVs that colocalize with GFP-parkin in
cells from E. Bars represent the mean, n=22 and 19 cells for ctrl siRNA and siStx17, respectively. **** p<.0001. G
Transmission electron micrograph of antimycin A-treated U20S:GFP-parkin cells, immunostained against GFP and labeled
with 1.4 nm gold particles. The black box (left) magnifies a GFP-parkin cluster on the cytosolic face of the OMM (right). M,
mitochondrion. Scale bars, 100 nm (left) and 50 nm (right). H Transmission electron micrographs of antimycin A-treated
U20S:GFP-parkin cells transfected with ctrl siRNA (left) or siRNA targeting Stx7 (siStx17, right), immunostained against GFP
and labeled with 1.4 nm gold particles. Black arrowheads indicate cytosolic clusters of GFP-parkin. M, mitochondrion; LD,
lipid droplet. Scale bars, 500 nm.

HLIIL1i1 Syntaxin-17 mediates MDV turnover and pathway processivity

Given its previously known role in targeting starvation-induced autophagosomes to
lysosomes, we next asked whether Stx17 played an analogous role in MDV trafficking. When
Stx17 was silenced (siStx17) in COS7 cells (Fig. II1.4A), colocalization of MDVs with LAMP1-
mRFP-positive endolysosomes in antimycin A-treated cells was severely reduced in siStx17 versus
control cells (Fig. I11.4B and C). This suggested that loss of Stx17 may impact MDV turnover. We
tested this by measuring MDV turnover kinetics in siStx17 and control cells, where cells pulsed
with antimycin A were chased with media lacking the inhibitor. Here, we observed a defect in
MDYV degradation in cells where Stx17 was silenced (Fig. 111.4D) — with MDYV half-lives of 37
and 118 minutes for control siRNA (red line) and siStx17 (blue line) conditions, respectively —

supporting our lysosomal targeting data in demonstrating a role for Stx17 in MDVs turnover.
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We previously suggested that parkin dissociates from matrix-containing MDVs during
vesicle maturation (after scission but prior to fusion with the late endosome) (McLelland et al.,
2014), thus a loss of Stx17-dependent MDYV turnover may slow the rate of parkin dissociation
from vesicles. Indeed, more parkin remained colocalized with MDVs in Stx17-silenced, antimycin
A-treated U20S:GFP-parkin cells compared to control (Fig. II1.4E and F). When we immunogold-
labeled GFP-parkin in antimycin A-treated, control siRNA-transfected cells, we observed few
clusters of GFP-parkin, either on the cytosolic face of the OMM (Fig. II1.4G, compare to YFP-
Stx17 in Fig. II1.2D) or in the cytosol (Fig. II1.4H, left panel). In contrast, we observed many
cytosolic GFP-parkin structures in siStx17 cells treated with antimycin A (Fig. II1.4H, right panel).
This confirmed that the accumulation of parkin seen by confocal microscopy was predominantly
on ~100 nm cytosolic structures, and not on mitochondria.

Finally, these Stx17-mediated targeting defects were specific to this MDV subpopulation,
as the targeting of two other classes of mitochondrial vesicles — TOM20-containing MDVs to
lysosomes and MAPL-containing MDVss to peroxisomes — showed no dependence on Stx17 (Fig.
III.STA and B for TOM?20 carriers, and II1.S1C and D for MAPL-containing MDVs, respectively).
This pathway specificity is in line with our YFP-Stx17 immunogold labeling experiment in parkin
and PINK1 knockdown cells (Fig. III.3F and G), as neither of these other MDV pathways require
parkin or PINK1 (McLelland et al., 2014; Neuspiel et al., 2008). Thus, Stx17 is required for
lysosomal targeting and turnover of stress-induced MDVs, and loss of Stx17-mediated fusion

delays parkin dissociation from the fully-formed vesicle.
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HLITLiv SNAP29 and VAMP?7 target MDVs to endolysosomes

As the ultimate fate of parkin-/PINK1-dependent MD Vs is lysosomal turnover (Soubannier
et al., 2012a), we accordingly sought to identify the Stx17-containing SNARE complex that
mediates fusion of MDVs with endolysosomes. Stx17 (a Qa-SNARE) has already been shown to
complex with the Qbc-SNARE SNAP29 and the lysosomal R-SNARE VAMPS in the context of
starvation-induced autophagosome-lysosome fusion in mammals (Diao et al., 2015; Guo et al.,
2014). Additionally, co-immunoprecipitation data has indicated that Stx17 also binds the R-
SNARE VAMP7 in mammalian cells and in Drosophila (Itakura et al., 2012b; Takats et al., 2013).
Both VAMP7 and VAMPS8 are transmembrane proteins that localize to late endocytic and
lysosomal compartments (Fig. II11.S2). We confirmed the above interaction data in COS7 cells,
where Flag-VAMP7 and Flag-VAMPS, as well as endogenous SNAP29, co-immunoprecipitated
with YFP-Stx17 (Fig. II1.5A). While PDH-positive/TOM20-negative structures colocalized with
both VAMP7 and VAMPS8, we observed higher colocalization with Flag-VAMP7 compared to
Flag-VAMPS in both antimycin A-treated U20S:GFP-parkin (Fig. I1I.5B and C) and COS7 (Fig.
III.5D) cells. To then determine whether these SNAREs, like Stx17, were involved in MDV
delivery to endolysosomes, we silenced SNAP29, VAMP7 and VAMPS in U20S:GFP-parkin
cells (Fig. IIL.5E). In these cells, loss of SNAP29 or VAMP7 almost completely abolished the
lysosomal targeting of MDVs, with a less pronounced (but still significant) inhibition caused by
VAMPS silencing (Fig. III.5F and G); a pattern that was also observed in COS7 cells (Fig. III.5H).
We reasoned that the minor targeting defect in the siVAMPS8 condition may have resulted from a
general impairment of lysosomal pathways, as silencing of the other SNAREs reduced
endolysosomal targeting of MDVs to less than 10%, and further supported the selectivity of this

pathway for VAMP7 rather than VAMPS.
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Figure IIL5. 7he Stx17-associated SNAREs SNAP29 and VAMP7 are required for MDV turnover. A Co-immunoprecipitation
of endogenous SNAP29 and either Flag-VAMP7 or Flag-VAMPS8 with YFP-Stx17 in COS7 cells, immunoprecipitated using
an anti-GFP antibody. Immunoprecipitates were separated, along with 8% input, by SDS-PAGE and immunoblotted for the
indicated protein. B U20S:GFP-parkin cells expressing either Flag-tagged VAMP7 or VAMP8 (yellow) were treated with 25
MM antimycin A for 2 hours, fixed and immunostained for PDH E2/E3bp (cyan) and TOM20 (magenta). Arrowheads indicate
PDH E2/E3bp*/TOM20- structures that colocalize with the related VAMP. Scale bars, 20 and 1 microns. C Quantification of
the percent of PDH E2/E3bp*/TOM20- structures that colocalize with VAMP7 (red dots) or VAMP8 (blue dots) in cells from
B treated for two and four hours. Bars represent the mean, n= 20 to 22 cells. D Quantification of the percent of PDH
E2/E3bp*/TOM20- structures that colocalize with VAMP7 (red dots) or VAMPS8 (blue dots) in COS7 cells treated with 25 yM
antimycin A for 45 minutes. Bars represent the mean, n= 27 and 29 cells for VAMP7 and VAMPS, respectively. E Stx17-
associated SNAREs were silenced in U20S:GFP-parkin cells, and silencing was confirmed by immunoblotting. F
Representative confocal images of U20S:GFP-parkin cells transfected with the indicated siRNA and LAMP1-mRFP
(magenta) that were treated with 25 pM antimycin A for 2 hours, fixed and immunostained for PDH E2/E3bp (yellow) and
TOM20 (cyan). PDH E2/E3bp*/TOM20- structures that are positive (red arrowheads) or negative (blue arrowheads) for
LAMP1 are indicated. Scale bars, 10 and 1 microns. G Quantification of the percent of PDH E2/E3bp*/TOM20- structures
that colocalize with LAMP1-mRFP in the cells from F. Bars represent the mean, n=23 to 26 cells per condition. ***, p<.001.
H Quantification of the percent of PDH E2/E3bp*/TOM20- structures that colocalize with LAMP1-mRFP in antimycin A-
treated COS7 cells. Bars represent the mean, n=24 to 27 cells per condition. *, p<.05; ***, p<.001. I GFP-Stx17 and Flag-
VAMP7 were expressed in a 1:3 ratio, along with LAMP1-mRFP, in COS7 cells in which endogenous Stx17 and VAMP7 were
silenced. GFP and pcDNA were used as control plasmids. Cells were lysed, and 20 pg of cell lysate was separated by SDS-
PAGE and immunoblotted for the indicated protein. The asterisk indicates a non-specific band. Note that the antibody
against endogenous VAMP7 does not recognize Flag-VAMP7, as this construct was created using cDNA from mouse. J
Quantification of PDH E2/E3bp*/TOM20- structures that colocalize with LAMP1-mRFP in GFP-positive, antimycin A-treated
cells from I. Bars represent the mean, n=24 to 29 cells per condition. *** p<.001.

To confirm that the targeting defect was not an off-target effect resulting from the siRNA,
we re-expressed GFP-Stx17 and/or Flag-VAMP7 in COS7 cells in which both endogenous Stx17
and VAMP7, which induced the most severe defect, were silenced (Fig. I11.51). In these cells, only
the expression of both GFP-Stx17 and Flag-VAMP?7 partially rescued the targeting of MDVs to
endolysosomes (Fig. I11.5J and Fig. I11.S3). Thus, Stx17, SNAP29 and VAMP?7 are required for
the targeting of MDVs to lysosomes, and Stx17 and VAMP7, integral membrane proteins on
MDVs and endolysosomes, respectively, likely mediate fusion between their respective

compartments.
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407 et e 99T Qwen  the insets, immunoEM. M, mitochondrion;

C, cytosol. Scale bars, 20 microns and 50 nm. E Co-immunoprecipitation of endogenous SNAP29 and VAMP7 from COS7
cells expressing either an empty YFP vector, wild-type (WT) or mutant (Q196R) YFP-Stx17, immunoprecipitated using an
anti-GFP antibody. Inmunoprecipitates were separated, along with 2.5% input, by SDS-PAGE and immunoblotted for the
indicated protein. F, G Quantification of the amounts of SNAP29 (F) and VAMP7 (G) co-immunoprecipitated by YFP-Stx17
WT compared to Q196R, normalized to the input. Bars represent mean+SEM, n=3 experiments. **, p<.01; n.s., not
significant.

LI Stx17, SNAP29 and VAMP7 form a SNARE complex that mediates MDYV turnover

The simplest interpretation of our loss-of-function targeting experiments was that a
Stx17/SNAP29/VAMP7 complex mediates fusion between MDV's and endolysosomes, analogous
to the Stx17/SNAP29/VAMPS8 complex involved in autophagy in mammals (Itakura et al., 2012b);
indeed, the SNARE domain is highly conserved across R-SNAREs (Fig III.6A, the arrow indicates

the conserved arginine at the centre of the domain). Interestingly, in Drosophila, an organism that
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Figure IIl.7. SNARE complex formation and MDYV turnover require a proper zero layer ratio. See legend on the following

page.

lacks VAMPS, autophagosome-lysosome fusion is achieved via a Stx17/SNAP29/VAMP7

complex (Kloepper et al., 2008; Takats et al., 2013). Although we were able to co-

immunoprecipitate endogenous VAMP7 and SNAP29 with Stx17, the amounts of VAMP7 and

SNAP29 binding Stx17 remained unchanged when cells were treated with antimycin A (Fig.
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Figure II.7. SNARE complex formation and MDV turnover require a proper zero layer ratio. A Organization and mutation
of zero layer residues in a ternary complex composed of Stx17 (red), SNAP29 (green) and VAMP7/8 (blue), based on the
structure solved by Diao et a/. (PDB ID 4WY4). B Domain structure of VAMP7 and VAMPS. The arrows indicate the conserved
zero layer residue in the SNARE domains. TM, transmembrane domain. C Flag-tagged VAMP7 and VAMP8 constructs were
expressed in COS7 cells, then fixed and immunostained against Flag (green) and LAMP2 (red). Scale bars, 10 and 2 microns.
D Co-immunoprecipitation of endogenous SNAP29 and Flag-tagged VAMP7 or VAMPS zero layer mutants with YFP, YFP-
Stx17 WT or Q196R in COS7 cells, using an anti-GFP antibody. Immunoprecipitates were separated, along with 8% input,
by SDS-PAGE and immunoblotted for the indicated protein. E, F Quantification of the amounts of SNAP29 (E) and Flag-
tagged VAMP7 and VAMPS8 (F) co-immunoprecipitated by YFP-Stx17 WT compared to Q196R, normalized to the input.
Bars represent mean+SEM, n=3 experiments. *** p<.001; n.s., not significant. G Flag-Stx17 (WT or Q196R), Flag-VAMP7
(WT or R150Q) and LAMP1-YFP were expressed in a 3:3:1 ratio in COS7 cells in which endogenous Stx17 and VAMP7 were
silenced (pcDNA3 was used as a control for the Flag vectors). Cells were lysed, and 20 pg of cell lysate was separated by
SDS-PAGE and immunoblotted for the indicated protein. H Quantification of PDH E2/E3bp*/TOM20- structures that
colocalize with LAMP1-YFP in antimycin A-treated COS7 cells transfected with constructs from G. Bars represent the mean,
n=18 to 30 cells per condition. ***, p<.001; n.s., not significant.

II1.6B). Thus, we turned to a structure-function approach in order to determine the role of a
Stx17/SNAP29/VAMP7 complex in MDV turnover.

To first test whether Stx17, SNAP29 and VAMP?7 formed a ternary SNARE complex in
vivo, we manipulated the zero layer (also known as the central ionic layer) of the potential complex
(Fig. I11.6C). To this end, we mutated glutamine-196 in Stx17 to arginine (Stx172"%®®) in order to
disrupt the 3:1 ratio of glutamine to arginine at the zero layer (Diao et al., 2015; Ossig et al., 2000).
In COS7 cells, we found that YFP-Stx1721%R assembled on mitochondrial foci and localized to
mitochondria in a similar manner to the wild-type (WT) construct (Fig. II1.6D). Intriguingly, co-
immunoprecipitation of YFP-Stx17 revealed that, while both the WT and Q196R mutant could
interact with SNAP29 (Fig. III.6E and F), the Q196R mutation drastically reduced the interaction
of Stx17 with VAMP7 (Fig. III.6E and G). Stx17 and SNAP29 have previously been shown to
exist in a binary complex prior to ternary complex formation (Diao et al., 2015), analogous to the
syntaxin-1/SNAP25 binary complex and VAMP2 on opposing membranes in the context of
neuronal secretion (Rothman, 2014).

We next sough to rescue VAMP7 binding to Stx17 by restoring the 3Q:1R ratio at the zero

layer (summarized in Fig. III.7A), and made the corresponding R-to-Q mutation in VAMP7
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(R150Q) in parallel with VAMPS (R37Q) (Fig. II1.7B), using this latter VAMP as a control for
binding as it has already been shown to form a ternary SNARE complex with Stx17 and SNAP29
(Diao et al., 2015; Itakura et al., 2012). Both Flag-VAMP7?3Q and Flag-VAMPSR®'Q localized
to LAMP2-positive compartments, like their WT counterparts (Fig. I11.7C). We then expressed
combinations of zero layer mutants of YFP-Stx17 and either Flag-VAMP7 or Flag-VAMPS in
COS7 cells. As before, the binding of SNAP29 to Stx17 was unaffected by mutation of the zero

layer residues of Stx17, VAMP7 or VAMPS (Fig. IIL.7D and E). While both Flag-VAMP7%"T and

A DMSQO CCCP B

cirl sSIHNA SiStX17 5iVps39 SISNAP2S siVAMPS

24h treatment

total DNA
mtDNA + nDNA
% of cells retaining mtDNA after

Hoescht

=
c
5
<
z
gk
E

DNA -

o
j=} H
z M
w
s}
O
8
o
o

% of cells with GFP-parkin
recruitment after 1h treatment
o
3

e % S %, %, L

5
\5-,+/,o‘9’k7‘74;<74¢
AR

Figure IIL.8. Stx17 is dispensable for depolarization-induced mitophagy. A Representative confocal images of U20S:GFP-
parkin (not shown) cells (grown on glucose) treated with 20 uM CCCP or DMSO for 24 hours. Mitophagy was monitored
by then fixing and immunostaining for DNA (red) and counter-staining with Hoescht 33342 (blue). Cells that have retained
their mitochondria are marked by asterisks. To make the presence of mitochondrial DNA (mtDNA) clearer to the reader,
the Hoescht image (pertaining to nuclear DNA [nDNA]) was thresholded and subtracted from the total DNA staining to
yield an image of solely mtDNA (bottom row). Scale bars, 20 microns. B Quantification of the percent of cells retaining
mitochondria from cells in A. Bars represent mean+SEM, n=3 replicates cells per condition, with >100 cells counted per
condition for each replicate. ***, p<.001. C Representative confocal images of U20S:GFP-parkin (cells (grown on glucose)
treated with 20 uM CCCP or DMSO for one hour to monitor GFP-parkin (green) recruitment (cells marked with asterisks) to
mitochondria (TOM20, red) (Hoescht, blue) Scale bars, 20 microns. D Quantification of the percent of cells display parkin
recruitment to mitochondria in cells from C. Bars represent mean+SEM, n=3 replicates cells per condition, with >100 cells

counted per condition for each replicate. ***, p<.001; n.s., not significant.
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Figure I1.9. The HOPS complex acts as a tether during MDV turnover. See legend on the following page.

Flag-VAMPS8VT robustly bound YFP-Stx17"7, binding to YFP-Stx17?'%*R was again significantly
reduced (Fig. III.7D and F). Strikingly, correcting the zero layer ratio back to 3Q:1R from 2Q:2R
with Flag-VAMP7R!5Q and Flag-VAMP8®*"Q rescued YFP-Stx17?!R binding (Fig. IIL.7D and

F). Thus, the binding of Stx17 to cognate R-SNARESs is dependent upon a proper 3Q:1R ratio at
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Figure III.9. The HOPS complex acts as a tether during MDV turnover. A The HOPS subunit Vps41 is present on MDVs
generated /in vitro. Equal volumes of purified MDVs (equivalent to fraction 16 in Fig. Il.1D) generated in a cell-free assay as
in Fig. lIL.1D (with cytosol and 50 uM antimycin A), as well as material present at the bottom of the gradient (equivalent to
fraction 22 in Fig. II.1D) were separated by SDS-PAGE and immunoblotted for the indicated protein. Eps15 is included as a
control for soluble proteins. B Co-immunoprecipitation of endogenous Vps41 from COS7 cells expressing either an empty
YFP vector (YFP, note that the blot is cropped above the ~30 kDa band corresponding to YFP), wild-type (WT) or mutant
(Q196R) YFP-Stx17, immunoprecipitated using an anti-GFP antibody. Immunoprecipitates were separated, along with 2.5%
input, by SDS-PAGE and immunoblotted for the indicated protein. C Co-immunoprecipitation of endogenous SNAP29 and
VAMP7 from control, Vps39- or Vps41l-depleted COS7 cells expressing YFP or YFP-Stx17, immunoprecipitated using an
anti-GFP antibody. Inmunoprecipitates were separated, along with 2.5% input, by SDS-PAGE and immunoblotted for the
indicated protein. D Inmunoblot analysis of COS7 cells transfected with the indicated siRNA. E Representative confocal
images of COS7 cells transfected with the indicated siRNA and LAMP1-YFP (green) that were treated with 25 pM antimycin
A for 45 minutes, fixed and immunostained for PDH E2/E3bp (red) and TOM20 (blue). PDH E2/E3bp*/TOM20- structures
that are positive (red arrowheads) or negative (blue arrowheads) for LAMP1 are indicated. Scale bar, 2 microns. F
Quantification of the percent of PDH E2/E3bp*/TOM20- structures that colocalize with LAMP1-YFP in the cells from E. Bars
represent the mean, n=30 to 35 cells per condition. ***, p<.001. G Model of MDV-late endosome fusion mediated by Stx17.
Stx17 is recruited to MDVs during budding, likely mobilized from a diffuse pool present on the OMM. In a HOPS-dependent
manner, Stx17 forms a ternary SNARE complex with SNAP29 and VAMP7 at the late endosome to mediate fusion.

the zero layer of the four helix bundle, and indicates that Stx17, SNAP29 and VAMP7 form a
ternary SNARE complex in cells.

To then determine the effect of zero layer manipulation on MDYV trafficking, we
reconstituted the Stx17-VAMP?7 interaction in COS7 cells. We again silenced both Stx17 and
VAMP7, and then re-expressed combinations of Flag-Stx17 and Flag-VAMP7 mutants (Fig.
I11.7G). When we looked at MDYV targeting in these cells, we found that Flag-Stx17?!%R disrupted
colocalization of MDVs with LAMPI-YFP compared to WT in cells co-expressing Flag-
VAMP7YT and that this, like binding, was rescued by expression of Flag-VAMP7RI5Q (Fig,
III.7H and Fig. II1.S4). Taken together, these data demonstrate the existence of a ternary

Stx17/SNAP29/VAMP7 SNARE complex that mediates the fusion of MDVs with endolysosomes.

[LIIvi MDYV and mitophagosome turnover utilize different sets of SNAREs but both employ the

HOPS tethering complex
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Stx17 is involved in the fusion of starvation-induced autophagosomes with lysosomes, and
it has been suggested that it is the SNARE responsible for mitophagosome-lysosome fusion during
parkin-/PINK1-mediated mitophagy (Yoshii and Mizushima, 2015). Given our current data
implicating Stx17 in MDV-endolysosome fusion, we thus sought to identify a role for this
molecule in depolarization-induced mitophagy, reasoning that Stx17 may be common to both
pathways. To this end, we silenced Stx17 and its associated SNAREs in U20S:GFP-parkin cells
that were grown in glucose medium — a metabolic condition under which mitophagy is permitted
(Leeetal., 2015; McCoy et al., 2014; Van Laar et al., 2011) — in order to determine which relevant
membrane fusion-related genes would impair mitophagy. We additionally silenced Vps39, a
component of the HOPS tethering complex that regulates autophagosome-lysosome fusion and
other late endosomal tethering events (Balderhaar and Ungermann, 2013; Jiang et al., 2014; Takats
et al., 2014), to serve as a positive control. After these cells were depolarized for 24 hours, to our
surprise, only cells in which either Vps39 or VAMPS were silenced displayed a reduced rate of
mitophagy (as visualized by a loss of either mitochondrial DNA or TOM?20), with loss of any of
Stx17, SNAP29 or VAMP7 having a negligible effect (Fig. III.8A and B for mtDNA, and Fig.
II1.S5 for TOM20). To ensure that the effects seen by silencing Vps39 and VAMPS were occurring
upstream of mitophagosome turnover, we quantified the recruitment of GFP-parkin after one hour
of CCCP — a time frame in which delays in recruitment are visible (Durcan et al., 2014) — and saw
no significant delay in any condition (Fig. II[.8C and D).

We next tested a role for the HOPS complex in MDV turnover. Similarly to Stx17, the
HOPS-specific Vps41 subunit co-purified with MDVs generated in cell-free reconstitution assays
(Fig. III.9A), and we confirmed the association of Stx17 with the HOPS complex in cells by co-

immunoprecipitating Vps41 with Stx17 (Fig. I11.9B) (Jiang et al., 2014; Takats et al., 2014).
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Interestingly, we saw no difference in Vps41 binding between WT Stx17 and the Q196R zero layer
mutant (which cannot bind cognate R-SNARE:s, Fig. IIl.6E and G). Taken together, these data
indicated that Stx17 can recruit the HOPS complex to MDVs prior to binding VAMP7 on the late
endosome. Indeed, silencing either Vps39 or Vps4l abrogated the binding of YFP-Stx17 to
VAMP7 (Fig. II1.9C), as would be expected if the complex was acting as a tether. When we
silenced the Vps39 and Vps41 HOPS subunits in COS7 cells (Fig. II1.9D), we observed an MDV
targeting defect similar to that obtained with Stx17 depletion (Fig. III.9E and F). In summary, the
HOPS complex binds Stx17 on MDVs and is required for their efficient targeting to
endolysosomes, likely through a conserved role in coordinating interactions at the zero layer
(Baker et al., 2015; Starai et al., 2008) between Stx17 and VAMP7. Additionally, while
mitophagosomes generated by depolarizing insults are degraded in a HOPS-dependent manner,

this occurs largely independently of Stx17, SNAP29 and VAMP7.

II1.IV DISCUSSION

In this study, we have demonstrated the molecular principles that govern MDYV transport
to the lysosome, showing a requirement for evolutionarily conserved SNARE machinery in this
process. The Qa-SNARE Stx17 localizes to the mitochondrial outer membrane, building up at foci
that are then released as vesicles, and remains present on MDVs that have dissociated from the
mitochondrial tubule. Stx17 also promotes the turnover of mitochondrial vesicles, and MDV-
endolysosomal fusion is achieved via a Stx17/SNAP29/VAMP7 ternary SNARE complex.
Endolysosomal targeting is regulated via Stx17-VAMP7 binding, as revealed by mutations that

disrupt this interaction. While the Stx17/SNAP29/VAMP7 ternary SNARE complex identified in
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this study is not involved in parkin-mediated mitophagy, both processes utilize the HOPS tethering
complex for turnover (Fig. II1.9G).

Manipulation of residues at the zero layer of the helical bundle identified SNARE
machinery involved in the turnover of MDVs. The physiological role of residues at this position
remains contentious; an all-Q zero layer can still support vacuolar fusion and exocytosis in yeast
(Fratti et al., 2007; Katz and Brennwald, 2000; Ossig et al., 2000), whereas other exocytic studies
have provided little coherence as to the function of disrupting the 3Q:1R ratio (Gil et al., 2002;
Graham et al., 2001; Lauer et al., 2006; Watanabe et al., 2013). Here, we show that zero layer
mutations in Stx17 prevent fusion of MDVs with endolysosomes through a reduction in Stx17-
VAMP7 binding, and are the first to demonstrate, to our knowledge, that defects resulting from an
aberrant zero layer ratios can be functionally rescued via compensatory mutation in a mammalian
system.

Accompanying our findings that SNARESs are required for heterotypic fusion between the
MDV outer membrane (which is derived from the OMM) and the endolysosomal limiting
membrane is the notion that this machinery is distinct from the mitochondrion’s own fuseogenic
GTPases involved in homotypic fusion of the organelle (Scorrano, 2013). Indeed, while MDV
transport to the lysosome is directional and destructive, the major role of mitochondrial fusion is
the mixing of mitochondrial contents (Mishra and Chan, 2016), and thus co-evolution of distinct
membrane fusion machineries would allow for segregated regulation of these two processes.
Drawing this ancestral parallel further, the evolutionary origin of Stx17 is, like the mitochondrion,
also primordial — traceable to the so-called last eukaryotic common ancestor (Arasaki et al., 2015;
Koumandou et al., 2013). Moreover, Stx17 is a phylogenic “outlier” compared to its most

immediate family members — Stx7, Stx13 and Stx20, all of which are much more closely
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interrelated (Kloepper et al., 2008) — indicative of an early evolutionary origin. Together, these
observations highlight the fundamental concept that, in a similar manner to other conserved
trafficking pathways, vesicular trafficking from mitochondria to the lysosome may be an ancient
process (Sugiura et al., 2014). Indeed, MDYV release may have its origins in the ancestor of the
mitochondrion itself; that is, vesicle shedding by a-proteobacteria (Deatherage and Cookson,
2012). Thus, the co-evolution of mitochondria and MDYV transport to the lysosome (or vacuole)
remains an intriguing area of future work.

The precise mechanism by which Stx17 is recruited into clusters on the OMM is another
further area of study. We provide evidence that Stx17 likely assembles at locations of parkin-
/PINK1-dependent MDV formation, implicating Stx17 specificity for this MDV subpopulation
versus others. While a direct interaction between Stx17 with parkin or PINKI1 is unlikely, an
unbiased screen for interactors of S65-phosphorylated ubiquitin (the major PINK1 enzymatic
product at depolarized mitochondria (Kane et al., 2014; Kazlauskaite et al., 2014b; Koyano et al.,
2014)) revealed SNARE-family proteins as a top hit of preferential binding partners in yeast
(Swaney et al., 2015). Thus, phosphoubiquitin itself may recruit Stx17 to sites of vesicle formation.
Alternatively, Stx17 may be recruited to sites of MDV formation indirectly, or in parallel with
other factors. For example, Stx17 may use its two transmembrane domains to detect OMM
curvature — a more passive version of how atlastin, another hairpin transmembrane protein, can
itself bend ER membranes (Byrnes et al., 2013; Daumke and Praefcke, 2011; Hu et al., 2009) —
and thus preferentially collect at sites of membrane deformation.

In the current study, the identification of a canonical SNARE pairing mechanism driving
the process of MDV-endolysosomal fusion confirms that this transport route employs established,

cellular trafficking machinery, and highlights the integration of mitochondrion-to-lysosome
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vesicular transport within the cellular milieu. Additionally, in studying the mechanism of MDV
delivery to lysosomes and contrasting this to mitophagy, we have further distinguished MDV
transport from parkin-/PINK1-dependent mitophagy, highlighting the divergence of their
downstream targeting mechanisms. Studying MDYV biology at the molecular level will help us
understand how disruption of this mitochondrial quality control mechanism may lead to neuronal

degeneration.

III.V MATERIALS AND METHODS

Antibodies and other reagents

Antibodies used in this study include anti-actin (Millipore, MAB1501), anti-a-adaptin (Santa Cruz
Biotechnology, sc-17771), anti-CD63 (BD Pharmigen, 556019), anti-DNA (Progen, 61014), anti-
Drpl (BD Biosciences, 611113), anti-Eps15 (Santa Cruz, sc-534), anti-Flag (anti-DDDDK,
Abcam, ab1257), anti-Flag (Sigma, F1804), anti-GFP (Abcam, ab6673), anti-GFP (Invitrogen,
A6455), anti-LAMP2 (Santa Cruz, sc-18822), anti-LBPA (Eschelon, Z-SLBPA), anti-parkin
(Santa Cruz, sc-32282), anti-PDH E2/E3bp (Abcam, ab110333), anti-PINK1 (Cell Signaling
Technology, 6946), anti-PMP70 (Sigma, SAB4200181), anti-SDHA (Abcam, ab14715), anti-
SNAP29 (Abcam, ab138500), anti-Stx17 (ProteinTech, 17815-1-AP), anti-Stx17 (Sigma,
HPA001204), anti-TIM23 (BD, 611222), anti-TIP47 (Novus), anti-TOM20 (Santa Cruz, sc-
11414), anti-UQCRFSI (referred to herein as CIII-Rieske, Abcam, ab14746), anti-VAMP7 (Santa
Cruz, sc-166394), anti-VAMPS8 (Abcam, ab76021), anti-VDAC1 (Abcam, ab14734) and anti-
Vps41 (Abcam, ab181078). Unless otherwise specified, all reagents were purchased from Sigma-

Aldrich.
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Plasmids, subcloning and mutagenesis

Flag-Stx17 (#45911), Flag-VAMP8 (#45912), Flag-VAMP7 (#45913) and LAMPI1-mRFP
(#1817) were purchased from Addgene (Cambridge, MA) and are described elsewhere (Itakura et
al., 2012b; Sherer et al., 2003). MAPL-YFP has also been previously described (Neuspiel et al.,
2008). YFP-Stx17 was constructed by first performing sequential digestions of Flag-Stx17 with
Xbal and then EcoRI (NEB, Ipswitch, MA). YFP-C1 (mVenus-C1, Addgene plasmid #27794) was
cut in the same manner, but dephosphorylated using SAP (Affymetrix, Cleveland, OH) prior to
separation on the gel. As the Stx17 cDNA contains an internal EcoRI site, Xbal-cut Flag-Stx17
was partially digested with EcoRI to yield a ~950bp band (representing the full cDNA) that was
excised and purified. Purified components were ligated using Rapid DNA Ligation Kit (Thermo
Scientific) according to the manufacturer’s instructions, and positive clones were identified by
sequencing. GFP-Stx17 was constructed by double-digesting YFP-Stx17 and pEGFP-C1
(Clontech) with Xhol and Xbal, followed by a ligation as above. Flag- and YFP-tagged Stx17219R
were generated using a Quik Change II site-directed mutagenesis kit (Agilent Technologies) by
mutagenizing Stx17W?! with the primer pair of 5-
CTCCTAGTGAATTCTCGGCAGGAGAAGATTGAC-3’ and 5’-
GTCAATCTTCTCCTGCCGAGAATTCACTAGGAG-3" according to the manufacturer’s
instructions. Flag-VAMP7R5Q and Flag-VAMPSR*7? were generated by the same method, using
the primer pairs of 5’-CATAGATTTAGTTGCTCAACAGGGAGAAAGGTTGGAATTGC-
3’/5’-GCAATTCCAACCTTTCTCCCTGTTGAGCAACTAAATCTATG-3’ and 5’-
GGATCCTGGCCCAGGGGGAAAACTTG-3’/5’-CAAGTTTTCCCCCTGGGCCAGGATCC-

3’ for Flag-VAMP7 and Flag-VAMPS, respectively. LAMP1-YFP was constructed by double-
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digesting LAMP1-mRFP with BamHI and EcoRI, and ligating (as above) the 1200 bp insert into

YFP-N1 (mVenus-N1, Addgene plasmid #27793) that had been cut in the same manner.

RNA interference

siRNA oligonucleotides targeting Drpl, parkin and PINK1 have been described previously
(McLelland et al., 2014). Non-targeting siRNA, as well as siRNA targeting Stx17 (5°-
GGAAACCUUAGAAGCGGACUUAAUUATAT-3’) (Jiang et al., 2014), SNAP29 (5°-
AGACAGAAAUUGAGGAGCAATAT-3’) (Guo et al, 2014), VAMP8 (5-
GCAACAAGACAGAGGAUCUATAT-3’) (Guo et al, 2014), Vps39 (5°-
GGUAAAGAAGCUGAAUGACUCUGAUATAT-3") (Jiang et al., 2014) and Vps4l (5°-
GAGAAUGAAUGUAGAGAUUATAT-3") (McEwan et al., 2015) were purchased from Life
Technologies. siRNA targeting VAMP7 (ON-TARGETplus J-020864-05) was purchased from

Dharmacon (Lafayette, CO).

Cell culture and transfection

COS7 cells were purchased from ATCC (Manassas, VA), and the U20S:GFP and U20S:GFP-
parkin stable cell lines have been described previously (McLelland et al., 2014). Cells were
maintained in DMEM supplemented with L-glutamine, penicillin/streptomycin, and 10% FBS in
the presence of 10 mM galactose (Wisent, Saint-Bruno, QC). Alternatively, for the experiments
depicted in Fig. II1.8, 25 mM glucose was used as a carbon source. Cells were typically transfected
with 40 nM siRNA, or 0.5 ug/ml DNA for experiments involving a single construct, via lipofection
using jetPRIME transfection reagent (Polyplus Transfection, New York, NY) according to the

manufacturer’s instructions. Cells were treated and analyzed three days post-transfection for
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siRNA, and one day post-transfection for DNA transfections. In the case of sSiRNA/DNA double-
transfections, cells were first transfected in 6-well plates with siRNA, then replated the next day
in 24-well plates with coverslips (for imaging) or 6-well plates (for immunoblotting). The
following day, cells were transfected with the indicated DNA construct, and analysis was
performed the next day. In the case of rescue experiments (Fig. II1.51, J and II1.S3 and Fig. II1.7G,
H and II1.S4), cells were transfected initially with 40 nM of each siRNA oligonucleotide (as
above). For Fig. IIL1.51, J and IIL.S3, cells were then transfected with 0.5 ug/ml LAMP1-mRFP, 0.2
ug/ml GFP/GFP-Stx17 and 0.6 ug/ml pcDNA/Flag-VAMP7 (transfection was monitored by GFP
fluorescence). For Fig. II1.7G, H and II1.S4, cells were transfected with 0.5 ug/ml LAMP1-YFP,
0.6 ug/ml pcDNA/Flag-Stx17 and 0.6 ug/ml pcDNA/Flag-VAMP?7 (transfected was monitored by

YFP fluorescence).

Immunofluorescence, fluorescence microscopy and microscope image acquisition

Cells on coverslips were fixed in 6% formaldehyde, washed with PBS and permeabilized in PBS
containing 0.25% Triton X-100. Coverslips were then blocked in 10% FBS in PBS. Primary
antibodies were diluted in 5% FBS/PBS and incubations were performed for one hour at room
temperature. Coverslips were then washed three times in 5% FBS/PBS, then incubated with Alexa
Fluor-conjugated secondary antibodies (Molecular Probes, ThermoFisher), diluted as above, for
one hour at room temperature. Cells were then washed three times in PBS and mounted on glass
slides using Aqua Poly/Mount (Polysciences Inc.). Cells were often counterstained with Hoescht
33342 prior to mounting. Confocal slices (<1 um-thick) were acquired via an LSM710 laser
scanning confocal microscope (Zeiss) through a 63x, 1.4 NA or a 40x, 1.3 NA objective lens, or

an Olympus IX81 (with Andor Yokogawa system) spinning disc microscope through either a 100x,
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1.4 NA or a 60x, 1.4 NA objective lens using excitation wavelengths of 405, 488, 543 and 633 nm
or 405, 488, 515, 561 and 640 nm for the laser scanning and spinning disc microscopes,
respectively. Live-cell imaging was performed in a chamber heated to 37°C at 5% CO., with
images acquired every second at 800 ms (YFP) and 50 ms (MitoTracker Deep Red FM) exposure
times. Cells were loaded with 225 nM MitoTracker Deep Red FM (Invitrogen) for 30 minutes,
then rinsed three times with media without dye, prior to imaging. Super-resolution was performed
on an equivalent spinning disc set-up as above and was achieved using the spinning disc — Olympus
super-resolution (SD-OSR) system (Olympus), and images were acquired using 2000 ms exposure
times. Image files were analyzed using ImageJ (NIH, Bethesda, MD). While vesicles were counted

by eye, peroxisomes were counted using the particle counting feature of Image].

Immunoprecipitation and immunoblotting

Cells were rinsed in ice-cold PBS and lysed in lysis buffer (20 mM HEPES pH 7.2, 1% NP-40
substitute, 150 mM NaCl, supplemented with protease inhibitors benzamidine, PMSF, aprotinin
and leupeptin) on ice. Lysates were clarified by centrifugation and protein concentration was
determined by BCA assay (Pierce/Thermo Scientific). Lysates were diluted to 1 to 2 mg/ml and
incubated with the indicated primary antibody overnight at 4°C. The following day, samples were
incubated with protein G-Sepharose (GE Healthcare Bio-Sciences) for 4 h. Immunoprecipitates
were washed five times in lysis buffer and eluted by incubating at 90°C. Samples were separated
by SDS-PAGE and transferred to nitrocellulose membrane. Membranes were blocked in 5% milk
in PBS plus 0.1% Tween-20 (PBST), and primary antibodies were diluted in blocking buffer or
3% BSA/PBST. Primary antibody incubations were performed overnight at 4°C. The following

day, membranes were washed with PBST, blocked again as before, and incubated with HRP-
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conjugated secondary antibodies, diluted in 5% milk/PBST, for one hour at room temperature.
Membranes were then washed with PBST before protein detection with Western Lightning ECL

and Plus-ECL kits (PerkinElmer) according to the manufacturer’s instructions.

Isolation of mitochondria and reconstitution of MDV formation in vitro

Mitochondrial isolation from mouse liver was adapted from a protocol by Frezza et al. (Frezza et
al., 2007). Tissue and fractions were kept on ice at all times, and centrifugation was done at 4°C
using pre-cooled rotors. Six to eight week-old mice were euthanized with CO, and the liver was
excised and cut into small pieces before homogenization (4 passes at 1,600 rpm) in cold isolation
buffer (20 mM HEPES pH 7.4, 220 mM mannitol, 68 mM sucrose, 76 mM KCI, 4 mM KOAc, 2
mM MgCl,, supplemented with protease inhibitors benzamidine, PMSF, aprotinin and leupeptin).
The post-nuclear supernatant was collected by centrifuging the homogenate at 600 g for 10 minutes
in an Avanti J-25I centrifuge using a SLA-25.50 rotor (Beckman Coulter). This supernatant was
collected and centrifuged again at 7,000 g for 10 minutes as above. The pellet (heavy membrane
fraction, HM) was resuspended in a large volume of isolation buffer and centrifuged again, then
stored in isolation buffer on ice. The 7,000 g supernatant was then centrifuged at 200,000 g for 90
minutes in an Optima L-90K ultracentrifuge using a 70 Ti rotor. The resulting supernatant (soluble
cytosolic fraction, S) was stored on ice, and the pellet (light membrane fraction, LM) was
resuspended in isolation buffer with 2% Triton X-100. Protein concentrations were determined by
BCA assay as mentioned above. MDV formation was reconstituted according to Soubannier et al.
(Soubannier et al., 2012b). The HM fraction was first washed twice in isolation buffer without
protease inhibitors (10,000 rpm for 10 minutes in a microfuge at 4°C). The S fraction was added

to the HM in a 1:4 ratio (by protein weight) in the presence of an ATP regenerating mixture (1
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mM ATP, 5 mM succinate, 80 pM ADP, 2 mM K;HPO4 pH 7.4) and 50 uM antimycin A, topped
up with isolation buffer. For small scale reactions, the total reaction volume was 250 ul (HM, 6
mg/ml; S, 1.5 mg/ml). These were incubated at 37°C for 2 hours (vortexing every 30 to 45
minutes), and then centrifuged at 10,000 rpm for 10 minutes in a microfuge at 4°C. The pellet was
resuspended in SDS-PAGE sample buffer. 0.5 mg/ml trypsin was added to the supernatants, and
this was incubated on ice for 10 minute, after which 0.5 mg/ml soybean trypsin inhibitor was added
to quench the proteolysis, followed by SDS-PAGE sample buffer. In the case of larger scale
reactions (1 ml total volume, with the same fraction concentrations as above), the reaction was
centrifuged as above. 900 pl of the supernatant was equilibrated to ~50% sucrose by mixing with
1.35 ml 80% sucrose dissolved in isolation buffer. 2 ml of this was loaded at the bottom of a 14x89
mm Ultra-Clear ultracentrifuge tube (Beckman Coulter). Subsequent 2 ml steps of 40%, 30%,
20%, 10% sucrose (dissolved in isolation buffer), followed by buffer alone, were added slowly to
establish a discontinuous sucrose gradient. Gradients were centrifuged overnight (minimum 12
hours) at 35,000 rpm in an Optima ultracentrifuge using a SW41 Ti swinging-bucket rotor. The

following day, 500 pl fractions were collected in SDS-PAGE sample buffer.

Transmission electron microscopy and immunogold labeling

Cells expressing YFP-Stx17 or GFP-parkin were prepared for immunoelectron microscopy by
fixation in 5% formaldehyde and 0.1% glutaraldehyde in PBS for 15 minutes at 37°C. Cells were
washed in PBS, quenched with 50 mM glycine in PBS for 15 min, and washed again. Cells were
semi-permeabilized in 0.1% saponin, 5% BSA in PBS for 30 min, followed by three 5-min washes
in 5% BSA in PBS. Cells were then incubated with anti-GFP antibody (Invitrogen) diluted 1:2000

in 1% BSA for one hour, washed in 1% BSA/PBS three times for 5 min each, then incubated with
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nanogold-conjugated (1.4 nm colloidal gold) goat anti-rabbit IgG (Nanoprobes, Yaphank, NY) for
another hour (diluted 1:200 as before). Cells were then washed three times in PBS and post-fixed
with 1.6% glutaraldehyde for 10 minutes at room temperature, then rinsed extensively with water.
Gold particles were enhanced for 5 minutes using the HQ Silver Enhancement Kit (Nanoprobes)
according to the manufacturer’s instructions, and cells were washed extensively in water afterward
and stored in 1.6% glutaraldehyde at 4°C until EM processing. For immunogold labeling using 10
nm gold, cells were prepared as above, but incubated with 10 nm gold-conjugated goat anti-rabbit
IgG (Abcam) overnight at 4°C (diluted 1:20) and were not subsequently silver enhanced. For
preparation of samples for morphological analysis, cells were fixed in 2.5% glutaraldehyde for 2
hours at room temperature and then stored at 4°C before processing. Thin sections on grids were
observed in a Tecnai 12 BioTwin transmission electron microscope (FEI) at 120 keV and images

were acquired with an XR80C CCD camera (AMT).

Statistical analyses, graphing and protein structure/alignment graphic generation

Unless otherwise indicated in the figure legends, all quantitative experiments were performed two
to four times. The numbers of cells quantified per experiment are indicated in the figure legends.
No statistical method was used to predetermine the experimental sample size. Statistical tests and
representations of the data were generated using Prism (GraphPad Software, La Jolla, CA). For
histograms, data are given as the mean + standard error of the mean (SEM), while the mean is
indicated on dot plots. Statistical significance was determined by the appropriate statistical test;
one- (Fig. [11.4C) and two- (Fig. l11.3G, II1.4D, II1.5F, II1.5G, II1.S1D) tailed t-tests, and one- (Fig.
115G, II1.5H, M1.5J, I1.7E, 111.7F, 1I1.7H, 1I1.9F) and two-way (Fig. I11.2E, I11.3D, I1I.3H, I11.4D,

II1.5C, II1.8B, II1.8D, II1.S5B) ANOV As followed by Bonferroni post-hoc tests. Differences were
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considered significant if p<.05. Note that for Fig. II1.8B and D, DMSO-treated samples, of which
all but one were left out of the histogram (as they were identical to the DMSO-treated ctrl siRNA
sample), were accounted for in the statistical analyses. The MDV half-lives in Fig. II1.4D were
estimated from fitting a decay plot to the graph with Microsoft Excel, using the antimycin A-
treated and untreated data as maximum and baseline MDV levels, respectively (r?=0.98 for ctrl
siRNA; r>=0.91 for siStx17). Diagrams of the structure of the SNARE tetrad and the R-SNARE

sequence alignment were created with PyMOL and eBioX, respectively.

Summary of supplemental material

Fig. II1.S1 examines the effect of Stx17 depletion on the targeting of other MDV populations to
other cellular destinations. Fig. II1.S2 demonstrates that VAMP7 and VAMPS localize to late
endosomes and lysosomes. Fig. II1.S3 shows that the targeting of MDVs to LAMP1-positive
compartments is rescued in siStx17/siVAMP7 double-knockdown cells by the re-introduction of
Stx17 and VAMP7 (see also Fig. II1.51 and J). Fig. I11.S4 demonstrates that a 3Q:1R zero layer
ratio is required in the Stx17-/VAMP7-containing SNARE complex in order for proper MDV
targeting (see also Fig. II1.7G and H). Fig. II1.S5 identifies a role for Vps39 and VAMPS8 (but not

Stx17) in TOM20 turnover by mitophagy (see also Fig. II[.§A and B).
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ITII.VII SUPPLEMENTARY FIGURES
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Figure lIL.S1. Silencing of Stx17 does notperturb other MDV pathways. A Representative confocal images of cells expressing
LAMP1-mRFP (magenta) treated with GO, fixed and immunostained for PDH E2/E3bp (yellow) and TOM20 (cyan) (Hoescht,
blue). TOM20+/PDH E2/E3bp- structures that are positive (white arrowheads) or negative (empty arrowheads) for LAMP1
are indicated. Scale bars, 10 and 2 microns. B Quantification of the percent of TOM20+/PDH E2/E3bp- structures that
colocalize with LAMP1-mRFP in Stx17-silenced COS7 cells treated with 50 mU/ml glucose oxidase (GO) or left untreated.
Bars represent mean, n=32 to 39 cells per condition. n.s., not significant. C COS7 cells transfected with MAPL-YFP (yellow)
and the indicated siRNA were fixed and immunostained for TOM20 (cyan) and PMP70 (magenta, a peroxisomal marker)
(Hoescht, blue). Red arrowheads indicate PMP70-labeled peroxisomes that also contain MAPL-YFP. Scale bars, 10 and 2
microns. D Quantification of the percent of PMP70-labeled peroxisomes that also contain MAPL-YFP per cell of cells from
C. Bars represent the mean, n=30 and 28 cells for ctrl siRNA and siStx17, respectively. **, p<.01.
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Figure II1.S2. VAMP7 and VAMPS localize to late endosomes and lysosomes. COS7 cells expressing Flag-VAMP7 (left) or
Flag-VAMPS8 (right) were fixed and immunostained for the Flag tag (red) and the indicated late endosomal/lysosomal (CD63,
LAMP2) or strictly late endosomal (TIP47, LBPA) marker (green) (Hoescht, blue). White arrowheads indicate structures that
are positive for both the Flag-VAMP and the corresponding marker. Scale bars, 20 and 2 microns.
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Figure IIL.S4. MDV targeting in cells
reconstituted with zero layer
mutants. Representative confocal
images of COS7 cells from Fig. II.7G
and H treated with 25 pM antimycin
A for 45 minutes, fixed and
immunostained  against  PDH
E2/E3bp (red) and TOM20 (blue)
(LAMP1-YFP, green). PDH
E2/E3bp*/TOM20- structures that
are positive (red arrowheads) or
negative (blue arrowheads) for
LAMP1 are indicated. Scale bars, 10

and 2 microns.
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Figure IILS5. Stx17 is dispensable for depolarization-induced mitophagy. A Representative confocal images of U20S:GFP-

parkin (green) cells (grown on glucose) treated with 20 uyM CCCP or DMSO for 24 hours. Mitophagy was monitored by then

fixing and immunostaining for TOM20 (red) (Hoescht 33342, blue). Cells that have retained their mitochondria are marked

by asterisks. Scale bars, 20 microns. B Quantification of the percent of cells retaining mitochondria from cells in A. Bars

represent mean+SEM, n=3 replicates cells per condition, with >100 cells counted per condition for each replicate. ***,

p<.001.
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HLVII INTEGRATIVE SUMMARY

While Chapter II described core machinery involved in the generation of MDVs carrying
ETC/matrix components, Chapter III provides a detailed description concerning how these vesicles
target to and fuse with the late endosome, revealing that they use a canonical SNARE-pairing
mechanism. While the mechanistic relationship between Stx17 and parkin/PINK1 remains
unknown — although this SNARE is clearly a component of MDVs, as revealed by cell-free
reconstitution assays and live-imaging microscopy — this study identifies more players involved in
this mitochondrion-to-lysosome vesicular pathway, and provides tractable molecules that can be
followed in future studies of how this and potentially other classes of MDVs are formed. This work
demonstrates that parkin-/PINK1-dependent MDV biogenesis is truly a stand-alone pathway
separate from mitophagy, and implies that other machineries involved in cellular membrane
trafficking pathways — such as Rabs, membrane-deforming molecules, motors, etc. — are likely
associated with MDYV biogenesis and delivery to the late endosome.

Chapter II and II covered molecular mechanisms associated with parkin/PINK1-
dependent MDV formation. Chapter IV, on the other hand, identifies a mitophagic regulatory
mechanism centered on the activity of PINK1 and parkin on Mfn2, showing that PINK1/parkin
regulate contact between the OMM and ER (see section .IV.ii) via Mfn2 destruction as an early

step in the mitophagic cascade.
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Chapter IV

MITOFUSIN-2 UBIQUITINATION BY PINK1/PARKIN GATES THE RELEASE OF ER

FROM MITOCHONDRIA TO DRIVE MITOPHAGY

The following Chapter is a manuscript being prepared for submission:

McLelland GL, Dorval G, Lauinger ND, Rakovic A, Durcan TM, Trempe JF, Fon EA. Mitofusin-

2 ubiquitination by PINK 1/parkin gates the release of ER from mitochondria to drive mitophagy.
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IV.I ABSTRACT

Despite their importance as signaling hubs, the function of mitochondria-ER contact sites in
mitochondrial quality control pathways remains unexplored. Here we describe a mechanism by
which mitofusin-2 (Mfn2), a mitochondria-ER tether, gates the autophagic turnover of
mitochondria by PINK1 and parkin. Mitochondria-ER appositions are destroyed during
mitophagy, and reducing mitochondria-ER contacts increases the rate of mitophagy.
Mechanistically, parkin and PINK1 catalyze a rapid burst of Mfn2 phosphoubiquitination to trigger
the p97-dependent extraction of high molecular weight Mfn2 complexes from the outer
mitochondrial membrane, resulting in the disassociation of mitochondria from the ER. Finally, we
demonstrate that a major portion of the facilitatory effect of p97 on mitophagy is epistatic to Mfn2
and promotes parkin substrate availability. Our data show that mitochondria-ER tethering
antagonizes mitophagy, and reciprocally describe a parkin- and PINK 1-dependent mechanism that

regulates the destruction of mitochondria-ER contact sites.

IV.II INTRODUCTION

Loss of PRKN or PINKI results in an early-onset form of hereditary Parkinson’s disease
(PD), a neurological disorder that is linked to mitochondrial dysfunction (Kitada et al., 1998; Ryan
et al., 2015; Valente et al., 2004). Accordingly, parkin and PINK1 promote mitochondrial health
through several mitochondrial quality control mechanisms; the turnover of outer mitochondrial
membrane (OMM) proteins by the proteasome, the generation of mitochondrial-derived vesicles,
and whole-organellar degradation by autophagy (termed “mitophagy”) (Sugiura et al., 2014;
Yamano et al., 2016). During mitophagy, PINK1, a mitochondrial kinase, builds up on the surface

of damaged mitochondria where it activates parkin directly via phosphorylation and allosterically



through the generation of phosphoubiquitin (pUb) (Kane et al., 2014; Kazlauskaite et al., 2014b;
Kondapalli et al., 2012; Koyano et al., 2014; Shiba-Fukushima et al., 2012). Parkin, an E3 ubiquitin
(Ub) ligase, mediates the ubiquitination of resident OMM proteins, recruiting Ub-binding
autophagic machinery through a feed-forward mechanism to ultimately degrade the organelle via
the lysosome (Heo et al., 2015; Lazarou et al., 2015; Ordureau et al., 2015).

Contact sites between mitochondria and the endoplasmic reticulum (ER) act as crucial
signaling hubs in the context of starvation-induced autophagy, where they serve as the site of
autophagosome formation (Hamasaki et al., 2013; Kishi-Itakura et al., 2014). Indeed,
autophagosome biogenesis is impaired in cells with defective mitochondria-ER tethering
(Hamasaki et al., 2013), as lipid transfer between organelles may be important for their formation
(Hailey et al., 2010; Klecker et al., 2014). As steady-state mitophagy in yeast requires
mitochondria-ER contacts (Bockler and Westermann, 2014), it has been assumed that parkin-
dependent mitophagy follows a similar mechanism (Yoshii and Mizushima, 2015). However, this
model directly conflicts with the observation that mitofusin-2 (Mfn2) — a mitochondria-ER tether
required for starvation-induced autophagosome formation in mammals (de Brito and Scorrano,
2008; Hamasaki et al., 2013; Naon et al., 2016) — is ubiquitinated by parkin and rapidly turned
over by the proteasome (Tanaka et al., 2010). Thus, how mitophagy is regulated by contacts
between mitochondria and the ER (if at all), and the location from which the mitophagic membrane

originates, remain open questions in the field.

IV.III RESULTS

IV.111.1 Parkin and PINK1 destroy mitochondria-ER contact during mitophagy
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Figure IV.1. Ultrastructural analysis of ER-mitochondria contact during mitophagy in U20S cells and dopaminergic neurons.

See legend on the following page.

We hypothesized that PINK1 and parkin may regulate contact between both organelles
during mitophagy, based on studies demonstrating high levels of parkin ubiquitination activity on
Mifn2 in both cells and in organello ubiquitination assays (Tanaka et al., 2010; Tang et al., 2017).
To first determine whether parkin destroys the OMM-ER interface of depolarized mitochondria,
we analyzed contacts between the two organelles by EM (Csordas et al., 2006). We quantified ER
tubules within 100 nm of the OMM, as this distance is enough to capture tubules closely associated

with the OMM (Fig. IV.1A, left panel and inset). To induce PINK 1-/parkin-mediated mitophagy,
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Figure IV.1. Ultrastructural analysis of ER-mitochondria contact during mitophagy in U20S cells and dopaminergic neurons.
A Representative TEM images of mitochondria ( “M" ) in contact with ER (pseudocoloured blue) in untreated and CCCP-
treated U20S:GFP-parkin cells. Scale bars, 500 nm. B-E Quantification of TEM from A in U20S:GFP and GFP-parkin"T cells,
left untreated (red bars) or treated with 20 pM CCCP for four hours (blue bars). Total apposition length (B), mitochondrial
size (C), and the percent of OMM per mitochondrion (D) and mitochondria per field (E) in contact with the ER was quantified.
Bars represent mean+SEM, n=82 to 152 mitochondria in 15 to 19 fields per condition. n.s., not significant; **, p<.01; ***,
p<.001; **** p<.0001. F TEM image of an isolation membrane ( "IM" , broken green line) wrapping a mitochondrion
( "mito” ). Blue arrowheads indicate the boundaries of OMM rupture, while red arrowheads indicate ER tubules in contact
with the intact portion of the OMM. Scale bar, 500 nm. G Immunoblot analysis of whole-cell lysates from U20S:GFP-parkin
WT and C431S cells treated with 20 uM CCCP for four hours with or without 10 yM MG132. In the case of MG132 treatment,
cells were first pre-incubated with 10 uM MG132 for 30 minutes prior to addition of CCCP. H Representative TEM images
of mitochondria ( “*" ) in contact with ER (pseudocoloured blue) in U20S:GFP-parkin cells transfected with the indicated
siRNA, and treated with 20 yM CCCP ( “+CCCP” ) for four hours, in the presence or absence of 10 uM MG132 as in G. Scale
bar, 500 nm. IJ Quantification of TEM from H in cells treated with (blue bars) or without (red bars) 20 uM CCCP for four
hours. The percent of OMM per mitochondrion (I) and mitochondria per field (J) in contact with the ER was quantified. Bars
represent mean+SEM, n=101 to 203 mitochondria in 14 to 16 fields per condition. n.s., not significant; *, p<.05; ***, p<.001;
**** 1n<.0001. K Immunoblot analysis of whole-cell lysates from dopaminergic neurons, derived from iPSCs isolated from
control (ctrl) individuals and a PRKN patient (PRKN™Y), treated with 20 uM CCCP for one hour. The arrowhead indicates the
unmodified Mfn2 band, while the asterisk indicates ubiquitinated Mfn2. L Representative TEM images of mitochondria
( "*" )in contact with ER in iPSC-derived dopaminergic neurons treated with 20 uM CCCP for one hour. In the top row, the
ER is pseudocoloured blue. In the second row, the red line denotes an area within 100 nm of the OMM. In the bottom row,
ER tubules within the 100 nm area are psedocoloured red. Scale bars, 200 nm. M Quantification of the percent of the OMM
apposed to the ER in cells from L, corresponding to the labeled ER in the bottom row of L. Bars represent mean+SEM, n=80
to 131 mitochondria per condition. n.s., not significant; ****, p<.0001.

we treated U20S cells stably-expressing GFP-parkin (U20S:GFP-parkin) and control U20S:GFP
cells with CCCP for four hours, and observed by EM a decrease the total length of ER-OMM
contact in both cell lines, although this decrease was greater in magnitude in cells expressing GFP-
parkin (Fig. IV.1A, quantified in 1B). However, when CCCP-induced, parkin-independent
mitochondrial fragmentation was taken into account (Fig. IV.1C), parkin had a specific effect on
reducing the percentage of the OMM that remained in contact with the ER in depolarized cells
(Fig. IV.1D), as well as the percentage of total mitochondria that were still connected to the ER
(Fig. IV.1E). Given that the mitochondria observed by EM were still intact organelles and not yet
engulfed by the isolation membrane (IM) of the autophagosome (Fig. IV.1A, right panel), we
concluded that parkin ablates contact between mitochondria and the ER as an early step during

depolarization-induced mitophagy in cells.
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We next took a closer look at how this process of contact site removal may occur. Parkin
has been reported, through its ability to ubiquitinate OMM proteins and target them for
proteasomal degradation, to eventually mediate the rupture the OMM prior to or during engulfment
by the autophagosome (Yoshii et al., 2011). Indeed, we observed rare (likely transient)
mitochondrial structures in which OMM rupture was apparently occurring at the time of fixation
(Fig. IV.1F, the blue arrowheads indicate the limits of OMM rupture, where the organelle is being
wrapped by the IM [indicated by the broken green line]). Concordantly, ER contacts with the still-
intact OMM were observed (Fig. IV.1F, red arrowheads), leading us to postulate that the removal
of OMM-ER contacts may precede OMM rupture. To this end, we quantified ER-OMM contacts
in CCCP-treated cells that were co-incubated with the proteasome inhibitor MG132, which
stabilizes the unmodified band of OMM parkin substrates, including Mfn2, and prevents rupture
of the OMM (Chan et al., 2011; Rakovic et al., 2011; Yoshii et al., 2011) (Fig. IV.1G, GFP-

parkinC43!S

, which cannot ligate Ub (Trempe et al., 2013), is used as a negative control). MG132
co-incubation rescued ER-OMM contact in U20S:GFP-parkin cells treated with CCCP (Fig.
IV.1H, I and J). Expectedly, we also prevented OMM-ER disruption in cells depleted of PINK1
(Fig. IV.1H, I and J).

Finally, we replicated our U20S cell data in human dopaminergic neurons derived from
induced pluriopotent stem cells (iPSCs) isolated from either control individuals or a patient
carrying compound heterozygous mutations in the PRKN gene (PRKN™"; see Materials and
Methods). 1PSC-derived dopaminergic neuronal cultures express detectable amounts of
endogenous parkin (Jiang et al., 2012). Upon treatment of these neurons with CCCP for only one

hour, we observed Mfn2 ubiquitination in both control lines but not in the parkin mutant line (Fig.

1K). When we analyzed mitochondria-ER appositions in these cells (Fig. IV.1L, bottom row), we
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Figure IV.2. Mfn2 is rapidly phosphoubiquitinated upon induction of mitophagy. AImmunoblot analysis of protein turnover
in glucose-maintained U20S:GFP-parkin WT and A320R cells treated with 20 yM CCCP for the indicated time. B Higher
exposures of Mfn2 and TOM20 immunoblots from A. Asterisks indicate ubiquitinated forms of Mfn2 and TOM20. C Co-
immunoprecipitation of parkin substrates with GFP-parkin WT or A320R in U20S cells treated with 20 uM CCCP for the
indicated time, using an anti-GFP antibody. Immunoprecipitates were separated, along with 4% input, by SDS-PAGE and
immunoblotted for the indicated protein. The arrowhead indicates the unmodified form of the protein, while the asterisks
denote ubiquitinated forms. D Immunoprecipitation of Mfn2 under denaturing conditions. Inmunoprecipitates were
separated, along with 4% input, by SDS-PAGE and immunoblotted for Ub. E Extracted ion chromatogram for the pS65 Ub
peptide (TLSDYNIQKEpSTLHLVLR, a.a. 55-72) from Mfn2 immunoprecipitates from DMSO- (blue line) and CCCP- (red line)
treated U20S:GFP-parkinWT cells, immunoprecipitated as in D. The red arrow indicates the peak corresponding to the
peptide. F Table depicting the ratios of integrated MS peaks from CCCP-treated cells compared to DMSO for species of
interest. See Supplementary Table IV.S1 for more information.

again observed a CCCP-dependent decrease in the amount of <100 nm ER-OMM appositions in
both control lines (Fig. IV.IM). However, this decrease was absent in the parkin mutant line (Fig.
IV.IM), supporting our previous overexpression data in U20S cells (Fig. IV.1A to E). Thus,
PINK1 and parkin function to destroy contacts between the ER and mitochondria during

mitophagy, likely through parkin-mediated OMM protein ubiquitination and turnover, as this
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process can be prevented by inhibiting proteasomal degradation. Moreover, this is a relevant

biological process in dopamine neurons, where it is regulated by endogenous parkin.

IV.IILii Phosphoubiquitination of Mfn2 by the PINKI/parkin system disrupts its antagonistic
effect on mitophagy

Our EM data demonstrated that ER-mitochondria uncoupling occurs as an early step in the
mitophagy pathway, prior to autophagosomal engulfment of the organelle (Fig. IV.1F). We thus
pursued the mechanism of this phenomenon. Mfn2 is both a mitochondria-ER tether and parkin
ubiquitination substrate (de Brito and Scorrano, 2008; Sarraf et al., 2013; Tanaka et al., 2010), and
thus the modulation of interorganellar contact by PINK 1/parkin may occur through their effect on
Mifn2. We began by examining the ubiquitination (via the disappearance of the unmodified band)
of various parkin substrates (Khan et al., 2016; Sarraf et al., 2013) during a CCCP time course in
U20S:GFP-parkin cells. Turnover of both Mfnl and Mfn2 occurred early (almost complete
disappearance by two hours) compared to other OMM proteins (Fig. IV.2A). Upon higher
exposure (Fig. IV.2B) of these immunoblots (from Fig. IV.2A), we observed a rapid “burst” of
Mifn2 ubiquitination that occurred between 30 and 60 minutes CCCP. When compared to TOM20,
a protein that is not robustly ubiquitinated by parkin (Sarraf et al., 2013), the rapidity of this Ub
burst on Mfn2 was emphasized as TOM20 ubiquitination occurs gradually over a period of hours,
rather than rapidly over a period of minutes (Fig. IV.2B). Thus, ubiquitination of the mitofusins is
one of the very first steps after the induction of mitophagy.

Mechanistically, this Ub burst would require local activation of parkin by PINK1 in the
vicinity of Mfn2, which could be achieved by PINK1-catalyzed phosphorylation of the resulting

Ub chains — events that would dually serve to activate parkin and tether it in place (Okatsu et al.,
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2015b). To test this, we first immunoprecipitated WT GFP-parkin or the A320R mutant — which
fails to bind pUb (Wauer et al., 2015a; Yamano et al., 2015), the major PINK1 phosphorylation
product on depolarized mitochondria — from cells treated with CCCP over time. We observed
robust coimmunoprecipitation of ubiquitinated Mfnl and Mfn2 with GFP-parkin¥" at one hour
CCCEP (corresponding to the Ub burst observed in Fig. IV.2B), with no apparent binding at four
hours (Fig. IV.2C), likely due to turnover of the Mfns by the proteasome at this time (Fig. [V.2B
and (Tanaka et al., 2010)). When we analyzed other parkin substrates that are ubiquitinated less
rapidly than the Mfns (Fig. IV.2A), we observed binding to WT parkin only at four hours of CCCP
treatment in the case of ubiquitinated Miro1, and binding of mono-ubiquitinated HK1 at one hour
CCCP, which was further shifted at four hours, indicative of processivity of HK1 ubiquitination
(Fig. IV.2C). None of these ubiquitinated species coimmunoprecipitated with GFP-parkin®¥2}
(Fig. IV.2C) indicating that these proteins were likely phosphoubiquitinated and binding parkin
through its pUb-binding helix (Wauer et al., 2015a). We confirmed phosphoubiquitination of Mfn2
by its immunoprecipitation under denaturing conditions. By immunoblot, we detected Ub-
modified species in the immunprecipitate from cells that were treated with CCCP for one hour
(Fig. IV.2D). Liquid-chromatography coupled to mass spectrometry (LC/MS) confirmed that the
Mfn2 immunoprecipitate from CCCP-treated cells contained a mixture of both unphosphorylated
and S65-phosphorylated Ub (Fig. IV.2E and F). Overall, we observed a CCCP-dependent, ~10-
fold increase in Mfn2 ubiquitination (all species), which was concomitant with a decrease in Mfn2
abundance (Fig. IV.2F, Fig. IV.S1 and Supplementary Table 1). Taken together, these data

demonstrate that a burst of phosphoubiquitination occurs on Mfn2 at an early time point in the

mitophagy pathway.
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Our observations so far demonstrated that mitochondria are separated from the ER during
mitophagy, and that the OMM-ER tether Mfn2 is rapidly degraded at the onset of the pathway.
We thus hypothesized that Mfn2 may antagonize mitophagy through its ability to tether
mitochondria and the ER, necessitating its destruction. To test this, we silenced Mfn2 (siMfn2) in
U20S:GFP-parkin cells, as well as Mfnl — which promotes mitochondrial fusion without any
apparent role in interorganellar tethering (de Brito and Scorrano, 2008) — to control for phenomena
resulting from fusion defects. We confirmed Mfnl and Mfn2 depletion by immunoblot (Fig.
IV.3A), and observed mitochondrial fragmentation in both siMfn1 and siMfn2 cells (Fig. IV.3B)
with an ER-OMM apposition defect unique to the siMfn2 condition (Fig. IV.S2), as expected.
Next, we investigated the kinetics of parkin recruitment to depolarized mitochondria in these cells
(in our analyses, a cell is considered to have recruited parkin if the parkin signal covers the
mitochondrial reticulum in its entirety). Moreover, we took advantage of delayed pathway kinetics
of respiring cells by culturing cells in growth medium containing galactose as a carbon source
(rather than glucose). This forces ATP generation through the electron transport chain and
mitigates parkin-dependent mitophagy (Lee et al., 2015; McCoy et al., 2014). Mitochondrial
translocation of parkin, and the buildup of Ub, p62 and LC3 on mitochondria are slowed in
galactose-grown cells (Fig. IV.S3). Remarkably, we observed faster mitochondrial recruitment in
siMfn2 (but not siMfn1) cells, under both bioenergetic conditions (Fig. IV.3C and D). A significant
difference was visible within one hour of CCCP treatment in glucose-cultured cells, and was
exacerbated in their galactose-grown counterparts, owing to their slower kinetics in the control
siRNA-transfected condition (Fig. IV.3E). Strikingly, Mfn2 silencing increased recruitment in
galactose-grown cells to levels seen in glucose-maintained cells transfected with control siRNA

(Fig. IV.3E). Silencing Mfnl and Mfn2 simultaneously (Fig. IV.S4A) did not further enhance the
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p<.001.
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kinetics of parkin recruitment beyond single, Mfn2-depleted cells (Fig. IV.S4B-D), implying that
this phenotype was Mfn2-specific and unrelated to a loss of mitochondrial fusion.

We next determined whether, more generally, this increase in recruitment kinetics could
be induced by disrupting mitochondria-ER contacts via means other than removing Mfn2. To test
this, we silenced two other genes that have been shown to promote mitochondria-ER association;
PACS2 and Stx17 (Fig. IV.S4E) (Arasaki et al., 2015; Simmen et al., 2005). Unlike Mfn2
knockdown, we did not observe mitochondrial fragmentation in either PACS2- or Stx17-silenced
cells (Fig. IV.S4F). When we tested parkin recruitment in these cells, we saw that, similarly to
Mifn2 knockdown, silencing of either PACS2 (siPACS2) or Stx17 (siStx17) increased the
translocation of parkin to mitochondria (Fig. IV.S4G and H). Again, the increase was most
pronounced in galactose-cultured cells that were treated with CCCP for one hour, where parkin
was recruited to near-glucose levels in Mfn2-, PACS2- and Stx17-silenced cells despite remaining
predominantly cytosolic in cells transfected with control siRNA at this time point (Fig. IV.S4I).
Thus, disruption of mitochondrion-ER tethering increases the kinetics of parkin translocation to
depolarized mitochondria.

We next directly tested the effect of Mfn2 depletion on mitochondrial turnover using
quantitative, ratiometric measurements of mitochondrially-targeted mKeima (mtKeima), a protein
that shifts its fluorescence excitation when acidified by the lysosome (Katayama et al., 2011). We
transfected U20S cells stably-expressing mtKeima (U20S:mtKeima), grown on either glucose or
galactose, with siRNA targeting Mfnl or Mfn2, followed by wild-type (WT) GFP-parkin, using
the ligase-dead C431S mutant as a negative control. Next, we treated these cells with CCCP (or
DMSO) for four hours and then determined the ratio of acidified mtKeima per cell by FACS (see

Materials and Methods) as a quantitative indicator of mitophagy (Katayama et al., 2011; Tang et
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al., 2017). In the glycolytic, CCCP-treated condition, a higher proportion of control siRNA-
transfected cells had an increased ratio of acidified mtKeima compared with DMSO-treated
counterparts — expectedly, these cells were undergoing mitophagy — and this population shift was
similarly replicated in siMfnl cells (Fig. IV.3F and G). However, in Mfn2-depleted cells, we
observed a ~2-fold increase in the proportion of cells undergoing mitophagy (Fig. IV.3F and G).
In respiring conditions, we did not observe a shift at all in either control siRNA-transfected or
Mifnl-depleted cells but observed a level of mitophagy in siMfn2 cells similar to control cells
cultured in glucose medium (Fig. IV.3F and G). These data demonstrate that, in Mfn2-depleted
cells, depolarization-induced mitophagy is enhanced, in line with our parkin recruitment
experiments (Fig. IV.3A to E), and demonstrate that Mfn2 represses mitophagy at the level of
pathway initiation.

To ensure that we were observing on-target effects from depletion of our siRNA targets,
we replicated our recruitment data in Mfn2 knock-out (KO) U20S cells that were generated using
the CRISPR-Cas9 system. Genetic disruption was confirmed by sequencing in two clones (A4 and
AS5) in which a premature stop codon was introduced via a single base-pair frame shift following
the codon corresponding to leucine-29 in the Mfn2 gene (Fig. IV.S5A). We validated these KO
cells by immunoblot, along with a clone that underwent the complete procedure and selection but
in which Mfn2 knock out failed (B4) as a further negative control; importantly, Mfn1 levels
remained similar across all lines, and the core subunits of the mitochondrial Ca®" uniporter
remained unperturbed (Fig. IV.S5B, compensation in the latter has been reported in MEFs isolated
from Mfn2” mice (Filadi et al., 2015)). Accordingly, Mfn2 KO cells had fragmented
mitochondrial reticula (Fig. IV.S5C). Corroborating our earlier data in siMfn2 cells, Mfn2 KO

cells (grown on glucose) transiently transfected with GFP-parkin displayed increased recruitment
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Figure IV.4. Parkin ubiquitinates Mfn2 in the HRI domain to derepress mitophagy. See legend on the following page.

kinetics (Fig. IV.S5D and E) and increased mitophagy (Fig. IV.S5F and G). Finally, we ensured
that parkin translocation in Mfn2 KO cells (Fig. IV.S6A to C) and U20S:GFP-parkin cells
depleted of Mfn2 (Fig. IV.S6D) was PINKI1-dependent. Moreover, cells expressing GFP-
parkin®*?R (Fig. IV.S6E) failed to translocate under conditions of Mfn2-depletion (Fig. IV.S6F
and G). This indicates a clear requirement for PINK1 and Ub phosphorylation for parkin
translocation in Mfn2-depleted cells, demonstrating that Mfn2 reduction increases on-pathway

mitophagy kinetics. Taken together, our data not only show that mitochondria-ER contact is
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Figure IV.4. Parkin ubiguitinates Mfn2 in the HRI domain to derepress mitophagy. A Mnf2 KO:YFP-parkinWT cells were
transfected with the indicated plasmid and CFP in a 3:1 ratio, then fixed and immunostained for TOM20 (red) and
counterstained with Hoescht 33342 (blue). Scale bars, 20 and 1 microns. B Mfn2 KO:YFP-parkin WT and C431S cells,
transfected as in A, were treated with 20 uM CCCP for four hours prior to fixation, then scored for YFP-parkin recruitment.
Green and red asterisks indicated CFP-positive cells with mitochondrial and cytosolic YFP-parkin, respectively. Scale bar, 20
microns. C Quantification of recruitment in B. Bars represent mean+SEM, n=3 replicates cells per condition, with >50 cells
counted per condition for each replicate. ****, p<.0001. D Immunoblot analysis of Mfn2 KO:YFP-parkin cells (WT and C431S)
transfected with Mfn2 and treated with 20 uM CCCP for the indicated time. An untreated U20S cell lysate is included as a
control for endogenous Mfn2 levels. E Representative immunoblot analysis of Mnf2 KO:YFP-parkin¥T cells transfected with
the indicated Mfn2 mutant and treated with 20 pM CCCP for four hours. F Quantification of Mfn2 modification in
immunoblot analyses from E, given as the percent of Mfn2 reduction after CCCP relative to actin. Bars represent mean+SEM,
n=4 replicates. **, p<.01; ***, p<.001. G Mnf2 KO:YFP-parkin"T cells were transfected with the indicated plasmid and CFP in
a 3:1 ratio, then fixed and immunostained for TOM20 (red) and counterstained with Hoescht 33342 (blue). Scale bars, 20
and 1 microns. H Immunoblot analysis of BN- and SDS-PAGE gels of solubilized mitochondria from cells from G. Arrows
indicated two Mfn2-containing complexes in the native condition. I Representatitve widefiled images of Mfn2 KO:YFP-
parkinWT cells transfected with the indicated Mfn2 construct. Cells were treated with 20 uM CCCP for 24 hours prior to
fixation, then stained with CIV-COX1 (red) and Hoescht (blue). Scale bar, 20 microns. J Quantification of mitophagy in L
Bars represent mean+SEM, n=4 replicates per condition, with >50 cells counted per condition for each replicate. ****,
p<0.0001; n.s., not significant.

dispensable for mitophagy, but that this type of organellar coupling in fact antagonizes the
pathway.

We next sought to demonstrate that the antagonistic effect of mitochondria-ER tethering
on mitophagy was functioning directly through the degradation of Mfn2. Conceivably, we could
manipulate the pathway by preventing ER-OMM dissociation through the blockage of Mfn2
turnover, which is mediated by proteasomal degradation coupled to parkin ubiquitination (Tanaka
et al., 2010; Ziviani et al., 2010). This is in line with our EM data demonstrating that MG132
blocks mitochondria-ER uncoupling during mitophagy (Fig. IV.1H to J). To achieve this, we
created Mfn2 KO cells stably-expressing YFP-parkin (Mfn2 KO:YFP-parkin) and re-expressed
ectopic Mfn2, which was able to rescue mitochondrial morphology from a fragmented reticulum
to a collection of tubules (Fig. IV.4A; CFP is used to identify cells expressing untagged Mfn2).
We could additionally rescue morphology by overexpression of Mfn1 (Fig. IV.4A), a phenomenon
that has been described previously (Chen et al., 2003). Turning to recruitment assays — in which

we observed faster GFP-parkin recruitment in Mfn2 KO cells (Fig. IV.S5D and E) — we observed
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that ectopic expression of Mfn2, but not Mfn1, was able to suppress the recruitment of YFP-parkin
to depolarized mitochondria (Fig. IV.4B and C). This is in line with our previous data showing
that the antagonistic effect of Mfn2 on mitophagy occurs through its ability to tether mitochondria
to the ER (Fig. IV.S4H to J) and not its effect on mitochondrial fusion (Fig. IV.S4A to D).
Immunoblot analysis of Mfn2 KO:YFP-parkin"" cells ectopically expressing Mfn2 revealed that
it was expressed at near endogenous levels in the parental U20S line and degraded rapidly upon
CCCP treatment compared to the control Mfn2 KO:YFP-parkin®3!S cell line (Fig. IV.4D). Mfn2
is ubiquitinated by parkin on at least ten lysine residues, although several sites are clustered in the
heptad repeat (HR) domains (Sarraf et al., 2013). Additionally, Mfn2 itself has been reported to be
directly phosphorylated by PINK1 on T111 and S442, and that these phosphorylation events are
critical for the interaction of parkin with Mfn2 and parkin recruitment in cardiomyocytes (Chen
and Dorn, 2013). Focusing on these putative phosphorylation sites and the clustered ubiquitination
sites in the HR1 and HR2 domains, phylogenic analysis of their conservation demonstrated that
only T111 in the GTPase domain and K737 in the HR2 domain were completely conserved from
human Mfn2 to the sole Drosophila mitofusin, MARF (Fig. IV.S7A and B). However, in the case
of the sites of ubiquitination, at least two HR1 sites and three HR2 sites were conserved as lysines
down through Xenopus Mfn2, while MARF retained one site each in HR1 and HR2 (Fig. IV.S7A).
Thus, it was likely that mutation of several lysine residues would be required to abolish Mfn2
ubiquitination. While mutation of all major sites of Mfn2 ubiquitination almost completely
abolishes its modification by parkin (Heo et al., 2015), we found that mutation of K406, K416 and
K420 in the HR1 domain (Mfn2'R!) reduced its CCCP-induced ubiquitination by ~75%, as
measured by the disappearance of the unmodified band by immunoblot (Fig. IV.4E and F). This

effect was greater than what we observed with the single mutant, Mfn2X40R (K416 and K420
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appear dispensable in this assay), and mutation of all four sites in HR2 (Mfn2"®2) or the double
T111A/S442A phosphomutant (Mfn2™24) failed to significantly reduce Mfn2 modification (Fig.
IV4E and F). We thus considered Mfn2"™! as a “hypomorph” with respect to parkin
ubiquitination. Introduction of either Mfn2"R!, Mfn2HR? or Mfn2 T AS442A into Mfn2 KO:YFP-
parkin cells rescued morphology in a similar manner to WT Mfn2 (Fig. IV.4G), demonstrating
these mutations did not disrupt mitochondrial fusion. We also monitored the ability of these Mfn2
mutants to form high molecular weight (HMW) complexes (Karbowski et al., 2006) that function
in mitochondria-ER tethering (de Brito and Scorrano, 2008). By blue native polyacrylamide gel
electrophoresis (BN-PAGE), we observed that all three mutants (HR1, HR2 and T11A/S442A)
formed HMW complexes similar to WT in solubilized mitochondria (Fig. IV.4H). When we
assayed mitophagy in Mfn2 KO:YFP-parkin"T cells, we found that only rescue of Mfn2 with
Mfn2"R! _ the ubiquitination of which is compromised (Fig. IV.4E and F) — blocked the turnover
of mitochondria (Fig. IV.41 and J). Thus, ubiquitination of Mfn2 by parkin is required for efficient
mitophagy and, taken together with our previous mitophagic data in Mfn2-depleted cells,
demonstrates that parkin and PINK1 directly counter Mfn2-mediated mitochondria-ER tethering

through Mfn2 turnover to promote mitophagy.

IV.1ILii1 Mfn2 complexes are extracted by p97 to drive mitochondria and the ER apart

We next investigated exactly how parkin and PINK1 act on Mfn2-mediated OMM-ER
tethering. Examining HMW complexes by BN-PAGE in untreated U20S:GFP-parkinV" cells
(expressing endogenous Mfn2), we observed a bimodal distribution of Mfn2 into two complexes,
weighing approximately ~250 kDa and ~500 kDa (Fig. I[V.5A, leftmost lane, similar to what was

seen in Fig. 4H). By contrast, Mfn1 — which, in our assays, appears dispensable for mitochondria-
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Figure IV.5. p97 governs ER-OMM contact via the extraction of Mfn2 complexes. See legend on the following page.

ER tethering as assayed by EM (Fig. IV.S2) and its effect on parkin recruitment (Fig. IV.3C to E)
— only formed a ~250 kDa HMW complex (Fig. IV.5A). We thus considered the ~500 kDa
complex containing solely Mfn2 as a dimer of the ~250 kDa Mfn2-containing subcomplex that
potentially bridges the ER and OMM. We then monitored the stability of Mfn2- (and Mfnl-)
containing HMW complexes during mitophagy. Upon CCCP treatment, we observed a rapid loss
Mifn2- (and Mfnl-) containing complexes (Fig. IV.5A), concomitant with its

phosphoubiquitination (Fig. IV.2) and dependent upon parkin ligase activity (Fig. [IV.5B and C).
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Figure IV.5. p97 governs ER-OMM contact via the extraction of Mfn2 complexes. A Immunoblot analysis of NP-40-
solubilized mitochondria, isolated from U20S:GFP-parkinT cells treated with 20 uM CCCP for the indicated time, separated
by blue native- (BN-) and SDS-PAGE. B, C Inmunoblot analysis of Mfn1- (B) and Mfn2- (C) containing complexes in NP-
40-solubilized mitochondria, isolated from U20S:GFP-parkin WT and C431S cells treated with 20 uM CCCP for four hours,
separated by BN- and SDS-PAGE. D Mitochondria isolated from U20S:GFP-parkin*T cells treated with 20 uM CCCP for one
hour were, after solubilization in NP-40, incubated with 1 uM Usp2 for 30 minutes at 37°C prior to separation by SDS-PAGE.
Asterisks indicate ubiquitinated species of Mfnl and Mfn2. E Immunoblot analysis of whole-cell lysates (WCL) from
U20S:GFP-parkin cells treated with 20 uM CCCP and the specified concentration of NMS-873 for the indicated time,
separated by SDS-PAGE. For each Mfn, longer (upper panel) and shorter (lower panel) exposures are shown. Asterisks
indicate ubiquitinated Mfn species, while the arrowheads denote the unmodified band. F U20S:GFP-parkin cells were
treated with 20 uM CCCP in the presence or absence of 25 yM NMS-873 for four hours, then fixed and immunostained for
Mfn2 (yellow) and cytochrome c (magenta). Scale bar, 10 microns. G Immunoblot analysis of NP-40-solubilized
mitochondria, isolated from U20S:GFP-parkinWT cells treated with 20 uM CCCP in the presence or absence of 25 uM NMS-
873 for the indicated time, separated by blue native- (BN-) and SDS-PAGE. Asterisks indicate ubiquinated Mfn species
visible by SDS-PAGE, while the arrowhead denotes the unmodified band. H Representative TEM images of mitochondria in
contact with ER (pseudocoloured blue) in U20S:GFP-parkin cells treated with 20 uyM CCCP ( “+CCCP" ) for four hours in
the presence or absence of 25 yM NMS-873. Scale bar, 500 nm. I, J Quantification of TEM from H in cells treated with (blue
bars) or without (red bars) 20 uM CCCP for four hours. The percent of OMM per mitochondrion (I) and mitochondria per
field (J) in contact with the ER was quantified. Bars represent mean+SEM, n=99 to 187 mitochondria in 12 to 14 fields per
condition. n.s., not significant; *, p<.05; ***, p<.001; **** p<.0001.

Treatment of mitochondrial lysates with Usp2 deubiquitinase, which is active on both ubiquitin
and phosphoubiquitin chains (Wauer et al., 2015b), did not robustly rescue the unmodified Mfn1
or Mfn2 band (Fig. IV.5D), indicating that the disappearance of HMW Mfn complexes are due to
their extraction from the OMM (and not a high level of modification by Ub). This process is
thought to be mediated by the AAA-ATPase p97/VCP (Tanaka et al., 2010) and, accordingly,
when we treated U20S:GFP-parkin™T cells with CCCP in the presence of the non-competitive p97
inhibitor NMS-873 (Magnaghi et al., 2013), we were able to block turnover of both Mfnl and
Min2, resulting in a buildup of ubiquitinated Mfnl and Mfn2 species in a dose-dependent manner
(Fig. IV.5E, asterisks). When we immunostained these cells for Mfn2, we observed that Mfn2 was
stabilized on mitochondria in the presence of NMS-873 (Fig. IV.5F); extraction of HMW
complexes containing either Mfnl or Mfn2 was accordingly repressed under conditions of p97
inhibition (Fig. IV.5G). Indeed, both ~250 kDa (containing Mfnl and/or Mfn2) and ~500 kDa

(Mfn2 only) complexes were stabilized in the presence of NMS-873, with smearing occurring due
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Figure IV.6. p97 and MfnZ2 effect mitophagy through parkin substrate availability. A U20S:mtKeima cells were transfected
with the indicated siRNA and GFP-parkinVT, and were treated with 20 uM CCCP (or DMSO) for five hours in the presence
(dark grey box) or absence (light grey box) of 25 yM NMS-873. mtKeima fluorescence in GFP-positive cells was measured
using flow cytometry by excitation at 405 nm (neutral pH) and 561 nm (acidified). The data are represented as scatter plots
of fluorescence emission from excitation at both wavelengths. The gated area encloses cells undergoing mitophagy and
the percentage of cells within this gate is indicated in the top-left corner of each plot. B Quantification of the percent of
cells undergoing mitophagy in cells from A, expressed as a ratio of CCCP-treated cells to those treated with DMSO. Bars
represent mean+SEM, n=2 experiments. n.s., not significant; ****, p<.0001. C Immunoblot analysis of U20S:GFP-parkin
cells, transfected with siRNA targeting Mfn2 (siMfn2) or control (ctrl siRNA), treated with 20 yM CCCP in the presence or
absence of 25 yM NMS-873 over a period of six hours. D Immunoblot quantification of VDACL levels (relative to actin)
from cells from C. Bars represent mean+SEM, n=5 experiments. E The 6 hour time-point data from D is represented as a
fold change in VDAC1 remaining when NMS-873 is added. Data points are represented on the graph, n=5 experiments. *,
p<0.05. F Quantification of VDACL half-lives (t1,2) in cells from C over 6 hours. Half-lives were obtained from decay curves
generated with the time-points in C. Bars represent mean+SEM, n=>5 experiments.

to Mfn ubiquitination (Fig. IV.5G), indicating that parkin-mediated ubiquitination itself was not
sufficient to drive apart the ~500 kDa Mfn2-containing interorganellar bridge. Analysis of OMM-
ER appositions in these cells revealed that p97 inhibition prevented the dissociation of

mitochondria from the ER (Fig. IV.5H to J). Thus, p97-dependent extraction of Mfn2 HMW
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complexes, flagged by parkin-mediated ubiquitination, from the OMM separates mitochondria
from the ER during mitophagy.

The herein-described role of p97 in separating mitochondria from the ER is critical; parkin-
mediated ubiquitination on its own appears to be insufficient to drive the disassembly of Mfn2
HMW complexes (Fig. IV.5G) or to dissociate the ER from the OMM (Fig. [V.5H-J) in the absence
of p97 activity. To clarify the role of p97 in mitophagy, we investigated the potentially epistatic
relationship between p97 and Mfn2. We first measured mitophagy in U20S:mtKeima cells
expressing GFP-parkin™™, comparing the effect of p97 inhibition in cells depleted of Mfn2 to
control cells. In control siRNA-transfected cells, inhibition of p97 by NMS-873 abolished the
CCCP-dependent, ~3-fold increase in cells with acidified mtKeima (Fig. IV.6A and B, red and
orange bars in Fig. IV.6B). When cells were depleted of Mfn2 (siMfn2), p97 inhibition reduced
the rate of mtKeima acidification (Fig. IV.6A and B, dark and light blue bars), but mitophagy was
still permissive. Indeed, the number of cells with acidified mtKeima in siMfn2 cells treated with
NMS-873 was still ~5-fold greater than their DMSO treated counterparts (Fig. IV.6B, light blue
bar), which was more of an increase that was observed for control cells with active p97 (Fig. [V.6B,
red bar). Thus, in the absence of Mfn2, inhibition of p97 fails to suppress the enhancement of
mitophagy that it induces in control cells, demonstrating that a significant component of the role
of p97 in mitophagy functions through Mfn2. As p97 extracts Mfn2-containing interorganellar
bridges to uncouple mitochondria from the ER (Fig. IV.5), we reasoned that Mfn2-mediated
mitochondria-ER tethering may protect certain OMM substrates from parkin-mediated
ubiquitination. Thus, we analyzed a sample of parkin substrates by immunoblot in CCCP-treated
cells depleted of Mfn2 compared to control, in the presence or absence of NMS-873 (Fig. IV.6C).

We observed that the parkin-dependent ubiquitination of VDAC1 — which has been reported to
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extraction by p97 and loss of tethering stable parkin recruitment

Figure IV.7. Dismantling of Mfn2
interorganellar bridges by
pI97/VCP gates the release of
endoplasmic  reticulum  from
mitochondria to drive
PINK1/parkin  mitophagy. A
PINK1-phosphorylated Ub on
Mfn2 initially recruits parkin to
Mfn2 complexes, where it is
phosphorylated and activated by
PINK1. B Parkin and PINK1
cooperate to catalyze a pUb burst
on Mfn2. C Ubiquitinated Mfn2
HMW complexes are recognized
by p97, extracted from the OMM,
and degraded by the proteasome.
D VDACs and possibly other
substrates become available to
the parkin/PINK1 system, and
their phosphoubiquitination
stabilizes parkin on mitochondria
to drive mitophagy.

form a complex with phosphoubiquitin and parkin that is stable over a period of hours (Callegari

et al., 2016) — was selectively-dependent upon p97 activity in control cells, but not cells depleted

of Mfn2 (Fig. IV.6C to E). Indeed, the half-life of unmodified VDAC]1 during mitophagy increased

two-fold in the presence of NMS-873 specifically in control cells compared to cells transfected

with siMfn2 (Fig. IV.6F). Thus, p97 relieves Mfn2-dependent inhibition of the ubiquitination of

VDACI (and possibly other OMM substrates). In this manner, Mfn2 (which is a transient parkin

interactor on the OMM as it is rapidly extracted by p97 [Fig. IV.S8]) gates the availability of the

stable parkin receptor VDACI1 (Callegari et al., 2016), and mechanistically reconciles our earlier

data concerning the destruction of ER-OMM contacts during mitophagy, Mfn2-dependent

mitophagy inhibition, and p97-mediated facilitation of ER-OMM uncoupling.
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IV.IV DISCUSSION

Here, we have described a reciprocal relationship between mitochondria-ER tethering and
mitophagy. Contacts between both organelles are destroyed during mitophagy, in both cell lines
and cultured dopaminergic neurons, and we demonstrate a requirement for parkin, PINK1 and
proteasomal activity in this process. Complementarily, mitochondria-ER contacts themselves are
negative regulators of mitophagy, as their reduction facilitates parkin substrate ubiquitination, its
translocation to mitochondria and mitochondrial turnover. We identify the known mitochondria-
ER tether Mfn2 as a factor that is rapidly phosphoubiquitinated upon the induction of mitophagy,
and show that Mfn2-containing HMW complexes are extracted from the OMM by p97. Both
reduction of Mfn2 ubiquitination and p97 inhibition repress mitophagy. We identify a regulatory
role for Mfn2-mediated mitochondria-ER coupling within the parkin/PINK1 pathway, which is
counteracted by the ubiquitination of Mfn2 by parkin and its p97-dependent turnover.

We propose a model in which the PINK1/parkin/p97 axis acts rapidly on Mfn2 HMW
complexes to separate mitochondria from the ER in order to facilitate mitophagy, potentially by
making more substrates available to the parkin/PINK1 system (Fig. IV.7). Emerging from this
model is the intriguing possibility that mitochondria-ER contacts are initial sites of PINK1/parkin
activity and Ub phosphorylation, and would thus be critical loci of mitophagic regulation by
deubiquitinating enzymes and as-yet unidentified ubiquitin phosphatases. A recent cryoelectron
tomographical study on the ancestral yeast mitofusin Fzolp demonstrated the existence of a ring-
like structure formed by Fzolp during the docking stage of mitochondrial fusion (Brandt et al.,
2016). Mfn2 bridges between mitochondria and the ER may therefore form a similar type of ring,
potentially restricting the availability of non-mitofusin OMM substrates such as VDACI (Fig. 6C

to F) to parkin and/or PINK1. With respect to the latter case, PINK1 has recently been shown to
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localize to the mitochondria-associated membrane of the ER (MAM) upon depolarization
(Gelmetti et al., 2017), and a physical interaction between VDACs on the OMM and IP3 receptors
on the ER places this parkin substrate at contacts between both organelles (Szabadkai et al., 2006).
The existence of a ~500 kDa Mfn2-containing interorganellar bridge is supported by our BN-
PAGE data (Fig. IV.5A) demonstrating that Mfn2 uniquely exists in a homotypic dimer of ~250
kDa subunits, as it has been demonstrated that ~500 kDa mitofusin complexes form from
subcomplexes on adjacent membranes (Ishihara et al., 2004). Our observation of a steady-state
~500 kDa complex containing Mfn2 but not Mfn1 correlates with the reduced activity of the Mfn2
GTPase domain in comparison to Mfnl (Ishihara et al., 2004), and fits a model in which Mfns
tether membranes in the GTP-bound state (Brandt et al., 2016; Ishihara et al., 2004; Qi et al., 2016).
Here, we show that the stability of these complexes can be negatively regulated by parkin-mediated
Mifn2 ubiquitination coupled to p97-dependent extraction. Taken together with another study
demonstrating that MITOL-mediated Mfn2 ubiquitination (on different lysine residues) can
positively regulate complex formation and mitochondria-ER tethering (Sugiura et al., 2013), these
data emphasize Mfn2 ubiquitination as an important regulator of mitochondria-ER contact.
Robust parkin activation during mitophagy occurs through a feed-forward mechanism
(Ordureau et al., 2014). PINK1-phosphorylated Ub serves to both activate and anchor parkin to
the OMM, where it can ligate more Ub moieties that are subsequently phosphorylated (Okatsu et
al., 2015b; Ordureau et al., 2014). Here, our data hint at a hierarchy of parkin substrates. The Mfns
undergo a burst of phosphoubiquitination at the onset of mitophagy, driven by localized parkin
activation — potentially due to their proximity to PINK1 (Chen and Dorn, 2013). Indeed, our GFP-
parkin immunoprecipitation and OMM substrate turnover kinetics (Fig. [V.2A to C) clearly show

a preference for the Mfns above other parkin substrates such as HK1 and Mirol. The Mfns are
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then rapidly extracted from the OMM by p97 (Fig. IV.5A and G) in a step that coincides temporally
with parkin translocation to mitochondria. It is therefore unlikely that Mfn1 or Mfn2 act as a parkin
receptor in this paradigm — as others have suggested (Chen and Dorn, 2013) — for this reason,
especially when our recruitment data in Mfn2-deficient cells (Fig. IV.3C to E and Fig. IV.S6) are
taken into account. Indeed, we demonstrate that Mfn2 acts as a stable parkin tether only under
conditions of p97 inhibition (Fig IV.S8). Our data support a role for the involvement of VDACI1
in a stable complex that tethers parkin to the OMM (Callegari et al., 2016); indeed, as B-barrel
channels fully integrated into the membrane, VDACs may not be amenable to p97-dependent
extraction. Mfn2 may act as a parkin receptor in cardiomyocytes (Chen and Dorn, 2013), where
parkin-dependent clearance of mitochondria by autophagy plays a role in metabolic development
(Gong et al., 2015) rather than quality control, and thus may occur by a distinct mechanism; the
phosphomutant Mfn2T!1AS4424 o Mfn2 deletion blocks parkin-mediated mitophagy in the heart
but not in cell lines (Fig. IV.4I and J, Fig. IV.S5, and (Narendra et al., 2008)). Conceivably,
phosphorylation of Mfn2 on T111 and S442 by a cardiac-specific S/T kinase (or cardiac PINK1,
as has been proposed (Chen and Dorn, 2013)) may facilitate mitophagy in the heart by uncoupling
mitochondria from the sarcoplasmic reticulum.

Our study describes an antagonistic, reciprocal relationship between mitophagy and
interorganellar tethering between mitochondria and the ER. This highlights a fundamental
difference between mitophagy and the more canonical starvation-induced autophagy pathway, the
latter of which requires mitochondria-ER contact sites for autophagosome formation (Hamasaki
et al., 2013). While mitophagy functions as a quality control mechanism (Ryan et al., 2015),
starvation-induced autophagy is a metabolic response, and thus its initiation at contact sites

between mitochondria and the ER may serve to decode the metabolic needs of the cell.
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Mechanistically, both mitochondria (Hailey et al., 2010) and the ER (Hayashi-Nishino et al., 2009)
have been reported to function as autophagosomal membrane sources during starvation, and
mitochondrial damage may preclude the former from participating in this process during
mitophagy. Accordingly, the SNARE Stx17, which governs autophagosome-lysosome fusion
during starvation (Itakura et al., 2012b), is dispensable for mitophagy (McLelland et al., 2016;
Nguyen et al., 2016). Indeed, Stx17 appears to suppress mitophagy (Fig. IV.S4G to I) through its
role in supporting mitochondria-ER contact (Arasaki et al., 2015). While mitophagy does indeed
share morphological and several mechanistic similarities with canonical macroautophagy —
including the recruitment of ULK1 complexes and ATG9A vesicles to depolarized mitochondria
(Itakura et al., 2012a; Lazarou et al., 2015) — molecular dissection of mitophagosome formation
and fusion requires further study.

Finally, our data posit the possibility of steady-state regulation of mitochondria-ER contact
by PINK1/parkin, separately from mitophagy. In flies, phenotypes of PINK/ and PRKN mutants
are duplicated by overexpression of the sole Drosophila mitofusin MARF, and suppressed by p97
overexpression (Yun et al., 2014; Zhang et al., 2017a). Thus, PINK1/parkin/p97 counteract MARF
in vivo through its ubiquitination and turnover (Wang et al., 2016d; Zhang et al., 2017a; Ziviani et
al., 2010). Indeed, a proposed mechanism of cell death due to deletion of PINK is the sensitization
of mitochondria to Ca?* overload (Akundi et al., 2011; Gandhi et al., 2009; Kostic et al., 2015),
the root cause of which may be dysregulation of mitochondria-ER contact. Accordingly, deletion
of the mitochondrial Ca®" uniporter protects dopaminergic neurons from cell death in PINKI-
deficient zebrafish (Soman et al., 2017). While we did not observe any steady-state differences in
the extent of mitochondria-ER coupling in either parkin overexpression (Fig. IV.1A to E) or loss-

of-function (Fig. IV.1L and M) systems, others have observed an increased degree of contact and
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metabolite transfer in both fibroblasts from PRKN and PINKI patients, as well as brains from
PINK1 and PRKN mutant flies (Celardo et al., 2016; Gautier et al., 2016). Conversely, we (Fig.
IV.1H to J) and others (Gelmetti et al., 2017) measured a destabilization of mitochondria-ER
tethering when PINKI1 was transiently depleted. While differences between studies can be
attributed to cell type and culture conditions, how mitochondria-ER contact is quantified is
certainly a determinant; whereas we quantified ER tubules within 100 nm of the OMM, Gautier et
al. extended this distance to 500 nm, and this may effectively account for observed differences.
For this study, our <100 nm criterion was sufficient to capture ER tubules directly opposite the
OMM (see OMM extension outlines in Fig. [V.1L). Future studies will aim to a) address when and
where PINK1/parkin act to regulate the OMM-ER interface via Mfn2, and b) understand how
dysregulation of mitochondria-ER contact during mitophagy and at the steady-state may contribute
to disease pathology. The work described here lays the foundation for these future studies,
identifying a molecular mechanism for contact site destabilization through the ubiquitination of
Min2 tethering complexes by the PINK1/parkin system and their extraction and destruction via

p97 and the proteasome.

IV.V MATERIALS AND METHODS

Antibodies and other reagents

Antibodies used in this study include anti-actin (Millipore, MAB1501), anti-Cardif (referred to
herein as MAVS, Enzo Life Sciences, ALX-210-929-C100), anti-cytochrome ¢ (BD Biosciences,
556432), anti-GFP (ab6673, Abcam), anti-GFP (A6455, Invitrogen), anti-HA (Abcam, ab9134),
anti-HK1 (Cell Signaling Technology, 2024S), anti-Mfn1 (Santa Cruz, sc-50330), anti-Mfn2

(Sigma Aldrich, M6319), anti-Mfn2 (Cell Signaling, 9482), anti-MTCO1 (herein referred to as
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CIV-COXI, ab14705), anti-p62 (Progen, GP62-C), anti-PDH Ela (Abcam, ab110330), anti-PDI
(Abcam, ab2792), anti-PINK1 (Cell Signaling, 6946), anti-pS65 ubiquitin (Millipore, ABS1513-
I), anti-Rhot1 (referred to herein as Mirol, Sigma, HPA010687), anti-SDHA (referred to herein as
CII-SDHA, Abcam, ab14715), anti-Stx17 (ProteinTech, 17815-1-AP), anti-TOM20 (Santa Cruz,
sc-11414), anti-TOM70 (Santa Cruz, sc-390545), anti-ubiquitin [FK2] (Enzo Life Sciences, BML-
PW&8810), anti-ubiquitin [P4DI] (Santa Cruz, sc-8017), anti-UQCRC?2 (referred to herein as CIII-
core2, Abcam, ab14745), anti-UQCRFS1 (referred to herein as CIII-Rieske, Abcam, ab14746),
and anti-VDACI1 (Abcam, ab14734). Halt phosphatase inhibitor cocktail was purchased from
Thermo Fisher Scientific, and NMS-873 was purchased from ApexBio. Unless otherwise

specified, all other reagents were purchased from Sigma-Aldrich.

Cell culture and iPS cell differentiation

U20S cells were maintained in DMEM supplemented with L-glutamine, penicillin/streptomycin,
and 10% FBS in the presence of either 25 mM glucose or 10 mM galactose (Wisent, Saint-Bruno,
QC). Glucose-maintained cells were cultured in galactose-containing medium for at least seven
days before use in experiments. The parkin mutant iPSC line (PRKN™") was initially isolated from
a patient carrying compound heterozygous mutations (delEx7/c.1072delT) in the PRKN gene
(Grunewald et al., 2010). Control lines used in this study were NCRM1 (NIH, Bethesda, MD) and
L2131 (Chung et al., 2016). Differentiation of iPSCs into dopaminergic neurons was based on a
protocol by Xi and colleagues (Xi et al., 2012). iPSCs were initially grown in non-coated flasks
for one week in DMEM/F12 supplemented with N2 and B27, in the presence of 10 uM SB431542,
200 ng/ml noggin, 1 uM CHIR99021, 200 ng/ml Shh and 100 ng/ml FGF-8. Embryoid bodies

were transferred to polyornithine- and laminin-coated flasks to form rosettes, grown in the
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presence and then absence of the above-indicated differentiation factors for one week each. Neural
progenitors were then cultured in 50% DMEM/F12 and 50% Neurobasal medium, supplemented
with N2 and B27, in the presence of 1 pg/ml laminin, 500 uM db-cAMP, 20 ng/ml BDNF, 20
ng/ml GDNF, 200 uM ascorbic acid, 50 uM valproic, 100 nM Compound A and 1 ng/ml TGF-f.
Progenitors were then grown in 25% DMEM/F12 and 75% Neurobasal medium, supplemented as
above, for three days, and final differentiation into dopaminergic neurons occurred over four weeks

in Neurobasal medium (supplemented as above).

Plasmids and transfection

Cells were transfected with siRNA or DNA using jetPRIME transfection reagent (Polyplus
Sciences) according to the manufacturer’s instructions. Cells were typically analyzed three or one
days after siRNA or DNA transfection, respectively. The DsRed-LC3 (Boland et al., 2008), HA-
Ub (Durcan et al., 2014) and Mfn2 (Neuspiel et al., 2005) plasmids have been described
previously. Mfn mutants were generated using the QuikChange II site-directed mutagenesis kit
(Agilent Technologies) according to the manufacturer’s instructions and confirmed by sequencing.
While duplexed oligonucleotides were used in the mutagenesis reactions, only forward primers are
listed below. Mfn2"™!  was created by sequential reactions  with  5'-
CTGAAATTTATTGACAGACAGCTGGAGCTCTTG-3' and 5'-
CTTGGCTCAAGACTATAGGCTGCGAATTAAGCAG-3' to create Mfn2K400RK4I6R “hep with
5'CTATAGGCTGCGAATTAGGCAGATTACGGAGGAAG-3' to make Mfn2"R! as this last

primer contains the K416R substitution already present. Likewise, Mfn2!R?

was created by
sequential  reactions with 5-CCGCCATGAACAAGAGAATTGAGGTTCTTG-3', 5'-

CTCACTTCAGAGCAGAGCAAAGCTGCTC-3' and 5'-
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CTGCTCAGGAATAGAGCCGGTTGGTTG-3' to make Mfn2K720RKT0RKTIIR “and then with 5'-
GCCGCCATGAACAGGAGAATTGAGGTTC-3" to make the final K719R mutation.
M2 THIASHA ag created using 5'-CAATGGGAAGAGCGCCGTGATCAATGC-3' and 5'-
GAGGAGATCAGGCGCCTCGCAGTACTGGTGGACGATTAC-3'. U20S:GFP, U20S:GFP-
parkin™T, U208S:GFP-parkin®?'S and U20S:mtKeima stable cell lines have been described
previously (Tang et al., 2017), and the Mfn2 KO:YFP-parkin™T and Mfn2 KO:YFP-parkin©*!S
lines were created in the same manner using YFP-parkin constructs generated in that study. To
create the initial Mfn2 KO U20S cell lines, the human MFN2 gene was disrupted in exon 3 using

the following guide RNA: 5’-CACUUAAGCACUUUGUCACU-3".

RNA interference

siRNA targeting PINK 1 and Stx17 have been previously described (McLelland et al., 2016). Non-
targeting siRNA  oligonucleiotides, as well as siRNA targeting Mifnl (5°-
GAUACUAGCUACUGUGAAAATAT-3") (Zhao et al, 2013), Mifn2 (5°-
GGAAGAGCACCGUGAUCAAATAT-3’) (Zhao et al, 2013) and PACS2 (5-
AACACGCCCGUGCCCAUGAACATAT-3’) (Simmen et al., 2005) were purchased from Thermo

Fisher Scientific.

Cell lysis and immunoblotting

Cells were lysed in lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, | mM EDTA, 1 mM EGTA,
1% NP-40 substitute, 1% sodium deoxycholate, protease inhibitor cocktail [aprotinin, leupeptin
and benzamidine], and phosphatase inhibitor cocktail) on ice. Lysates were cleared by

centrifugation, protein was quantified by BCA assay (Pierce/Thermo Scientific), separated by
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SDS-PAGE over Tris-glycine gels and transferred to nitrocellulose membrane. Primary antibodies
were diluted in 3% BSA in PBS-Tween and incubations performed overnight at 4°C. The
following day, membranes were washed and incubated in HRP-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories), diluted in 5% milk in PBS-Tween, at room temperature
for one hour. Protein bands were detected using Western Lightning ECL and Plus-ECL kits

(PerkinElmer), according to the manufacturer’s instructions.

Immunoprecipitation

Cells were lysed in HEPES-IP buffer (20 mM HEPES pH 7.2, 150 mM NacCl, 1% NP-40 substitute,
0.1% sodium deoxycholate, and protease/phosphatase inhibitor cocktails) or denaturing IP buffer
(20 mM Tris pH 7.5, 300 mM NaCl, 1% NP-40 substitute, 0.5% sodium deoxycholate, 0.1% SDS
and protease/phosphatase inhibitor cocktails) and protein content was quantified by BCA assay
after clearing by centrifugation. Lysates were equilibrated to 1 to 2 mg/ml protein and
immunocapture was performed with the indicated antibody overnight at 4°C at a 1:10 to 1:100
dilution. The following day, immunoprecipitation was performed with protein A- or protein G-
sepharose (GE Healthcare) for four hours at 4°C. Immunoprecipitates were washed five times in

buffer and eluted by incubating in SDS-PAGE sample buffer at 90°C.

Mitochondrial isolation and BN-PAGE
After treatment, U20S cells were collected from 2 x 15-cm plates per condition in isolation buffer
(20 mM Hepes pH 7.4, 220 mM mannitol, 68 mM sucrose, 76 mM KCl, 4 mM KOAc, and 2 mM

MgClp, supplemented with protease inhibitors benzamidine, PMSF, aprotinin, and leupeptin) and

passed through a 27.5-gauge syringe twenty times. Cell lysates were centrifuged at 600 g for 10
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minutes at 4°C. Supernatants were then centrifuged at 10,000 g for 10 minutes at 4°C. The
mitochondrial pellet was resuspended in isolation buffer and centrifuged again at 12,000 g for 10
minutes at 4°C. Protein content of mitochondria was determined by BCA assay, and equilibrated
to 1 mg/ml prior to lysis with 1% NP-40 substitute at 4°C for 30 minutes. Mitochondrial lysates
were clarified by centrifugation and added to sample buffer and Coomassie Blue G-250.
Solubilized complexes were separated over 4-16% and 3-12% Bis-Tris gels and transferred to
PVDF membrane using the NativePAGE Novex Bis-Tris gel system (Life Technologies)
according to the manufacturer’s instruction prior to immunoblotting. In addition, certain samples
were incubated with 1 uM Usp2 (Boston Biochem) for 30 minutes at 37°C following NP-40 lysis,

then separated by SDS-PAGE as above.

LC/MS

Mfn2 was immunoprecipitated under denaturing conditions as described above.
Immunoprecipitates were washed twice in PBS, then twice more in 50 mM ammonium acetate pH
7.0, and eluted twice in 50% acetic acid on ice for 10 minutes. Eluates were pooled, cleared by
centrifugation and dried by speedvac. Pellets were resuspended in 8 pul 6M urea, 50 mM TEAB
pH 8.5, and added to 40 ul 50 mM TEAB pH 8.5. The sample was reduced in 2 mM TCEP at 37°C
for ten minutes, and then alkylated in 20 mM i1odoacetamide for 30 minutes at room temperature
in the dark. The 50 pl sample was then digested with 0.2 ug of trypsin for two hours at 37°C, and
then quenched in 0.5% trifluoroacetic acid (TFA) and 5% acetonitrile. Digests were C18-purified
using ZipTips (Millipore), eluted in 0.1% TFA/80% acetonitrile, and evaporated and resuspended
in 0.1% TFA/4% acetonitrile. Peptides were diluted in 0.1% TFA and 4% acetonitrile, and eluted

from an Acclaim PepMapl00 C18 column (75 pum x 25cm) with a 1h 5-40% gradient of
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acetonitrile in 0.1% formic acid at 300 nL/min. The eluted peptides were analyzed with an Impact
IT Q-TOF spectrometer equipped with a Captive Spray nano electrospray source (Bruker). Data
was acquired using data-dependent auto-MS/MS with a range 150-2200 m/z range, a fixed cycle
time of 3 sec, a dynamic exclusion of 1 min, m/z dependent isolation window (1.5-5 Th) and
collision energy 25-75 eV (Beck et al., 2015). MS/MS data were analyzed using MASCOT using
a standard search procedure against the human proteome, or using Biotools (Bruker) to find
ubiquitin and phospho-ubiquitin peptides. Extracted ion chromatograms were integrated using the

Data Analysis software (Bruker).

Transmission electron microscopy

After treatment, cells grown in chamber slides were fixed in 2.5% glutaraldehyde in PBS for one
hour at room temperature, then stored at 4°C overnight before processing. Thin sections on grids
were observed in a Tecnai 12 BioTwin transmission electron microscope (FEI) at 120 keV. Images

were acquired with a charge coupled device camera (AMT).

Immunofluorescence and fluorescence microscopy

Cells were grown on glass coverslips, treated then fixed in 6% formaldehyde in PBS for 15 minutes
37°C. Fixed cells were permeabilized in 0.25% Triton X-100 in PBS for 10 minutes, and blocked
in 10% FBS in PBS. Primary antibodies were diluted in 5% FBS in PBS, and incubations were
performed for one hour at room temperature. Alexa Fluor-conjugated secondary antibodies
(Thermo Fisher Scientific) were performed in the same manner. Cells were counterstained with
Hoescht 33342 (Invitrogen) and mounted on glass slides using Aqua Poly/Mount (Polysciences

Inc.). Confocal slices (<1 micron-thick) were acquired via a spinning disc confocal microscope
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(with Andor Yokogawa system IX81, Olympus) through a 100X, 1.4 NA or 60X, 1.4 NA objective
lens. Widefield microscopy was performed using a Zeiss AxioObserver Z1 microscope through a

63X, 1.4 NA objective lens.

Fluorescence-activated cell sorting and mtKeima measurements

Quantitative analysis of mitophagy was performed as described previously (Tang et al., 2017).
U20S:mtKeima were first transfected with siRNA targeting Mfnl or Mfn2. Two days later,
mtKeima was induced with 10 uM ponasterone A, and cells were transfected with GFP-parkin WT
or C431S for 12 to 18h. The next day (3 days post-siRNA transfection), cells were treated with 20
uM CCCP (or DMSO) for four hours, trypsinized and collected in PBS. Cell fluorescence was
analyzed by an LSR Fortessa (BD Bioscience) fluorescence-activated cell sorter, using excitation
wavelengths of 405 nm and 561 nm to detect Keima at pH 7.0 and 4.0, respectively, and 488 nm
to detect GFP-parkin. Cell fluorescence data were analyzed using FlowJo (Tree Star). For each

condition, 10° cells, gated for GFP-parkin expression, were used for the analysis.

Image and statistical analyses

The numbers of cells quantified per experiment are explicitly indicated in the figure legends. No
statistical method was used to predetermine the experimental sample size. Statistical tests and
representations of the data were generated using Prism (GraphPad Software, La Jolla, CA). Data
are displayed as the mean + standard error of the mean (SEM). Statistical significance was
determined by one- (Fig. IV.S2B, IV.S2C, IV.S2D, IV 4F, IV .4]) and two-way (Fig. IV.1B, IV.1C,
IV.1D, IV.1E, IV.11, IV.1J, IV.IM, 1V.3E, IV.3G, IV.S3B, IV.S4D, IV.S4], IV.S5E, 1V.S5G,

IV.S6C, IV.S6D, IV.S6G, IV .4C, IV.51, IV.5], IV.6B) ANOVAs followed by Bonferroni post-hoc
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tests, or one-tailed t-test (Fig. IV.6E). Differences were considered significant if p<.05. The
diagram of the crystal structure of the pUb-parkin complex was created with PyMOL. Images were

analyzed using ImageJ (NIH), and analyses were performed blindly.
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IV.VII SUPPLEMENTARY FIGURES
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Figure IV.S3.
Mitochondlrial respiration
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represent mean+SEM, n=3 replicates cells per condition, with >100 cells counted per condition for each replicate. ***,
p<.001. (C) Representative confocal images of U20S:GFP-parkin (cyan) cells expressing the indicated construct, treated with
20 pM CCCP for four hours and then fixed and stained for TOM20 (yellow) and the indicated tag (magenta) (Hoescht, blue).
In the case of p62 (middle panels), an antibody against endogenous p62 was used. Scale bars, 30 microns. D Immunoblot
analysis of whole-cell lysates from U20S:GFP and GFP-parkin cells — grown either on glucose ( “glu” ), converted to
galactose ( "glu>gal” ) or back to glucose ( “glu>gal>glu” ) — treated with 20 uM CCCP for the indicated times. The

asterisk indicates a non-specific band.
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Figure IV.S4. Parkin recruitment kinetics in cells lacking both Mfns and other mitochondria-ER tethering factors. A

Immunoblot analysis of whole-cell lysates from cells cultured in glucose or galactose transfected with control siRNA or
siRNA targeting Mfnl ( “siMfnl” ), Mfn2 ( “siMfn2” ) or both ( “siMfn1+2" ). B Representative confocal images of GFP-
parkin recruitment to mitochondria as a function of time in U20S:GFP-parkin cells treated with 20 yM CCCP. Blue asterisks
indicate cells in which GFP-parkin has fully translocated to mitochondria. Scale bar, 20 microns. C Quantification of parkin
recruitment in cells from B. Data points represent mean+SEM, n=3 replicates cells per condition, with >100 cells counted
per condition for each replicate. D Parkin recruitment at one hour CCCP in cells from B arranged as a histogram. Bars
represent mean+SEM. n.s., not significant; *, p<.05; **, p<.01; ***, p<.001. E Immunoblot analysis of whole-cell lysates from
glucose-maintained U20S:GFP-parkin cells transfected with the indicated siRNA targeting tethering-promoting proteins. F
Mitochondrial morphology in cells from E, as revealed by confocal imaging of TOM20 (red) staining (Hoescht, blue). Scale
bar, 20 microns. G Representative confocal images of GFP-parkin recruitment to mitochondria as a function of time in
U20S:GFP-parkin cells treated with 20 pM CCCP. Blue asterisks indicate cells in which GFP-parkin has fully translocated to
mitochondria. Scale bar, 20 microns. H Quantification of parkin recruitment in cells from G. Data points represent
mean+SEM, n=3 replicates cells per condition, with >100 cells counted per condition for each replicate. I Parkin recruitment
at one hour CCCP in cells from G arranged as a histogram. Bars represent mean+SEM. n.s., not significant; **, p<.01; ***,
p<.001.
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Figure IV.S5. Analysis of mitophagy in Mfn2 KO U20S cells. A Genomic sequence of human Mfn2 (exon 3) that was mutated
in U20S cells using CRISPR/Cas9. The arrow indicates the codon corresponding to methionine-1; leucine-29 ( “L29" ),
lysine-30 ( “K30" ) and the introduced stop codon ( “*" ) are also indicated. B Immunoblot analysis of whole-cell lysates
from Mfn2 KO clones (A4 and A5). C Mitochondrial morphology in Mfn2 KO cells, as revealed by confocal imaging of TOM20
(green) staining. The asterisks indicate nuclei. Scale bar, 20 microns. D Representative confocal images of GFP-parkin
recruitment to mitochondria as a function of time in WT or Mfn2 KO (clone A4) U20S cells, transfected with GFP-parkin and
treated with 20 uM CCCP. Blue asterisks indicate cells in which GFP-parkin has fully translocated to mitochondria. Scale bar,
20 microns. E Quantification of parkin recruitment in cells from D. Data points represent mean+SEM, n=3 replicates per
condition, with >100 cells counted per condition for each replicate. n.s., not significant; *, p<.05; **, p<.01. Significance (or
lack thereof) is colour-coded according to genotype. F Representative images of glucose-cultured WT and Mfn KO cells
transfected with GFP-parkin (green) treated with 20 pM CCCP for 24 hours analyzed for their mitochondrial content
(represented by SDHA, red). Green lines delineate the boarders of parkin-expressing cells, and red asterisks indicate cells
devoid of SDHA signal. “Untransfected” refers to cells in the experiment lacking parkin expression. Scale bar, 20 microns.
G Quantification of complete mitochondrial turnover in cells from F. Bars represent mean+SEM, n=3 replicates cells per
condition, with 38 to 63 cells counted per condition for each replicate. n.s., not significant; ****, p<.0001.
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Figure IV.S6. Parkin recruitment in Mfn2-depleted cells requires PINKI1 and phosphoubiquitin binding. A Immunoblot
analysis of PINK1 depletion in WT and Mfn2 KO (clone A4) U20S cells treated with 20 pM CCCP for four hours. The
arrowhead indicates the PINK1 band, while the asterisk indicates a non-specific band. B U20S cells from A were transfected
with GFP-parkin and treated with 20 uM CCCP for four hours prior to fixation. Blue asterisks mark cells in which parkin has
been recruited to mitochondria. Scale bar, 10 microns. C Quantification of parkin-expressing cells from A, left untreated
(red bars) or treated with 20 uM CCCP for four hours (blue bars). Bars represent mean+SEM, n=3 replicates cells per
condition, with >100 GFP-positive cells counted per condition for each replicate. n.s., not significant; ****, p<.0001. D
Quantification of parkin recruitment in U20S:GFP-parkin cells, grown on glucose or galactose, treated with 20 yM CCCP for
one hour prior to fixation. Cells were transfected with control siRNA ( “ctrl siRNA" ) or siMfn2, and either additional ctrl
siRNA (red bars) or siPINK1 (blue bars). Bars represent mean+SEM, n=3 replicates cells per condition, with >100 cells
counted per condition for each replicate. n.s., not significant; ****, p<.0001. E Crystal structure of parkin complexed with
pUb (PDB ID 5N2W, Kumar et al, 2017). Sites of Ub phosphorylation (S65 in Ub), pUb binding (A320 in parkin) and catalysis
(C431 in parkin) are highlighted in red, with relevant domains of parkin coloured different shades of blue, and ubiquitin in
green. F Representative confocal images of U20S cells stably expressing WT or A320R mutant parkin. Cells were treated
with 20 pM CCCP for the indicated time prior to fixation. Blue asterisks indicate cells in which GFP-parkin has been recruited
to mitochondria. Scale bar, 20 microns. G Quantification of parkin recruitment in cells from F. Data points represent
mean+SEM, n=3 replicates cells per condition, with >100 cells counted per condition for each replicate. n.s., not significant;

**+* p<.0001.
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Figure IV.S7. Location and conservation of ubiquitination and phosphorylation sites in MfnZ2. A Sequence alignment of sites
of Mfn2 modification across species. Ubiquitinated lysines and phosphorylated serines and threonines are indicated by
arrowheads. Residue numbering is according to the human sequence. HR, heptad repeat domain. B Diagram of Mfn2 post-
translational modification by parkin-mediated ubiquitination (Sarraf et a/, 2013) and PINK1-mediated phosphorylation
(Chen & Dorn, 2012). Phosphosites are denoted in red, while sites of ubiquitination.
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Mfn2
87-04 | 422746 | 843.4814 | 317 67 408872 | 203897 0.50
136-155 | 551.767 | 2203.038 | 37 515 | 1248306 | 590612 047
281-294 | 805396 | 1608.782 | 474 38 366682 | 232634 063
317-334 | 887.929 | 1773.845 | 287 138 | 320931 | 209202 065
335343 | 624.279 | 1246.543 | 405 260 | 622222 | 432874 0.70
344-355 | 485242 | 1452.704 | 334 122 | 543344 | 427304 0.79
511-519 | 529.785 | 1057.556 | 445 129 | 674980 | 426423 063
0.62 0.11
UB
1227 | 894.463 | 1786912 | 206 32 159348 | 1448370 9.09
5572 | 533.293 | 2129.144 30 26226 | 194939 7.43
Phsoss_ggo' 553.286 | 2209.113 14 40531 | 531020 13.10
30-42 | 508.598 | 1522.771 21 25146 | 260961 10.38
10.00 239

Supplementary Table IV.S1. MS quantification for the Mfn2 immunoprecipitation. Table depicting chemical properties,
peptide scores and peak integration values for Mfn2- and Ub-related species in the MS experiment corresponding to Fig.
IV.2E and F.
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IV.VIII INTEGRATIVE SUMMARY

The work in Chapter IV elucidates a mechanism by which the ER represses parkin-/PINK1-
dependent mitophagy through Mfn2 interorganellar bridges that span mitochondria-ER contacts,
and highlights an important dynamic between Mfn2 and the p97 ATPase. This
PINK 1/parkin/Mfn2/p97 axis of ER/mitochondria uncoupling functions at the onset of mitophagy
(i.e. likely prior to autophagosomal membrane expansion) and demonstrates that regulatory
mechanisms exist at the level of pathway initiation. Perhaps more importantly, this work hints at
a complexity in parkin/PINKI1 signaling — that is, the architecture of substrate positioning with
respect to availability to parkin and/or PINK1 — that has so far been overlooked in the field.

In the following Discussion (Chapter V), the relationship between PINKI/parkin-
dependent MDV formation (Chapters II and III) and destruction of mitochondria-ER contact sites
(Chapter 1V) is discussed, in addition to how differential outputs (MDVs vs. mitophagy) can be
triggered by a similar set of factors, as well as mechanisms of OMM curvature related to

mitochondrial vesicles.
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V.I SUMMARY OF RESULTS

Here, the roles of PINK1/parkin and Stx17 in MDYV biogenesis and targeting, respectively,
are described, along with the role of parkin- and PINK1-dependent Mfn2 phosphoubiquitination
in mitophagy. In response to mitochondrial oxidative stress, parkin is recruited to mitochondrial
foci where it catalyzes the formation of mitochondrial vesicles that transport components of the
mitochondrial matrix and IMM to the late endosome. Generation of this population of MDVs by
parkin requires both parkin Ub ligase activity and PINKI1, but is independent of canonical
autophagy machinery. This pathway functions as a “first response”-type mechanism that
presumably would function prior to depolarization in an effort to salvage the organelle (Fig. 11.8).
MDV-endolysosome fusion is achieved by a SNARE-dependent mechanism, involving Stx17 and
VAMP7 on the MDYV outer membrane and endolysosomal membrane, respectively. Along with
SNAP29, these proteins form a ternary SNARE complex that triggers fusion in a manner that
requires the HOPS tethering complex. This work, comprising Chapters II and I1I, demonstrate that
vesicular trafficking from mitochondria to the lysosome is a quality control mechanism governed
by parkin and PINK1, and that this pathway utilizes canonical cellular trafficking mechanisms.
Returning to mitophagy, parkin and PINK1 additionally catalyze Mfn2 phosphoubiquitination to
trigger the extraction of Mfn2 interorganellar bridges from the membrane by p97 and their
proteasomal degradation. As described in Chapter 1V, this acts to uncouple the ER from
mitochondria and may drive mitophagy by making more substrates available to parkin and PINK1.
Taken together, these studies describe early steps in parkin/PINK1 quality control at the molecular
scale, and emphasize the importance of understanding these types of (sub-) organellar turnover

pathways on a mechanistic level.
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V.II DISCUSSION
V.ILi The OMM phosphoubiquitylome as an effector of the PINK1/parkin system

How exactly parkin and PINK1 form mitochondrial vesicles remains to be elucidated,
although appropriation of certain mechanistic aspects from the mitophagy can be expected. MDV
formation requires parkin ligase activity (Fig. I1.2) and involves the recruitment of the ligase to
the OMM (Fig. 11.1), and thus a role for activation by pUb-dependent Ubl displacement and its
subsequent PINKI1-dependent phosphorylaion (Sauve et al., 2015) seems apparent. This
mechanism has the potential to act as a switch in determining the type of damage response enacted

by the parkin/PINK1 system. Fig. V.1 depicts how such a hypothetical phosphoswitch mechanism
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Figure V.1. The kinetics of mitochondlrial quality control. AImmunoblot detection of full-length PINK1 in whole-cell extracts
from HEK293T cells treated for one hour with the indicated concentration of antimycin A (antiA), CCCP or rotenone. B
Model of parkin activation under weakly-depolarizing conditions. PINK1 accumulates on the OMM and phosphorylates
ubiquitinated protein X (left), and in turn pUb-X acts as a parkin receptor. PINK1 phosphorylation of the Ubl domain
activates parkin (right), enabling it to ubiquitinate protein Y1. C Model of parkin activation under depolarizing conditions.
Massive accumulation of PINK1 on the OMM leads to phosphorylation of ubiquinated protein X (left). Additionally,
activation of Ub ligase L increases ubiquitination of OMM proteins, resulting in polyubiquitination of protein X and Y1. pUb-
conjugated X and Y1 act as parkin receptors (right), facilitating Ubl phosphorylation and parkin-mediated ubiquitination of
protein Y2. D Diagrammatic summary of factors influencing mitochondrial ubiquitination by parkin. See text for details.
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may occur, by contrasting MDV formation — which concomitantly occurs with mild depolarization
(Fig. II.6A) — and depolarization-induced mitophagy. PINK1 levels on the OMM may play an
important role vis-a-vis the quality control pathway triggered, as the concentration of PINK1 scales
with decreasing AW (Fig. V.1A). Indeed, this may explain the observation by Suen et al. that
mitophagy occurs in cybrid cell lines harbouring only very deleterious mtDNA mutations (Suen
et al., 2010), implying the existence of a A% threshold beyond which mitophagy is initiated. In
our hands, CCCP and antimycin A decrease A%¥m by ~80% and ~30%, respectively (Fig. I[1.6A),
highlighting the degree of difference between these two stimuli. On the OMM of mildly
depolarized mitochondria (Fig. V.1B) — i.e. those suffering from localized stress or damage —
PINK1 accumulation and phosphorylation of a Ub moiety already conjugated (Tang et al., 2017)
to a receptor (“protein X-Ub”’) would recruit parkin from the cytosol, where it is activated by
PINK1 and ligation of Ub to substrate Y in a targeted fashion occurs, triggering the downstream
formation of MDVs. It is important to note that PINK1 is also capable of sensing unfolded proteins
in the mitochondrial matrix independently of A¥n (Jin and Youle, 2013) and, coupled with
alternative import mechanisms (Becker et al., 2012; Okatsu et al., 2015a), this may also contribute
to PINK1 accumulation during oxidative stress.

In contrast, complete depolarization of a mitochondria (Fig. V.1C) potentially changes the
molecular landscape upon which parkin is activated — the OMM phosphoubiquitylome — at the
time of initiation in two ways; drastically increasing the concentration of PINK1 stabilized on the
OMM (Fig. V.1A) and potentially activating other Ub ligases (“ligase L”). Concerning the latter
point, the mitochondrial E3 Ub ligases MAPL (a dual SUMO/Ub ligase) and MARCHS5 have been
reported to function in stress response-type pathways (Li et al., 2015; Xu et al., 2016), and

alternatively other non-mitochondrial E3 ligases, such as glycoprotein 78, promote mitochondrial
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Ub

ubiquitination during depolarization (Fu et al., 2013). Additionally, F-box only protein 7 (FBXO7)
is a Ub ligase mutated in EOPD (Di Fonzo et al., 2009; Lohmann et al., 2015; Shojaee et al., 2008)
that facilitates parkin-mediated mitophagy (Burchell et al., 2013). Cells lacking FBXO7 have a
reduced rate of mitophagy, and the N-terminal Ubl of FBXO7 interacts with both parkin and
PINK1 (Burchell et al., 2013). Interestingly, the S65 residue is conserved in the FBXO7 Ubl (Fig.
V.2), and thus the possibility of a role for phosphorylation by PINKI1 in the FBXO7-parkin
interaction exists, allowing FBXO7 to participate in parkin recruitment to depolarized
mitochondria via direct binding or by the ligation of Ub to mitochondrial substrates (followed by
phosphorylation by PINK1). Finally, other Ub-like proteins may also facilitate parkin recruitment
to depolarized mitochondria. For example, SUMO1 — which can be ligated to proteins at the OMM

by MAPL (Braschi et

Ubl_parkin

Ubl_FBXO7 .

SUMO al., 2009) — retains an
Ub acidic residue
Ubl_parkin

Ubl_FBXO7

SUMOT (aspartate) at the

position equivalent to
Figure V.2. Conservation of S65 and acidjc residues in Ub-like modules. Primary sequence

alignment of ubiquitin (Ub, mature form), the parkin and FBXO7 Ubl domains, and SUMO1 S65 in Ub (Fig. V.2).
(from humans). S65 is indicated by the red arrow. Sequences were obtained from

Uniprot.com and the alignment was constructed using eBioX. Accordingly,
SUMOylated OMM proteins could facilitate parkin recruitment; indeed, SUMO1 binds parkin
allosterically and increases its Ub ligase activity (Um and Chung, 2006). To summarize, how
PINK1 and Ub ligases shape the mitochondrial phosphoubiquitylome may have direct
consequences on how parkin responds to mitochondrial damage; compared to mild depolarization,

increasing the number of parkin binding sites on mitochondria (Fig. V.1C) via the phosphorylation

of Ub chains, the phosphorylation of Ub conjugated to a different array of proteins, or the
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recruitment of other factors that bind parkin could promote the parkin-mediated ubiquitination of
substrates that would, under more polarized conditions, forego ubiquitination. For example, in Fig.
V.1C (right panel) “protein Y>” is ubiquitinated due to the increased concentration of parkin on
the OMM and the presence of Ub already on protein Y1, despite the fact that the Kp for Y
ubiquitination would be much smaller than that for Y. Moreover, Y1 now acts as a parkin receptor
in addition to protein X and, under these conditions, what was a localized PINK1/parkin/X/Y
cascade has now expanded to include Y». Accordingly, this hypothetical example may explain how
a localized response to mild damage may expand to include the entire depolarized organelle.
Factors contributing to parkin activation, including protein abundance (dotted lines) and enzymatic
events (red arrows), are depicted in Fig. V.1D. It is worth noting that the Kp for the
phosphorylation of the parkin Ubl by PINK1 is ~10-fold less than that for Ub (Rasool and Trempe,
unpublished results). PINK1 may thus favour activating parkin over creating more parkin binding
sites on the OMM. Additionally, parkin ubiquitinates itself in response to depolarization (even in
paradigms involving endogenous parkin), and this tags the protein for proteasomal turnover
(Durcan et al., 2014; Rakovic et al., 2013; Sarraf et al., 2013). Both these mechanisms could aid
in restraining the breadth of parkin-mediated ubiquitination. In conclusion, which type of quality
control response is orchestrated by the PINK 1/parkin system may fundamentally be a question of

enzyme kinetics.

V.1Lii Molecular mechanisms of MDYV generation
Elaborating on the hypothetical pUb-/PINK1-dependent activation mechanism in parkin-
mediated MDV biogenesis described above, a role for the PINK1/parkin/p97/Mfn2 axis described

in Chapter IV is possible, and would be consistent with the importance of both p97 and Mfn2 in
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modifying fruit fly phenotypes of PARKIN and PINKI mutants (Yun et al., 2014; Zhang et al.,
2017a). Indeed, preliminary evidence suggests that ubiquitination of both the Mfn2 HR1 and HR2
domains is critical for the generation of parkin/PINK1 MDVs in cells (McLelland and Fon,
unpublished results). A selective requirement for ubiquitination in the HR2 domain in the
formation of MDV's may provide a useful tool to study the pathway in isolation from mitophagy
going forward. One possible mechanistic scenario where the HR2 domain becomes necessary for
MDYV formation is depicted in Fig. V.3A. Assuming a single-pass Mfn2 topology model proposed
by Mattie et al. in which the HR2 is normally in the IMS (Mattie et al., in revision), localized ROS

production may oxidize redox-sensitive cysteines in the C-terminus of Mfn2 (Shutt et al., 2012;

Stx17

autophagy adaptors
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DUBs phosphoubiquitination

SNAREs

Figure V.3. Hypothetical model of membrane deformation during MDV biogenesis. A CllI-derived superoxide creates a
disulfide bond in Mfn2 that prevents its import, allowing for recruitment of parkin via Ub phosphorylation and its activation
by PINK1. In this paradigm, Mfn2 is presented as a hypothetical substrate. B (p)Ub chains are protected from proteasomal
turnover through C522 oxidation of p97 and/or by phosphorylation of distal Ub moieties linked to Mfn2. C pUb chains
recruit parkin, and the Ubl or pUbl (see text) recruit membrane-bending proteins. Alternatively, pUb recruits factors that
may aid in membrane deformation, such as Stx17. D Structure (cartoon) of pS65 Ub (PDB ID 4WZP) with the phosphate
labeled in red. Arrows indicate the strength of interactions with binding partners. E Branching of chains coupled to Ub
phosphorylation by PINK1 results in a stable “cone of phosphoubiquitination” that drives membrane curvature by the
geometry of its hydrodynamic radius (see text for more details).
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Thaher et al., 2017), preventing the translocation of the HR2 domain across the OMM during
import through the formation of a disulfide bond in cis as depicted in Fig. V.3A, or potentially in
trans. This cytosolically-exposed HR2 domain could be recognized by an E3 ligase (or parkin,
although this is less likely), and the concurrent stabilization of PINKI1 in the presence of
ubiquitinated HR2 would produce the pUb receptor required to recruit parkin from the cytosol to
mediate HR1 domain ubiquitination. In mitophagy, Mfn2 is conversely already assembled into
bridges and, topologically, only the HR1 domain is available to the cytosol. Here, a stress-activated
ligase (i.e. “ligase L” in Fig. V.1C) catalyzes the initial ubiquitination event (Tang et al., 2017) on
HR1 in order to establish the pUb receptor platform. In both paradigms, the HR1 domain is the
target of parkin-mediated ubiquitination and, in the case of mitophagy, phosphoubiquitination of
Mifn2 in the HR1 domain is coupled to extraction of the complex by p97 (Fig. IV.5). Extraction of
the complex from the OMM would make the HR2 available to ubiquitination (Sarraf et al., 2013).
Mechanistically, the reason that these HR2 lysines are ultimately dispensable for mitophagy (Fig.
IV.41 and J) may be ubiquitination at these sites occurs after p97-dependent extraction, which
appears to be the crucial step in regulating mitophagy through ER-OMM contact (Fig. IV.5H to
D).

While p97 regulates the turnover of the mitofusins during mitophagy ((Tanaka et al., 2010)
and Fig. IV.5), it is apparently dispensable for the generation of MDVs (Fig. I1.S4). p97 activity
may be suppressed during MDYV biogenesis, as oxidation of p97 on the conserved C522 within the
second ATPase domain inhibits its activity (Noguchi et al., 2005). Interestingly, the yeast p97
homologue Cdc48p has a threonine at this position, and is resistant to inactivation by oxidation
(Noguchi et al., 2005), consistent with a role for Cdc48p in maintaining mitochondrial integrity

during oxidative stress in this organism (Heo et al., 2010). Additional factors may destabilize p97

-178 -



during MDYV biogenesis or, conversely, stabilize it during mitophagy. For example, SUMOylation
of p97 promotes hexamer assembly and activity (Wang et al., 2016b), and MAPL is known to
SUMOylate proteins at contact sites between the ER and mitochondria (Prudent et al., 2015).
MAPL may accordingly stabilize the p97 hexamer at ER-OMM contacts during mitophagy.
Additionally, a screen for pUb interactors demonstrated that, unlike their unphosphorylated
counterparts, pUb chains fail to bind p97 and its associated cofactors (Yi and Fon, unpublished
results). To summarize, suppression of p97 activity (or lack of p97 stabilization) during oxidative
stress could result in the accumulation of ubiquitinated Mfn2 (Fig. V.3B), which may act as a
trigger for MDV formation and dually explain preliminary data showing that MDVss cannot form
in cells lacking Mfn2 or expressing Mfn2 lacking ubiquitinatable lysines in either the HR1 or HR2
domain.

After parkin and PINK1 have established the OMM platform from which to generate a
vesicle (or simultaneously), the OMM and IMM must be positively deformed (from the cytosolic
perspective) in order for constriction of the vesicular neck (Fig. III1.3A), which may occur by
several mechanisms. Firstly, a direct recruitment of membrane-bending proteins via binding to
either the (p)Ubl or pUb seems plausible (Fig. V.3C). As discussed in Chapter I, the Ubl is an
interactor of EndoA1 (and EndoA3), which contains an N-BAR domain capable of inducing
membrane curvature upon dimerization of the protein through the direct insertion of an a-helix
into the membrane (termed hydrophobic insertion) (Cui et al., 2009; Trempe et al., 2009).
Depending on the amount of penetration by the N-terminal helix (which is itself regulated by
phosphorylation), EndoA1 deforms membranes to various degrees (Ambroso et al., 2014),
although tubulation by EndoA1 constricts the membrane to a 20- to 30-nm diameter (Mim et al.,

2012; Mizuno et al., 2010) — three- to four-folds smaller than the diameter of a budding

-179 -



mitochondrial vesicle. Endophilins could therefore be recruited to initiate membrane tubulations

at the OMM, ultimately forming the neck of the budding vesicle (Fig. III.3A, arrow), allowing for

the observed freedom in MDV diameter, which may itself be regulated by parkin-mediated

ubiquitination; in COPII vesicle formation, for example, monoubiquitination of certain factors can

expand the diameter of the resulting vesicle five-fold (Jin et al., 2012). Membrane curvature by

endophilins is a process driven by protein concentration (Sorre et al., 2012; Zhu et al., 2012), and

would accordingly fit a model of MDV biogenesis involving a pUb cascade (Fig. V.5C).

Moreover, with the highly-similar EndoA2 recently being implicated in membrane scission during

clathrin-independent endocytosis (Renard et al., 2015), it is conceivable that EndoA1 or A3 could

also play a similar role during MDV formation.
Additionally, it is worth emphasizing again that
EndoA1l controls parkin levels in vivo (Cao et al.,
2014), and that this is phenocopied in mice carrying a
mutation in the phosphatase domain of synaptojanin
1 (Cao et al., 2017a) that is a likely cause of AR-
JP/EOPD (Kirola et al., 2016; Krebs et al., 2013;
Olgiati et al., 2014; Quadri et al., 2013; Taghavi et al.,
2017). In effect, there is a genetic precedence, in
addition to the molecular interaction, for a common

function between parkin and the EndoA1 system.
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Figure V.4. OMM curvature through Ubl interactors.
Hypothetical model of curvature through
cooperativity of Epsl5-type oligomers and EndoA-
type dimers (d, diameter). ESCRT-O clusters
ubiquitinated OMM proteins on the budding
mitochondrial vesicle.

The parkin Ubl also interacts with Eps15 and Hrs (Fallon et al., 2006), the latter being a

component of the endosomal sorting complex required for transport complex-0 (ESCRT-0). The

ESCRT system oversees the clustering of ubiquitinated, endocytosed cargo and its packaging it
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into intraluminal vesicles inside the late endosome, among other functions (Hurley, 2015).
ESCRT-0, through Ubl-Hrs interactions, may therefore play a similar role in clustering
ubiquitinated proteins on the surface of the OMM. Epsl5, a Ub-binding adaptor of the endocytic
machinery, has recently been shown to bind and curve membranes through its Eps15-homology
(EH) domain (Wang et al., 2016a). The isolated EH domain from the nematode Eps15 homologue,
EHS-1, tubulates liposomes in vitro to ~100 nm (Wang et al., 2016a), similar to the diameter of
MDVs. Conceivably, downstream of ESCRT-0-mediated clustering of surface cargo, the
cooperativity between curvatures induced by an endophilin and Epsl5 family member could
produce a ~100 nm vesicle with a smaller neck amenable to scission by a dynamin-type protein
(Fig. V.4) and invokes an architecture at least partially analogous to clathrin-mediated endocytosis
(Sochacki et al., 2017). Here, Eps15 is recruited to clathrin-coated pits at the plasma membrane by
curvature-sensing FCHo proteins to presumably act as a scaffold, and its recruitment to endocytic
sites precedes that of dynamin-2 (Henne et al., 2010; Taylor et al., 2011) — a protein recently
implicated in OMM fission (Lee et al., 2016). Additionally, other factors may also contribute to
OMM deformation; for example, SNX9 (another classically-endocytic factor) has been reported
to be a parkin substrate at the OMM during heat shock and is implicated in the biogenesis of
parkin-dependent MDVs, although its C-terminal BAR domain likely only senses curvature
(Matheoud et al., 2016).

It remains unclear how Ubl phosphorylation by PINK1 may affect the binding of this
domain with its known interactors. An interesting limitation to consider is that PINKI is
presumably inserted in the OMM, and may not have access to a molecule of parkin bound to a
pUb moiety distal to the membrane (this is illustrated in Fig. V.3C). Moreover, a recent study

reported that pUb binding reveals a cryptic Ub binding site on the RyRBR module, that possibly
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allows for docking of a parkin-E2-Ub complex that may aid in catalytic cooperativity (Kumar et
al., 2017a). Such an extended structure may prevent Ubl phosphorylation by PINK1, permitting
the occurrence of Ubl binding events. Alternatively, Ubl phosphorylation may strengthen its
binding to known interactors, or recruit yet-to-be-identified binding partners to the OMM.

Independently of parkin, pUb may itself recruit membrane-deforming factors (Fig. V.3C).
It is worth noting that phosphorylation of S65 decreases the affinity of Ub for autophagy adaptors
in the hands of this lab (Yi and Fon, unpublished results) and those of others (Heo et al., 2015),
with the possible exception of OPTN, which has been reported by one group to bind pUb better
than Ub (Lazarou et al., 2015; Richter et al., 2016). Interestingly, pUb apparently fails to bind
many Ub-binding factors (Fig. V.3D), including proteasomal subunits and p97-associated proteins
(Yi and Fon, unpublished results). Moreover, many DUBs fail to cleave phosphorylated Ub chains
(Wauer et al., 2015b). The physiological role of pUb may thus simply be to recruit parkin, although
other possibilities — such as Stx17 recruitment (see section IIL.IV) — may exist.

Alternatively, membrane curvature during MDYV biogenesis may not involve the
recruitment of membrane-deforming proteins at all. Formation of branched Ub chains — ligation
of two more Ub residues onto different lysines of the same Ub molecule — would exponentially
increase the hydrodynamic radius of the elongating chains, akin to a geometric cone of
phosphoubiqutination anchored to the OMM by the initial substrate protein (Fig. V.3E). It can be
assumed that the OMM substrate — in Fig. V.5E, this is presented as oxidized Mfn2 but could of
course be another parkin substrate — cannot diffuse fluidly through the membrane as it is somehow
restricted; for example, by intermolecular disulfide bonds, protein aggregation or recruitment into
a membrane microdomain. Here, there is a conceptual similarity to intrinsically-disordered

proteins (IDPs) that, in addition to their involvement in a variety of cellular process (van der Lee
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et al., 2014), are also able to deform membranes. Crowding by IDPs can induce membrane
curvature through the concentration of disordered regions — acting as so-called “entropic chains”
with large hydrodynamic radii — on one side of the membrane (Busch et al., 2015; Stachowiak et
al., 2012; van der Lee et al., 2014). Protein crowding is also sufficient to drive membrane scission
invitro (Snead et al., 2017). It is conceivable that clustering of branched, polyUb chains conjugated
to proteins on the OMM could drive deformation of the membrane (and ultimately scission).
Crowding could be driven by the stability of pUb, in that phosphorylation of distal Ub moieties by
PINK1 could protect phosphorylated chains from DUBs (Fig. V.5D and E).

While the majority of this section has dealt with signaling events at the OMM, it cannot be
ignored that these vesicles contain two membranes deriving from both the OMM and IMM (Fig.
II1.3A), and thus how the IMM is packaged into the budding MDYV (Fig. V.3E, dotted line) remains
an open question. PINK 1 can detect misfolded proteins inside mitochondria (Jin and Youle, 2013),
and aggregation of oxidized of IMM and matrix proteins may stabilize PINK1 on the adjacent
OMM. Despite this inside-out signaling event, there must be an additional mechanism for the
separation of these aggregates from the rest of the organelle; either a selective process driven by

enzymes or a phase-separation-type event driven by entropy. Fig. V.5 depicts how oxidized

: @ pinching + scission

local oxidation misfolding + aggregation b celormaton
Figure V.5. Aggregation-deformation model of MDV budding. A hypothetical model of how aggregation inside the
mitochondrion may drive MDV formation on its cytosolic face. The OMM and IMM are labeled in blue and orange,
respectively. Oxidation of IMM proteins and surrounding, soluble factors (red) leads to the formation of a multilamellar
aggregate, which is driven towards the cytosolic face of the organelle to deform the membrane. Pinching and scission occur

to release the vesicle from the mitochondrion.
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proteins within mitochondria may drive the pathway. The model assumes that the organelle is not
structurally compromised during biogenesis of the vesicle — i.e. that its size remains the same —
and, by extension, that the change in total IMM area due to extraction by the vesicle is negligible.
Local oxidation of IMM membrane proteins and surrounding matrix/IMS leads to the formation
of multilamellar membrane whorls driven by aggregation of membrane-anchored factors. These
whorls are driven toward the exterior of the organelle by an unknown mechanism, which may
contribute to membrane curvature. This process could be driven by the comparably rigid
mitochondrial cristae structure, which may force the aggregate to “bulge” out of the cytoplasmic
side of the organelle. This would logically be followed by further membrane bending and scission
of the vesicular neck.

Undeniably, MDV biogenesis is driven by parkin-dependent ubiquitination (Fig. I1.2) via
its activation by PINK1 (Fig. IL.5 and IIL.3B to D). Indeed, parkin localizes to sites of vesicle
formation on the OMM (Fig. I1.1C) as well as budding profiles (Fig. I11.4G). Aggregation of IMM
proteins (Fig. V.5), the recruitment of factors that bend membranes (Fig. V.4) and substrate
ubiquitination (Fig. V.3) may all contribute to the regulation of vesicle size, curvature of the
membrane, and biogenesis. Cell-free reconstitution of vesicle formation (i.e. Fig. IILI,
(Soubannier et al., 2012b) and (Wang et al., 2016¢)) is a powerful tool for understanding how
MDVs are formed. Ideally, the identification of new machinery by mass spectrometry and, for
example, the incorporation of their dominant-negative forms into assays will reveal how
mitochondria shed vesicles. While assays from heart (Soubannier et al., 2012b), liver (Fig. IIL.1)
and brain (McLelland and Fon, unpublished results) mitochondria have proved very informative,
reconstituting vesicle formation from mitochondria isolated from cells — whose protein contents

can be easily manipulated via transient transfection, viral transduction or genome editing — will
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likely prove to be very powerful. For example, using the CRISPR/Cas9 system to insert a tag on
PINK1 would allow for its visualization in MDV fractions (by immunoblot for PINK1-Flag) or in
budding profiles (by electron microscopy for PINK1-APEX2) in reconstitution assays from
mitochondria isolated from genome-edited cells. Moving forward, these types of assays are the

most powerful tools available with which to understand how a mitochondrial vesicle is made.

V.1Liii Bridging the mitochondrion and the endosomal system

Does the role of Stx17 in MDV-late endosome fusion give us clues to other players in
mitochondrion-to-lysosome vesicular traffic? It should be noted that, so far, Stx17 has been
observed in several cellular locations, including mitochondria, ER, autophagosomes, MDVs and
other endosomal structures ((Arasaki et al., 2015; Hamasaki et al., 2013); Chapter I1I; McLelland
and Fon, unpublished observations). A common function for Stx17 in both autophagosome-
lysosome and MDV-late endosome fusion may stem from its localization to contact sites between
mitochondria and the ER, as well as its apparent role in their homeostasis.

At these locations, autophagosomes are generated in response to starvation, as well as
infection (Hamasaki et al., 2013). Mechanistically, at mitochondria-ER contact sites, Stx17 binds
SNAP29 in a binary complex that is clamped by the class-1II P13 kinase complex subunit ATG14L
(Diao et al., 2015; Hamasaki et al., 2013). Stx17 is accordingly thought to recruit this complex to
these locations (Hamasaki et al., 2013), and may contribute, along with PI3P, to the tethering of
the lipid kinase complex to the expanding isolation membrane; as mentioned in Chapter I, the
BATS domain of ATG14L additionally binds the phospholipids PI3P and PI(4,5)P, (Fan et al.,
2011; Matsunaga et al., 2010; Tan et al., 2016). Conflicting reports have observed both a buildup

of incomplete autophagosomes (due to a deficiency in their formation) and a buildup of mature
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autophagosomes (stemming from a fusion defect) in Stx17-silenced cells (Hamasaki et al., 2013;
Itakura et al., 2012b). To further complicate Stx17 function, it is clear that loss of Stx17 reduces
mitochondria-ER contact (Arasaki et al., 2017; Arasaki et al., 2015). Accordingly, silencing Stx17
in our hands reduces the amount of contact visible by EM (McLelland and Fon, unpublished
results) and increases the kinetics of parkin recruitment (Fig. IV.S4G to I). While it is possible that
Stx17 acts as a tethering molecule — potentially through the binding of SNARESs on the opposing
membrane in a half-zippered ternary complex clamped by a complexin-type molecule (Giraudo et
al., 2006) — we (Fig. II1.2) and others (Hamasaki et al., 2013) have shown that the SNARE is
present on both ER and mitochondrial membranes, making the existence of a polarized tethering
complex unlikely. A more likely scenario is one in which Stx17 supports the formation or stability
of contact sites indirectly. As it acts upstream of ATG14L (Hamasaki et al., 2013), a potential
function of Stx17 may include increasing mitochondria-ER contact through the recruitment of
autophagic machinery in order to promote autophagy; while starvation is known to result in
mitochondrial hyperfusion (Gomes et al., 2011), its effect on mitochondria-ER contact remains
unknown. A consequence of a functional autophagy pathway may conversely increase
mitochondria-ER contact due to increased organellar health. Indeed, the findings in Chapter IV
demonstrating that depolarization results in a loss of tethering (Fig. IV.1) may be reflective of a
relationship between fitness and mitochondria-ER contact. Relatedly, an alternative role for Stx17
in maintaining mitochondrial health via the MDV pathway may also promote the stability of these
interorganellar junctions by the same indirect mechanism.

The association of Stx17 with ATG14L is critical for the autophagy pathway (Diao et al.,

2015; Hamasaki et al., 2013). In addition to its role as a Stx17-SNAP29 clamp, ATG14L has also
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Figure V.6. ATG14L is not involved in MDV-endolysosome targeting. A Immunoblot detection of MDVs purified over a
sucrose gradient, generated from liver mitochondria incubated with cytosol and antimycin A. This is the same experiment as
the one depicted in Fig. IIL.1D, but reblotted for the indicated proteins. B Coimmunoprecipitation of Stx17 binding proteins
from COS7 expressing the indicated construct. C COS7 cells expressing LAMP1-mRFP (red) were treated with antimycin A,
then fixed and stained for PDH E2/E3bp (green) and TOM20 (blue). MDVs colocalizing with LAMP1 (red arrowheads) or not
(blue arrowheads) are indicated. Scale bars, 5 and 1 microns. D COS7 cells were transfected with the indicated siRNA, and
the percentage of MDVs colocalizing with LAMP1 (as in C) was quantified. E While Stx17 requires SNAP29 and HOPS to
target MDVs to VAMP7-positive late endosomes (left pathway, see Chapter III), additional factors are recruited by Stx17 to
the omegasome (right pathway), such as the ATG14L-containing class-III PI3K complex, to mediate autophagosome

formation and their targeting to VAMP8-positive lysosomes.

been proposed to homo-oligomerize in order to promote the fusion of autophagosomes and
endolysosomes in a membrane tethering role (Diao et al., 2015). Conversely, preliminary data
suggests that ATG14L, as well as the entire lipid kinase complex, is dispensable for both MDV
formation and targeting. ATG14L is not present in the MDYV fraction from cell-free budding assays
(Fig. V.6A), and ATG14L binds very weakly to Stx17 in the absence of starvation (Fig. V.6B) as
others have reported (Hamasaki et al., 2013). Most importantly, there is no MDYV targeting defect
in cells lacking ATG14L (Fig. V.6C and D). Thus, MDV and autophagosome formation diverge

upstream of ATG14L recruitment (Fig. VOE), an emergent observation that coincides logistically
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with Stx17-positive autophagosomes and MDVs originating from the omegasome (Hayashi-
Nishino et al., 2009) and the OMM (Fig. I11.2), respectively. Interestingly, antimycin A selectively
inhibits autophagy (Ma et al., 2011), perhaps through the prevention of Stx17 translocation to sites
of autophagosome biogenesis by recruiting the SNARE to MDVs. On the OMM, Stx17 (with or
without SNAP29) may be sequestered either by an OMM-specific clamp or chaperone. Ideally,
IP-MS of Stx17 from a purified mitochondrial fraction could yield insight into what molecules the
SNARE is binding on the OMM, using STX17°R as a control for looking at interactions
involving the zero layer (Fig. I11.6). As a soluble Qbc-SNARE, it is likely that SNAP29 can interact
with Stx17 on the OMM. Indeed, in the context of autophagy, post-translation modification of
SNAP29 via the attachment of O-linked B-N-acetylglucosamine (O-GIcNAc) prevents its
association with Stx17 and, accordingly, starvation inhibits this type of modification to promote
Stx17-SNAP29 binding (Guo et al., 2014). Nutrient-sensing via O-GlcNAcylation has already
been implicated in mitochondrial motility (Pekkurnaz et al., 2014), and may also modulate the
MDYV response. Indeed, V-ATPase inhibitors trigger autophagy by interfering with amino acid
release by the lysosome (Zoncu et al., 2011), and this could conceivably contribute to the increase
in MDVs per cell that is seen with bafilomycin treatment (Fig. I1.4A and B). Like autophagy,
parkin-/PINK1-dependent MDYV transport is responsive to stress and potentially other autophagy
triggers, so it is not surprising that the pathway may co-opt autophagy-related proteins and
mechanisms in order to deliver its cargo to the late endosome.

Contacts between the ER and mitochondria are important regulators of mitochondrial
division (see Fig. I.12E) as they are sites of Drp1 stabilization (Friedman et al., 2011; Prudent et
al., 2015). Stx17 interacts with at least two GTPases at mitochondria-ER contact sites; Drpl (a

large dynamin-like GTPase) in the GTP-bound state, as well as the small GTPase Rab32 (Arasaki
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et al., 2015). Both Rab32 and Stx17 have been reported to be important for Drpl recruitment to
these locations (Arasaki et al., 2015; Ortiz-Sandoval et al., 2014). Rab32 is important for contact
site homeostasis, as its loss affects apoptosis (potentially through Drp1), ER Ca®" content and lipid
trafficking (Bui et al., 2010; Li et al., 2016). Rab32 is also linked to VAMP7 on the late endosome
through VPS9-ankyrin-repeat protein (VARP); originally (and erroneously) thought to be a GTP
exchange factor (GEF) for Rab21 (Zhang et al., 2006), VARP binds active Rab32 to act as an
effector (Tamura et al., 2009). Interestingly, recruitment of VARP to endosomes has been reported
to be dependent upon the retromer complex (Hesketh et al., 2014), which has already been
implicated in MDYV transport (Braschi et al., 2010) and is mutated in PD (Wang et al., 2016c;
Zimprich et al., 2011). On the late endosome, VARP clamps VAMP7 in such a way to prevent its
association with other SNAREs by keeping the SNARE domain in a folded, non-helical state
(Hesketh et al., 2014; Schafer et al., 2012). It is thus conceivable that the GTP-dependent
interaction between Rab32 and the first ankyrin-repeat domain of VARP (Hesketh et al., 2014;
Tamura et al., 2009) links Stx17 and VAMP7 on the MDV and late endosome, respectively. This
could be tested by determining if both the Stx17-VAMP7 interaction and MDV targeting are
abolished in cells lacking either Rab32 or VARP. The release of VAMP7 from VARP may
destabilize the non-helical fold adopted by its SNARE domain, allowing it to fold into an a-helix.
This step would likely be triggered by the HOPS complex — acting not only to tether adjacent
membranes but also in templating SNAREs (Baker et al., 2015; Balderhaar and Ungermann, 2013;
Starai et al., 2008) — which is involved in both MDV- (Fig. III.9) and autophagosome-
endolysosome fusion via Stx17 (Jiang et al., 2014; Takats et al., 2014). It is likely that templating

of the R-SNARE occurs simultaneously with zippering of the four helix bundle (Baker et al.,
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Figure V.7. Conformational changes govern membrane fusion by SNAREs.
R-SNAREs adopt a variety of conformations. Top-left (PDB ID 4B93): VARP
(green) clamps the VAMP7 SNARE domain (blue) into a non-fuseogenic
conformation. The Longin domain of VAMP7 is depicted in red. Top-right
(PDB ID 5BVO0): The HOPS subunit VPS33 (green) templates the SNARE
domain of the R-SNARE Nyvl (blue). Another HOPS subunit, VPS16, is
shown in red. Bottom (PDB ID 4WY4): a four-helix bundle is formed between
the Q-SNAREs SNAP29 (green, two helices) and Stx17 (red, one helix) and
the R-SNARE VAMP8 (blue, one helix) during membrane fusion.

2015), as this latter process is driven
by protein folding (Fasshauer et al.,
2002; Fiebig et al., 1999; Zorman et
al., 2014). Structures of R-SNAREs
cycling through several
conformations — a clamped complex
of VARP/VAMP7 (Hesketh et al.,
2014), the R-SNARE domain of
yeast Nyvl templated by the HOPS
subunits VPS33 and VPS16 (Baker
et al.,, 2015), and the mammalian
autophagic SNARE complex formed
by Stx17, SNAP29 and VAMPS
(Diao et al., 2015) — are depicted in

Fig. V.7.

One interesting crossover between the described MDV-endolysosome SNARE complex

and PD pathways is that a-synuclein has been reported to have SNARE chaperone activity by

promoting the formation of the neuronal SNARE complex (Burre et al., 2010; Chandra et al.,

2005). Indeed, while pathogenic oligomers in fact block the docking of synaptic vesicle mimics in

vitro (Chot et al., 2013), smaller multimers promote Stx1A/SNAP25/VAMP2 complex formation

(Burre et al., 2014). This activity is believed to be mediated by a bridging effect, in which synuclein

binds both VAMP2 (the so-called “vesicle-SNARE) and acidic phospholipids on the plasma

membrane, such as phosphatidylserine (Diao et al., 2013; Lai et al., 2014; Lou et al., 2017). a-
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synuclein binds to the N-terminus of VAMP2, within the 30 amino acids upstream of the R-
SNARE domain (Burre et al., 2010). This sequence is rich in proline residues, as well as alanine
and glycine residues, and differs in charge, as well as structurally, from the N-termini of the
endolysosomal R-SNAREs VAMP7 and VAMPS (Fig. V.8A). In lipid-bound VAMP2 (Fig.
V.8B), this region adopts an extended, flexible structure (Ellena et al., 2009) — likely owing to a
lack of complex R-groups in this sequence — that may become more rigid upon synuclein binding.
It is thus unlikely that a-synuclein plays a direct role in MDV-endolysosome fusion, as the
selectivity of its interaction with VAMP2 suggests its unique involvement in exocytosis. Indeed,

a comparison of the first 30 amino acids of human R-SNAREs reveals only VAMP1 and VAMP2

A B
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MSATAATVPPAAPAGEGGPPAPPPNLTSNR SNARE NLK ST
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Figure V.8. Comparison of the N-terminus of VAMPZ with other R-SNAREs. A Sequence comparison between VAMP2,
VAMP7 and VAMP8. The primary sequence of regions not contained within established domains is depicted. N-terminal
proline residues are indicated by bolded text, while acidic and basic residues are in red and blue, respectively. Note that the
figure is not to scale, as the Longin, SNARE and transmembrane (TM) domains contain 104, 61 and 21 amino acid residues,
respectively. B NMR solution structure (cartoon) of rat VAMP2 in a lipid bilayer (PDB ID 2KOG). The SNARE and
transmembrane (TM) domains are coloured according to the scheme in A. The light blue box expands the N-terminus, where
proline residues are shown in red. C Primary sequence alignment of the first 30 amino acids of human R-SNAREs. The last
14 residues of VAMP2 are shifted so that they align with those in VAMP1 (indicated by the asterisk). The alignment was
constructed using eBioX, and all sequences were obtained from Uniprot.com.
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share a proline-rich, simplistic N-terminus (Fig. V.8C). Despite this, a VAMP1/synuclein
interaction remains unexplored. It should be noted that a splice isoform of VAMP1, VAMP1B,
contains a mitochondrial targeting sequence at its C-terminus (Isenmann et al., 1998); it is
therefore possible that synuclein could be involved in an MDV-type pathway utilizing VAMP1B.
Despite a perceived lack of a direct role for synuclein in MDV-endolysosome fusion via
Stx17/SNAP29/VAMP7, synuclein overexpression is known to cause trafficking defects by
affecting SNARE function (Cooper et al., 2006; Gitler et al., 2008; Gosavi et al., 2002; Thayanidhi
et al., 2010), potentially by binding and sequestering SNAREs when present at pathophysiological
concentrations. Whether synuclein overexpression or aggregation blocks MDV-endolysosome

fusion remains to be investigated.

Table V.1. Descriptive Table of Observed MDV Populations

. : Destinatio Selected
HIEWES Machinery
n reference
. . parkin,
matrix ROS matrix LE (McLelland et
_ , 2 PINK, QC
carriers = (mito) + IMM (lysosome) al,, 2014)
Stx17
TOM20 ROS LE (Soubannier et
1 TOM20 ? QC
+ (cyto) (lysosome) al., 2012a)
MAPL (Braschi et al.,
. ? 1 MAPL VPS35 pex pex
carriers 2010)
Drpl
o . (Wang et al.,
recycler = fission ? Drpl VPS35 lysosome  dynamics
2016¢)
S
ROS LE (Lin et al.,
SNPH+* . 1 SNPH ? QC?
(mito) (lysosome) 2017)
. mito
MitAP heat . SNX9, Rab9, Rab9+*LE . . (Matheoud et
. 2 antigen immunity
vesicles = shock Rab7 (PM) al., 2016)

S
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oxidize o
mtDNA . . . (Caielli et al.,
. ROS ? d ? secretion  immunity
carriers 2016)
mtDNA

Abbreviations: Drpl, dynamin-related protein 1; LE, late endosome; MAPL, mitochondria-anchored protein ligase; MitAP,
mitochondrial antigen presentation; pex, peroxisome; PM, plasma membrane; QC, quality control; ROS, reactive oxygen
species; SNPH, syntaphilin; SNX9, sorting nexin 9; VPS35, vacuolar protein sorting 35. Notes: initial destinations are listed,
while final destinations are shown in brackets.

In summary, the mechanism by which MDVs target to their intended destination likely
depends on the array of factors on the MDV (outer) membrane, as well as associated proteins. In
Chapter III, it was demonstrated that, at least in the case of PINK 1-/parkin-dependent vesicles, the
so-called “SNARE hypothesis” (Sollner et al., 1993) is applicable as Stx17 is identified as a
molecule involved in the targeting of these “matrix carriers” to the late endosome (Fig. [11.4B and
C). Moreover, the dependence of this process on the HOPS tethering complex (Fig. I11.9) implies
that MDYV fusion is a regulated process involving many factors. For other MDV populations (see
Table V.1), the players remain unknown; although, in the case of vesicles involved in antigen
presentation, factors that recruit Rab7 — which is required to present the cargo of MDVs at the cell
surface but is dispensable for their formation (Matheoud et al., 2016) — can be expected to play a
role. Thus, there is still much work to be done in order to understand how mitochondrial vesicles

traffic to and fuse with target membranes.

V.11.iv Aberrant interorganellar tethering in Parkinson’s Disease

While mitochondria-ER contact sites play important roles in signaling and metabolite
transfer between both organelles (see section L.IV.ii), their dysregulation in neurodegenerative
disease is becoming an emerging field of intense study. As mentioned at the end of Chapter IV,
recent reports have implicated both PARKIN and PINKI in the maintenance of these

interorganellar junctions at the steady-state. Mitochondria-ER contact length (as measured by EM)
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was reported to be increased in both PARKIN and PINK1 patient fibroblasts and mutant fly brains
(Celardo et al., 2016; Gautier et al., 2016), consistent with the model of parkin-/PINK 1-mediated
destruction of Mfn2 interorganellar bridges elucidated in Chapter IV. Somewhat paradoxically,
Ca”' transfer between the ER and mitochondria was found to be hindered in PARKIN patient
fibroblasts (Gautier et al., 2016). Although this may be a result of perturbed mitochondria-ER
tethering as suggested by Gauthier and colleagues, it should be noted that a mass spectrometric
analysis of mitochondria from PARKIN’ and PINKI” rat brains revealed that MCU was
downregulated in both genotypes compared to WT (Stauch et al., 2016). This could be a
compensatory mechanism to deal with ER-OMM contact perturbations resulting from the loss of
PARKIN/PINK 1, as deletion of MCU rescues neurodegeneration in PINKI-null zebrafish (Soman
et al., 2017). Stauch and colleagues additionally found that acyl-CoA:cholesterol acyltransferase
2 (ACAT?2) was decreased more than five-fold in both KO genotypes, and additionally decreased
in D.JI°" rat brain mitochondria (ER-mitochondria contacts have yet to be measured in D.JI loss-
of-function systems), representing one of the highest fold-changes across genotypes (Stauch et al.,
2016). Dysregulation of ACAT?2 levels in PARKIN’™ mouse brains and cell lines overexpressing
parkin had been documented previously (Davison et al., 2009; Periquet et al., 2005). ACAT2
esterifies fatty acids and cholesterol (Rogers et al., 2015), and these proteins localize to membrane
contact sites in yeast and mammals (Area-Gomez et al., 2012; Gulati et al., 2015). A decrease in
ACAT?2 levels could translate into the retention of unesterified cholesterol in membrane
microdomains (Rogers et al., 2015), including the MAM (Area-Gomez et al., 2012; Hayashi and
Fujimoto, 2010), and would be consistent with the increase in ER-OMM contact (Celardo et al.,
2016; Gautier et al., 2016) and lipid raft-dependent functions (Cha et al., 2015) observed in

PARKIN/PINK I loss-of-function systems. Indeed, a suppression of cholesterol esterification could
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feed potentially pathological ER-OMM contact expansion due to a loss of parkin-/PINKI-
dependent Mfn2 turnover, as Mfn2 positively regulates sterol metabolism (Duarte et al., 2012;
Sandoval et al., 2014). Alternatively, the cell may shut down cholesterol modification via
downregulation of ACAT2 in response to MAM dysfunction, which may tie in to defects in lipid
metabolism observed in PARKIN”- mice (Kim et al., 2011). Lipid profiling of purified MAMs from
PINK - and PARKIN-null cells or tissue would shed light on whether morphological changes
observed in OMM-ER appositions are accompanied by lipid imbalances indicative of an
up/downregulation of MAM function.

PINK1 appears to play an additional (and somewhat-paradoxical) role in stabilizing
mitochondria-ER contact (Gelmetti et al., 2017), which was also reported in Chapter IV (Fig.
IV.1H and I). Accordingly, an unbiased siRNA screen in Drosophila revealed a role for sterol and
lipid biosynthesis in the recruitment of parkin to mitochondria; in cells lacking either sterol
regulatory binding factor 1 (SREBF1), which regulates the synthesis of predominantly fatty acids,
or SREBF2, which oversees sterol synthesis, inefficient PINK1 stabilization upon mitochondrial
depolarization abolished parkin translocation to mitochondria, which could be rescued by
exogenous fatty acids and cholesterol (Ivatt et al., 2014). Indeed, diet supplementation of
octadecanoic acid (Cig unsaturated fatty acid) also rescued mitochondrial phenotypes associated
with PARKIN and PINKI mutant flies (Senyilmaz et al., 2015), and a high-throughput
pharmacological screen identified statins as potent upregulators of parkin levels (Hasson et al.,
2015). Finally, both PARKIN”" mice and human individuals carrying PINK! single-nucleotide
polymorphisms (SNPs) have abnormalities concerning the uptake of circulating fatty acids (Franks
et al., 2008; Kim et al., 2011). In summary, the implications of PINK1/parkin and mitochondria-

ER contact is two-fold; the localization of PINK1 to the MAM (Gelmetti et al., 2017) highlights a
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reciprocal relationship in which PINKI stabilization requires the MAM, only to signal for its
destruction via parkin-dependent Mfn2 turnover (Chapter IV). Secondly, biosynthetic and
signaling pathways that regulate MAM stability accordingly impinge upon parkin/PINK1
pathways.

Contacts between mitochondria and the ER are critical loci for parkin and PINK1 function.
While there is an apparent dearth of direct investigation in the literature, there are several signs
that this importance extends to other PD-related molecules. For example, VPS/3C was recently
shown to be mutated in several cases of EOPD across three families (Lesage et al., 2016). The four
members of the VPS13 family in humans trace back to a single Vpsl3 gene in yeast, which
localizes to membrane contact sites and, like its mammalian counterparts, is a PI3P-binding protein
that regulates the metabolism of PI4P (Park et al., 2015a; Park et al., 2016; Rzepnikowska et al.,
2017; Velayos-Baeza et al., 2004); in the case of VPSI3C, it is additionally worth noting that a
brain-specific isoform is the most highly-expressed variant in this tissue (Velayos-Baeza et al.,
2004). Accordingly, depletion of VPS13C from cells enhances parkin-mediated mitophagy
(Lesage et al., 2016), which would be consistent with it promoting ER-OMM tethering according
to the findings reported in Chapter IV (see Fig. IV.S4E to I). Another example is PLA2G6, the
causal factor at the PARKI4 locus, which supports ER Ca?" levels and Ca®" transfer to
mitochondria (Strokin and Reiser, 2016; Zhou et al., 2016). The PLA2G6 protein is a stress-
activated mitochondrial phospholipase and its loss leads to mitochondrial dysfunction (Kinghorn
et al., 2015; Rauckhorst et al., 2015). Interestingly, there is a buildup of unacidified
autophagosomes in the DAergic neurons of mice lacking the EOPD-linked isoform of PLA2G6
(Zhou et al., 2016), which may hint at disruptions in mitochondria-ER contacts crucial for

autophagosome biogenesis and maturation (Hamasaki et al., 2013; Itakura et al., 2012b).
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In heterologous culture of DAergic-like cells, a-synuclein has also been reported to localize
to the MAM by biochemical analyses (Guardia-Laguarta et al., 2014; Paillusson et al., 2017).
Synuclein can bind the mitochondrial membrane directly in a manner that is potentially pH-
dependent (Cole et al., 2008; Nakamura et al., 2011; Nakamura et al., 2008). These findings build
on previous studies over the past two decades demonstrating that synuclein is associated
mitochondrial dysfunction, both in cells and in vivo (Hsu et al., 2000; Luth et al., 2014; Martin et
al.,2006; Reeve et al., 2015), and mitochondria appear to be involved in synuclein toxicity (Buttner
et al., 2008; Buttner et al., 2013). Endogenous a-synuclein has been reported to support Ca>*
transfer between both organelles (Cali et al., 2012), while overexpressed synuclein disrupts this
process (Paillusson et al., 2017). Mechanistically, a-synuclein can disrupt the direct association of
VAPB on the ER membrane with PTPIP51 on the OMM, a tethering complex that promotes
mitochondria-ER contact (Paillusson et al., 2017; Stoica et al., 2014). In a similar manner to Mfn2
tethering complexes, the VAPB-PTPIP51 complex also positively regulates autophagy through its
tethering ability (Gomez-Suaga et al., 2017; Hamasaki et al., 2013). It is therefore conceivable that
synuclein-mediated toxicity is driven via disruption of the autophagy pathway downstream of
mitochondria-ER uncoupling — synuclein overexpression has already been associated with
autophagy defects (Winslow et al., 2010) — rather than through aberrant synuclein proteostasis;
this latter hypothesis is the status quo for the tield (Poewe et al., 2017). The importance of a healthy
autophagy-lysosome pathway in preventing DAergic degeneration cannot be understated; for
example, the primary phenotype of temperature-sensitive Drosophila mutants for N-ethyl-
maleimide-sensitive factor (NSF), the critical ATPase responsible for SNARE complex

disassembly post-fusion (Littleton et al., 2001), is neurodegeneration and locomotor defects related
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to DAergic cell death (Babcock et al., 2015). This is due not to defective synaptic transmission,
but to a disruption in autophagic flux and lysosomal degradation pathways (Babcock et al., 2015).

In addition to their potential implication in PD, mitochondria-ER contact dysfunction may
extend to other neurodegenerative diseases; for example, it has been hypothesized that Alzheimer’s
disease (AD) is primarily a disease of lipid dyshomeostasis, in which lipid trafficking between
mitochondria and the ER plays a role in pathogenesis (Area-Gomez and Schon, 2017). The v-
secretase complex, whose presenilin (PSEN) subunits are mutated in familial AD, localizes to and
processes the amyloid precursor protein (APP) at contact sites between mitochondria and the ER
(Area-Gomez et al., 2009; Del Prete et al., 2017; Puglielli et al., 2004; Puglielli et al., 2001). MAM-
dependent lipid metabolism, including cholesterol esterification, and other functions are increased
in i) AD patient fibroblasts, ii) MEFs lacking both PSEN1 and PSEN2, and iii) other disease
paradigms (Area-Gomez et al., 2012; Hedskog et al., 2013; Tambini et al., 2016). As preliminary
data indicate that mitochondria-ER contact dysfunction may also play a role in amyotrophic lateral
sclerosis (Stoica et al., 2014; Stoica et al., 2016; Watanabe et al., 2016), it is possible that
morphological and functional MAM abnormalities may underlie neurodegenerative disorders
since, as a hub that regulates signaling and metabolism, their effects can be global and wide-
ranging and, secondly, the importance of lipid transport via membrane contact sites is likely
elevated in neurons as distal processes are far-removed from the Golgi apparatus from which ER-
derived lipids are exported via vesicular trafficking pathways (Hanus and Ehlers, 2016; Palade,
1975). EM reconstruction of rodent brain tissue demonstrated that, in the case of neuronal
mitochondria, ~4 to 5% of the OMM is in contact with the ER (defined as and ER-OMM distance
of 30 nm or less) and — unlike ER-plasma membrane contacts, for example — this number remained

remarkably constant for mitochondria in both the soma and in processes (Wu et al., 2017). It is
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thus likely that MAM functions fulfill critical roles (such as lipid synthesis) in the periphery, and

fit a model in which the ER dictates zones of dendritic branching (Cui-Wang et al., 2012). It is

clear that understanding mitochondria-ER communication in neurons will inform our ideas

regarding neurodegenerative mechanisms going forward.

V.1ILv Integration of MDYV trafficking and mitochondria-ER tethering

It is likely that
vesicle generation by the
parkin/PINK1 system is
related to their ability to

influence mitochondria-ER

contact  (Chapter 1V),
especially given
preliminary evidence
implicating Mfn2

ubiquitination in the former

process. An  emergent
question therefore becomes
how the two mechanisms
are related; the ER may
need to be released from
mitochondria in order for
latter

the organelle to
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Figure V.9. Parkin-/PINKI-dependent mechanisms as mitochondrial metabolic remodeling
pathways. Parkin and PINK1 maintain a balance of mitochondrial respiratory capacity in the
form of ETC complexes and tricarboxylic acid (TCA) cycle enzymes. Metabolic remodeling
of mitochondria occurs in two phases; a response phase is triggered by stochastic damage
or signaling events, which precipitates a corrective phase that maintains a certain ratio of
mitochondria-ER contact to respiratory capacity to ensure optimal functionality of the
organelle. In the counter-clockwise direction, MDVs remove ETC and TCA enzymes during
the response phase. Mitochondria-ER contacts are then pruned during the corrective phase
to adjust for decreased respiratory capacity. In the absence of this correction, high levels of
calcium may cause toxicity. In the clockwise direction, mitochondria-ER contact is destroyed
in the response phase, and MDV formation subsequently matches the amount of ETC and
TCA enzymes to the reduction interorganellar contact. If this correction does not occur, a

large number of enzymatic complexes will remain trapped in a non-functional organelle.
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generate a vesicle, or vice versa. One perspective from which to approach these hypotheses is to
consider how the mitochondrion may balance both pathways (Fig. V.9). For example, after the
extraction of OXPHOS components from mitochondria via MDVs (Fig. I1.3F and G), the cell may
slow TCA cycling via the uncoupling of mitochondria from the ER in order to reduce the amount
of Ca*" — a potent TCA inducer (Llorente-Folch et al., 2015) — flowing into the matrix via the
IPsR/VDAC/MCU system (Fig. V.9, left side). The absence of this correction could lead to Ca**
mishandling and toxicity, and subsequent organellar dysfunction. Conversely, disconnection of a
mitochondrion from the ER may occur first, and then MDVs would act to readjust the respiratory
capacity of the organelle to the reduced capacity for ATP production (Fig. V.9, right side). Without
the organelle able to adjust its respiratory capacity to decreased Ca** influx, the cellular investment
in ETC components would outweigh its return in energy production.

Mitochondrial biogenesis would return the mitochondrion to full functionality following
this yin/yang relationship of organellar untethering and MDYV production. One intriguing aspect of
this entire process is that, as was mentioned in Chapter I, parkin and PINK1 have been shown to
promote mitochondrial biogenesis as well. In section LIV.i, the relationship between
parkin/PINK1 and PARIS was described; parkin and PINKI1 promote the ubiquitin-mediated
degradation of PARIS, a suppressor of mitochondrial biogenesis through repression of PGC-1a,
to ultimately drive mitochondrial gene expression (Lee et al., 2017; Shin et al., 2011; Stevens et
al., 2015). Additionally, parkin and PINK1 directly support the localized translation of certain ETC
components at the OMM via interactions with the ribosome (Gehrke et al., 2015). How might this
happen? Clul/CluA homologue (CLUH) binds both the ribosome and mRNAs of nDNA-encoded
mitochondrial proteins, controlling their translation and metabolism (Gao et al., 2014; Schatton et

al.,2017; Sen and Cox, 2016; Wakim et al., 2017). The Drosophila homologue of CLUH, clueless,
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interacts genetically with PARKIN and suppresses PINK phenotypes (Cox and Spradling, 2009;
Sen et al., 2015; Wang et al., 2016d). Indeed, environment scanning in unstimulated mammalian
cells using BiolD revealed CLUH to be top steady-state hit for PINK1 (Hesketh and Gingras,
unpublished results). Additionally, c/ueless interacts with p97, and its depletion from Drosophila
muscles or cultured cells suppressed p97-dependent MARF degradation (Wang et al., 2016d).
CLUH contains four tetratricopeptide repeat (TPR) motifs (Fig. V.10A), indicating that it likely
acts as a scaffold (Passmore et al., 2005), and CLUH may thus physically couple mitochondrial
biogenesis to Mfn2/MARF degradation; interactions within this system are mapped in Fig. V.10B.
Fig. V.10C illustrates how the turnover of Mfn2 ER-OMM bridges may allow the ribosome access
to specialized import complexes that would facilitate co-translational import (Gold et al., 2017;
Williams et al.,, 2014) of ETC-related polypeptides and their incorporation into OXPHOS
complexes at mitochondria-ER juntions. Interestingly, DJ-1 has also been shown to be associated
with mRNA (van der Brug et al., 2008), although a role for DJ-1 in co-translational import of
mitochondrial polypeptides remains unexplored.

How parkin and PINK1 mediate (and balance) mitochondrial turnover and biogenesis, as
well as ER-OMM dissociation, takes up new meaning in the context of a polarized cell, where
spatial segregation of PINK 1/parkin pathways are a possibility; indeed, an analysis of Drosophila
motor neurons found that PARKIN mutant animals accumulated tubular mitochondria in the cell
body, with a concomitant reduction of organelles in the periphery (Sung et al., 2016). Axonal
mitochondria, although reduced in number, appeared functionally unimpaired (Sung et al., 2016).
DAergic neurons located in the SNpc form extensive and complex axonal arbors; in the rodent
brain, the axon of a single DAergic neurons arborizes throughout ~6% of the striatum (Matsuda et

al., 2009). This, combined with the inherent pacemaking activity of these neurons that renders
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them sensitive to mitochondrial oxidative stress (Guzman et al., 2010), may underlie the selective
vulnerability of SNpc DAergic neurons to cell death in PD (Surmeier et al., 2017). Accordingly,
pUD (a surrogate for mitochondrial damage) was preferentially detected in iPSC-derived DAergic
neurons challenged with an uncoupler compared to TH-negative cells (Shiba-Fukushima et al.,
2017). Thus, the mechanistic and spatial relationship between various PINK 1/parkin pathways and
their study in disease-relevant systems likely remain unappreciated. Fig. V.11 illustrates how
turnover mechanisms in the periphery could be coupled to biosynthetic pathways in the cell soma.

OXPHOS in functional mitochondria in the periphery triggers successive rounds of ER-OMM
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Figure V.10. Does CLUH couple mitochondrial biogenesis to OMM protein turnover! A Domain structure of human CLUH.
The CLU domain (red) and TPR repeats (blue) are indicated. B Charts describing presumed physical interactions between
indicated proteins in both Drosophila (top) and mammalian (bottom) systems. Reported interactions are denoted in red,
with white letters corresponding to the following references: a, Gehrke et al/, 2015; b, Chen & Dorn, 2013; ¢, Ziviani et a/,
2010; d, Yun et al, 2014; e, Sen & Cox, 2016; f, Wang et a/, 2016; g, Zhang et al, 2017; h, Lazarou et a/, 2012; i, Hesketh &
Gingras, unpublished results; j, Shiba-Fukushima et al, 2012; k, Kazlauskaite et al, 2014; |, Chapter IV; m, Tanaka et a/, 2010;
n, Gao et al, 2014; o, Williams et al, 2014. C Mechanism of CLUH-dependent coupling of degradation to synthesis.
PINK1/parkin ubiquitinate Mfn2, triggering its extraction by p97 and ER-OMM dissociation. This allows the ribosome access
to TOM complexes that would otherwise be unavailable.
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Figure V.11. Mitochondrial cycling. Healthy mitochondria in the neuronal periphery have a high “respiratory capacity” ,
defined as their ability to generate ATP through respiration and associated with high levels of ETC complexes and TCA cycle
enzymes (dark brown matrix) and ER-mitochondria contact sites which act to drive respiration. By extension, these
mitochondria have a high membrane potential (Aym). ER-mitochondria contact sites are destroyed by parkin and PINK1, and
as a consequence remodel their metabolic capacity by shedding mitochondrial-derived vesicles containing ETC complexes
and TCA cycle enzymes (as well as other proteins). At checkpoint A, mitochondria with low respiratory capacity (pale yellow
matrix) are tagged to either undergo retrograde transport to the cell soma or degradation via autophagy. In the soma,
mitochondria that have avoided destruction increase their respiratory capacity through import of de novo-synthesized
proteins, the driving of mtDNA transcription/translation, and fusion with other, healthy mitochondria. At checkpoint B,
mitochondria with a high enough respiratory capacity are selected to undergo anterograde transport to the cell periphery.

dissociation and MDYV formation (see also Fig. V.9), reducing the respiratory capacity (equivalent
to AWm) of the organelle. Ultimately, the organelle is trafficked back to the soma to be salvaged,
or autophagocytosed and turned over by lysosomal hydrolases (Ashrafi et al., 2014; Cai et al.,
2010; Lee et al., 2011). In the soma, biosynthetic pathways are activated at mitochondria depleted
of their potential to produce ATP and, once these organelles surpass cut-off criteria for competency
(checkpoint B in Fig. V.11), are shuttled back out to the periphery. Alternatively, while removal
of OXPHOS components via MDVs would occur in the periphery, ER-OMM dissociation would

be restricted to the soma where it is coupled to protein synthesis (see Fig. V.10).
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V.III CONCLUSION

The work detailed within this thesis describes core machinery governing a) the generation
a subpopulation of mitochondrial vesicles, b) their turnover via fusion with the late endosome, and
¢) the destruction of contacts between mitochondria and the ER. These studies delved into basic
mechanisms of membrane remodeling and architecture, as well as organelle trafficking and
communication, with implications for understanding neurodegenerative disease. As discussed
above (section V.ILv), it has now become critical to take the study of these molecular mechanisms,
elucidated in cell cultures and cell-free assays, and transpose it into more disease-relevant systems
such as iPSC-derived DAergic neurons and animal models.

Specifically, how AR-JP-related pathways interact with one another will likely inform our
understanding of AR-JP pathophysiology moving forward. While PARKIN and PINK1 function in
a common pathway with at least some amount of conceivable crossover with DJI, how these genes
relate to other reported AR-JP genes SYNJI (Krebs et al., 2013), a phosphatase that
dephosphorylates PI(4,5)P> (McPherson et al., 1996), and VAC14 (Taghavi et al., 2017), a scaffold
that oversees the conversion of PI3P to PI(3,5)P> (Jin et al., 2008; Zhang et al., 2007), is less
obvious. A recent study found that SYNJ1 was required for the maturation of autophagosomes in
Drosophila presynaptic terminals (Vanhauwaert et al., 2017), potentially implicating SYNJ1 in
mitochondria-ER contact site maintenance (Hamasaki et al., 2013). Additionally, the same study
found that flies carrying the human AR-JP-linked SYNJ1 phosphatase domain mutant R258Q
hindered SYNIJ1-dependent dephosphorylation of PI3P and PI(3,5)P>, while not affecting
P1(4,5)P; levels (Vanhauwaert et al., 2017). Thus, PI3P/P1(3,5)P> homeostasis may link SYNJ1
and VAC14 functions. VAC14 interacts with TBC1D15 and members of the autophagy-lysosome

pathway (Schulze et al., 2014), potentially pointing to a function of these PIPs in mitophagy
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(Yamano et al., 2014) or, conversely, implicating the endolysosomal system in the maintenance of
mitochondria-ER contact. The functions of multiple AR-JP genes may therefore converge on
interorganellar contacts between mitochondria and the ER.

Finally, one aspect of PD that was omitted from the “cornerstones of PD” (Fig. 1.2) is the
involvement of immunity pathways. Inflammation occurs within the SNpc of PD patients (Mosley
et al., 2012), which harbours the highest density of microglia within the mammalian brain (Kim et
al., 2000). Accordingly, highly-pathogenic influenza has been shown to cause parkinsonism via
the death of SNpc DAergic neurons (Henry et al., 2010; Jang et al., 2012; Jang et al., 2009), and
encephalitis lethargica — which affects the DAergic system and is apparently treatable with
levodopa (Sacks, 1983) — has been proposed to be a post-infection autoimmune disorder as,
similarly to PD patients, autoantibodies against basal ganglia antigens have been detected in
patient cerebral spinal fluid (Dahlstrom et al., 1990; Dale et al., 2004; Kunas et al., 1995; McRae-
Degueurce et al., 1988). More recently, circulating autoantibodies against a-synuclein in PD
patients were described (Sulzer et al., 2017), pointing to the idea of PD as an autoimmune disease.
Indeed, DAergic neurons are capable of expressing major histocompatibility complex class I and
are sensitive to cytotoxic T cells (Cebrian et al., 2014). Loss of PARKIN activates innate immune
pathways in Drosophila (Greene et al., 2005), and parkin and PINK1 were recently shown to
suppress mitochondrial antigen presentation (MitAP), which occurs via an MDV pathway that acts
to present exogenous and autoantigens from mitochondria on the cell surface (Matheoud et al.,
2016). While this was linked to parkin-dependent ubiquitination of MitAP effectors (Matheoud et
al., 2016), modulation of mitochondria-ER contact through PINK1/parkin may also play a role, as
this interorganellar junction has been shown to play an important role in immune responses

(Horner et al., 2011; Subramanian et al., 2013; Zhou et al., 2011).
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In summary, understanding the interactions between various PD pathways will likely
provide the key to understanding disease pathogenesis and point to a cure. To cite two recent
examples, phenotypes of iPSC-derived DAergic neurons from PARKIN and PINKI patients
included both mitochondrial dysfunction and a-synuclein accumulation (Chung et al., 2016), a
result replicated in neurons lacking TMEM175 (Jinn et al., 2017), a gene associated with PD by a
genome-wide association study (Nalls et al., 2014). Globally, I have made the point that these
pathways may converge on communication between mitochondria and the ER, an emergent
property of which is the maintenance of mitochondrial function by the parkin/PINK1 pathway. I
believe the work presented within the pages of this thesis represents a small but significant advance
within the fields of PD research and mitochondrial biology, and perhaps as importantly, has

hopefully emphasized the extraordinary role of the cell’s powerhouse.
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