Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for an
advanced degree from Emory University, | hereby grant to Emory University and its
agents the non-exclusive license to archive, make accessible, and display my thesis or
dissertation in whole or in part in all forms of media, now or hereafter known, including
display on the world wide web. I understand that I may select some access restrictions as
part of the online submission of this thesis or dissertation. I retain all ownership rights to
the copyright of the thesis or dissertation. I also retain the right to use in future works

(such as articles or books) all or part of this thesis or dissertation.

Signature:

Dana Val Shaw Fallaize Date



Mitochondrial regulation in health and neurodegenerative disease
By
Dana Val Shaw Fallaize
Doctor of Philosophy

Graduate Division of Biological and Biomedical Sciences
Microbiology and Molecular Genetics

Lih-Shen Chin, Ph.D. Lian Li, Ph.D.

Advisor Co-advisor

Victor Faundez, M.D, Ph.D. Daniel Kalman Ph.D.
Committee Member Committee Member
Martin Moore, Ph.D. Keith Wilkinson, Ph.D.
Committee Member Committee Member

Elizabeth Wright, Ph.D.
Committee Member

Accepted:

Lisa A. Tedesco, Ph.D.
Dean of the James T. Laney School of Graduate Studies

Date



Mitochondrial regulation in health and neurodegenerative disease

By

Dana Val Shaw Fallaize
Bachelor of Arts, Molecular Biology, Colgate University, 2007

Advisors: Lih-Shen Chin Ph.D. and Lian Li Ph.D.

An abstract of

A dissertation submitted to Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

Graduate Division of Biological and Biomedical Sciences
Microbiology and Molecular Genetics Program
2014



Mitochondrial regulation in health and neurodegenerative disease

By: Dana Val Shaw Fallaize

ABSTRACT

Mitochondria are responsible for energy production, calcium buffering, and the
regulation of cell death. Mitochondrial dysfunction due to genetic mutations or
environmental insults results in the inability to respond to energy needs, accumulation of
oxidative stress, cell dysfunction, cell death, and disease. In this study, we examined the
role of two proteins, PINK1 and Mgrnl and their roles in neuroprotection.

Using structured illumination microscopy (SIM), we determined that PINK1 was
dual targeted to separate regions of the mitochondria responding to mitochondrial health.
We also observed Parkinson’s disease linked mutants of PINK1 have aberrant
submitochondrial targeting and fail to recruit parkin to damaged mitochondria in neurons.

We determined that loss of Mgrnl might regulate mitochondrial dynamics. Our
data show that loss of Mgrn1-mediated ubiquitination results in mitochondrial
fragmentation, accumulation of damaged mitochondria, and increased susceptibility to
oxidative stress induced cell death, which may contribute to pathogenesis of spongiform
neurodegeneration.

Together the findings presented in this dissertation reveal novel insights into the
regulation of mitochondrial dynamics and health related to neurodegenerative diseases.
We determined that Mgrn1l may regulate mitochondrial dynamics in response to age-
related stresses and PINK1 functions as a molecular switch to trigger two separate

signaling cascades related to protection from mitochondrial dysfunction.
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CHAPTER

INTRODUCTION AND BACKGROUND



OPENING REMARKS

Mitochondria are essential organelles that carry out important cellular functions
including energy production, calcium buffering, and regulation of apoptotic cell death [1].
Mitochondrial functions and dynamics are tightly controlled processes and dysregulation
of these activities is linked to several diseases including cancer, autoimmune disorders,
and neurodegenerative diseases. Both genetic and environmental exposure to toxins can
result in mitochondrial dysfunction and neurodegenerative diseases. Better understanding
of the functions and dysfunctions of the proteins regulating mitochondrial health will
provide novel insights into the pathogenesis of neurodegenerative diseases.

PINKI is a mitochondrially-localized kinase and loss-of-function mutations result
in early onset Parkinson’s disease (PD) [2,3]. PINK1 has two previously characterized
substrates: the E3 ubiquitin protein ligase parkin [4] and the mitochondrial chaperone
TRAPI [5]. Dysregulation of PINK1-mediated phosphorylation has been implicated in
mitochondrial dysfunction, neuronal dysfunction, cell death, and disease [6-8]. The
spatiotemporal dynamics of PINKI1 signaling is highly debated and clarification of its
localization is critical to understanding PD pathogenesis and mitochondrial quality
control.

Loss of the E3 ligase, Mahogunin RING finger 1 (Mgrnl), results in age
dependent spongiform neurodegeneration in mice [9]. Mgrnl deficient mice exhibit
mitochondrial dysfunction and accumulation of reactive oxygen species (ROS) preceding
the onset of spongiform neurodegeneration, implicating mitochondrial dysfunction as an
underlying cause of spongiform neurodegeneration in these animals [10]. This study is

the first to identify a mitochondrial role for Mgrnl. Experiments described in the



following chapters investigate the roles of PINK1 and Mgrnl in regulating mitochondrial
signaling, dynamics, and health. These results yield important insights into mitochondrial
quality control and how dysfunctions in these processes may lead to neurodegenerative

diseases.

MITOCHONDRIA

Mitochondria are important cellular organelles that, in addition to functioning in
cellular respiration, play an integral role in calcium buffering [11] and cell death [12].
Loss of mitochondrial function causes accumulation of toxic reactive oxygen species
(ROS) leading to protein, organelle, cellular dysfunction, and eventually cell death.
Errors in mitochondrial signaling have been strongly implicated in the pathogenesis of
diseases including many neurodegenerative disorders such as PD, Alzheimer’s disease
(AD), prion diseases, Amyotrophic lateral sclerosis (ALS), and Huntington’s disease [13]
[14]. Understanding mitochondrial function and the consequences of mitochondrial

dysfunction will provide novel insights to understand disease pathogenesis.

Structure

Mitochondrial functions are heavily compartmentalized allowing multiple
processes to take place in different regions of the mitochondria [15]. Alterations in
mitochondrial ultrastructure or incorrect targeting of proteins within the mitochondrial
subcompartments can cause defects in mitochondrial signaling and activity. Mitochondria

are double membraned organelles and the two mitochondrial membranes separate the



aqueous compartments (Fig 1). The outer mitochondrial membrane OMM separates the
mitochondria from the cellular cytosol, while the inner mitochondrial membrane (IMM)
divides the mitochondrial aqueous compartments into the intermembrane space (IMS)
and the mitochondrial matrix. The IMM folds back and forth to create the mitochondrial
cristae, providing increased surface area for the electron transport chain ETC, which is
imbedded in the IMM. The cristae junction divides the IMM and IMS into two distinct
domains. The section of the IMM that parallels the OMM is called the inner boundary
membrane, while the section perpendicular to the OMM and within the cristae fold is the
cristae membrane. The region of the IMS between the IMM and OMM is the peripheral
intermembrane space. The region between the cristae folds is called the intercristae space,
where cytochrome c, part of the ETC and an essential signaling component of apoptosis,
is localized under normal conditions (Fig. 1) [17].

Although mitochondria contain their own DNA, the mitochondrial genome
(mtDNA) only contains genes for 13 polypeptides. The 13 mtDNA-encoded proteins are
components of the ETC oxidative phosphorylation (OXPHOS) system and are translated
on mitochondrial ribosomes. The remaining mitochondrial proteins, including other
protein components required for OXPHOS, are encoded by nuclear DNA, transcribed on
cytosolic ribosomes and transported to and/or imported into the mitochondria. Many of
these proteins contain a mitochondrial targeting sequence (MTS), which is cleaved once
the protein enters the mitochondrial matrix. Proteins can also localize to mitochondria
through interacting with mitochondrial membranes or other mitochondrial proteins.
Protein localization within the mitochondria is essential to mitochondrial signaling and

activity.



FUNCTIONS OF THE MITOCHONDRIA

Cellular respiration

Mitochondria are the essential organelles for OXPHOS, or the process in which
the majority of cellular energy is produced. Mitochondria generate energy via the ETC
from glucose and fats through the TCA cycle and b-oxidation, respectively. Hydrogen
derived from consumed food is oxidized, creating ATP. Briefly, electrons are passed to
electron acceptors of increasing strength and release energy with each exchange.
Electrons are transferred from NADH + H' to NADH dehydrogenase (complex I) or from
succinate to succinate dehydrogenase (complex II). Electrons are then passed to
ubiquinone, a mobile carrier, reducing ubiquinone into ubiquinol, which can freely
diffuse through the membrane. Ubiquinol then transfers electrons to cytochrome bc;
complex (complex III). Cytochrome bc; passes electrons to another mobile carrier,
cytochrome ¢, which transfers electrons to cytochrome ¢ oxidase (complex IV). Finally,
electrons are transported to O, to produce H,O. The energy produced by the free flow of
electrons down the ETC is coupled to pump electrons through complexes I, II, and IV
against their concentration gradient into the IMS, creating an electrochemical gradient.
The energy produced from protons flowing back into the matrix from the IMS via ATP
synthase (Complex V) is harnessed to combine adenosine diphosphate (ADP) and free

phosphate to form ATP.



Defects in the ETC result in the inability to respond to energy demands and
increased production of ROS. Specifically, inhibition of complex I and complex III have
been shown to increase ROS production [18,19]. Reduced ATP production can result in

increased susceptibility to cell death and neurodegeneration [20,21].

Calcium buffering

Mitochondria are key regulators of intracellular Ca*" [22]. Ca*" is an important
second messenger involved in signaling for cell migration, neuronal transmission, muscle
contraction, cell growth, and synaptic plasticity. Mitochondria can rapidly take up and
slowly release Ca>" providing control over Ca®" levels in the cell and consequently
mediate cellular responses [23]. Because mitochondria regulate intracellular Ca”" levels,
mitochondrial dysfunction can result in Ca*" imbalance affecting multiple cell processes
that rely on Ca®" signaling. Additionally, mitochondrial Ca®" levels are also critical to
OXPHOS and the stimulation of ATP synthase [24]. Ca®" is taken up by mitochondria
through the mitochondria Ca®" uniporter (MCU) which transports Ca’" against the
electrochemical gradient created by the ETC (reviewed in [25]) (Fig. 1). Mitochondrial
Ca”" buffering regulates the activity of Ca® channels [26]. Ca®" flux into the mitochondria
is dependent on mitochondrial membrane potential [27]. Ca”" can leave the mitochondria
via the permeability transport pore [28].

Ca’" signaling is particularly important for neurons. Ca>" levels are closely tied to
neuronal functions such as neuronal transmission and synaptic plasticity [29,30]. As

neurons age, their ability to buffer Ca®>" + is reduced, resulting in increased intracellular



Ca’" levels. Increased intracellular Ca*" can result in aberrant signaling, accumulation of
ROS, mitochondrial dysfunction, and apoptosis. In addition, the complicated architecture
of neurons coupled with the large energy needs at distal regions of the neuron
underscores the necessity of Ca>" sensing for mitochondrial distribution in neurons.
Defects in of Ca’" signaling has been implicated in the pathogenesis of
neurodegenerative disorders [31]. As mitochondria are critical regulators of Ca*"
buffering, mitochondrial dysfunction can result in increased concentrations of
intracellular Ca®*, improper calcium signaling in the regulation of enzymatic activity,
increased ROS production, oxidative stress, and apoptosis (reviewed in [32]). This has
led to the development of the Ca® hypothesis in brain aging. Altered Ca’" levels are
sufficient to cause neuronal cell death and neurodegenerative disease [33,34]. Because
Ca*" buffering and signaling are intrinsically linked to mitochondrial function, errors in

Ca” handling can further insult mitochondria and affect cell function and survival.

Apoptosis

Mitochondria are integral to the initiation of intrinsic apoptosis. Mitochondria
sense various types of cellular damage including DNA damage, chemotherapeutic agents,
UV radiation, and starvation and initiate apoptotic signaling. A complicated cascade of
signaling events, involving mitochondrial proteins, tightly regulates apoptosis.
Abnormally increased activation of the apoptotic cascade is associated with
neurodegenerative diseases [35,36], suggesting dysregulation of anti-apoptotic factors in

disease pathogenesis.



BH3-only proteins and Bcl-2 proteins are positive and negative regulators of
apoptosis, respectively [37]. Bax/Bak can be either directly [38] or indirectly [39]
activated via BH3-only proteins. Bax then translocates from the cytosol to mitochondria
[40,41]. Truncated Bid (tBid) translocates to mitochondria to initiate Bax OMM insertion,
cause membrane permeabilization, and trigger cytochrome c release into the cytoplasm
[42]. Cytochrome ¢ binds to apoptotic protease-activating factor 1 (Apaf-1) to form a
complex that cleaves and activates the initiator caspase 9. Caspase 9 then activates
caspases 3 and 7. These activated caspases then go on to promote cell death via various
mechanisms including the degradation of DNA [43,44]. Each step of the apoptotic
signaling cascade has positive and negative regulators, and an imbalance in these signals

can lead to cell death and disease.

CONSEQUENCES OF MITOCHONDRIAL DYSFUNCTION

Mitochondrial dysfunction is heavily implicated in aging, which is the greatest
risk factor for developing neurodegenerative diseases [45-47]. Reduction in
mitochondrial function results in the inability to respond to energy requirements of the
cell, aberrant Ca®" signaling, and improper cell death signaling. In addition to altered or
reduced mitochondrial functions, mitochondrial dysfunction also results in the production
of toxic ROS that can affect other cellular systems. Increased oxidative stress can affect
organelle function such as mitochondria and lysosomes, and also affect protein, lipid, and
nucleic acid integrity and function.

Neurons are particularly sensitive to mitochondrial dysfunction, which

underscores the role of mitochondrial dysfunction in the pathogenesis of



neurodegenerative diseases. Unlike other cell types that can be replaced through cell
division, neurons are post mitotic and non-regenerative. This places increased importance
on mechanisms of intracellular signaling that maintain mitochondrial health. Neurons
rely strongly on mitochondrial respiration because they have limited capacity for
glycolysis [48,49]. In addition, neurons require large amounts of energy; therefore, they
have higher rates of respiration and thus, increased rates of ROS production. Although
the brain only makes up 2% of human body weight, it consumes 25% of the oxygen,
emphasizing the critical role of mitochondrial respiration in the central nervous system
(CNS) [50]. Another complication of neuronal biology in respect to mitochondrial
function is that the highly polarized and elongated architecture of neurons creates
challenges in mitochondrial trafficking. In neurons, mitochondria are formed de novo in
the perinuclear region around the cell body in neurons, yet there are high-energy demands
at distal regions of the neurons such as at axon terminals and dendritic spines [34,51].
Presynaptic and postsynaptic densities require large amounts of energy to release and
accept synaptic vesicles and failure of mitochondria to traffic to the synapse results in
synaptic dysfunction and neuronal death [52]. Mitochondria are required for neurite
outgrowth and growth cone motility during development [53]. Mitochondria must be
transported to these areas with high-energy needs for the neuron to function properly, and
axons can be up to a meter long. Mitochondrial trafficking defects result in the inability
for mitochondria to get to regions of the neuron requiring large amounts of energy,
resulting in neuronal dysfunction and death. Due to the strong dependence on
mitochondrial function, mitochondrial dysfunction is commonly associated with

neurodegenerative diseases.
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The role of oxidative stress in aging and disease

Mitochondrial dysfunction is frequently accompanied by the accumulation of
ROS and oxidative stress, which are implicated in neurodegenerative disease
pathogenesis (Fig. 2). The “oxidative stress theory of aging” or the “free radical theory of
aging” states that ROS accumulation causes oxidation of proteins, lipids, and nucleic
affecting their function(s) over time, contributing to aging. The rate of oxidative damage
accumulation is inversely correlated with the maximum life span of mammals [54-56].
Since mitochondria are the major source of endogenous ROS, mitochondrial dysfunction
is strongly implicated in the oxidative stress theory of aging. ROS are defined as a group
of extremely reactive molecules containing oxygen and accumulation of ROS can be
deleterious to multiple cellular processes. Increased rates of ROS production or decreased
rates of metabolism will result in accumulation of oxidative stress. Because aging is
currently the largest risk factor in for the development of a neurodegenerative disease and
patients and animal models of neurodegenerative diseases frequently exhibit signs of
oxidative stress, the oxidative stress theory of aging is heavily implicated in the
pathogenesis of neurodegenerative diseases.

Accumulation of ROS can have several deleterious effects on the CNS. Decline in
cognitive function is strongly associated with oxidative stress [57,58]. Oxidative stress
can result in the oxidation of proteins, lipids, and nucleic acids, affecting their cellular
functions. Protein oxidation results in protein misfolding, aggregation, and proteasomal

inhibition. Lipid peroxidation occurs through the interaction of polyunsaturated fatty
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acids and free radicals to produce several byproducts. Lipid peroxidation can affect other
cellular systems including the proteasome, mitochondria, protein function, neuronal
function, and apoptosis [59-63]. Oxidation of nucleic acids can result in errors in
transcription and translocation. Oxidative stress can induce proinflammatory signaling in
the brain, leading to inflammation and cell death [64,65]. In neurons, ROS affects
myelination due to its high lipid to protein ratio [66]. Oxidative stress can cause synaptic
defects, loss of synaptic plasticity, and synaptic degeneration [67]. ROS production from
damaged mitochondria can further damage preexisting healthy mitochondria [68-70].
Taken together, oxidative stress can be very deleterious to the structure and functions of
nervous tissue.

The redox status in the cell is a balance between ROS production and reduction or
degradation of oxidized products [71]. Superoxide and hydrogen peroxide (H,O;) are
produced as a normal byproduct of the ETC, and the processes that neutralize these
molecules are not always efficient. Damaged mitochondria produce increased rates of
ROS compared to normal mitochondria via complex I or III dysfunction [72,73].
Exogenous ROS can result from exposure to pollutants, toxins, and radiation. Antioxidant
systems exist within the cell to combat accumulation of ROS. Superoxide dismutases
(SODs) break down the superoxide anion into oxygen and hydrogen peroxide.
Peroxiredoxins catalyze the reduction of hydrogen peroxide, organic hydroperoxides, and
peroxynitirites. Catalases convert hydrogen peroxide into water and oxygen. Thioredoxin
and glutathione function as protein disulfide reductases. Small molecule antioxidants
such as ascorbic acid (vitamin C), tocopherol (vitamin E), uric acid, and glutathione also

play a role in reducing ROS. In addition, polyphenol antioxidants scavenge free radicals
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[74]. The existence of several antioxidant systems in the cell indicates the need to reduce
ROS levels. Imbalances in the generation and metabolism of ROS and oxidized products
result in cell dysfunction and death, and are heavily implicated in neurodegenerative

disease pathogenesis.

The role of mitochondrial DNA in aging and disease

Defects in mitochondrial DNA (mtDNA) have also been heavily implicated in
aging and neurodegeneration. Mitochondrial dysfunction triggered by mutations in or
oxidation of mtDNA has been shown to increase with age and in models of
neurodegenerative diseases [75-78]. Since mtDNA mostly codes for components of the
ETC, mutations in mtDNA frequently affect rates of mitochondrial respiration [79].
Mitochondrial respiratory activity decreases with increased oxidation of mtDNA and
increased mutation rate [80]. Mutations in mtDNA have been shown to lead to defects in
the CNS and peripheral nervous system (PNS) [81-83]. Mutations in mtDNA or
oxidation of mtDNA have been implicated in neurodegenerative diseases such as PD and
AD [84-87]. Polymorphisms in mtDNA have been shown to predispose patients for
neurodegenerative diseases [88].

Defects in mtDNA are strongly implicated in the pathogenesis of age dependent
neurodegenerative disorders. Although mitochondria have several mechanisms for
mtDNA repair including base excision repair, mismatch repair, and oxidized DNA
processing, they cannot always efficiently repair defects in mtDNA [89,90]. As the

activity of the mitochondrial DNA repair machinery decreases with age, the mtDNA
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mutation rate increases with age [91]. This results in age-dependent accumulation of
mtDNA mutations and mitochondrial defects [84,92]. Knockout mice for mtDNA
polymerase have an increased rate of mtDNA mutations and experience premature aging,
supporting a role in mitochondrial dysfunction from mtDNA mutations in aging [93].
Mutations in nuclear DNA encoded proteins that affect mtDNA replication are also
implicated in mitochondrial dysfunction and neurodegenerative diseases [82]. Loss of the
mitochondrial transcription factor TFAM results in reduced copy number of mtDNA,
reduced ETC activity, and neuronal cell death [94]. Mice devoid of TFAM expression
develop seizures and neurodegeneration [95].

Mitochondrial DNA is exceptionally sensitive to oxidation, which leads to defects
in mitochondrial protein transcription and translocation, mitochondrial dysfunction, aging,
and neurodegeneration [96,97]. Because mtDNA is not protected by histones, mtDNA is
more susceptible to oxidative damaged compared to nuclear DNA [98]. Additionally,
because mtDNA resides in the mitochondrial matrix and the majority of cellular ROS is
generated by the mitochondria on the IMM, the close proximity of mtDNA to the source
of ROS increases the chances for DNA oxidation. MtDNA promoter oxidation results in
reduced expression of mitochondrial genes and has also been implicated in reduced
transcription factor binding, transcription of mitochondrial genes, mitochondrial

respiration, and mitochondrial dysfunction [99].

MITOCHONDRIAL DYNAMICS
Because mitochondrial dysfunction is closely tied to cell death and disease and

mitochondria are particularly sensitive to oxidative insults, maintenance of mitochondrial
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health is important to cytoprotection, particularly in neurons. In order for mitochondria to
protect themselves against stress and respond to energy demands under various
conditions, a complex system of self-maintenance has evolved. Although the classical
textbook pictorial representation of mitochondria is a static bean-shaped structure,
mitochondria are in fact highly dynamic organelles that exist in a reticular network [100].
Mitochondria regularly undergo fission (breaking apart) and fusion (recombining) in
processes generally referred to as mitochondrial dynamics. Mitochondrial dynamics
regulate mitochondrial health in several ways including maintaining mtDNA, responding
to respiratory demands, responding to cellular stress, and initiation of apoptosis. Tight
regulation of these processes is required for maintaining homeostasis of the
mitochondrial network as well as overall proper cell function and health. Excess
mitochondrial fusion or reduction in fission results in an aberrantly elongated network.
Conversely, loss of fusion or overabundance of fission results in fragmented
mitochondria. Both hyperelongation and fragmentation of the mitochondrial network
both negatively affect mitochondrial function and cell health [101]. As mitochondrial
dynamics are linked to the life cycle, stress responses, and energy requirements of the cell,
dysregulation of mitochondrial dynamics can be highly deleterious. There are several
proteins identified in regulation of mitochondrial dynamics that will be discussed in the
following section. Post-translational modifications of these proteins have been shown to
regulate their activity.

Since mitochondrial fission and fusion are so important to mitochondrial function,
dysregulation of mitochondrial dynamics is frequently seen as an underlying cause of

disease. Neurodegenerative diseases such as HD, AD, PD, prion diseases, and ALS
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present with fragmented mitochondria and mitochondrial dysfunction [102]. Loss-of-
function mutations in fusion and fission proteins result in disease and defects in
embryonic development. Further understanding of the mechanisms controlling
mitochondrial dynamics and how they are altered in disease will provide novel insights

into disease pathogenesis.

Fusion

Mitochondrial fusion, or the joining of two individual organelles, mediates mixing
of the aqueous and membranous contents of the two fusing mitochondria. Defects in
mtDNA including mutations and oxidation of genes and promoters can be repaired
through mitochondrial fusion (reviewed in [103]). Mitochondrial fusion is required for
robust respiratory function and cytoprotective responses to stress [104-109]. Because
mitochondrial fusion is observed during times of stress, it is hypothesized that fusion is
important because it allows the complementation of mitochondrial proteins and DNA and
equal distribution of metabolites. Low levels of oxidative stress result in a
hyperelongated mitochondrial network, suggesting that fusion plays a role in protecting
mitochondria from oxidative stress [109,110]. Because fusion is assumed to repair and
dilute minor defects in mitochondria, fusion may serve as the first line of defense against
mitochondrial damage.

Mitofusins 1 and 2 (Mfnl and Mfn2), the major mediators in OMM fusion, form
homo-oligomeric and hetero-oligomeric coiled-coil complexes on opposing mitochondria

to ratchet the two mitochondria together [104,111,112]. Once mitochondria are closely
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juxtaposed, mitofusins initiate OMM fusion through GTPase activity [105,112-114].
After the OMMs have fused together, fusion of the two IMMs is mediated through
another GTPase, OPA1 [115]. Defects in the proteins regulating mitochondrial fusion
result in the accumulation of fragmented, damaged mitochondria [105].

Genetic defects in fusion proteins have been implicated in neurodegenerative
disease pathogenesis. Charcot-Marie-Tooth disease Type 2A (CMT2A), an inherited
sensory and motor neuropathy, results from loss of function mutations in Mfn2 [116-119].
Patients exhibit muscle weakness, pain, tingling in extremities, and sensory loss. Defects
in mitochondrial transport have also been implicated in Mfn2 associated CMT2A
pathogenesis, implicating a potential role of Mfn2 in mitochondrial trafficking [120].
Loss of Mfnl and Mfn2 in double knockout mice is embryonic lethal, and embryonic
fibroblasts from these mice exhibit a highly fragmented mitochondrial network [105].
Conditional knockout mice devoid of Mfn2 expression in the liver exhibit ER stress and
accumulation of ROS [121]. Hundreds of mutations in OPA1, mostly in the GTPase
domain, have been linked to optic atrophy type 1, the disease in which OPA1 received its
name [122-125]. In optic atrophy type 1, patients progressively lose retinal ganglion cells
and suffer eventual degeneration of the optic nerve and vision loss. While fibroblasts
from some optic atrophy patients exhibit fragmented mitochondrial morphology, others
exhibit normal mitochondrial morphology [16,126]. Mice deficient for OPA1 expression
die in utero indicating that Opal is required for development [127,128]. Mouse models
with mutations in OPA1 exhibit age dependent loss of retinal ganglion cells and

increased axonal degeneration of the optic nerve [129].
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Fission

Mitochondrial fission is the splitting of a single mitochondrion into two daughter
mitochondria. Fission is required for development [130], mitophagy, proper
mitochondrial distribution during cell division, and apoptosis [131,132]. Aside from
regulating the mitochondrial network, mitochondrial fission is implicated in the
segregation of damaged mitochondria from the rest of the network, so that they can be
cleared by mitophagy without spreading to the healthy mitochondrial pool.

Dynamin related protein 1 (Drpl), also referred to as dynamin like protein 1
(DLP1), mediates the fission of a mitochondrion into two separate and distinct
mitochondria. Recently, the ER was shown to mark the site of mitochondrion fission, and
mitochondria-ER contact is thought to be the initiating step in mitochondrial fission
[133,134]. Drpl resides in the cytosol under basal conditions and is recruited to
mitochondria at the fission site through docking on another protein, Fis1 or mitochondrial
fission factor (Mff) [135-137]. While the effect of Fisl expression on mitochondrial
morphology is mixed [136,138,139], depletion of Mff causes mitochondrial elongation
and overexpression results in fragmentation [139,140]. Drpl assembles in a ring shaped
structure around the mitochondrial tubule and constricts, pinching the mitochondrion into
two separate mitochondria [141]. Overexpression of Drpl in mammalian cells results in
fragmented, clustered mitochondria [135,142] and depletion of Drpl results in elongated,
tubular mitochondria and increased frequency of mtDNA mutations [143].

There is only a single report of a Drpl mutation in humans. An infant with a point
mutation in Drpl (A395D) died at 37 days of age and exhibited abnormal brain

development, optic atrophy, and lactic acidemia and defects in mitochondrial and
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peroxisomal fission [144]. When this mutation of Drpl is expressed in cell culture, cells
exhibit mitochondrial and peroxisomal defects, implicating these cellular defects in
neonatal lethality [145]. Loss of Drpl expression in mice is embryonic lethal and causes
defects in the synapse formaton [144]. Drpl deficient mouse embryos exhibited several
developmental defects including in the heart, liver, and neuronal systems. Fibroblasts
from these mice can be cultured in vitro and exhibit highly interconnected mitochondria

[144].

Posttranslational modifications regulate fission and fusion protein activity

Fission and fusion are regulated by phosphorylation, ubiquitination, sumoylation,
and nitrosylation. Drp1 is phosphorylated by several kinases at Ser616, Ser637, or Ser639
to either promote or downregulate its activity [146-151]. Phosphorylation of Ser616 or
Ser637 has been suggested to regulate interactions between Drpl and OMM proteins and
likely allows for Drpl docking [152]. Drpl is ubiquitinated by MarchS5 to initiate
mitochondrial division and March$ inactivation prevents mitochondrial fission [153,154].
Mulan-mediated sumoylation promotes mitochondrial fission in a Drpl dependent
manner [155]. While nitrosylation of Drpl does not affect its activity under normal
conditions, nitrosylation of Drpl mediates excessive mitochondrial fission in several
disease states [156-158]. Parkin mediated polyubiquitination of mitofusins regulates their
proteasomal degradation and mitochondrial fission in mitophagy [159,160]. Drpl is
SUMOylated during apoptosis in a Bak/Bax dependent manner as part of the apoptotic

cascade [161]. Mitofusins are ubiquitinated by parkin to promote mitophagy of damaged
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mitochondria [160]. Additional proteins that regulate the activity of mitochondrial fission
and proteins are being identified. Regulation of the activity of these proteins is especially
important to control their activity during and especially important in post mitotic cells

such as neurons.

Mitophagy

Mitophagy, or the autophagic degradation of mitochondria, is an essential cellular
mechanism to dispose of damaged mitochondria [162]. Loss of mitophagy results in the
accumulation of fragmented, damaged mitochondria and therefore, accumulation of ROS
[73]. The major players of the canonical mitophagy pathway are PD-linked proteins
PINK1 and parkin. Briefly, as mitochondria lose membrane potential as a consequence of
mitochondrial damage, PINK1 recruits parkin to damaged mitochondria [163-165] where
parkin ubiquitinates several OMM proteins including mitofusins leading to their
proteasomal degradation [166-168]. This triggers the recruitment of autophagy factors
such as p62 and LC3 to mitochondria [169,170]. Damaged mitochondria are then
engulfed by autophagic vesicles and delivered to lysosomes for degradation.

Neurons heavily rely on intracellular mechanisms for maintaining mitochondrial
homeostasis and consequently, defects in mitophagy can be extremely deleterious to
neurons. Turnover of damaged mitochondria is important to control the rates of ROS
production because damaged mitochondria are more prone to producing ROS. Defects in
mitophagy cause poor quality control of the mitochondria, accumulation of ROS, and cell

death and apoptosis [162,171]. PD-linked mutations in PINK1 and parkin result in loss
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of mitophagy, suggesting mitophagy is essential for neuronal function and survival [169].
Dysregulation of mitophagy is implicated in neuronal dysfunction and neurodegenerative

diseases.

NEURODEGENERATIVE DISEASES LINKED TO MITOCHONDRIAL

DYSFUNCTION

Mitochondrial dysfunction and neurodegeneration are closely intertwined due to
the high-energy requirements of neurons and heavy reliance on OXPHOS. Defects in
OXPHOS, such as complex I or complex III inhibition result in oxidative stress and cause
neurodegeneration in both humans and animal models. In addition, oxidative stress is
observed in many neurodegenerative diseases (reviewed in [172]). Defects in the
fission/fusion balance have been implicated in the pathogenesis of neurodegenerative
diseases such as PD, AD, HD, and ALS. Defects in mitophagy result in the accumulation
of damaged mitochondria, which has been strongly implicated in PD and AD
pathogenesis [173,174]. Taken together, these findings indicate that tight control of
mitochondrial activity and health is required for neuroprotection. Further understanding
into the mechanisms by which mitochondrial dysfunction leads to neurodegenerative
diseases will provide novel insights into disease pathogenesis. In the following section, I
will outline how mitochondrial dysfunction has been implicated in PD and spongiform

neurodegenerative diseases.



21

Parkinson’s disease (PD)

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
and the most common movement disorder [175-177]. PD affects approximately 1% of the
population over 60 and 5% of people over 85 years of age [178]. Pathologically, PD is
primarily characterized by the loss of dopaminergic neurons in the substantia nigra pars
compacta; however, neurodegeneration has been observed in other brain regions as well
[179-182]. The accumulation of protein aggregates, Lewy bodies, is the pathological
hallmark of PD. Although the causes behind Lewy body formation are unknown,
oxidation of proteins is implicated in this process [183]. The pathogenic mechanisms
underlying dopaminergic cell loss remain unclear, but mitochondrial dysfunction has
been strongly implicated in PD pathogenesis [184-189]. As the population in
industrialized nations including the U.S. is aging, the number of people affected by PD is
expected to grow substantially in the coming years.

Clinically, PD presents with resting tremor, bradykinesia, and an unsteady gait.
The vast majority (~90%) of PD cases are sporadic with no genetic history of PD, while
the remaining 10% are associated with heritable mutations. Both sporadic and familial
cases of PD are well documented to involve mitochondrial dysfunction in the underlying
pathogenesis of PD. Familial cases of PD are linked to mutations in 17 PARK genes,
some of which have been shown to have a mitochondrial function [190]. Mutations in
two PD-linked genes with roles in mitochondrial function, PINK1 and parkin, are the
leading mutations in genetic forms of PD [191]. The PARK genes DJ-1 and a-synuclein
have also been implicated to affect mitochondrial function. Environmental and sporadic

causes of PD have also been linked to mitochondria. PD patients exhibit reduced complex
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I activity [192-194] and toxins affecting mitochondrial respiration have been shown to
cause parkinsonism. Exposure to several pesticides that cause mitochondrial dysfunction
and oxidative stress is associated with increased incidence of PD and cause PD-like

symptoms in animal models.

PD genetics linked to mitochondrial dysfunction

1. PINK1

PINK1 (PARKSO) is a serine/threonine kinase that associates with mitochondria
via a mitochondrial targeting sequence. Mutations in PINK1 are linked to recessive forms
of early onset PD [195-197]. PINKI1 knockout mice exhibit reduced complex I activity,
increased ROS, and reduced ATP production, indicating that PINK1 is required for
proper mitochondrial function [6,191,198]. PINKI1 protects against oxidative stress
induced cell death and apoptosis in immortalized cells and neurons [5,199,200]. Loss of
PINKI1 has been associated with alterations in mitochondrial morphology [201] and
increased susceptibility to cell death [202].

Currently, PINK1 has two identified substrates of its kinase activity, TRAP1 and
parkin, both of which are implicated in mitochondrial health. PINK1 phosphorylates the
mitochondrial chaperone TRAPI in response to oxidative stress, and phosphorylated
TRAP1 protects against mitochondrial dysfunction and cell death [5,203,204].
Overexpression of TRAP1 rescues PINKI loss of function phenotypes such as
mitochondrial fragmentation and dysfunction in cellular and fly models suggesting

TRAPI functions downstream of PINK1 in mitochondrial protection [203,205]. TRAPI
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can rescue complex I inhibition, dopaminergic cell death, and a-synuclein induced
oxidative stress and cytotoxicity in rat cortical neurons [203,204]. Taken together, this
suggests that TRAP1 and PINKI1-mediated phosphorylation of TRAPI is essential for
maintaining mitochondrial function, protection against mitochondrial stressors, and
neuroprotection.

PINK1 also phosphorylates the E3 ubiquitin protein ligase parkin to recruit parkin
to damaged mitochondria to initiate mitophagy. PINK1 expression and kinase activity are
both required for parkin recruitment [206]. PINK1 binds tightly with parkin to recruit
parkin to the OMM and phosphorylation of PINK1 is required for the activation of parkin
E3 ligase activity [164,207-211]. PD-linked mutations in PINK1 fail to recruit parkin to
mitochondria or stimulate mitophagy, suggesting loss of PINK1/parkin mitophagy may

be an underlying cause of genetic forms of PD [207].

2. Parkin

Parkin is an E3 ubiquitin-protein ligase encoded by the PARK?2 locus. Mutations
in parkin make up 50% of the genetic cases of PD [212]. Loss-of-function mutations in
parkin result in autosomal recessive early onset PD [213,214]. Parkin deficient mice
exhibit mitochondrial dysfunction suggesting that parkin is implicated in maintaining the
overall health of the mitochondrial network [215]. In particular, parkin has been
implicated in cellular regulation of autophagy and mitophagy through the ubiquitination
of disease linked misfolded proteins [216] and OMM-localized proteins [166,217],
respectively. Parkin is recruited to damaged, depolarized mitochondria to initiate

mitophagy or the autophagic degradation of these damaged mitochondria [163]. Parkin-
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mediated ubiquitination of OMM-localized proteins leads to their proteasomal
degradation. Disease linked mutations in parkin result in loss of mitophagy and
accumulation of damaged mitochondria [164,207]. Parkin rescues mitochondrial defects
caused by PINKI, suggesting that parkin acts downstream in maintaining mitochondrial

homeostasis [7,218,219].

3. a-synuclein

PARK1/4 encodes a-synuclein, and while its function is poorly understood, a-
synuclein may play a role in synaptic vesicle maintenance. Disease linked mutations of a-
synuclein are prone to misfolding and aggregation and are a major component of Lewy
bodies in both genetic and sporadic forms of PD [220,221]. The mechanisms by which a-
synuclein accumulates are not well understood. A-Synuclein localizes to the cytosol,
mitochondria, and ER-mitochondrial contact sites [222-227]. A-Synuclein may promote
mitochondrial fission since it is localized to ER-mitochondrial contact sites where
mitochondrial fission is initiated and overexpression of wild type a-synuclein caused
mitochondrial fragmentation [133,228]. Mitochondrial association of a-synuclein
correlates with increased oxidative stress and reduction of mitochondrial function,
suggesting a mitochondrial role of a-synuclein mediated PD pathogenesis [226,229].
Overexpressing PD-linked mutants of a-synuclein leads to mitochondrial defects and

increased susceptibility to cell death [230-232].
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4.DJ-1

DJ-1 is encoded by the PARK7 gene and mutations in DJ-1 result in autosomal
recessive early onset PD [233]. DJ-1 is partially localized to mitochondria; however, the
precise mitochondrial role of DJ-1 has yet to be defined [234]. DJ-1 depletion is
associated with mitochondrial fragmentation and increased mitochondrial Ca®" levels,
suggesting DJ-1 has a role in maintaining mitochondrial homeostasis [235]. Loss of DJ-1
1s associated with increased ROS levels [236]. Mild oxidation of DJ-1 results in
activation of its protease activity, which confers cytoprotection to the cell, suggesting DJ-
1 may sense and protect neurons from oxidative damage [237]. PD-linked mutations in
DJ-1 result in loss of protease activity and cytoprotection [237]. Although the particular
function of DJ-1 at mitochondria is not well defined, the role of DJ-1 in protection from
oxidative stress induced cell death suggests a mechanism of cytoprotection during

mitochondrial dysfunction.

Environmental causes of PD

Since a very small population of those affected by neurodegenerative diseases,
including PD, are genetically inherited, it is important to elucidate the underlying
mechanisms that can result in sporadic cases of PD. Exposure to various environmental
toxins can result in mitochondrial dysfunction and is associated with an increased risk for
developing a neurodegenerative disease. Animal models exposed to these compounds

recapitulate major aspects of PD. Several chemicals that induce mitochondrial
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dysfunction via complex I inhibition cause parkinsonism and is used in animal models of
PD, underscoring the role of mitochondrial dysfunction in PD pathogenesis.

The compound 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) caused PD-
like symptoms in young drug users exposed to MPTP as a drug impurity [238]. Since
then, MPTP has been well established as an acute toxicant model of PD. MPTP crosses
the blood brain barrier and is metabolized into MPP+ which is taken up specifically by
dopaminergic neurons via the dopamine transporter; therefore, only dopaminergic
neurons are affected by MPP+ exposure [239]. MPP+ inhibits complex I of the ETC
resulting in elevated ROS production [240,241]. Nonhuman primates given MPTP
exhibit many of the clinical and pathological hallmarks of PD such as loss of
dopaminergic neurons, bradykinesia, and rigidity [242-246]. Mice exposed to MPTP also
exhibit degeneration of dopaminergic neurons, but the level of sensitivity is dependent on
the particular strain and age of the animal [247,248]. Interestingly, MPTP treated animals
and MPTP exposed humans do not develop the intracellular protein inclusions typical of
PD [180], which may be because of the rapid onset of disease. Genetic models of PD
exhibit increased susceptibility to MPTP further confirming both genetic links and
mitochondrial dysfunction to PD [249,250].

Rotenone is a widely used insecticide that easily crosses the blood brain barrier
and bioaccumulates in lipids [251]. Rotenone inhibits complex I by binding the
ubiquinone binding site of NADH hydrogenase, preventing the transfer of electrons.
Compared to MPTP models, acute treatment with rotenone has little effect on producing
PD symptoms, only when animal models are chronically dosed with rotenone do PD-like

symptoms develop [252]. Rotenone inhibits complex I in all regions of the brain causing
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widespread neurodegeneration, unlike MPTP which only affects dopaminergic neurons.
Rotenone animal models exhibit striatal oxidative damage, typical PD protein inclusions,
and degeneration of the nigrostriatal pathway [252,253]. Rats exposed to rotenone exhibit
similar clinical signs of PD patients including slow movements, rigidity, resting tremor,
and altered posture [253]. Rotenone treated neurons exhibit increased susceptibility to
oxidative damage and cytotoxicity [254,255].

Paraquat is a widely used naturally occurring herbicide in which exposure causes
increased risk for developing PD [256,257]. Because of structural similarities between
paraquat and MPTP, paraquat has been hypothesized to also inhibit complex I [258].
However, unlike MPTP, paraquat passes the blood brain barrier via neutral amino acid
transport into striatal neuronal cells. Exposure to paraquat results in the PD-typical
degeneration of dopaminergic neurons in the substantia nigra and typical PD-associated
protein inclusions [259]. Paraquat-treated Drosophila models also show loss of
dopaminergic neurons, and PD genetic models exhibit increased susceptibility to

paraquat-induced neurotoxicity [260].

Human spongiform neurodegenerative disorders

Spongiform neurodegeneration is the hallmark of prion diseases and is also seen
as a pathological consequence of AD, diffuse Lewy body disease, human
immunodeficiency virus (HIV) associated encephalitis, and lysosomal storage disorders.
Spongiform neurodegeneration is characterized by intracellular and extracellular

vacuolation of tissue along with neuronal and glial cell death. Since a range of diseases
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can cause similar tissue pathology, it suggests that a common mechanism may be
involved in the pathogenesis of spongiform neurodegeneration. Mitochondrial
abnormalities and dysfunction and increased oxidative stress have been observed occur

prior to onset of disease.

1. Alzheimer’s disease (AD)

AD, currently the 6" leading cause of death in the United States, is the world’s
most common neurodegenerative disorder and is characterized by progressive dementia
[261]. AD causes loss of neurons and synapses in the cerebral cortex and other regions of
the brain resulting in shrinkage and loss of brain mass in AD patients. In patients, a
reduction in cortical thickness correlates to the degree of dementia [262]. Genetic mouse
models of AD exhibit defects in dendritic spines and synapses [263]. There is a large
correlation between mitochondrial dysfunction, loss of synapses and dendritic spines, and
the cognitive decline seen in AD patients [264]. In addition, AD patients exhibit
mitochondrial dysfunction and oxidative stress prior to disease onset, indicating a
potential causal relationship [265-267]. Taken together, mitochondrial dysfunction and
oxidative stress are indicated in cellular and tissue pathology and behavioral symptoms of
AD.

Pathologically, postmortem AD brain presents with intracellular neurofibrillary
tangles (NFT) and extracellular amyloid plaques that accumulate in affected areas of the
brain, and both of these pathogenic structures can result in mitochondrial dysfunction
[268-270]. Tau localizes to microtubules and is involved in the axonal transport of

organelles including mitochondria [271]. Hyperphosphorylated, aggregated tau can
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dissociate from microtubules and block mitochondrial transport [272,273]. Mitochondrial
dysfunction can also lead to tau hyperphosphorylation, creating a toxic positive feedback
loop [274,275]. Hyperphosphorlyated tau interacts with Drpl, suggesting a mechanism
by which tau can affect mitochondrial dynamics [276].

Genetic causes of AD have been linked to mitochondrial dysfunction. Ab and the
amyloid precursor protein are both localized to mitochondria in mitochondrial import
channels [265,277]. Mitochondrial association of Ab is associated with mitochondrial
dysfunction in AD patient brains and cell culture models [266,278]. Presenillin genes,
also implicated in AD, code for the catalytic subunit of g-secretase and are involved in
the cleavage of APP into Ab [279,280]. PS-1 and PS-2 localize to mitochondria
[281,282] and mitochondria-associated-ER ~ membranes [283,284] and affect
mitochondrial respiration and mitochondrial membrane potential [285]. AD genetic
mouse models exhibit mitochondrial defects that precede the development of
neurodegeneration [285-287], further supporting a role of mitochondrial dysfunction in

AD pathogenesis.

2. Prion diseases

Prion diseases, or transmissible spongiform encephalopathies, are caused by
misfolding of the prion protein (PRNP). Although the propagation of pathogenic prion
isoforms has been studied extensively, the cellular mechanisms by which prion
misfolding causes spongiform neurodegeneration occurs remains unclear. Human prion
diseases include Creutzfeldt-Jakob disease (CJD), Kuru, Gerstmann-Straussler-Scheinker

syndrome (GSS), and Fatal Familial Insomnia [288] [105,288]. Each disease has
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strikingly different clinical presentations, but all display widespread spongiform change
throughout the brain and neuronal and glial cell death. Prion diseases are rapidly
progressive, untreatable, cause dementia, and are ultimately fatal.

Healthy prion (PrP®) maintains an a-helical conformation, while the pathogenic
“scrapie” form (PrP*) results from a conformational switch into a b-sheet and misfolds
and aggregates. PrP* serves as a template for misfolding of additional PrP®. Initial
exposure to PrP* can be caused by an inherited mutation, de novo mutation, or ingesting
prion-infected tissue. In addition, there have been several reported cases in which people
have contracted prion diseases through surgical procedures with contaminated equipment
[289].

Increased oxidative stress is observed in patients with prion diseases and animal
models of prion diseases [290,291]. In addition, oxidation of PrP® has been implicated in
pathogenic prion misfolding (reviewed in [292]). Extensive oxidative damage to nucleic
acids correlates with disease progression, PrP* deposition, and neuronal cell death
[290,293]. Mouse models of prion diseases exhibit protein and lipid oxidation, reduced
SOD and glutathione peroxidase activity, reduced metabolism of free radicals, and
reduced ATP output [294-297]. Oxidative stress has been shown to lead to further
mitochondrial dysfunction in scrapie-infected mice, resulting in a positive feedback loop
[298].

PrP® may have antioxidant functions; therefore, loss of PrP° through the
conformational switch to PrP* may contribute to prion-associated oxidative stress. PrP°
antioxidant activity is dependent on copper binding, and infection with PrP* decreases

copper binding and increases susceptibility to oxidative stress induced cell death
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[299,300]. Cortical neurons from prion knockout mice have reduced survival and
increased susceptibility to oxidative stress induced cell death that can be rescued by
treatment with the antioxidant, vitamin E [301]. PrP knockout mice were also shown to
have reduced SODI1 activity [301]. Overexpression of PrP° in the dopaminergic cell line,
SH-SY5Y, is cytoprotective against the mitochondrial toxin, paraquat [302]. PrP°
overexpression protects mitochondria from fragmentation and loss of membrane potential
triggered by paraquat treatment, ultimately preventing apoptotic cell death [302,303].
Prion diseases are associated with mitochondrial defects. PrP (106-126), a
fragment associated with GSS, causes loss of mitochondrial membrane potential and
initiation of the mitochondria-dependent apoptotic cascade [304]. Ultrastructural analysis
revealed intramitochondrial crystalloids [305] and abnormal accumulation of
mitochondria in neuronal processes of GSS patient brain [306]. In a case of FFI,
degenerating mitochondria were seen accompanying neuroaxonal dystrophy [307].
Animal models of prion diseases exhibit degenerating mitochondria, mitochondrial
dysfunction, reduced ATPase activity, IMM and OMM abnormalities, reduction in

mitochondrial mass, and apoptosis [296,298,308,309].

3. Lysosomal storage disorders

Lysosomal storage disorders (LSDs) are caused by deficiencies in lysosomal
enzymes and include approximately 50 different diseases. Some LSDs present with
spongiform neurodegeneration [310,311]. Reduction in lysosomal activity in LSDs
causes the accumulation of toxic substrates. Patients with LSDs suffer mental retardation,

progressive neurodegeneration, and premature death [312]. Because lysosomes have
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reduced function and damaged mitochondria are degraded by lysosomes, accumulation of
damaged mitochondria is also frequently seen in patients and animal models of LSDs
[313]. As damaged mitochondria are normally segregated from the rest of the
mitochondrial network and marked for for mitophagic degradation, the loss of lysosomal
activity in LSDs results in accumulation of damaged mitochondria and mitochondria in
autophagosomes and lysosomes [313].

General cellular pathologies observed in patients and animal models of LSDs
include mitochondrial fragmentation, loss of membrane potential, and ATP production
[314,315], reduced Ca’" buffering, and increased cytochrome ¢ oxidase activity
[256,316,317]. Oxidative stress has been linked to increased apoptosis in patients with
LSDs [318-320]. Defects in mitophagy are observed in LSDs such as reduced parkin
translocation to damaged mitochondria, reduced ubiquitination of OMM-localized
proteins, accumulation of mitochondrial proteins in lysosomes, and reduced
mitochondrial turnover is also seen in LSDs [314,321]. Interestingly, parkinsonism
associated with the LSD Gaucher Disease is attributed to similar cellular pathologies
between the two disorders such as a-synuclein accumulation, reduced ATP production,

reduced mitochondrial membrane potential, and defects in autophagy [322].
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Animal models of spongiform neurodegeneration

1. Mahogunin RING finger 1 (Mgrnl) mutant mice

Mice homozygous for a null mutation of the Mahogunin gene (Mgrnl™"

) results in
a darker coat color [9,323,324], reduced embryonic viability, abnormal patterning of the
left-right axis [325], and develop age-dependent spongiform neurodegeneration [9].
Mahogunin encodes a 64 kDa protein that contains a RING finger E3 ubiquitin-protein
ligase domain. Neurodegeneration in Mgrnl mutant mice begins in the cortex, and
eventually spreads to the hippocampus, cerebellum, thalamus, caudate-putamen, and
brain stem over the course of disease progression [9]. Spongiform neurodegeneration,
astrocytosis, extracellular vacuolation, and neuronal cell death in Mgrnl mutant mice is
primarily seen in the grey matter [9]. While the pattern of neurodegeneration in Mgrnl
mutant mice closely resembles the neurodegeneration associated with prion diseases,
Mgrnl mutant mice develop spongiform neurodegeneration without the accumulation of
proteinase resistant prion protein and Mgrnl expression has no effect on prion
pathogenesis [9,326]. Mahogunin has four isoforms determined by alternative splicing
[327] . Two isoforms contain a nuclear localization sequence, and are shown to localize
to the nucleus [327]. Two other isoforms display a punctate pattern that we have
previously shown by our lab to partially colocalize with TSG101 on early endosomes
[328].

There are only a few identified substrates of Mgrnl-mediated ubiquitination. We
have previously shown that Mgrnl ubiquitinates TSG101 and depletion of Mgrnl
expression in HeLa cells results in delayed trafficking of EGFR and swollen endosomes

and lysosomes [328]. Mgrnl also mediates ubiquitination of the melanocortin 2 receptor,
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leading to its trafficking and degradation [329]. Mgrnl indirectly mediates ubiquitination
of a-tubulin via an unidentified E3 ligase. Mgrnl-mediated ubiquitination of a-tubulin
regulates the order of a-tubulin and spindle assembly [330]. Pigment type switching
requires Mgrnl E3 ligase activity; however, the precise mechanism underlying Mgrn1-
dependent pigment type switching remains unclear [331]. The role of Mgrnl-mediated
ubiquitination on neuroprotection is just beginning to be elucidated.

Mgrnl mutant mice exhibit increased oxidative modification of proteins and
mitochondrial dysfunction prior to the onset of neurodegeneration, indicating a potential
causal relationship [329]. Currently there is not an identified mitochondrial substrate for
Mgrnl-mediated ubiquitination and therefore, the mechanism by which Mgrnl mutant
mice suffer from mitochondrial dysfunction and oxidative stress remains unclear.

Since Mgrnl mutant mice exhibit neurodegeneration independent of PrP*
accumulation, it has been proposed that Mgrnl functions downstream of PrP*
propagation, accumulation, and aggregation. Cytosolically exposed prion, PrP*™, has
been shown to interact with and sequester Mgrnl around these swollen endosome
compartments, where it is assumed Mgrnl cannot ubiquitinate its substrates [332].
Additionally, siRNA-mediated depletion of Mgrnl yields similar cellular consequences
to overexpressing PrP®™ including delayed endosome-to-lysosome trafficking and
swollen endocytic compartments [332]. These results suggest the importance of Mgrnl
localization, function, and the potential role in pathogenic prion in downregulating
Mgrnl-mediated ubiquitination in disease pathogenesis. Determination of additional
substrates may provide novel insights into the cellular pathways affected by loss of

Mgrnl function.
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2. Attractin (Atrn) mutant mice and rats

Loss of function of Attractin (Atrn) in either the mahogany mouse or the Zitter rat
results in changes in coat color [333], myelin defects, and spongiform neuropathology
[333-337]. Atrn is localized to various membranes including mitochondria, lysosomes,
Golgi apparatus, endoplasmic reticulum, and the plasma membrane of neurons [338].
Atrn depletion causes increased susceptibility to mitochondrial inhibitors, which suggests
that Atrn may have a role in mitochondrial function [339]. Knockdown of Atrn results in
increased susceptibility to the mitochondrial complex I inhibitor MPP+, while
overexpression of Atrn increases neuroprotection [339]. Atrn has been hypothesized to
have a cellular role as an antioxidant [339].

There are two models of Atrn deficiency: Mahogany mice and Zitter rats.
Mahogany mice also exhibit mitochondrial dysfunction and increased oxidative stress
[10]. Zitter mutant rats exhibit membranous abnormalities in mitochondria, lysosomes,
and endoplasmic reticulum of oligodendrocytes and Schwann cells [338,340,341].
Mitochondrial defects correlate with loss of synapses and astrocytes in Zitfer rats,
suggesting mitochondrial dysfunction underlies neuronal dysfunction [342]. Fibroblasts
and neurons derived from zitter rats have increased accumulation of ROS and increased
sensitivity to oxidative stress induced cell death, which may indicate defects in ROS
metabolism [343,344]. Chronic treatment with the antioxidant, Vitamin E, ameliorates
dopaminergic neuron loss in Zitter rats further confirming the role of oxidative stress in

the neurodegeneration [337].
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3. Manganese superoxide dismutase (SOD2 or MnSOD) mutant mice

SOD?2 is a cellular antioxidant located in the mitochondrial matrix that converts
superoxide radicals into H,O,, which reduces mitochondrial and cellular ROS. SOD2
knockout mice exhibit spongiform neurodegeneration, suggesting mitochondrial
antioxidants play a key role in neuroprotection [345-347]. SOD2 knockout mice exhibit
widespread spongiform neurodegeneration primarily in the cortex and brainstem [347].
SOD2 deficiency results in growth defects and neonatal lethality [345,346]. Loss of
SOD2 function increases susceptibility of cells to oxidative stress mediated cell death
[346]. Mitochondria in affected brain regions of SOD2 knockout mice are swollen and
have disrupted cristae structure, suggesting mitochondrial pathology may be related to the
development of spongiform change [346,347]. Treating SOD2 knockout mice with
antioxidants ameliorates apoptotic cell death phenotypes [348]. Reduced SOD2 activity
in heterozygous mice correlates with oxidative modification of proteins and DNA, and

susceptibility to MPTP and other mitochondrial toxins [349].

DIAGNOSTICS AND THERAPEUTICS

Diagnoses of neurodegenerative diseases are challenging. Currently, there are no
accepted biomarkers or approved tests to detect the presence of neurodegenerative
diseases. The lack of reliable tests means that diagnoses solely rely on the classification
of symptoms. Neurodegenerative diseases are associated with age, so for many
conditions like PD and AD, initial symptoms are often dismissed as a consequence of

aging. In most cases, it is not until the patient has developed severe symptoms, meaning
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they have suffered from the disease for years, that they receive a diagnosis and diagnoses
can only be confirmed postmortem. This presents a challenge to the development and
successes of therapeutics. Therapeutic options for neurodegenerative diseases are limited
and not effective in all patients. Current available treatments do not alter the course of
disease and have a limited window of effectiveness. This indicates a high unmet need for
the development of additional therapeutics. In addition, with a growing aging population,
the number of people afflicted with neurodegenerative diseases is expected to rise in the

coming years.

Therapeutics in PD

The major PD treatment is L-levodopa (L-dopa) given in tandem with carbidopa
and is marketed as Sinemet by Bristol-Myers-Squibb. L-dopa can cross the blood brain
barrier and is a precursor of dopamine synthesis. Once in the brain, L-dopa is converted
to dopamine via dopa decarboxylase. Carbidopa given in tandem with L-dopa increases
the bioavailability of L-dopa in the brain [350]. L-dopa/carbidopa therapy can alleviate
some symptoms such as bradykinesia, rigidity, and gait stability; however, there are
several drawbacks to L-dopa/carbidopa as a PD therapeutic. Patients with PD can live
with the disease for decades, and the fact that L-dopa/carbidopa only has a limited
window of effectiveness makes this therapy ineffective for the majority of the time a
patient suffers from PD. Moreover, L-dopa/carbidopa does not address all symptoms,
even in patients that respond well to L-dopa/carbidopa treatment. After a few years of L-

dopa/carbidopa treatment, patients become less responsive most likely due to continued
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loss of dopaminergic neurons or the desensitization of dopamine receptors. In patients
with later stages of PD, L-dopa/carbidopa treatment can have an on-off effect in which
the drug’s effectiveness is cyclical. During the “on” period, patients have reduced
symptoms while during the “off” period; patients present with akinesia and induce
dyskinesias. In addition to the less than ideal effects of L-dopa/carbidopa treatments,
there are many PD patients that do not respond to this therapy at all.

Deep brain stimulation (DBS) is another therapeutic option for some PD patients
[13,351]. DBS addresses multiple PD-linked symptoms including on/off changes and
dyskinesias failed to be addressed by L-dopa therapy. A thin electrode is implanted into
the brain and electrical pulses are delivered to this electrode via a medical device similar
to a pacemaker. These electrical impulses are able to stimulate certain brain regions while
blocking others. While positive results can be achieved using DBS, many patients are not
candidates for this therapy. Patients who do not respond to L-dopa/carbidopa generally
do not see improvements with DBS. In addition, patients with dementia are also not
candidates for this therapy. The precise mechanism by which DBS improves motor

symptoms in patients with PD is poorly understood.

Therapeutics in spongiform neurodegenerative disorders

As with PD, there are limited therapeutic options for patients with spongiform
neurodegenerative disorders and the treatments currently available are not completely
effective. In addition, although spongiform neurodegenerative diseases have a similar

pathology that suggests a common underlying cause, our understanding is lacking on
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what precisely leads to spongiform change in the CNS, so therapeutics have yet to be
developed addressing the group of diseases as a whole.

An aging population indicates a growth in the number of people affected by AD,
and without effective therapeutics, this will create a tremendous international financial
and occupational burden. Current therapies for AD are limited [352]. The mainstay
treatments for AD are acetylcholinesterase inhibitors and include donepezil (Aricept),
rivastigamine (Exelon), and galantamine (Razadyne) and are geared towards treating
cognitive and behavioral symptoms. All current AD treatments have only mild effects on
cognitive and behavioral symptoms and are only effective in early stages of the disease.
As with PD, patients with AD can live for decades after diagnosis meaning treatments
aren’t effective during the majority of time patients suffer from AD.

The only treatments available for patients with prion diseases are palliative and
aimed towards providing a safe environment for patients that are easily agitated [353]
Efforts to prevent the spread of prion diseases include monitoring of beef for human
consumption, restriction on blood donations, and single use surgical tools. An
experimental treatment of pentosan sulfate was given to a teenager with variant CJD, and
while he and several other patients experienced a longer survival time, it did not halt or
alter disease progression [354]. A much larger study would need to be performed in order
to truly investigate if pentosan polysulphate affects disease trajectory.

Patients with LSDs are challenged with a difficult prognosis and limited treatment
options. The majority of efforts to develop new treatments are focused on bone marrow

transplants, stem cell therapies, enzyme replacement therapies for diseases that are
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lacking a particular enzyme, substrate reduction therapy, chemical chaperone therapy, or

gene therapy [355]. With the current therapies available, LSDs remain fatal diseases.

Mitochondrial targets for the development of novel therapeutics against

neurodegenerative diseases

There are several ways that novel therapeutics may modulate the mitochondrial
network to protect against neurodegeneration. Because mitochondria are fragmented in
neurodegenerative diseases, mechanisms to promote mitochondrial fusion or prevent
mitochondrial fission may be effective to protect against cell death. Potentially,
decreasing Drpl docking and/or activity or increasing the GTPase activity of mitofusins
would be beneficial therapeutic targets. Defects in mitophagy and the subsequent
accumulation of damaged mitochondria are underlying causes of neurodegenerative
diseases, like PD and AD. Therapeutics could be developed to assist PINK 1 and parkin in
identifying and tagging damaged mitochondria to facilitate mitophagy.

Mechanisms to reduce the accumulation of oxidative stress may also prove to be
promising as novel therapeutics for the prevention or treatment of neurodegenerative
diseases. There 1s evidence to suggest that antioxidants may ameliorate
neurodegenerative disease phenotypes. The antioxidant a-tocopherol has been shown to
be neuroprotective and importantly, slow disease progression and increased survival time
in AD patient trials [356,357]. Antioxidant treatments of AD model mice have had varied
effects depending on the specific antioxidant and model [358,359]. In addition, attempts

to upregulate the expression or activity of endogenous antioxidant systems such as SOD
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proteins may reduce oxidative stress and improve patient condition [360,361]. Caloric
restriction and intermittent fasting are associated with delayed aging, extended life span,
improved health, and delayed neurodegeneration [362-365]. In addition, activation of
sirtuins, protein acetylases that are upregulated following calorie restriction, improves
cognitive function, delays neurodegeneration, and extends lifespan [366,367]. Sirtuins are
thought to be neuroprotective because they regulate transcription factors involved in the
stress response [368]. Upregulation of autophagy in patients with neurodegenerative
diseases has been hypothesized to rid cells of oxidized misfolded proteins that would
normally impair other cellular processes [369-372].

Advances in therapeutics to combat the common intracellular defects observed in
neurodegenerative diseases have shown promising results in animal models. Not only do
they alleviate symptoms, but in some cases these therapeutics have altered the course of
disease. Regulating mitochondrial health and protecting from oxidative stress should be a
large area of focus for the development of novel therapeutics for the treatment and/or

prevention of neurodegenerative diseases.

HYPOTHESES AND OVERVIEW
Mitochondrial health and activity is complicated and tightly regulated and
dysregulation of this machinery through altered expression of proteins, mutations, or
protein inactivation through misfolding has been strongly implicated in the pathogenesis
of neurodegenerative diseases. The number of identified disease linked proteins

implicated in mitochondria function, health, and disease has been increasing.
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Understanding the effects of loss or dysfunction of mitochondrial proteins in
neurodegenerative disease pathogenesis is important due to increasing links between
mitochondrial dysfunction and neurodegenerative disease pathogenesis. PINK1 has been
implicated in regulating mitochondrial dynamics and turnover of damaged mitochondria.
While the role of PINKI1 in maintaining mitochondrial homeostasis has been
characterized extensively, the use of different and problematic methods has resulted in
confusion in the literature regarding PINKI1 submitochondrial localization. The
spatiotemporal dynamics of PINK1 mitochondrial signaling are still under debate. Loss
of spongiform neurodegenerative disease linked protein, Mgrnl, results in mitochondrial
dysfunction in mice that precedes the onset of spongiform neurodegeneration; however
the mechanism by which Mgrn1 regulates mitochondrial health remains undefined [10].
In chapter II, we tested the hypothesis that PINK1 is dual targeted to the IMM or
OMM depending on the health of the mitochondria and that PINK1 submitochondrial
targeting is essential to proper PINKI1 signaling. Our findings demonstrate that PINK1
resides in the IMM in healthy mitochondria, where it extensively colocalizes with its
substrate TRAPI, and when mitochondria are depolarized, PINK1 is localized to the
OMM where it colocalizes with its substrate parkin. Since TRAP1 and parkin are
involved in maintaining mitochondrial homeostasis and the degradation of damaged
mitochondria, respectively, this suggests that PINK1 acts as a “molecular switch” to
signal to the cell the level of damage in the mitochondria. Under low levels of damage,
PINKI1 can phosphorylate the mitochondrial chaperone, TRAP1, which protects against
mitochondrial dysfunction and oxidative stress induced cell death [5,203]. Following

depolarization of mitochondria, PINKI is translocated to the OMM where it colocalizes
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with the E3 parkin, a regulator of mitophagy. In addition, I determined that PD-linked
mutants of PINK1 are defective in OMM-translocation in response to loss of membrane
potential. These mutants are also unable to recruit parkin to damaged mitochondria in
neurons. This suggests that the improper submitochondrial targeting of PINK1 mutants
contribute to pathogenesis in PINK1 associated autosomal recessive PD.

In chapter III, we address the role of Mgrnl in mitochondrial health. We
determined that a large pool of Mgrnl was localized to mitochondria via N-
myristoylation. In addition, the N-myristoylation mutant, Mgrn1G2A, remained cytosolic
and mislocalized. In addition, we determined that Mgrn1 was specifically targeted to the
OMM. Although Mgrnl mutant mice were previously shown to have accumulation of
ROS, oxidative modification of proteins, and mitochondrial dysfunction [10], the precise
mechanisms by which Mgrnl regulates mitochondrial health remained undefined. We
observed fragmented mitochondria in primary cortical neurons cultured from Mgrnl
mutant mice compared to wild type controls. In addition, these mitochondria had reduced
membrane potential, underscoring the level of mitochondrial damage. We provide
evidence that Mgrnl is cytoprotective and N-myristoylation and E3 ligase activity of
Mgrnl are required for cytoprotective function against mitochondrial insults.

Together, our findings further emphasize mitochondrial dysfunction as an
underlying cause in the pathogenesis of neurodegenerative diseases. Specifically, PINK 1
initiates two separate signaling cascades depending on the level of mitochondrial damage
to try to save the mitochondria and reduce the damage that the mitochondria has on the
cell. Mgrnl was shown to be a potential regulator of mitochondrial dynamics and loss of

Mgrnl results in dysregulation of the mitochondrial network. As accumulation of ROS is
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associated with the pathogenesis of both PD and spongiform neurodegenerative diseases
and ROS is produced by damaged mitochondria, this underscores the role of PINK1 and
Mgrnl in disease pathogenesis. Specifically, PINK1 mediates mitochondrial repair or
mitochondrial autophagy depending on the health of the mitochondria while Mgrnl
promotes mitochondrial fusion as a mechanism to repair damaged mitochondria. These
findings have further enriched our understandings of the biological functions of two
mitochondrially-localized proteins and their roles in neurodegenerative disease

pathogenesis.
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Figures and Legends
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Figure I-1: Compartmentalization is essential to mitochondria functions

Mitochondria have two membranes: the OMM and IMM, which separate the two aqueous
compartments, the IMS and the matrix from the remainder of the cell. Mitochondrial
respiration through the ETC occurs through passing electrons to progressively stronger
electron acceptors. Using the energy generated from the transfer of electrons through the
ETC, mitochondrial membrane potential is created by pumping H' into the IMS against
the concentration gradient. Then H' can be pumped back into the matrix via ATP

synthase and the energy produced generates ATP. Mitochondrial import occurs through
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membrane pores, TOM20 and TIM23. Proteins with mitochondrial targeting sequences
can be imported into the mitochondrial matrix. I-IV, mitochondrial electron transport
chain; ATP, adenosine triphosphate; Ca2+, calcium ions, Cyt ¢, cytochrome c; ETC,
electron transport chain; OMM, outer mitochondrial membrane; IMS, intermembrane
space; IMM, inner mitochondrial membrane; MCU, mitochondrial calcium uniporter; H+,

hydrogen ions.
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Figure I-2: Causes and effects of mitochondrial dysfunction
Mitochondrial dysfunction can cause multiple problems for the cell and damaged
mitochondria produce excess ROS. Exposure to environmental toxicants or mutations in

genes that regulate mitochondrial function has been shown to increase the accumulation



47

of reactive oxygen species (ROS). On the other hand, antioxidants can reduce the amount

of free ROS. Accumulation of oxidative stress can oxidize proteins leading to protein

dysfunction, misfolding, and aggregation and damage the proteasomal degradation

pathway. Accumulation of ROS can also oxidize mtDNA resulting in aberrant or lower

expression of mitochondrially-encoded genes, such as the players of the ETC. Oxidative

stress can cause further dysfunction of mitochondria. Mitochondrial dysfunction or UPS

dysfunction caused the accumulation of oxidized protein aggregates can both result in

cell dysfunction and death. mtDNA, mitochondrial DNA; UPS, ubiquitin-proteasome

system.

Table I-1: Neurodegenerative diseases with links to mitochondrial dysfunction

Disease Mitochondrial defects Causes Mltocl:llﬁ? drial
mitochondr'ial mitochondrial
fragmentation, mtDNA APP d -

. . ; o ynamics
Alzheimer’s disease mutations and oxidation,
reduced mtDNA, altered inhibits
ultrastructure, increased tau mitochondrial
nitrosylated Drpl trafficking
reduced OXPHOS, S accumulation
increased sensitivity to asyn blocks fusion
Parkinson’s disease oxidative stress,
altered morphology, initiates
altered ultrastructure, mitophagy and
disrupted trafficking, PINK1 | protects against
increased ROS oxidative stress
induced cell death
disrupted Ca*” homeostasis targets damaged
parkin mitochondria for

mitophagy
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affects

disrupted trafficking, mitochondrial
Amyolateral sclerosis clustering, dynamics

fragmentation, disrupted antioxidant
Ca’" homeostasis function

loss of PrP¢
reduced OXPHOS, re.sults m o
. sc mitochondrial
fragmentation, Pr dvsfunction and
ultrastructure defects, ROS &
increased
Prion diseases oxidative stress

Table I-2: Models of mitochondrial dysfunction results in neurodegeneration

Gene mitochondrial function neurodegeneration

Charcot-Marie-Tooth Type 2A,
axonal degeneration of motor
Mifn2 regulates OMM fusion nerves

regulates mitochondrial neonatal lethality, abnormal brain
Drpl fission development
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Mgrnl ? E3 ligase spongiform neurodegeneration
Atrn ? spongiform neurodegeneration
mitochondrial superoxide
SOD2 dismutase spongiform neurodegeneration
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Abstract

Mutations in the mitochondrial kinase PINK1 cause early onset Parkinson disease (PD),
but the submitochondrial site(s) of PINK1 action remains unclear. Here, we show that
three-dimensional structured illumination microscopy (3D-SIM) enables visualization of
protein submitochondrial localization. Dual color 3D-SIM super-resolution imaging
analysis reveals that PINKI1 resides in the cristac membrane domain of the inner
mitochondrial membrane (IMM.) but not in the outer mitochondrial membrane (OMM)
of healthy mitochondria and that PINK1 colocalizes with its substrate TRAP1. In
response to mitochondrial depolarization, PINK1, but not TRAPI1, translocates to the
OMM. PINKI translocation is dependent on the loss of mitochondrial membrane
potential but not the loss of pH gradient or ATP. In the OMM of depolarized
mitochondria, PINK1 colocalizes with parkin, supporting the proposed role of PINK1 in
recruiting parkin for mitophagy. The ability of PINKI1 to translocate to the OMM 1is
impaired by PD-linked PINK1 C92F and W437X mutations, indicating the involvement

of disrupted PINK1 translocation in PD pathogenesis.
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Introduction

Parkinson disease (PD) is the most common neurodegenerative movement
disorder [1-3]. While PD is best known for the loss of dopaminergic neurons in the
substantia nigra, increasing evidence indicates that the disease also involves
neurodegeneration in other brain regions, including cerebral cortex [4-7]. The pathogenic
mechanisms that cause neurodegeneration in PD remain unclear, but mitochondrial
dysfunction has been strongly implicated in PD pathogenesis [8-13]. Human genetic
studies have identified a number of homozygous mutations in mitochondrial
serine/threonine kinase PINK1 that cause autosomal recessive, early-onset PD [14-17].
In addition, heterozygous mutations in PINK1 have been implicated as a significant risk
factor in the development of late-onset PD [18-22]. These findings underscore the
importance of determining the sites and mechanisms of PINK1 action.

Mitochondria contain two membranes: the outer mitochondrial membrane (OMM)
and the inner mitochondrial membrane (IMM.), which separate two aqueous
compartments: the intermembrane space (IMS) and the matrix. Compartmentalization
provided by the double membrane structure is fundamental to many aspects of
mitochondrial function, including redox control, energy production, metabolism, and
programmed cell death [23,24]. Because the resolution of confocal microscopy is not
sufficient to resolve submitochondrial compartments, most published studies of PINK1
submitochondrial localization relied on the use of subcellular and submitochondrial
fractionation, a method which is prone to artifacts resulting from impurities in the

preparation of fractions [25-28]. A few PINKI localization studies [29-31] used
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immunogold labeling electron microscopy, which suffers from potential artifacts
resulting from the harsh chemical fixation, embedding, and sectioning procedures. These
methodological limitations may contribute to the conflicting conclusions on PINKI
submitochondrial localization: several studies, including ours, showed that PINKI1 is
localized in the IMM and IMS [28-30,32-34], whereas others reported that PINK1 resides
on the OMM with its kinase domain facing the cytosol [26,28,31,35,36]. Thus, the
submitochondrial localization of PINK 1 remains contentious and unresolved.
Three-dimensional structured illumination microscopy (3D-SIM) is a recently
developed, super-resolution fluorescence imaging technique, which improves resolution
through reconstruction of multiple images, produced with periodic illumination patterns
in different orientations [37,38]. Here, we show that 3D-SIM is a useful tool for studying
protein submitochondrial localization. Dual color 3D-SIM super-resolution imaging
analysis reveals that PINK1 resides in the IMM and IMS but not in the OMM under
normal physiological conditions and that PINK1 colocalizes with mitochondrial
molecular chaperone TRAP1, a PINK1 substrate identified in our previous study [32].
When mitochondria are depolarized, PINK1, but not TRAPI1, translocates to the OMM
and colocalizes with E3 ubiquitin-protein ligase parkin, a PINK1 substrate with a key role
in mitophagy [31,33,39].  Furthermore, our study has identified the structural
determinants of PINKI1 translocation to the OMM and obtained evidence linking the

impairment of PINK1 translocation to PD pathogenesis.
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Results

Dual color 3D-SIM super- resolution imaging analysis enables visualization of

protein submitochondrial localization

Mitochondria have a complex architecture with four distinct compartments: the
OMM, IMM, IMS, and matrix (Fig. 1 A). Due to the presence of the cristae junction, the
IMM is divided into two structurally distinct subdomains: the inner boundary membrane,
which parallels the OMM, and the cristae membrane, which invaginates into the matrix
[40,41]. Likewise, the IMS is divided into two subcompartments: the peripheral IMS,
which lies between the OMM and the inner boundary membrane, and the intracristae
space, which is bordered by the cristae membrane (Fig. 1 A). To determine if 3D-SIM is
capable of resolving submitochondrial compartments, we performed dual color 3D-SIM
fluorescence imaging analysis of HelLa cells with mitochondria labeled by the
mitochondrial matrix marker mito-dsRed and antibodies against the OMM marker
TOM20, the IMM marker TIM23, or the IMS marker cytochrome ¢ (Fig. 1 B-E). Dual
color 3D-SIM images showed that the TOM20-positive OMM surrounds the
mitochondrial matrix labeled by mito-dsRed, and there is no overlap between these two
submitochondrial compartments (Fig. 1, B and C). We observed that the TIM23-positive
IMM wraps along and protrudes into the mito-dsRed-labeled matrix, often in a striated
pattern, which is indicative of the cristae membrane (Fig. 1 D). The TIM23-positive,
cristae membrane is enclosed inside the TOM20-positive OMM (Fig. 1 E). The TIM23-

positive, inner boundary membrane appears in close proximity or colocalizes with the
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TOM?20-positive OMM at a number of sites (arrows in Fig. 1 E), which likely represent
the so-called mitochondrial contact sites seen in electron microscopic images [42,43]. We
found that cytochrome c-positive IMS also wraps along and protrudes into the mito-
dsRed-labeled matrix in a striated pattern, which is indicative of the intracristae space
(Fig. 1 F). The cytochrome c-positive, intracristae space exhibits substantial overlap with
the TIM23-positive, cristae membrane (Fig. 1 G), but shows a spatial separation from the
TOM?20-positive OMM (Fig. 1 H). Together, these results demonstrate, for the first time,
the capability of 3D-SIM to resolve submitochondrial compartments, and they indicate

that 3D-SIM is a useful tool for studying protein submitochondrial localization.

PINKI1 resides in the cristae membrane/intracristae space of healthy mitochondria

and translocates to the OMM upon mitochondrial depolarization

Next, we performed dual color 3D-SIM super- resolution fluorescence imaging analyses
to examine the submitochondrial localization of PINK1. Because of the lack of a reliable
anti-PINK1 antibody for immunostaining of endogenous PINK1, we imaged HeLa cells
expressing C-terminal GFP-tagged PINKI1 (PINKI1-GFP) with various markers of
submitochondrial compartments (Fig. 2 A). We found that mitochondria displayed a
tubular morphology under basal conditions and PINK1-GFP fluorescence was confined
inside the boundary defined by the TOM20 immunofluorescence, indicating that PINK1
is not localized to the OMM of healthy mitochondria. The PINK1-GFP fluorescence had
a striated pattern along the mito-dsRed-labeled matrix and showed substantial overlap

with the TIM23 and cytochrome ¢ immunofluorescence (Fig. 2 A), indicating that PINK1
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is localized to the cristae membrane and intracristae space of healthy mitochondria.
Given the critical involvement of the cristac membrane and intracristae space
compartments in the control of many mitochondrial activities such as respiration,
metabolism, and redox control [44] our results support a role of PINKI in these
compartments to regulate mitochondrial function under normal physiological conditions.

Our dual color 3D-SIM imaging analysis revealed that treatment of cells with the
mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) caused
fragmentation of mitochondria into spherical organelles and redistribution of PINK1-GFP
fluorescence from the cristae membrane and intracristae space to the OMM (Fig. 2 B),
indicating PINK translocation to the OMM of damaged mitochondria. Because CCCP
is a protonophore that dissipates mitochondrial membrane potential (A¥) and pH gradient
(ApH) leading to impaired ATP production, we examined the effects of additional
ionophores and other drugs to determine the cause of PINK1 redistribution (Fig. S1). We
found that the K" ionophore valinomycin, which dissipates A¥ but not ApH, was capable
of inducing PINK]1 redistribution to the OMM, whereas the H'/K" antiporter, nigericin,
which reduces ApH but not AY, was unable to cause PINK1 redistribution (Fig. S1 and
Fig. 2 C). In addition, the mitochondrial complex III inhibitor antimycin A, which causes
increased ROS generation and mitochondrial depolarization, could also trigger PINK1
redistribution. In contrast, the ATP synthase inhibitor, oligomycin, or the microtubule-
depolymerizing drug, nocodazole, could not induce PINK1 redistribution (Fig. S1 and
Fig. 2 C). These results indicate that PINK1 translocates to the OMM following loss of
mitochondrial membrane potential but not on loss of pH gradient, ATP, or microtubule

integrity.
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PINKT1 colocalizes with TRAP1 in the IMM/IMS of healthy mitochondria and

colocalizes with parkin on the OMM of dysfunctional mitochondria

Our finding of PINKI1 localization in the cristae membrane and intracristae space of
healthy mitochondria (Fig. 2 A) suggests a signaling role of PINKI-mediated
phosphorylation in these compartments. We previously identified the mitochondrial
molecular chaperone, TRAP1, as a substrate of PINK1-mediated phosphorylation [32],
but the submitochondrial localization of TRAP1, like PINK 1, has also been controversial.
While our subcellular fractionation analysis showed that TRAP1 is localized to the IMM
and IMS [32], others reported that TRAP1 resides in the matrix [45]. We therefore
performed dual color 3D-SIM imaging analyses to determine TRAP1 submitochondrial
localization. We found that TRAPI resides in the cristae membrane and intracristae
space and that TRAP1 colocalizes with PINK1 in healthy mitochondria under basal
conditions (Fig. 3, A and C). However, unlike PINK1, TRAP1 does not undergo
mitochondrial depolarization-induced translocation to the OMM (Fig. 3, B and E). These
data support a physiological role of the PINK1-TRAPI signaling pathway in regulating
the activities of healthy mitochondria.

PINK1 has been proposed to recruit parkin from the cytosol to mitochondria for
initiating mitophagy [46-50], but the specifics of PINK1-mediated parkin recruitment
remain unclear. Our dual color 3D-SIM super- resolution imaging analyses revealed that,
in contrast to previous reports that overexpression of PINK1 caused parkin translocation
to mitochondria with normal membrane potential [31,33], parkin failed to translocate to
mitochondria under basal conditions even with high levels of PINK1 overexpression (Fig.

3 A) because PINKI is restricted to the IMM/IMS and cannot interact with cytosolic
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parkin. When mitochondria were depolarized by CCCP, PINKI1 translocation to the
OMM of damaged mitochondria was observed concurrently with parkin recruitment to
the OMM, where these two proteins showed extensive colocalization (Fig. 3, B, D and E).
Taken together, these results demonstrate that increased PINK 1 protein expression levels
alone are insufficient to trigger parkin recruitment to mitochondria, and they indicate that
mitochondrial depolarization-induced PINK1 translocation from the IMM/IMS to the
OMM is required for parkin recruitment to mitochondria.

Our 3D-SIM imaging analyses revealed that ectopic parkin expression in HelLa
cells, which lack endogenous parkin, induced perinuclear clustering of CCCP-
depolarized mitochondria (Fig. 3 B), consistent with published studies [31,33]. However,
different from the previous report that parkin was localized to the outside boundaries of
clustered mitochondria [31], we found that parkin was enriched in the mitochondrion -
mitochondrion contacts (Fig. 3 B). Our results demonstrate the power of dual color 3D-
SIM super- resolution imaging in visualization of protein spatial distributions and support

a direct role of parkin in promoting the clustering of dysfunctional mitochondria.

Mitochondrial depolarization-induced PINKI1 translocation to the OMM is

independent of new PINK1 protein synthesis

To further characterize mitochondrial depolarization-induced PINK1 translocation, we
investigated the spatiotemporal dynamics of PINKI redistribution following CCCP
treatment. Due to rapid movement of mitochondria and the time required to acquire a
dual color 3D-SIM image, we were unable to resolve submitochondrial compartments in

live cells (data not shown). Our time course analysis using fixed cells showed that
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PINK1 began to appear in the OMM of fragmented mitochondria around 15-30 min of
CCCP treatment and reached the maximum by 60 min and then sustained to at least 2
hour (Fig. S2). The increase in the OMM-localized PINK1 was accompanied by a
gradual disappearance of the IMM/IMS-localized PINK1 with continued CCCP treatment
(Fig. S2). By 60 min, PINK1 was almost solely localized on the OMM and there was
very little PINK1 inside the mitochondria (Fig. S2).

To determine whether mitochondrial depolarization-induced PINK1 translocation
to the OMM is due to the recruitment of newly synthesized PINK1, we pretreated cells
with the protein synthesis inhibitor, emetine, for 1 hour followed by co-incubation with
CCCP for an additional 2 hours. 3D-SIM imaging analysis revealed that 3 hour emetine
treatment failed to block PINKI1 redistribution to the OMM of depolarized mitochondria
(Fig. S3). A similar result was also obtained by repeating the experiments using another
protein synthesis inhibitor, cycloheximide (Fig. S3). These results indicate that
mitochondrial depolarization-induced PINK1 translocation to the OMM is independent of
new PINKI1 protein synthesis, suggesting that OMM-localized PINK1 could come from

preexisting pools of cytosolic PINK1 or IMM/IMS-localized PINK1.

The ability of PINKI1 to translocate to the OMM is impaired by PD-linked PINK1

CI92F and W437X mutations

PINK1 contains a hydrophobic region (residues 94-110) that has been proposed to act as
a transmembrane domain or a stop-transfer signal to prevent full translocation of PINK1
into the mitochondrial matrix [26,35]. Our 3D-SIM imaging analysis of transfected HeLLa

cells revealed that, different from previous reports [26,35], deletion of PINKI
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hydrophobic transmembrane domain (PINK1 ATM) did not cause PINK1 to mislocalize
to the mitochondrial matrix under either the basal or CCCP-treated conditions (Fig. 4, F
and G). We found that the PINK1 ATM mutant remained in the IMM/IMS and was
incapable of translocating to the OMM following CCCP treatment (Fig. 4, D and E),
indicating that the PINKI1 transmembrane domain is required for mitochondrial
depolarization-induced PINK1 OMM translocation.

Our 3D-SIM imaging analysis showed that, although PD-linked PINK1 C92F
mutation did not change the IMM/IMS localization of PINK1 under basal conditions, the
mutation significantly reduced the mitochondrial depolarization-induced PINKI
translocation to the OMM (Fig. 4, H, I, N). In contrast, PD-linked PINK1 L347P
mutation, which is known to disrupt PINK1 kinase function [32], had no effect on PINK1
submitochondrial localization in either healthy or CCCP-depolarized mitochondria (Fig 4,
J, K, N), indicating that PINKI1 kinase activity is not required for mitochondrial
depolarization-induced PINK1 OMM translocation. We found that PD-linked PINK1
W437X, a truncation mutation causing loss of the C-terminal region, completely
abolished the ability of PINKI1 to translocate to the OMM following CCCP treatment
without affecting the IMM/IMS localization of PINK1 under basal conditions (Fig. 4, L-
N), indicating an essential role of the PINK1 C-terminal region in PINKI translocation to
the OMM. Our finding that mitochondrial depolarization-induced PINKI1 translocation
to the OMM is disrupted by PD-linked PINK1 C92F and W437X mutations provides

evidence linking the impairment of PINK1 OMM translocation to PD pathogenesis.
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PINKT1 translocates to the OMM to recruit parkin upon mitochondrial
depolarization in neurons and the translocation requires combined action of PINK1

transmembrane and C-terminal domains

Next, we performed dual color 3D-SIM imaging analyses of mitochondria in primary
mouse cortical neurons and found that the resolution provided by 3D-SIM is also able to
differentiate the OMM from the interior structures of the mitochondria in neurons (Fig 5
A, B). We observed that PINK1-GFP expressed in cortical neurons translocates to the
OMM of depolarized mitochondria following CCCP treatment and this translocation is
abolished by PINK1 ATM or PINK1 W437X mutation (Fig. 5 C-F). These results are
consistent with our findings in HelLa cells (Fig 4) and demonstrate that both the
transmembrane and C-terminal domains of PINKI1 are necessary but neither one is
sufficient for PINKI1 localization in the OMM of CCCP-depolarized mitochondria,
indicating that combined action of these two domains are required for mitochondrial
depolarization-induced PINK1 translocation to the OMM.

To investigate the relationship between PINK1 OMM translocation and parkin
recruitment to mitochondria, we transfected PINKI” mouse cortical neurons with
mCherry-parkin and WT or mutant PINK1-GFP or GFP control. Dual color 3D-SIM
imaging analysis revealed that in PINK 1 WT-transfected PINKI™ neurons, mitochondrial
depolarization-induced PINK1 OMM translocation was associated with parkin
recruitment to the OMM, as shown by the extensive colocalization between these two
proteins (Fig. 5, J). In contrast, parkin remained in the cytosol in GFP-transfected
PINK” neurons following CCCP treatment (Fig. 5 I), indicating that PINK1 is required

for parkin recruitment to the OMM. Furthermore, the OMM translocation-defective
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PINK1 ATM and PINK1 W437X mutants were unable to facilitate parkin recruitment to
the OMM of CCCP-depolarized mitochondria (Fig. 5, K and L). The ability of PINK1
WT, but not PINK1 ATM or PINK1 W437X mutants, to recruit parkin to depolarized
mitochondria was also confirmed by confocal fluorescence microscopic analysis (data not
shown). There is a significantly less colocalization between ATM and W437X and
parkin compared to PINK1 WT (Fig. 5 M). In addition, parkin recruitment is abolished
by ATM and W437X while we saw 70% of neurons overexpressing PINK1 WT recruited
parkin to damaged mitochondria (Fig 5 N). Together, these data indicate that
mitochondrial depolarization-induced PINK1 OMM translocation is required for parkin

recruitment to the OMM of depolarized mitochondria.

Discussion

The identification of PINK1 mutations in recessive early onset PD underscores
the importance of PINK1 function in neuroprotection [14-17]. Dysregulation of PINK1-
mediated phosphorylation results in mitochondrial dysfunction suggesting that PINK1
regulates mitochondrial health and mitochondrial dysfunction associated with PINK1 loss
may result in neuronal dysfunction and death [51-53]. And while PINK1 mitochondrial
signaling has been studied extensively, the use of unreliable methods to study the
submitochondrial localization of PINKI1 has resulted in conflicting data. Due to the
importance of mitochondrial compartmentalization in mitochondrial functions and the

unclear submitochondrial localization of PINK1, it is imperative to properly characterize
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the submitochondrial localization of PINKI1 in order to understand its role in signaling.
Our studies reveal that PINK 1 is dual targeted depending on the health of mitochondria.

The mechanisms underlying the maintenance of mitochondrial homeostasis are
tightly regulated. Our findings in this study suggest that PINK1 plays an integral part in
the regulation of mitochondrial signaling in response to mitochondrial damage. PINK1
dual targeting allows for differential colocalization, interaction, and phosphorylation of
its substrates, TRAP1 and parkin based on the degree of mitochondrial damage. PINKI1-
mediated phosphorylation of TRAP1 protects against mitochondrial dysfunction and
oxidative stress induced cell death while PINKI1-mediated phosphorylation of parkin
initiates removal of damaged mitochondria [32,54-56]. Potentially, the spatiotemporal
dynamics of PINK1 may act as a “molecular switch” to trigger two separate signaling
cascades to maintain proper mitochondrial function and cell health. Under low levels of
mitochondrial damage, PINK1 phosphorylates TRAP1 and phosphorylated TRAPI can
protect against mitochondrial dysfunction. Following extreme damage to the
mitochondria in which mitochondria become depolarized, PINK1 phosphorylates parkin
to trigger mitophagy to prevent further cellular damage.

There are several current models of PINKI1 spatiotemporal dynamics and how
they relate to signaling in mitochondrial health and disease. One model suggests that
PINK1 is imported into the mitochondria where it is rapidly degraded and mitochondrial
depolarization blocks mitochondrial protein import resulting in accumulation of newly
synthesized PINK1 on the OMM. This model suggests a role on the exterior of the
mitochondria, by PINK1-mediated phosphorylation of parkin to initiate mitophagy, but

no role of PINK1 inside the mitochondria [25,57]. Another model suggests that PINK1
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remains stuck in the TOM/TIM complexes with the kinase domain facing the cytoplasm.
This model suggests that following depolarization of mitochondria, the N-terminal region
of PINK1 is cleaved and rapidly degraded while the remaining C-terminal region either
remains embedded in the OMM or is translocated back to the cytosol [26]. Our results do
not support either of these models. We clearly show that in healthy mitochondria, PINK1
resides in detectable levels in the IMM/IMS negating both models. Moreover, we observe
extensive colocalization between PINK1 and our previously identified substrate, TRAP1
in the IMM/IMS. Our previous study shows PINK1 kinase activity is required for TRAP1
cytoprotective activity indicating the significance of PINKI1-mediated phosphorylation
inside the mitochondria [32]. Because PINKI1 plays an integral role in maintaining
mitochondrial health and cytoprotection through PINKI1-mediated phosphorylation,
PINK1 is likely not as rapidly degraded as once thought. Interestingly, blocking the
synthesis of new PINK1 protein does not affect PINK1 OMM-localization also negating
the previously proposed dual targeting model.

Another challenge our data presents to the previously proposed models is the
spatiotemporal dynamics of OMM-translocation defective mutants. These mutants are
observed in the IMM/IMS of healthy mitochondria and their submitochondrial
localization does not change following mitochondrial depolarization. If the previously
proposed dual targeting model was correct, there would have to be defects in both
degradation of these mutants and also recruitment and embedding into the OMM in order
for these PINK1 mutants to remain in the IMM/IMS. The fact that mutations in the
transmembrane domain or C-terminal region would have to cause defects in both of those

processes, we find this model unlikely. Instead, we propose a different model in which
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the PINKI1 inside the mitochondria is somehow specifically translocated to the OMM.
Further studies are needed to confirm this model and to determine the mechanism for
PINK1 translocation and mechanisms by which PINK1 OMM translocation may occur.
Our findings suggest that PINK1 OMM-translocation is required for parkin
recruitment to damaged mitochondria. Our identification of PD-linked mutants that are
both defective in OMM-translocation and parkin recruitment suggests dysregulated
PINK1 translocation is a novel mechanism of PD pathogenesis. Our new understanding
the role of PINK1 spatiotemporal dynamics in disease can provide us further insight into
the role of mitochondrial dynamics in the pathogenesis of PD. For instance, determining
the submitochondrial localization of PINK1 in patient samples will indicate whether the
mitochondria are depolarized. In addition, dysfunction of PINK1 translocation in patient
fibroblasts when mitochondria are depolarized may suggest PINK1 OMM-translocation
dysfunction is related to neurodegeneration. Further studies to elucidate the
mechanism(s) underlying PINKI1 dual targeting and the effect of mistargeting on
mitochondrial signaling should advance our understanding of the role PINKI

submitochondrial localization in mitochondrial health and PD pathogenesis.

Materials and methods

Expression constructs and antibodies

The expression constructs encoding C-terminal GFP-tagged human PINK1 WT, PD-

linked PINK1 L347P and W437X mutants were generated by using standard molecular



87

biological techniques. Plasmids containing PINK1 C92F and ATM mutant cDNAs were
provided by R. Youle (National Institutes of Health, Bethesda, MD) and the cDNAs were
subcloned to generate constructs for expression of C-terminal GFP-tagged PINK1 C92F
and ATM mutants. The validity of all constructs was confirmed by DNA sequencing.
The vector for mitochondrial matrix-targeted mito-dsRed (pDsRed2-Mito) was obtained
from Clontech (Mountain View, CA) and the plasmid mCherry-parkin from Addgene
(Cambridge, MA). The following antibodies were used in this study: anti-TOM20 (FL-
145) and anti-TRAPI1 (TR1 or HSP75; Santa Cruz Biotechnology), anti-cytochrome ¢
(Clone 6H2.B4) and anti-TIM23 (BD biosciences). All secondary antibodies (FITC and

TRITC) were purchased from Jackson ImmunoResearch Laboratories, Inc.

Cell transfection and treatment

HeLa cells were cultured in Dulbecco’s Modified Eagle Medium supplemented with 5%
fetal bovine serum, 100 IU/ml penicillin, and 100 mg/ml streptomycin. HeLa cells were
transfected with the indicated plasmids using Lipofectamine 2000 (Invitrogen) by
following the manufacturer’s instructions. For analysis of the effects of various
treatments on PINK 1 submitochondrial localization, cells were either untreated or treated
for two hours with 10 uM CCCP, 10 uM valinomycin, 10 uM oligomycin, 15 uM
nocodazole, 80 uM antimycin A, or 10 uM nigericin. All chemicals were purchased from
Sigma-Aldrich.  For analysis of protein synthesis inhibition on mitochondrial
depolarization-induced PINK1 OMM translocation, cells were pretreated with either 10
uM emetine or 100 uM cyclohexamide for one hour followed by addition of CCCP and

co-incubation of emetine or cyclohexamide with 10 uM CCCP for 2 hours.
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PINK1 knockout mice and primary neuronal culture

A breeding colony of PINK1 knockout mice on 129/SvEv background was established
from breeding pairs provided by G. Auburger (University Medical School, Frankfurt am
Main, Germany) as described [58]. Primary cortical cultures were prepared from wild
type or PINK1 knockout mouse embryos as described previously [59,60]. Briefly,
cortices were dissected from embryonic day 18 (E18) mouse embryos and cortical
neurons were dissociated and plated on poly-L-lysine coated coverslips or MatTek glass
bottom dishes. Neurons were cultured in Neurobasal Media (Invitrogen) supplemented
with 0.5 uM L-glutamine, B27 (Invitrogen), 100 IU/ml penicillin, and 100 mg/ml
streptomycin. Neurons were transfected with the indicated constructs on day in vitro 4
using Lipofectamine 2000 (Invitrogen). Culture media were changed to the
supplemented Neurobasal media lacking B27 at 24 hours after transfection, and neurons

were treated with 10 uM CCCP for three hours.

Parkin recruitment in neurons

To evaluate parkin recruitment by various PINK1 mutants, cells were transfected with
various PINKI1-GFP constructs and mcherry-parkin using Lipo2000 (Invitrogen)
according to the manufacturer’s instructions for 24 hours, treated with 10 uM CCCP
lacking B27 for 3 hours followed by fixation with 4% paraformaldehyde at 37 degrees.
Fixed neurons were stained with TOM20 as a marker for mitochondria (647). Neurons
were imaged for PINKI-GFP signal (488), mcherry-parkin signal (561) and TOM20

(647) using confocal microscopy as described above. Neurons with parkin enriched in
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mitochondria puncta were scored as positive and neurons with diffuse parkin were scored

as negative.

3D-Structured Illumination Microscopy

Cells were fixed with 4% paraformaldehyde in culture media for 10 min, permeabilized
with a solution containing 0.1% saponin (Sigma-Aldrich) and 2% horse serum in 1x PBS,
stained with the indicated primary antibodies followed by secondary antibodies
conjugated to FITC or TRITC, and then mounted in ProLong Gold antifade reagent
(Invitrogen) according to the manufacturer’s instructions. Images were captured at room
temperature using a CFI Apochromat TIRF 100x/1.49 NA oil immersion objective lens
on an N-SIM microscope (Nikon Instruments) equipped with CCD camera (DU-897),
Perfect Focus System, and SIM Illuminator using 488 nm and 561 nm lasers. All images
were acquired and reconstructed using NIS Elements software (Nikon). Image stacks
were acquired in 100 nm intervals for 8-15 Z planes. In each plane, 15 images were
acquired with a rotating illumination pattern (5 phases, 3 angles) in two color channels
(488 nm and 561 nm) independently. The series of images were reconstructed using
NIS-Elements software to yield three-dimensional images with resolution beyond the
limit of diffraction. Brightness was adjusted using NIS-Elements software and figures

were compiled using Photoshop CS4 software (Adobe Systems).

Image analysis

All image analysis was performed using the ImagelJ software (National Institutes of

Health). For line scans, a straight line was drawn through the mitochondria between the
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two arrowheads indicated on the images, and the fluorescence intensity profiles of each
color channel was determined by using the Plot Profile function in ImageJ. The value of
fluorescence intensity was normalized to that of the single brightest point in each channel
and is expressed as arbitrary unit. Graphs were made in SigmaPlot 11.0 (Systat Software,
Inc.), and images were annotated to indicate where the line was drawn using Photoshop

CS4 software.

Quantification of colocalization

Quantification of the colocalization of PINK1 with TRAP1 or parkin was performed on
unprocessed images. The background was subtracted from the images by setting the
threshold of each channel to the background value, and the percentage of PINKI1
overlapping with TRAP1 or parkin was determined by Mander’s coefficients using the
JACOP plugin for ImagelJ [61,62]. The percentages of overlap were averaged from a total
of 90 randomly selected mitochondria from three independent experiments. Graphs were

generated with SigmaPlot 11.0 software and figures made using Photoshop CS4 software.

Statistical analysis

Data were subjected to statistical analyses by one- or two-way analysis of variance with a
Tukey’s post hoc test using the SigmaPlot software (Systat Software, Inc.) Results are
expressed as mean £+ SEM. A P-value of less than 0.05 was considered statistically

significant.
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Figure II-1: Super-resolution imaging of submitochondrial compartments by dual
color 3D-SIM fluorescence microscopy. (A) Diagram depicting the compartments and
subdomain structures of the mitochondria. (B-G) Dual color 3D-SIM fluorescence
imaging analysis of HeLa cells labeled with the mitochondrial matrix (MTX) marker
mito-dsRed and antibodies against the OMM marker TOM20, the IMM marker TIM23,
or the IMS marker Cytochrome ¢ (Cyt. ¢). Enlarged view (C) of the boxed region in (B)
shows that the TOM20-positive OMM and the mito-dsRed-labeled MTX can clearly be
distinguished from each other. The arrows in (E) indicate the sites where the TIM23-
labeled IMM appears in close proximity to the TOM20-positive OMM. Scale bars, 5 um
(B) or 1 um (C-E). Line scans show the fluorescence intensity profiles of each labeling

along a line drawn through the mitochondria between the two arrowheads indicated in

(C-G).
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Figure I1-2. PINK1 resides in the cristae membrane/intracristae space under normal
conditions and translocates to the OMM following mitochondrial depolarization. (A
and B) HeLa cells expressing PINK1-GFP were either untreated (A) or treated with 10
uM CCCP for 2 h (B) followed by staining with the indicated antibodies and 3D-SIM
imaging. The MTX was visualized using mito-dsRed, and the OMM, IMM, and IMS
using antibodies against TOM20, TIM23, and Cyt. ¢, respectively. Line scans show the
fluorescence intensity profiles of each labeling along a line drawn through the
mitochondria between the two arrowheads. Scale bars, 1 um. (C) Quantification of the
percentage of mitochondria with PINK1 localized to the OMM following CCCP or other
treatments as indicated. Data represent mean = SEM (error bars; n = 90 mitochondria)
from three independent experiments. *, P < (.05 versus the untreated control, one-way

analysis of variance with a Tukey’s post hoc test.
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Figure I1-3. PINK1 colocalizes with TRAP1 in the IMM/IMS of healthy
mitochondria and colocalizes with parkin on the OMM following mitochondrial
depolarization. (A-J) HeLa cells were either untransfected (B and F) or transfected with
mito-dsRed (A and E), PINK1-GFP (C and G), or GFP-parkin (H and I) or co-transfected
with PINK1-GFP and mCherry-parkin (D and J). Cells were either untreated (A-D) or

treated with 10 uM CCCP for 2 h (E-J) followed by staining with anti-TRAP (A-C and
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E-G) and/or anti-TOM?20 (B, F, and I) antibodies and 3D-SIM imaging. (B). Line scans
show the fluorescence intensity profiles of each signal along a line drawn through the
mitochondria between the two arrowheads. Scale bars, 1 um. (K-M) Quantification
shows the percentage of PINK1 colocalized with TRAP1 (K), the percentage of PINK1
colocalized with parkin (L), and the percentage of mitochondria with OMM-localized
PINK1, TRAP1 or parkin under the basal or CCCP-treated conditions. Data represent
mean = SEM (error bars; n = 90 mitochondria) from three independent experiments. *, P
< 0.05 versus the corresponding untreated control, one-way analysis of variance with a

Tukey’s post hoc test.
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Figure I1-4. Mitochondrial depolarization-induced PINK1 OMM translocation is
impaired by PINK1 ATM, C92F and W437X mutations. (A) Domain structure of
PINK1. The locations of mitochondrial targeting sequence (MTS), transmembrane
domain (TM), Kinase domain, and PD-linked PINK1 point mutations are indicated. (B-
M) HeLa cells expressing C-terminal GFP-tagged PINK1 WT (B, C) or indicated PINK 1

mutants (D-M) were either untreated or treated with 10 uM CCCP for 2 h as indicated
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followed by staining with anti-TOM20 antibodies and 3D-SIM imaging. The MTX was
visualized using mito-dsRed. Line scans show the fluorescence intensity profiles of each
signal along a line drawn through the mitochondria between the two arrowheads. Scale
bars, 1 um. (N) Quantification shows the percentage of mitochondria with OMM-
localized PINK1 under the basal or CCCP-treated conditions. Data represent mean =
SEM (error bars; n = 90 mitochondria) from three independent experiments. *, P < 0.05
versus the corresponding untreated control; #, P < 0.05 versus the CCCP-treated PINK 1

WT, two -way analysis of variance with a Tukey’s post hoc test.
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Figure II-5. The transmembrane domain and C-terminal region are required for
OMM translocation and parkin recruitment in neurons. (A) Full panel and (B) inset
SIM images of primary cortical neurons transfected with mito-dsRed and stained with an

antibody against TOM20. (C-F) SIM images of primary cortical neurons PINK1-GFP
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wild type (C, D), or PD-linked PINK 1 mutants ATM (E) or W437X (F) and stained with
the OMM marker TOM20. Neurons were either untreated (C) or treated with 10 uM
CCCP (D-F). (G) Quantification of the percentage of mitochondria with PINK1 localized
to the OMM following CCCP or other treatments as indicated. Data represent mean +
SEM (error bars; n = 90 mitochondria) from three independent experiments. (H) Wild-
type neurons were transfected with mcherry-parkin and (I-L) PINK1 deficient neurons
transfected with PINK1 WT or indicated PINK1 mutants and treated with CCCP to
observe parkin recruitment (H) or colocalization with parkin (I-L). Line scans were
acquired using ImageJ and indicate the fluorescence intensity of each signal over a line
(AU). Arrowheads indicate where the line was drawn through the mitochondria. Scale
bars, 0.1 uM. (M) Colocalization of WT PINK1 or the indicated PINK1 mutant with
parkin. (N) Quantification of the percentage of mitochondria with parkin recruited to
mitochondria or colocalized with PINK 1. Data represent mean + SEM (error bars; n = 90
mitochondria) from three independent experiments. *, P < (.05 versus the corresponding

untreated control, one-way analysis of variance with a Tukey’s post hoc test.
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Supplementary Figure II-S1. PINK1 translocates to the OMM following loss of AY
but not loss of ApH, ATP, or microtubule integrity. (A-G) HeLa cells expressing
PINK1-GFP were either untreated (A) or treated with valinomycin (B), nigericin (C),

antimycin A (D), oligomycin (E), or nocodazole (F) for 2 h followed by staining with
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anti-TOM20 antibodies and 3D-SIM imaging. Line scans show the fluorescence intensity
profiles of each signal along a line drawn through the mitochondria between the two

arrowheads. Scale bars, 1 um.
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Supplementary Figure II-S2. Timecourse of mitochondrial depolarization-induced
PINKI1 translocation to the OMM. HelLa cells expressing PINK1-GFP were treated
with 10 uM CCCP for the indicated lengths of time followed by staining with anti-
TOM?20 antibodies and 3D-SIM imaging. Line scans show the fluorescence intensity
profiles of each signal along a line drawn through the mitochondria between the two

arrowheads. Scale bars, 1 um.
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Supplementary Figure II-S3. Mitochondrial depolarization-induced PINK1 OMM
translocation does not require new protein synthesis. HeLa cells expressing PINK1-
GFP were pretreated with protein synthesis inhibitor emetine (EM) or cycloheximide
(CHX) or vesicle (DMSO) for 1 h followed by addition of CCCP and co-incubation for 2
h. Cells were then stained with anti-TOM20 antibodies and imaged by 3D-SIM. Line
scans show the fluorescence intensity profiles of each signal along a line drawn through

the mitochondria between the two arrowheads. Scale bars, 1 um.



110

CHAPTER III

SPONGIFORM NEURODEGENERATION LINKED E3 LIGASE MGRNI1 IS

LOCALIZATED TO MITOCHONDRIA WHERE IT REGULATES

MITOCHONDRIAL MORPHOLOGY
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Abstract

Spongiform neurodegeneration, or the degeneration of neuronal cells accompanied by
vacuolation of nervous tissue, represents the neuropathological hallmark of prion diseases
and is also seen as a pathological consequence in other neurodegenerative diseases.
Because multiple diseases present with a similar pathology, this implicates a common
underlying mechanism of pathogenesis yet this mechanism remains undefined. Previous
reports revealed that mice with a null mutation in the gene encoding Mahogunin RING
(really interesting new gene) finger 1 (Mgrnl), an E3 ubiquitin-protein ligase, exhibit
age-dependent spongiform neurodegeneration, but interestingly, these mice lacked typical
proteinase K prion aggregation. Mitochondrial dysfunction and oxidative stress is
observed in brains of Mgrnl mutant mice prior to development of spongiform change;
however, the precise mechanism by which these mice experience mitochondrial
dysfunction remains undefined. We have determined that Mgrnl is primarily localized to
mitochondria through N-myristoylation. In Mgrnl deficient cells, we observe severe
defects in the mitochondrial network and ultrastructure via confocal microscopy and
electron microscopy, respectively. Taken together, this suggests that Mgrnl may regulate
mitochondrial dynamics. Loss of Mgrnl increases susceptibility to oxidative stress
induced cell death. These findings further support mitochondrial dysfunction as a

mechanism for the pathogenesis of spongiform neurodegenerative disorders.
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Introduction

Spongiform neurodegeneration, the pathological hallmark of prion diseases and
also seen as a pathological consequence to HIV encephalitis, Alzheimer’s disease (AD),
and diffuse Lewy body disease (DLBD), is characterized by the accumulation of large
vacuoles, deposition of protein aggregation, and neuronal and/or glial cell death
(reviewed in [1]). Spongiform neurodegenerative diseases are seen in humans and other
mammals and can be familial, sporadic, or caused by an infection. While each specific
spongiform neurodegenerative disease has its own unique clinical presentation, they all
present with rapidly progressive dementia. Since such a wide range of diseases present
with similar pathology, it has been suggested that a common mechanism is involved;
however, this mechanism remains undefined.

Mitochondrial dysfunction is implicated as an underlying cause of
neurodegeneration, including spongiform neurodegenerative disorders (reviewed in [2]).
Mitochondrial dysfunction leads to increased generation of reactive oxygen species
(ROS), which in turn, can oxidize proteins, lipids, and nucleic acids, affecting their
functions [3]. Mitochondrial dysfunction and increased vulnerability to oxidative stress
are seen in several spongiform neurodegenerative disorders including models of prion
disease [4-8], AD [9-11], and HIV encephalitis [12]. Mitochondria are highly dynamic
organelles that readily break apart (fission) and recombine (fusion) in order to protect
themselves from stress and respond to energy needs [13]. Mitochondrial dynamics are
highly regulated and dysregulation of the balance between fission and fusion results in

either elongation or fragmentation of the mitochondrial network and both result in disease
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[14-16]. For instance, patients suffering from prion diseases and prion infected animal
models exhibit altered mitochondrial morphology [4,17]. Mitochondrial fission is
required for distribution of mitochondria according to energy demands and degradation
of damaged mitochondria [20]. Fusion is also important to allow complementation of
mitochondrial DNA and dilution deleterious substances [21]. A group of proteins regulate
the shape of the mitochondrial network by directly affecting mitochondrial dynamics.
Dynamin-related protein 1 (Drpl) is a GTPase required for mitochondria fission [24].
GTPases mitofusins] and 2 (Mfnl and Mfn2, respectively) regulate outer mitochondrial
membrane (OMM) fusion, while inner mitochondrial membrane (IMM.) fusion is
mediated by OPAT1 [18]. The activity of mitochondrial fission and fusion proteins is
regulated by posttranslational modifications such as ubiquitination, phosphorylation, and
sumoylation [19-22].

Mice with a spontaneous null frameshift mutation in Mahogunin RING (really
interesting new gene) finger 1 (Mgrnl™™) develop age dependent spongiform
neurodegeneration that strikingly resembles the pathology observed in models of prion
diseases [23]. Mgrn1 is an ubiquitously expressed C3HC4 RING finger protein that has
been previously shown to mediate ubiquitination of TSG101 [24], melanocortin receptor
[25], and indirectly, a-tubulin [26]. Cytosolically exposed prion sequesters Mgrnl [27],
suggesting that in the presence of pathogenic prion (PrP*), Mgrnl is mislocalized
abolishing neuroprotective function. Prior to neurodegeneration, Mgrnl mice exhibit
mitochondrial dysfunction and oxidative stress [28]; therefore, it is likely that

mitochondrial ~ dysfunction contributes to the pathogenesis of spongiform
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neurodegeneration. The mitochondrial role of Mgrnl remains undefined and the
mechanism by which Mgrn1 protects against neurodegeneration remains unclear.

In this study, we investigated the potential role(s) of Mgrnl at mitochondria. We
observed a large pool of Mgrnl is localized to mitochondria and targeted to the OMM via
N-myristoylation. We sought to determine the role of Mgrnl in maintaining
mitochondrial homeostasis and examine the precise effects of Mgl loss on
mitochondria. Overexpression of Mgl in HelLa cells promotes mitochondrial
elongation. Neurons cultured from Mgrnl mutant mice exhibited fragmented
mitochondria and reduced mitochondrial health. Mgrnl-mediated cytoprotection is
dependent on its N-myristoylation and E3 ligase activity. This study further defines the

mechanism by which loss of Mgrnl leads to mitochondrial dysfunction and cell death.
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Results

Mgrnl mutant mice suffer from spongiform neurodegeneration

A spontaneous mutation arose in the C3H/HeJ mouse strain resulting in a coat
color phenotype [29]. It wasn’t until much later that Mgrn1 mutant mice were also shown
to exhibit spongiform neurodegeneration [23]. Before we began our studies, we wanted to
first confirm spongiform neurodegeneration observed in Mgrnl mutant mice. Based on
previous studies, the neurodegeneration exhibited by Mgrnl mutant mice is age
dependent, so in order to make sure that we observed these mice at the right point in their
lives, we subjected mice that were 12 months of age to both histology and electron
microscopic analysis. In the 12-month-old wild type mice, we observed healthy tissue
throughout the brain including the cortex (Fig. 1A). No vacuolation, protein deposits, or
any trace of neurodegeneration was observed in wild type mice. On the other hand, we
observed large vacuoles in the tissue in Mgrnl mutant animals throughout the brain, but
most severe was in the cortex (pictured) (Fig. 1B). This confirms what others had seen in
that Mgrnl mutant mice exhibit spongiform neurodegeneration. We also wanted to
observe these structures via electron microscopic analysis to see these vacuolation
structures in greater detail. In addition to observing vacuolation in Mgrnl mutant mouse
brains using electron microscopy, we also observed curled membrane fragments inside
the vacuole, typical of spongiform neurodegeneration [30,31] (Fig. 1C). Taken together,

this confirms the presence of spongiform neurodegeneration in aged Mgrnl mutant mice.
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Mgrnl is primary localized to mitochondria

While we previously determined that Mgrnl is partially localized to early
endosomes, where Mgrnl ubiquitinates the ESCRT component, TSG101 [24], the
subcellular localization of Mgrnl remains mostly uncharacterized. Because Mgrnl
mutant mice exhibit mitochondrial dysfunction, Mgrnl likely must be localized to
mitochondria to play a direct role in mitochondrial biology. To further characterize the
subcellular localization of Mgrnl, we first generated a rabbit polyclonal anti-Mgrnl
antibody against residues 255-283 of human Mgrnl. We confirmed that this antibody
specifically recognizes both human and mouse endogenous and recombinant Mgrnl for
western blotting and immunocytochemistry (data not shown).

Once we confirmed the reliability of our anti-Mgrnl polyclonal antibody, we
performed immunofluorescence confocal microscopic analysis to determine the
subcellular distribution of endogenous Mgrnl in HeLa cells. We observed a cytosolic
punctate pattern accompanied by nuclear staining most likely from the two isoforms of
Mgrn1 that contain nuclear localization signals [32,33] (Fig. 2A). We observed extensive
colocalization between Mgrnl and the mitochondrial marker, HSP60 (Fig. 2A),
indicating that a large pool of Mgrnl is localized to mitochondria. We also observed
significant colocalization between Mgrnl and the early endosome marker Rab3,
consistent with our previously published data [24]. We observed some colocalization
with the lysosomal marker, LAMP2, which may be explained to the endosome-to-
lysosome trafficking role of Mgrnl as previously published [24]. There was very little
colocalization between endogenous Mgrnl and the marker of the medial golgi, GM130.

Together these findings indicate that Mgrnl is associated with both mitochondria and
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early endosomes (Fig. 2A,B). Because Mgrnl is primarily localized to mitochondria, this
suggests Mgrnl has a direct role in mitochondrial biology.

Once we had characterized the subcellular localization of Mgrnl in HeLa cells,
we wanted to characterize the distribution of Mgrnl expression in neurons. Since Mgrnl
mutant mice exhibit neuronal cell death and vacuolation, it is likely Mgrnl is expressed
in neurons and localized to the cellular structures in which it acts. We stained primary
cortical neurons with anti-Mgrnl and an antibody against the presynaptic neuronal
marker, synaptophysin (SVP38). We observed that Mgrnl was distributed in the cell
body and dendrites of cortical neurons and partially colocalizes with synaptophysin (Fig.
2 C). We then wanted to determine if Mgrnl localized to mitochondria in neurons.
Cortical neurons were stained with anti-Mgrnl and the mitochondrial marker TOM?20.
We observed extensive colocalization between endogenous Mgrnl and mitochondria in
cortical neurons (Fig. 2D). This suggests that Mgrnl may have functions in the

mitochondria and/or synapses of neurons.

The putative N-myristoylation motif is required for mitochondrial localization of

Mgrnl

Because we observed that a large pool of Mgrnl localizes to mitochondria, we
wanted to determine the mechanism by which Mgrnl may be targeted to mitochondria.
We first determined that Mgrnl lacks a canonical mitochondrial targeting sequence, a
common way that nuclear encoded proteins are targeted to the mitochondria (data not
shown). In addition, Mgrnl does not have any predicted transmembrane domains, which

would have been a potential mechanism by which Mgrnl could anchor into the
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mitochondrial membranes. To determine the mechanism by which Mgrnl localizes to
mitochondria, we first performed a motif search using the eukaryotic liner motif (ELM)
search from ExPASy and determined that Mgrnl has a predicted N-myristoylation motif
(MGXXXSXXX) (Fig. 3A). N-myristoylation is a lipid modification in which myristic
acid is conjugated to the glycine residue via N-myristoyltransferase allowing protein-lipid
interactions. After comparing orthologs of Mgrnl, we determined that this is a well-
conserved motif, indicating the importance of this motif in Mgrnl function (Fig. 3A). To
determine the role of the putative N-myristoylation motif in the subcellular localization of
Mgrnl, we designed and created a mutant, Mgrn1 G2A in which the N-terminal glycine
residue, to which myristic acid is attached, was mutated to an alanine. We transfected
HeLa cells with Mgrnl-myc and Mgrm1G2A-myc and purified mitochondria from cell
lysates. We observed that Mgrnl-myc but not Mgrn1 G2A-myc partially cofractionated
with the mitochondrial marker TOM20 (Fig. 3B). To confirm our subcellular
fractionation and western blotting analysis, the subcellular distribution of Mgrnl-myc
and Mgrml1G2A-myc was examined visually by immnunocytochemistry confocal
microscopic analysis (Fig 3C). We observed extensive colocalization between Mgrnl-
myc and the mitochondrial protein, TRAPI1. This confirms our observation that Mgrnl
significantly localizes to mitochondria. Interestingly, we observed that Mgrn1G2A-myc
was cytosolically distributed and not localized to the mitochondria (Fig. 3C). This
suggests that N-myristoylation is required for mitochondrial localization.

Since mitochondrial functions are highly compartmentalized, it is important to
determine the submitochondrial localization of Mgrnl. Because addition of myristic acid

to the N-terminus of proteins allows proteins to associate with membranes, we first
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assumed that Mgrnl interacts with one of the mitochondrial membranes. We have
previously shown the ability to differentiate submitochondrial compartments (Chapter II)
using 3D-SIM. HeLa cells were transfected with of the mitochondrial matrix marker,
Mito-dsRed (MTX), and Mgrnl-myc or MgrnlG2A-myc. Using 3D-SIM imaging
analysis, we observed that Mgrnl resides outside the mitochondrial matrix (Fig. 3D).
Line scan analysis indicates that there is very little overlap between Mgrnl and the matrix
marker fluorescent signals, suggesting that Mgrnl is localized to the OMM (Fig. 3D).
Additionally, we examined the distribution of Mgrn1G2A-myc in HeLa cells using 3D-
SIM imaging analysis and we confirmed that mutation of the putative N-myristoylation

motif abolishes mitochondrial localization.

Mgrnl regulates mitochondrial morphology

When we were examining the submitochondrial localization of endogenous and
overexpressed Mgrnl and the N-myristoylation mutant Mgrn1G2A-myc, we observed
alterations in mitochondrial morphology. Specifically, we observed that the
mitochondrial network appeared to be elongated in the WT Mgrnl-myc overexpressing
cells compared to the cells overexpressing Mgrn1G2A-myc or untransfected cells. Since
we also determined that Mgrnl is localized to the OMM, we hypothesized that Mgrnl
may regulate mitochondrial dynamics.

To determine the effect of Mgrnl expression on mitochondrial morphology, we
overexpressed WT Mgrnl-myc, Mgml1G2A-myc, or MgrmImtE3-myc in HeLa cells.
MgrnlmtE3-myc is a catalytically inactive mutant of Mgrnl previously characterized by

our lab [24]. We examined mitochondrial morphology through the direct visualization of
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Mito-dsRed or by staining cells with an antibody against the mitochondrial protein,
TIM23. We observed elongation of the mitochondrial network in cells overexpressing
WT Mgrnl compared to cells not overexpressing Mgrnl, overexpressing Mgrnl1G2A-
myc, or overexpressing MgrnlmtE3-myc (Fig. 4A-D). And interestingly, we also
observed swollen mitochondria near the cell periphery in Mgrnl overexpressing cells and
not in the untransfected cells (Fig. 4E,F). Reflecting on the literature, our observations
are similar to what is seen when the mitochondrial fission protein, Drpl, is depleted in
cells [34]. The elongation of the mitochondrial network and the presence of
mitochondrial “balloons” suggest that Mgrnl either promotes mitochondrial fusion or
inhibits mitochondrial fission. Comparing overexpression of the mislocalized Mgrn1G2A
or the enzymatically inactive MgrnlmtE3 to untransfected cells, we did not see a
significant difference in the number of cells with elongated mitochondria or balloon
structures (Fig 4 G,H). This suggests these two mutants have a negligible effect on the
mitochondrial network. Additionally, we saw a significant decrease in the number of cells
with elongated mitochondria in Mgrn1G2A and Mgrn1mtE3 compared to overexpression
of WT Mgrnl. This suggests that N-myristoylation and E3 ubiquitin-protein ligase
activity are both required but neither is sufficient to promote elongation of the
mitochondrial network.

Since altered mitochondrial dynamics is a common underlying cause of multiple
neurodegenerative diseases [35-37], and we have determined overexpression of Mgrnl
results in elongation of the mitochondrial network, we wanted to determine if loss of
Mgrnl also affects mitochondrial morphology. Cortical neurons cultured from Mgrnl

mutant and wild type mice were stained with MitoTracker Green (Invitrogen), a
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mitochondrial dye that allows visualization of mitochondria, and imaged live (Fig. 5A).
In wild type neurons, the mitochondrial network is branched and interconnected in the
cell body and tubular structures in the neuronal processes (Fig. SA). In the cell body and
neuronal processes of Mgrnl mutant neurons, mitochondria appear as rounded, donut
shaped structures and with very little interconnection. In addition, the mitochondria
appeared more clustered in the cell body than in the processes in Mgrnl mutant neurons,
indicative of a potential trafficking defect.

We observed a significant decrease in the average mitochondrial length of
mitochondria in Mgrnl mutant neurons compared to the average mitochondrial length in
wild type neurons (Fig 5B). In addition, we also observed a significant increase in the
number of neurons with fragmented mitochondria compared to wild type controls (Fig.
5C). This suggests that Mgrnl expression is required for proper regulation of the
mitochondrial network and that loss of Mgrnl expression can result in mitochondrial

fragmentation.

Mgrnl is required for mitochondrial health

As previously stated, regulation of mitochondrial fusion and fission are required
for the proper maintenance of mitochondrial health [38]. Without a balance of fusion and
fission, the mitochondrial network can either become elongated or fragmented, but in
either case, trafficking is disrupted and damaged mitochondria accumulate. Because we
observed altered mitochondrial morphology in Mgrnl mutant neurons compared to wild
type, we sought to determine the effect of this altered morphology on mitochondrial

health. To determine if mitochondria in Mgrnl mutant neurons had reduced membrane
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potential compared to wild type controls, we stained these cells with MitoTracker Green,
which labels all mitochondria, and tetramethylrhodamine ethyl ester (TMRE), a red dye
that requires membrane potential in order to be imported into mitochondria; therefore, it
only labels healthy mitochondria [39]. We observed a striking loss of TMRE
fluorescence in the mitochondria from Mgrnl mutant neurons compared to their wild
type controls (Fig. 6A). The MitoTracker Green fluorescence appeared consistent
between wild type and Mgrnl mutant neurons, suggesting no change in mitochondrial
mass (Fig. 6A). Normalized TMRE fluorescence was significantly reduced in the
mitochondria in Mgrnl mutant neurons compared to wild type (Fig. 6B). This indicates
that the dysregulation in mitochondrial dynamics in Mgrnl mutant mice can result in
mitochondrial damage. In addition, this suggests that loss of Mgrnl expression is

sufficient to cause mitochondrial dysfunction.

Mitochondria from aged Mgrnl mutant mice exhibit ultrastructural defects as

shown by electron microscopy.

Our evidence suggests that Mgrnl may regulate mitochondrial dynamics in both
HeLas and cortical neurons. Because Mgrnl mutant mice exhibit mitochondrial
dysfunction and age dependent spongiform neurodegeneration, we wanted to examine
mitochondrial ultrastructure in aged Mgrnl mutant mice. We perfused wild type and
Mgrnl mutant mice aged 12 months and the cortices were subjected to negative staining
and electron microscopy. We observed that mitochondria from wild type mice had
regular mitochondrial structure (Fig. 7A). Specifically, mitochondria exhibited organized

cristae and fully intact IMMs and OMMs. On the other hand, mitochondria from Mgrn1
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mutant mice had discontinuous cristae and OMM vesiculation (Fig. 7B,C). The
significance of these two phenotypes is not fully understood; however, similar
mitochondrial ultrastructure is other instances of spongiform neurodegeneration [40,41].
We determined that there was a significant increase in mitochondria observed with
discontinuous cristae, vesiculation, or both in Mgrnl mutant mouse brains compared to
wild type controls (Fig. 7D). This suggests that loss of Mgrnl-mediated regulation of

mitochondrial dynamics and health causes structural defects in mitochondria.

Mgrnl is cytoprotective against mitochondrial dysfunction

Although it has been previously shown that Mgrnl is cytoprotective against
various stressors [42], we wanted to further determine if Mgrnl protects against neuronal
cell death associated with mitochondrial dysfunction. To determine the effect of Mgrnl
on cytoprotection in neurons, wild type and Mgrnl mutant neurons were treated with
rotenone. Because rotenone inhibits complex I of the electron transport chain, treatment
with rotenone causes mitochondrial dysfunction and cell death. We observed that Mgrnl
mutant cortical neurons exhibited increased susceptibility to rotenone-induced cell death
compared to the wild type controls (Fig. 8 A-C). Because rotenone is a mitochondrial
toxin, this suggests that Mgrn1 is cytoprotective against mitochondrial dysfunction.

To determine if mitochondrial localization or E3 ligase activity were required for
Mgrnl-mediated cytoprotective function, we transfected Mgrnl mutant cortical neurons
with myc tagged empty vector, WT Mgrnl-myc, Mgrn1G2A-myc, or MgrnlmtE3-myc
constructs and treated with 100 nM rotenone for 24 hours. We observed that

overexpression of WT Mgrn1 rescues the susceptibility of Mgrnl mutant cortical neurons
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to rotenone-induced apoptosis (Fig. 8D,E). This effect was abrogated by Mgrn1G2A and
MgrnImtE3 mutations, suggesting that mitochondrial localization and E3 ubiquitin-
protein ligase activity are required for Mgrnl mediated cytoprotection against
mitochondrial toxins. Together, these findings suggest that Mgrnl can protect cells
against deleterious effects associated with mitochondrial dysfunction, and Mgrnl-

mediated cytoprotection is dependent on mitochondrial localization and E3 ligase activity.

Discussion

The pathogenesis of spongiform neurodegenerative diseases is poorly understood;
however, mitochondrial dysfunction and increased susceptibility to oxidative stress have
been implicated as potential causative factors. The relationship between spongiform
neurodegenerative disorders and mitochondrial dysfunction remains unclear. Mgrnl is an
E3 ubiquitin-protein ligase that interacts with cytosolically exposed of the prion protein
and this interaction has been shown to alter the subcellular localization of Mgrnl [27].
Although there is evidence that Mgrnl mutant mice exhibit mitochondrial dysfunction
and oxidative stress prior to the onset of neurodegeneration [28], the role of Mgrnl in
regulating mitochondrial health remained undefined. In this study, we determined that
Mgrnl is primarily localized to mitochondria. Mgrnl contains a putative N-
myristoylation motif, which we show is required for mitochondrial localization and
targets Mgrn1 to the OMM.

Mgrn1 is not unique in the fact that N-myristoylation targets the protein to interact

with the OMM [43-45]; however, the precise mechanisms that target Mgrnl to the OMM
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as opposed to other membranous structures remain unclear. Aside from mitochondrial
membranes, it has been shown that N-myristoylation can also target proteins to the ER
[46,47], plasma membrane [48-52], and endosomes [47,53]. So in theory, N-
myristoylation may also be required for localization to early endosomes. From our
immunocytochemistry confocal microscopic analysis, it appears MgrmlG2A-myc is
completely cytosolic, and is unlikely to be significantly localizes to early endosomes.
Potentially, in order for Mgrnl to localize to early endosomes, the protein must be N-
myristolyated and also interact with TSG101. In the same token, an interaction between
Mgrnl and a mitochondrial substrate protein may drive mitochondrial localization. At
this point, the precise requirements for early endosome localization or mitochondrial
localization remain unclear. It is critical to understand the individual contributions of
endosomally-localized Mgrn1 and mitochondrially-localized Mgrnl to neuroprotection.
Other E3 ubiquitin protein ligases localized to the OMM have been shown to
regulate mitochondrial dynamics [22,54,55]. We observed elongation and ballooning of
the mitochondrial network while overexpressing WT Mgrnl, suggesting that Mgrnl
regulates mitochondrial morphology. Interestingly, N-myristoylation, and therefore,
mitochondrial localization and E3 ubiquitin-protein ligase activity are required for
Mgrnl-mediated mitochondrial elongation. This suggests that Mgrnl-mediated
ubiquitination of a mitochondrial substrate causes mitochondrial elongation. In addition,
we observed mitochondrial fragmentation in Mgrnl mutant neurons, suggesting that loss
of Mgrnl results in dysregulation of mitochondrial dynamics. Taken together, this likely
suggests that Mgrnl promotes mitochondrial fusion or inhibits fission through the

ubiquitination of a mitochondrial substrate. At this point, we cannot say for certain if
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Mgrnl positively regulates fusion or negatively regulates fission. In order to determine
the precise function of Mgrnl, a mitochondrial substrate should be identified. Then the
ubiquitin linkage and ultimate fate of the substrate following Mgrnl-mediated
ubiquitination should be determined. Elucidation of the precise role of Mgrnl in the
regulation of the mitochondrial network is important to determining the role of Mgrnl in
mitochondrial health and neuroprotection. In addition, the effect of Mgrnl expression on
the individual rates of mitochondrial fusion and fission should be examined.

We observed defects in mitochondrial ultrastructure in the brains of Mgrnl
mutant mice compared to their wild type controls. Since mitochondrial structure is tightly
tied to its functions, defects in mitochondrial structure likely affect mitochondrial activity.
It is likely that the discontinuous cristae and defects in cristae structure can affect
mitochondrial transport via the electron transport chain [56]. This might support the
previously published data that Mgrnl mutant mice have defects in the ETC and reduced
ATP production [28]. Taken together, this suggests that loss of Mgrnl-mediated
regulation of the mitochondrial network can cause the mitochondrial dysfunction
observed in Mgrnl mutant mice. Because cytochrome c resides in the intercristae space
and the mitochondrial cristae are disorganized in Mgrnl mutant mouse brains, there may
be uncontrolled cytochrome c release. This could lead to aberrant apoptotic signaling in
Mgrnl mutant mouse brains, resulting in neurodegeneration. Taken together, defects in
mitochondrial ultrastructure may further clarify the role of mitochondrial dysfunction in
cell death and the pathogenesis of spongiform neurodegeneration in Mgrnl mutant mice.

Our data suggest that Mgrnl plays a direct role in regulating mitochondrial

dynamics and health in response to mitochondrial stress. Therefore, loss of Mgrnl can



127

cause loss of the mechanisms mitochondria require to respond to stress. As a result,
Mgrnl mutant mice are more susceptible to age related mitochondrial stresses and suffer
spongiform neurodegeneration. Future studies to identify mitochondrial substrate(s) of
Mgrnl-mediated ubiquitination and understand Mgrnl-mediated alterations in
mitochondrial morphology should provide additional understanding to the role of Mgrnl

in regulating mitochondrial health and in protection from spongiform neurodegeneration.

Materials and Methods

Expression constructs and antibodies

Human MgrnlcDNA was obtained from Kasuza DNA institute (Chiba, Japan). Mgrnl
was subsequently subcloned into various modified expression vectors including with tags
such as myc, HA, and FLAG. Mgrn1G2A and Mgrn1mtE3 were constructed using PCR
and subcloned into modified expression vectors with myc, HA, and FLAG tags.

Polyclonal antibodies were generated against synthetic peptides corresponding to amino
acid residues 255-283 of human Mgrnl (anti-Mgrnl antibody). Anti-Mgrnl was affinity
purified using the antigen conjugated to a SulfoLink column (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Anti-TOM20 (FL-145) was purchased from
Santa Cruz. Antibodies against TIM23 and native cytochrome ¢ (Clone 6H2.B4) were
purchased from BD biosciences. Other antibodies include anti-active caspase 3 (Cell

Signaling), anti-Myc (9E10.3, Neomarkers), and anti-TRAP1 (BD biosciences), SVP38
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(Santa Cruz). All secondary antibodies (FITC, TRITC, and CyS5) were purchased from

Jackson ImmunoResearch Laboratories, Inc.

Cell transfection and treatment

HeLa cells were cultured in Dulbecco’s Modified Eagle Medium supplemented with 5%
fetal bovine serum, 100 IU/ml penicillin, and 100 mg/ml streptomycin. HeLa cells were
transfected with the indicated plasmids using Lipofectamine 2000 (Invitrogen) by
following the manufacturer’s instructions. For analysis of the role of Mgrnl in
cytoprotection, cells were either untreated or treated for 24 hours with 100 nM rotenone.

purchased from Sigma-Aldrich.

Mgrnl mutant mice and primary cell cultures

Mgrnl mutant mice (Mgrnl™") were obtained from Dr. Gregory Barsh of Stanford
University, who originally obtained the mice from the Frozen Embryo and Sperm
Archive at the Harwell Mammalian Genetics Unit (Harwell, UK). Colonies are
maintained through heterozygote breeding; however, homozygote breeding is performed
for primary culture of cortical neurons. Genotypes of animals were determined by PCR.
Primary cortical neurons were harvested from embryonic day 18 (E18) from wild type
and Mgrnl mutant mice as described previously [57,58]. Cells were plated on poly-L-
lysine coated 35mm glass bottom dishes (MatTek, Ashland, MA). Neurons were cultured
in Neurobasal Media (Invitrogen) supplemented with 0.5 mM L-glutamine, B27

(Invitrogen), 100 IU/ml penicillin, and 100 mg/ml streptomycin. Neurons were
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transfected with the indicated constructs on day in vitro 4 using Lipofectamine 2000

(Invitrogen).

Hematoxylin and eosin staining

Blocks of the cortex from 12-month-old wild type and Mgrnl mutant mice were fixed for 48
hours in 4% paraformaldehyde and embedded in paraffin. Paraffin-embedded blocks were cut
into 8 um sections. Sections were stained with hematoxylin-eosin (H&E) and mounted on slides.
Whole slides were scanned using Nanozoomer (Hamamatsu) and compiled as tifs. Images were

acquired using Aperio Spectrum.

Immunofluorescence confocal microscopy

Cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) and were
processed as described previously [59]. In brief, cells were fixed with 4%
paraformaldehyde in culture media for 10 min, permeabilized with a solution containing
0.1% saponin (Sigma-Aldrich) and 2% horse serum (Lonza) in 1x PBS, stained with the
indicated primary antibodies followed by secondary antibodies conjugated to FITC,
TRITC, or Cy5 (Jaackson ImmunoResearch Laboratories, Inc.), and then mounted in
ProLong Gold antifade reagent with DAPI (Life Technologies) as directed by the
manufacturer. For immunofluorescence confocal microscopic analyses, cell images were
acquired in room temperature with a confocal microscope (Eclipse Ti; Nikon) equipped
with Plan-Apochromat 40x/1.3 NA or 60x%/1.4 NA oil immersion objective lenses; filter
sets for FITC, TRITC, DAPI, and Cy5; and the EZ-C1 acquisition software (Nikon). For

oil immersion, type A immersion oil (Nikon) was used. The acquired 16-bit RGB images
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were converted into 8-bit RGB images with the EZ-C1 acquisition software (Nikon), and
the brightness was adjusted using Volocity Software (Perkin-Elmer). Figures were

compiled using Photoshop CS4 software (Adobe Systems).

3D-Structured illumination microscopy

Hela cells were transfected as indicated, fixed in 4% PFA in culture media and
permeabilized with 0.1% saponin as described in the previous section. Images were
acquired at room temperature using a CFI Apo TIRF 100x oil immersion lens (N.A. 1.49),
CCD camera (DU-897; Nikon), Perfect Focus System, and SIM Illuminator (Nikon
Instruments Inc., Melville, NY) using 488 and 561 lasers. All images were acquired and
reconstructed using NIS Elements software. Image stacks were acquired in 100 nm
intervals for 8-15 Z planes. In each plane, 15 images were acquired with a rotating
illumination pattern (5 phases, 3 angles) in 488 and 561 channels independently. The
series of images were reconstructed using NIS-Elements software to yield an image with
resolution beyond the limit of diffraction. Each image represents a single Z section of a
three dimensional image and measurements were performed on the image shown.
Brightness was adjusted using NIS-Elements software (Nikon Instruments) and figures

were compiled using Photoshop CS4 software (Adobe Systems).

Purification of mitochondria

To purify mitochondria, cells were pelleted at 500g for 5 minutes and were resuspended
in buffer containing 250 mM sucrose, 20 mM Hepes, 10 mM KCI, 1.5 mM MgCl,, 0.1

mM EDTA, and 1 mM EGTA, pH 7.5. Cell suspension was dounced 30 times in a loose
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dounce. Unbroken cells and nuclei were pelled at 1000g for 5 minutes. The resulting
supernatant was centrifuged at 10,000g for 15 minutes to pellet mitochondria. The
mitochondrial pellet was washed 3 times in subsequent 15-minute 10000g spins, in the
previously mentioned buffer. Cytosolic and mitochondrial fractions were subjected to
SDS-PAGE and western blotting. Briefly, protein extracts were prepared in 1.1% SDS,
and extracts were subjected to SDS-PAGE electrophoresis and transferred to
nitrocellulose membranes. Blots were incubated in 5% milk in TBST with the indicated
primary antibodies and horseradish peroxidase-conjugated secondary antibodies.

Antibody binding to the nitrocellulose membrane was detected using ECL.

Live imaging of mitochondria

Primary cortical neurons were incubated with the indicated dye for 30 minutes, followed
by two washes, and 30 minutes at 37°C to allow for equilibration, removal of excess dye,
and stabilization of mitochondrial morphology as described previously [39].
Concentrations used were as follows: MitoTracker green (Invitrogen, M7514): 20nM and
tetramethylrhodamine (TMRE) (Invitrogen, T-669): 600nM. Cells were placed on a
temperature and CO, controlled stage and images were captured using an inverted
confocal microscope (C-1, Nikon Instruments) with a 40x or 60x oil immersion objective.
For all neuronal experiments, images are maximum projections, and mitochondrial length
measurements were performed on these maximum projections. For experiments with
TMRE staining, the same laser power, gain, and pinhole size was the same between
samples. In addition, all manipulations to these images (such as enhancing contrast for

better visual results) were consistent between wild type and Mgrnl mutant samples.
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Mitochondria were depolarized by incubation with 20uM carbonyl cyanide m-

chlorophenyl hydrazone (CCCP) for 2h at 37°C.

Perfusion of mice and electron microscopy

Wild type and Mgrnl mutant mice of 12 months of age were perfusion fixed with 2.5%
glutaraldehyde buffered with 0.1M sodium phosphate (pH 7.2). Fixative was delivered at
the rate of 10mL/min. Brains were removed from the skulls, and stored overnight in the
same fixative to insure complete fixation. With a vibrating microtome, the fixed brain
was sliced into 100 uM sections. Sections were washed in the same buffer and post-fixed
in 1% buffered osmium tetroxide and subsequently dehydrated through a graded ethanol
series to 100%. Dehydrated sections were flat embedded in Eponate 12 resin (Ted pella
In, Redding, CA). The embedded sections containing cortex were cut out and re-
embedded in resin for ultrathin sectioning on a Leica UC6rt ultramicrotome (Leica
Microsystems, Bannockburn, IL) and 70 nm. Sections were counter-stained with 4%
aqueous uranyl acetate and 2% lead citrate. Sections were examined using a Hitachi H-
7500 transmission electron microscope (Hitachi High Technologies of America, Inc.,

Pleasanton, CA) and a Gatan BioScan CCD camera.

Cell viability and apoptosis assays

Wild type and Mgrnl mutant primary cortical neurons were transfected with Mgrn1-myc,
Mgrn1G2A-myc, of MgrnImtE3-myc using Lipofectamine2000 (Invitrogen) for 24 hours
and treated with 100 nM rotenone for the following 24 hours, and subsequently fixed in

4% paraformaldehyde and stained with labeled with caspase 3 and myc (9E10) (red).
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Nuclei were stained with DAPI and directly visualized for the assessment of nuclear
morphology. The percentages of transfected neurons with active caspase-3 staining or
apoptotic nuclei were scored as described [57,60,61]. Thirty cells were randomly selected
for each of three experiments. The data shown represents the mean + S.E.M. for these
three independent experiments. Contrast of images was adjusted using Volocity Software
(Perkin-Elmer). Graphs were drawn using SigmaPlot software (Systat, Inc.) and figures

were made using Photoshop CS4.

Image analysis

Quantification of colocalization

Quantification of colocalization was performed on single channel, unprocessed images.
Quantification was performed on the Z plane adjacent to the coverslip interface. Using
the JACOP plugin for ImagelJ, the images were individually threshholded and Mander’s
coefficients [62,63] were determined for each condition as indicated. The percentage of
overlap was quantified from 3 separate experiments. Graphs were generated with
SigmaPlot 11.0 software (Systat Software, Inc.) and Photoshop CS4 software was used to

produce figures.

Mitochondrial Length

Mitochondrial length in neurons was determined using the length function in NIS-
Elements (Nikon Instruments). An ROI was selected of each individual cell and the
software was threshholded to specifically detect mitochondria in the cell body and

processes. The length of every individual mitochondrion was calculated via NIS-
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Elements software length function. The data was imported into Excel (Microsoft Office
Suite, Microsoft) and the average mitochondria length was determined per cell. The
average mitochondrial length was determined from 30 cells per each of three independent
experiments. The average mitochondrial length was then determined from each condition.
Graphs were generated with SigmaPlot 11.0 software (Systat Software, Inc.) and

Photoshop CS4 software was used to produce figures

Mitochondrial membrane potential

Mitochondria in wild type and Mgrnl mutant neurons were stained with MitoTracker
Green and TMRE as described in a previous section. The laser power, pinhole, gain, and
exposure time remained constant throughout all conditions and all trials of this
experiment. An ROI of each individual cell was selected and total fluorescence was
determined in each channel on unaltered images per each cell per condition using NIS-
Elements software (Nikon Instruments). The ratio of TMRE:MitoTracker Green
fluorescence was determined per cell. The average TMRE:MitoTracker Green was
determined from 30 cells per each of three independent experiments. Graphs were
generated with SigmaPlot 11.0 software (Systat Software, Inc.) and Photoshop CS4

software was used to produce figures.

Statistical analysis

All experiments were repeated at least three times. Data were subjected to statistical

analyses by one- or two-way analysis of variance (ANOVA) with a Tukey’s post hoc test
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using the SigmaPlot software (Systat Software, Inc.) Results are expressed as mean +

S.E.M. A P-value of less than 0.05 was considered statistically significant.
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FIGURES AND LEGENDS

A v Mgrn1 +I+ ‘ B Mgrn1 =/- C Mgr1 I—

Figure III-1: Neuropathology of Mgrnl mutant mice. (A, B) Hemotoxylin and eosin-
stained brain sections from the cortical region of 12 month old wild type (A) and Mgrnl
mutant (B) mice illustrating spongiform neurodegeneration in mice lacking Mgrnl
expression. (C) Vacuolar ultrastructure from the cortex of Mgrnl mutant mice. Observed
is a vacuole containing curled membrane fragments. Scale bars (A, B) 25 um. Scale bar

(C) 2 um.
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Figure III-2: Endogenous localization of Mgrnl. (A) HeLa cells were double-
immunostained using an anti-Mgrnl, anti-Lamp2, anti-GM130, anti-HSP60, and anti-

Rab5 antibodies. Scale bar, 10 um. (B) Quantification of Mgrnl localization in HelLa
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cells. Images were processed and analyzed as described in the Materials and Methods
section. The percentage of overlap between Mgrnl and the indicated marker is
represented as the average +/- S.EIM. *, P < 0.05. (C) Mgrnl is expressed in the cell
body and processes of neurons and partially colocalizes with presynaptic markers. (D)
Endogenous Mgrnl partially colocalizes with mitochondrial marker in neurons. Scale bar,

10 pm.
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Figure I1I-3: N-myristoylation targets Mgrnl to the outer mitochondrial membrane.
(A) Sequence alignment of the N-terminal region of Mgrnl. Residues implicated in N-
myristoylation are indicated in red. The asterisk indicates the glycine residue in which

myristic acid is conjugated. (B) Cytosol/mitochondria fractionations indicating that
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Mgrnl-myc and not MgrnlG2A-myc is partially localized to the mitochondria. (C)
Immunofluorescence confocal microscopic analysis of Hela cells transfected with
Mgrnl-myc or Mgrn1G2A-myc and stained with an antibody against the mitochondrial
protein, TRAP1. This shows mitochondrial localization of Mgrnl-myc and cytosolic
localization of Mgrn1G2A-myc. (D) Dual color 3D-SIM fluorescence imaging analysis
of HeLa transfected with Mgrnl-myc and Mgrnl1G2A-myc cells labeled with the
mitochondrial matrix marker mito-dsRed (MTX) and stained with an anti-myc antibody
(9E10). Scale bars, 10 wm (C) or 1 um (D). Line scans were acquired using ImageJ and
indicate the fluorescence intensity of each signal over a line (AU). Arrowheads indicate

where the line was drawn through the mitochondrion.
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Figure I1I-4: Overexpression of Mgrnl promotes mitochondrial elongation.

(A-E) HeLa cells transfected with Mgrnl-myc, Mgrn1 G2A-myc, or MgrnlmtE3 were
stained with antibodies against the mitochondrial marker, TOM20 or transfected with the
mitochondrial matrix marker, Mito-dsRed. Cells were stained with anti-myc (9E10) to
detect transfected cells. Immunofluorescence confocal microscopic analysis shows that
overexpression of Mgrnl-myc (B, F) but not Mgrn1G2A-myc (C) or MgrnImtE3-myc

(D) promotes mitochondrial elongation compared to untransfected (A, E). Scale bars, 10
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um. (G) Number of cells with observed mitochondrial phenotypes: normal, elongated, or
fragmented. (H) Number of cells with mitochondrial balloon phenotype. Data represent
mean £ SEM (error bars; n = 75-90 mitochondria) from three independent experiments. *,
P < 0.05 versus the corresponding untransfected control; #, P < 0.05 versus the
corresponding wild type overexpressing control, two-way analysis of variance with a

Tukey’s post hoc test.
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Figure III-5: Loss of Mgrnl expression affects mitochondrial morphology

(A) Cortical neurons cultured from wild type and Mgrnl mutant mouse embryos were
stained with Mitotracker Green and directly imaged using live cell confocal microscopy.
Fluorescence confocal imaging analysis was performed on wild type and Mgrnl mutant
cortical neurons. Scale bars, 10 wm. (B) Quantification of the average mitochondrial
length per cell. (C) Quantification of the percent of neurons that exhibit fragmented
mitochondria. Error bars = £ S.E.M. *, P < 0.05 one-way ANOVA with a Tukey’s post

hoc test.
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Figure III-6: Mgrnl mutant neurons exhibit reduced mitochondrial membrane
potential. Cortical neurons from wild type and Mgrnl mutant mice were cultured from
mouse embryos and were stained with mitochondrial markers Mitotracker Green and
TMRE. The microscope settings and image adjustments were all kept consistent
throughout the experiment between both sets of cells. (A) TMRE and MitoTracker Green
fluorescence in wild type and Mgrnl mutant cortical neurons. Scale bars, 10 um. (B)
Quantification of mitochondrial membrane potential in wild type and Mgrnl mutant
neurons. The fluorescence intensity was measured for each channel (red and green) of
each individual cell. The TMRE fluorescence for each cell was normalized to
MitoTracker Green fluorescence. Error bars = + S.E.M. *, P < 0.05 one-way ANOVA

with a Tukey’s post hoc test.
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Figure II1-7: Mitochondrial ultrastructural defects observed in aged Mgrnl mutant
mouse brains. Perfusion fixed cortices from 12-month-old wild type (A) and Mgrnl
mutant (B,C) mice were subjected to negative staining and electron microscopy. (A)
Mitochondria in wild type mouse maintained a regular structure. (B) Mitochondria in
Mgrnl mutant mouse brains were observed with discontinuous cristae (arrows) and

vesiculation (arrowheads). (D) Quantification of mitochondrial abnormalities in wild type
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Tukey’s post hoc test
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Figure III-8: Mitochondrially localized Mgrnl is cytoprotective against oxidative
stress and mitochondrial dysfunction
Cortical neurons from wild type and Mgrnl mutant mice were primary cultured from

mouse embryos and treated with 100 nM rotenone. (A) Cells were fixed 24 hours after
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treatment and analyzed for caspase 3 cleavage and apoptotic nuclei. Scale bars, 10 um.
(B) Quantification of caspase 3 cleavage. Cells were scored according to the presence of
caspase 3 staining. (C) Quantification of apoptotic nuclei in rotenone treated wild type
and Mgrnl mutant primary cortical neurons. Cells were scored on whether their nuclei
were apoptotic (condensed or fragmented) or normal. (D) Mgrnl mutant cortical neurons
were transfected with myc vector, Mgrnl-myc, Mgm1G2A-myc, and MgrnlmE3-myc
constructs. After 24 hours transfection, cells were treated with 100 nM rotenone. (E)
Quantification of apoptotic nuclei in Mgrnl mutant cortical neurons transfected with myc
vector, Mgrnl-myc, Mgrn1G2A-myc, and MgrnlmE3-myc and treated with rotenone.
Cells were scored on whether their nuclei were apoptotic (condensed or fragmented) or
normal. Error bars = = S.EM. *, P < 0.05 one-way ANOVA with a Tukey’s post hoc

test.
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CHAPTER IV

DISCUSSION AND FUTURE DIRECTIONS
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Summary of Findings

In this dissertation, I investigated the role and targeting of two proteins implicated in
regulating mitochondrial health related to neurodegenerative diseases. Using super-
resolution, 3D-Structured Illumination Microscopy (3D-SIM) I was able to better define
the spatiotemporal dynamics of two proteins as they function to regulate mitochondrial
health. The findings presented in chapters II-11I demonstrate:

1. Using 3D-SIM, I show that PINKI is dual-targeted to the inner mitochondrial
membrane (IMM) or outer mitochondrial membrane (OMM) depending on the
health of mitochondria so that PINK1 can differentially colocalize with two
substrates. Mistargeting of PD-linked mutations of PINKI suggests incorrect
submitochondrial localization of PINK1 may be implicated in disease.

2. Mgrnl, a spongiform neurodegeneration-linked E3 ubiquitin-protein ligase, is
targeted to mitochondria via N-myristoylation where it regulates mitochondrial
dynamics and protects against mitochondrial dysfunction and cell death.

These findings contribute to a better understanding of mitochondrial signaling in
mitochondrial health and disease. Provided in this section is a discussion of the

implications of these findings.
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PINK1 DISCUSSION AND FUTURE DIRECTIONS

3D-SIM analyses provide insights into PINK1 spatiotemporal dynamics

3D-SIM can differentiate submitochondrial compartments

As our understanding of the mechanisms underlying mitochondrial health and
dynamics grows and we are faced with more difficult questions to elucidate the role of
mitochondrial dysfunction in disease, the methods by which we study mitochondria have
mostly remained unchanged. Mitochondrial functions are highly compartmentalized, so
correct identification of the submitochondrial localization of proteins is essential to
characterizing their function and role in mitochondrial health.

The two most commonly used methods to study the localization of mitochondrial
proteins, transmission electron microscopy (TEM) coupled with immunogold labeling
and biochemical subcellular and submitochondrial fractionation, were first described in
1971 and 1968, respectively [1,2]. While much has been learned from the utilization of
these techniques, they each have limitations and caveats. The lack of further technique
development to study substructures within mitochondria is causing the field to remain
stagnant and ambiguous. As more diseases are linked to mitochondrial dysfunction, it
will be difficult to achieve breakthrough findings without the development of new
methods.

There are several reasons why artifacts arise from TEM/immunogold labeling

linked to the fixation and labeling of samples and interpretation of results. To examine
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the submitochondrial localization of proteins, researchers must balance fixation to
preserve ultrastructures while still achieving robust labeling. The harsh fixation
conditions required for the preservation of mitochondrial ultrastructure reduce the
antigenicity of proteins, making immunolabeling much less efficient. There is a limit to
the number of proteins that can be examined at one time resulting in the lack of a control
within the same mitochondrial compartment. Using TEM without a geographic control,
results can easily be misinterpreted. Moreover, without a geographic control, there are
few ways to quantitatively analyze the data obtained. Instead, the electron dense nature of
mitochondrial membranes is used to interpret where labeled proteins of interest are
located. However, in many disease states, mitochondrial ultrastructure is severely
impacted, making it difficult to visually identify submitochondrial compartments.
Subcellular and submitochondrial fractionation has been performed extensively
since its development; however, biochemical fractionations have consistently produced
conflicting results. Biochemical fractionation relies on the lysing of membranes with
detergents or physical or osmotic stress coupled with centrifugation to separate the
components. Cells are lysed and the cytosol is separated from heavy organelles based on
differential density. The majority of studies use this resulting fraction as a ‘“crude
mitochondrial fraction” although this mixture also contains lysosomes, the ER, and other
membranous structures. If your protein of interest is localized to multiple organelles, the
interpretation of subsequent submitochondrial fractionations can be quite confusing.
While most people use the crude mitochondrial fraction to represent mitochondria, some
use mitochondria that have been further purified using a gradient. The mitochondrial

membranes are lysed in two steps and mixtures are subjected to centrifugation to separate
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membranous structures from aqueous compartments. Throughout this procedure, there
are several steps that can result in contamination from incomplete separation of
compartments or incomplete or excessive lysing of membranes. The harsh conditions
required to lyse membranes and separate cellular compartments damage mitochondria,
which can affect protein localization [3]. In addition, the amount of starting material
required for submitochondrial fractionations is limiting.

We show that super-resolution fluorescence microscopy, specifically 3D-SIM,
can differentiate submitochondrial compartments without many of the challenges of other
methods. Fluorescent markers can be used to indicate the submitochondrial
compartments providing researchers with additional controls and more options for
quantification than TEM. In addition to immunostaining with fluorophore conjugated
antibodies, fluorescent-tagged fusion proteins or organelle specific dyes can also be used
to detect proteins and mitochondrial structures providing additional options for
visualization. Cells can be gently fixed so as not to affect the mitochondrial ultrastructure,
health, or network so results obtained are more physiologically relevant. Because 3D-
SIM can be performed with limited starting material, there are many applications in
which 3D-SIM would be a better option than biochemical fractionation.

In this study, we demonstrated that 3D-SIM has the resolution capacity required
to analyze the spatial dynamics of proteins within the mitochondria. Although super-
resolution microscopy, or techniques in fluorescence microscopy yielding a level of
resolution beyond the limit of diffraction, has been described in detail for 10 years, there
are limited applications of these methods described in the literature. 3D-SIM can achieve

a lateral resolution of about 100 nm and an axial resolution of less than 300 nm,
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approximately a 2-fold increase in resolution compared to confocal microscopy [4].
Because the average width of a mitochondrion in mammalian cells is between 0.5 to 1.0
mm divided amongst the 4 submitochondrial compartments, the resolution provided by
3D-SIM is sufficient to study substructures within the mitochondria.

We were able to differentiate markers of the individual submitochondrial
compartments: the outer mitochondrial membrane (OMM), intermembrane space (IMS),
inner mitochondrial membrane (IMM.), and mitochondrial matrix. In addition, we could
also tell the difference between the subdomains of the IMS and IMM. Specifically, we
could distinguish between the inner boundary membrane and the cristae membrane of the
IMM as parallel to the OMM signal or striations along the length of the mitochondrion,
respectively. We could also differentiate the IMS into the peripheral IMS and the
intercristae space using the same visual cues. This newfound ability to differentiate
submitochondrial compartments using super-resolution fluorescence microscopy provides
novel methods of acquiring and analyzing structural data.

While we were able to differentiate submitochondrial compartments in fixed cells,
we were unable to resolve submitochondrial compartments using 3D-SIM in living cells.
As mitochondria are highly dynamic and rapidly moving in living cells, we were unable
to acquire images that showed clear differentiation of submitochondrial compartments.
The reconstructed images to lack the clearly defined boundaries required for the
determination of submitochondrial compartments as was achieved with our 3D-SIM
imaging analysis on fixed samples. Improvements in the 3D-SIM imaging system or the
dyes and fluorescent tags used to label mitochondrial proteins or compartments may

overcome this limitation.
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PINK1 is dual targeted depending on the health of mitochondria

The submitochondrial localization of PINK1, a serine/threonine kinase in which
loss of function mutations result in recessively inherited forms of early onset PD [5-7],
has been studied using various techniques causing inconsistencies throughout the
literature. Due to the lack of a reliable method to examine the submitochondrial
localization of proteins using fluorescence microscopy, the majority of studies that sought
to determine the submitochondrial localization of PINK1 used either electron microscopy
(EM) [8-10] or biochemical fractionation [11-14]. While some groups observed that
PINK1 resides within the interior structures of the mitochondria [8,9,11,15-17], others
have demonstrated PINK1 being anchored to the OMM [10,14,18]. Conflicting reports on
PINK1 submitochondrial localization, coupled with the unreliability of previously
established methods, underscores the importance of developing a novel reliable method
to detect proteins within a particular submitochondrial compartment.

Because dysregulated PINK1 signaling has been implicated in the pathogenesis of
PD and PINKI1 substrates are located in separate membrane-isolated regions of the
mitochondria, it was imperative to clarify PINKI submitochondrial localization.
Previously established methods identified PINK1 to be localized on the OMM or in the
IMM/IMS causing confusion in the field. We determined that PINK1 was dual targeted
depending on the health of mitochondria. PINK1 is located in the IMM/IMS of healthy
mitochondria and located on the OMM of depolarized mitochondria.

The significance of PINK1 dual targeting is just beginning to be elucidated. The
role of PINKI on the OMM has been studied extensively and shown to involve the

phosphorylation and activation of parkin and recruiting parkin to mitochondria [19-21].
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Because the major focus of PINK1 function has been studying its role on the OMM, this
has significantly downplayed the role of PINKI1 inside the mitochondria. In addition,
prior models of PINK1 mitochondrial signaling either suggest that PINKI1 is rapidly
degraded inside the mitochondria or that PINKI remains on the OMM and is not
imported into mitochondria. These models ignore the role of PINKI-mediated

phosphorylation inside mitochondria that we among others have observed [15].

PINK1 differentially colocalizes with its substrates depending on mitochondrial
health

Under healthy, energized conditions, PINKI1 resides in the IMM and IMS.
Following loss of mitochondrial membrane potential, PINK1 is translocated to the OMM.
This dual targeting allows PINKI1 to differentially colocalize with, interact with, and
phosphorylate substrates localized in different compartments based on mitochondrial
health. Thus, we defined PINK1 to be a “molecular switch” that can initiate two separate
signaling cascades to maintain mitochondrial homeostasis and protect cells mitochondrial
dysfunction. After low levels of mitochondrial stress, PINK1 phosphorylates TRAP1 in
the IMM/IMS and phosphorylated TRAP1 protects against oxidative stress induced cell
death [15]. PINKI1-mediated phosphorylation of TRAPI1 rescues mitochondria from
dysfunction. In contrast, after high levels of mitochondrial damage and depolarization,
PINK1 is translocated to the OMM, where it recruits parkin to damaged mitochondria,
initiating mitophagy [16,21,22].

Like PINK 1, submitochondrial localization of TRAP1 has also been controversial.
We observed TRAPI in the IMM/IMS while others observed TRAPI in the matrix

[15,23]. Using 3D-SIM, we confirmed our previous study and observed TRAPI to be
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localized to the IMM/IMS [15]. Interestingly, while we observed robust translocation to
the OMM of PINK1 following loss of mitochondrial membrane potential, we did not
observe any changes in the submitochondrial localization of TRAPI. In both healthy and
depolarized conditions, TRAP1 was localized to the IMM/IMS. It has been suggested that
PINK1 accumulates on the OMM because protein import is blocked when mitochondria
are depolarized [16,19]; however, TRAPI submitochondrial localization remains
unchanged following depolarization. This suggests that the mechanism by which PINK 1
localizes to the OMM in depolarized mitochondria is specific to PINK1. The structural
determinants required for PINK1 OMM protein translocation following loss of membrane
potential should be further investigated.

PINK1 phosphorylation of TRAPI is likely the first line of defense for
mitochondrial damage. PINK1 phosphorylates TRAP1 in response to oxidative stress to
protect against mitochondrial dysfunction and oxidative stress induced cell death [15,24-
26]. TRAP1 also ameliorates PD-associated a-synuclein induced mitochondrial
phenotypes and cell death, suggesting a role for PINK1-mediated phosphorylation of
TRAP1 in neuroprotection [27]. Since PINKI1-mediated phosphorylation of TRAPI is
required for its cytoprotective function, proper mitochondrial targeting of PINK1 is likely
required for TRAPI-mediated cytoprotection. Therefore, although we have not yet
identified a PINK1 mutant that does not localize to the IMM/IMS under basal conditions,
incorrect PINK1 targeting could be a potential mechanism of pathogenesis due to errors
in signaling via reduced TRAP1-mediated cytoprotection.

We demonstrated that loss of mitochondrial membrane potential triggers

translocation of PINK1 to the OMM, where it colocalizes with parkin. In this case,
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mitochondria are past the point of repair, and in an effort to protect the cell against any
deleterious effects caused by the damaged mitochondrion; the damaged mitochondrion is
degraded by mitophagy [16,28,29]. Because mitochondria are highly compartmentalized,
correct targeting is essential to the functions of mitochondrial proteins. Several disease-
linked PINK 1 mutants have also been shown to be unable to initiate mitophagy [16,30];
however, prior to this study, the only suggested mechanism was through loss of kinase
activity. Using 3D-SIM, we have better characterized the spatiotemporal dynamics of

PINK1 in relation to its previously reported substrates.

Reduced OMM-translocation of PINK1 as a novel mechanism of PD pathogenesis

PD-linked mutants of PINK1 are not translocated to the OMM following loss of

membrane potential

Once we clearly showed the submitochondrial localization of PINK1, we wanted
to determine the significance of PINK1 targeting. We examined the submitochondrial
localization of 3 disease linked proteins, C92F, L347P, and W437X, and a mutant lacking
the transmembrane domain (ATM). While L347P and the W437X truncation mutation
both occur within the kinase domain, L347P causes loss of kinase activity, while W437X
does not. We demonstrated that the W437X mutation results in loss of OMM-
translocation. Interestingly, dual targeting was not affected in the L347P mutant. This
suggests that the C—terminal domain, but not kinase activity is required for OMM
translocation. The PD-linked mutant PINK1 C92F showed a reduction in OMM

translocation, while PINK1 ATM OMM translocation was abolished. This suggests that
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the transmembrane domain is required for PINK1 OMM-translocation, and PINK1 C92F
may have a partially disrupted transmembrane domain. Taken together, this suggests that
reduced or inability of PINK1 OMM translocation may be implicated in the pathogenesis

of PD.

Translocation-defective PINK1 mutants are unable to recruit parkin to damaged

mitochondria

In order to determine the role of PINKI1 translocation in neurons, we had to first
confirm our ability to distinguish submitochondrial compartments in neurons. We sought
to determine if the resolution provided by 3D-SIM was sufficient to differentiate
submitochondrial compartments in primary neurons, since mitochondria in neuronal
processes are thinner than those in immortalized cells. We were able to easily
differentiate OMM and matrix markers, further confirming the power of 3D-SIM super-
resolution microscopy in studying submitochondrial localization of proteins in neurons.

Initial difficulties in studying mitophagy in primary neurons have resulted in poor
understanding of the dynamics of neuronal mitophagy. Using 3D-SIM, we observed that
PINK1 is translocated from the IMM/IMS to the OMM following CCCP treatment in
neurons. Confirming our observations in HeLa cells, PINK1 ATM and W437X mutants
were defective in OMM translocation. Examining the ability of wild type PINKI1 and
OMM translocation defective mutants ATM and W437X to recruit parkin, we observed
that only the wild type was able to efficiently recruit parkin. Taken together, this suggests
that in neurons, PINK1 translocation may be affected by PD-linked mutations. Following

loss of membrane potential and mitochondrial damage, translocation defective mutants
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are unable to recruit parkin to damaged mitochondria and mitochondrial localization is
necessary for initiation of mitophagy. The failure of PINK1 OMM-translocation by
PINK1 W437X or ATM likely results in the accumulation of damaged mitochondria,
accumulation of reactive oxygen species, loss of efficient mitochondrial respiration, and
eventually, cell death. Identification that the PD-linked mutant PINK1 W437X fails to
translocate to the OMM following depolarization and recruit parkin suggests that defects
in OMM-translocation may be a causative link to PD.

This study clearly establishes that PINK1 is dual targeted depending on the health
of the mitochondria; specifically, PINK1 colocalizes with TRAP1 in the IMM/IMS of
healthy mitochondria and colocalizes with parkin on the OMM in damaged mitochondria.
Because TRAPI and parkin signaling have been implicated in the maintenance and
removal of damaged mitochondria and cytoprotection, PINK1 is likely a molecular
switch between these two signaling cascades depending on the degree of mitochondrial
damage. Since TRAPI is localized inside the mitochondria and parkin is located outside
the mitochondria, the submitochondrial localization of PINK1 must be tightly regulated
for proper mitochondrial signaling. Therefore, we hypothesize that PINK1 mistargeting
may result in the dysregulation of mitochondrial signaling required for maintaining a
healthy population of mitochondria. PINKI1 mistargeting likely causes increased
mitochondrial dysfunction, accumulation of ROS, and eventually neuronal dysfunction
and death.

Using 3D-SIM to investigate the submitochondrial localization of PINKI1 has
provided us with a new understanding of the spatiotemporal dynamics of PINKI1 related

to mitochondrial health. We elucidated new insights about PINKI1-mediated
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mitochondrial signaling in immortalized cells and primary neurons. Examination of PD-
linked mutants suggests that incorrect PINK1 targeting may contribute to mitochondrial
dysfunction associated with PD pathogenesis. Further understanding of the role of PINK1
targeting in neuronal mitochondria will provide novel insights into the mechanisms by

which PINK1 is neuroprotective.

PINK1 Future Directions

Determine the structural determinants of PINK1 dual targeting

We clearly show that PINK1 dual targeting is dependent on mitochondrial health;
however, the mechanism(s) underlying PINK1 dual targeting remains undefined. We
have determined that both the transmembrane domain and the C-terminal domain are
required for OMM translocation of PINKI, but the mechanism by which PINKI1 is
mistargeted remains unclear. To determine the necessary regions of PINK1 for OMM
translocation, various truncation mutants can be examined. Since W437X affects the C-
terminal region of the kinase domain and also the remaining C-terminal of the protein, it
is unclear whether the disruption of the kinase domain and/or the C-terminal region
results in OMM translocation defects. In addition to removing regions of PINKI1 to
determine the structural determinants of OMM translocation, we could also attach
domains of PINK1 to fluorescent tags to examine their effect on protein submitochondrial
targeting. For instance, further investigation should be performed to determine if the

mitochondrial targeting sequence, the transmembrane domain, and the C-terminal region
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(437-581) are sufficient to direct PINK1 dual targeting. In addition, a BLAST search
should then be performed to find other proteins with similar motifs/domains to PINKI.
The submitochondrial localization of any candidate proteins should be determined to see

if other proteins that undergo similar mitochondrial targeting.

What are the physiological triggers of PINK1 translocation?

Although treatment with CCCP has become a common cellular model to study the
effect of mitochondrial depolarization on cells and proteins, the physiological relevance
of this model is debated. In cells, and particularly neurons, it is unlikely that the entire
mitochondrial network will be depolarized at once. In addition, the rapid changes in
mitochondrial biology that occur following CCCP treatment likely do not occur under
physiological conditions. However, CCCP is still widely used due to the well-
characterized effects and reliable depolarization.

To determine if PINK1 dual targeting has a physiological role in maintaining
mitochondrial health and cytoprotection, PINK1 submitochondrial localization should be
characterized using a milder agent to depolarize mitochondria. Additional studies should
include more subtle mitochondrial insults such as the use of Mito-KillerRed (Evrogen), a
fluorescent-tagged protein that localizes to the mitochondrial matrix. The tag can be
stimulated to release ROS via a short pulse with a 561 nm laser and damage only the
selected mitochondrion within the selected ROI [31]. Following depolarization of an
individual mitochondrion via laser activation, PINK1 submitochondrial localization

should be characterized.
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In addition, PINK1 OMM-translocation should be characterized using in vivo
Drosophila models. A recent study revealed that wild type flies exhibit regular turnover
of mitochondrial proteins, while parkin and PINK1 mutant expressing flies had much
slower turnover [32]. This suggests that regular mitophagy is occurring in vivo under
normal conditions and in vivo mitophagy is disrupted by disease-linked mutations in
PINKI1 or parkin. By placing OMM translocation defective mutants of PINK1 into a
PINK1 deficient fly, we can determine the effect of mistargeting PINK1 on mitophagy
rates in vivo. Understanding the significance of PINK1 translocation in vivo and how that
relates to the kinetics of mitochondrial turnover is important to understand PINKI1

function and the role of PINK1 translocation dysfunction in PD pathogenesis.

How does PINK1 translocate?

Throughout this study, we show PINKI1 resides inside healthy mitochondria and
on the OMM of depolarized mitochondria; however, origin of the OMM-localized PINK 1
remains undefined. Previous models suggest PINKI1 is normally imported into the
mitochondria, rapidly degraded, and mitochondrial depolarization blocks protein import
and causes PINKI accumulation on the OMM [16,33]. Our data, however, suggest
otherwise. For instance, the OMM-translocation defective mutations are imported into the
mitochondria at the same rate as wild type. But when mitochondria are depolarized,
OMM-translocation mutants remain inside the mitochondria. If the previously suggested
models were true, this would mean that not only was degradation of those mutants
impeded, but also, the protein was still able to get imported into the mitochondria. It is

unlikely that PINK1 W437X or ATM are defective in both rapid degradation and OMM
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retention following loss of mitochondrial membrane potential. I suggest a new model in
which PINKI is directly targeted to the OMM following mitochondrial depolarization.
Further studies are needed in order to confirm this new model. The effect of
protease inhibitors and proteasome inhibitors on the submitochondrial localization of
PINK1 WT and OMM translocation negative mutants should be examined. For instance,
by using protease and proteasome inhibitors, we can better determine the fate of the
intramitochondrial population of PINKI. If the intramitochondrial PINK1 were rapidly
degraded as previously proposed, potentially we would observe a population of PINK1 in
both the IMM/IMS and OMM regions following CCCP treatment when blocking protein
degradation. Another potential study to determine the source of OMM localized PINK1 is
by using PINK1-Dendra. Photoswitchable fluorophore Dendra-labeled PINK1 wild type
and OMM-translocation defective PINK 1 mutants should be photoswitched from green to
red before starting the CCCP treatment. Two hours later, if the PINK1 on the OMM is
red, it was specifically translocated. If PINK1 localized on the OMM is green, this would

indicate that it’s newly translated and transported to the mitochondrion.

Determine the effect of translocation defective PINK1 mutants in cell death and

neurodegeneration

To understand the significance of OMM translocation in neuroprotection, the role
of PINK1 mitochondrial targeting in cytoprotection needs to be further characterized.
Translocation defective mutants C92F, W437X, and ATM should be expressed in PINK1
deficient neurons and subjected to mitochondrial insults associated with PD such as

rotenone and paraquat. These cells should then be investigated using caspase 3 cleavage
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and nuclear fragmentation assays for viability. Interestingly, overexpression of W437X
worsens the effects of a-synuclein induced cell death [34], which suggests a toxic gain-
of-function. The effects of W437X expression on neuroprotection should be determined
in both PINKI1-expressing and PINK1-deficient backgrounds to clarify the effects of
W437X. Taking this a step further, transgenic mice expressing the translocation defective
mutants can be made on a PINK1 knockout background. These mice should be tracked
over the course of their lifetime and evaluated for behavioral, pathological, and
mitochondrial defects. Moreover, these mice should be subjected to MPTP to see if they
have increased susceptibility to mitochondrial toxins compared to the wild type controls.
Determining the submitochondrial localization of PINK1 in patient samples and
animal models of PD would provide additional insight into the role of PINKI1
submitochondrial targeting in PD pathology. PD patient fibroblasts and neurons derived
from induced pluripotent stem cells have been studied extensively as a PD model to get
more clinically relevant data [35-40]. Using patient fibroblasts, the spatiotemporal
dynamics of PINKI can be characterized under basal and treated conditions. PINK1
translocation in patients without any mutations in the gene may suggest severe
mitochondrial damage while patients with PD that do not exhibit PINK1 OMM-

translocation may indicate errors in PINK1 submitochondrial targeting.
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MGRN1 DISCUSSION

Mgrnl is targeted to the outer mitochondrial membrane via N-myristoylation

Mgrnl is primarily localized to mitochondria

Because Mgrnl loss results in mitochondrial dysfunction preceding
neurodegeneration, this suggests that mitochondrial dysfunction may have a causative
link to the pathogenesis of spongiform neurodegeneration [41]. In addition, accumulation
of oxidative stress and mitochondrial dysfunction is seen in a wide range of spongiform
neurodegenerative disorders, which underscores the relationship between mitochondrial
dysfunction and disease [42]. While it has been observed that Mgrnl deficient mice
exhibit mitochondrial dysfunction, a specific role of Mgrnl at the mitochondria was not
defined prior to this study. We sought to better understand the role of Mgrnl at the
mitochondria and characterize the effects of Mgrnl loss on mitochondrial health and
cytoprotection.

The localization of Mgrnl is relevant to its function because as an E3-ubiquitin
protein ligase, the proximity of Mgrnl to its substrate proteins is crucial to its activity.
Errors in Mgrnl localization has been implicated in the pathogenesis of spongiform
neurodegeneration observed in Mgrnl mutant mice [43]. In this study, we confirmed
Mgrnl endosomal localization, as we have previously reported [44], but also see a large
pool of Mgrnl localized to mitochondria. Since Mgrnl 1is significantly localized to
mitochondria, this suggests that Mgrnl might play an active role in mitochondrial

biology.
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N-myristoylation targets Mgrnl to the OMM

Since Mgrnl lacks a mitochondrial targeting sequence and transmembrane
domain, we wanted to determine the mechanism(s) behind its mitochondrial targeting.
After establishing that Mgrnl has a putative N-myristolation motif, we determined that
wild type Mgrnl, but not the myristoylation negative mutant Mgrn1G2A, is significantly
localized to mitochondria suggesting for the first time a direct role in mitochondrial
function. Using 3D-SIM we showed that Mgrnl is localized to the OMM. Because
mitochondrial functions are highly compartmentalized, localization of Mgrnl to the
OMM suggests that Mgrnl does not have a direct role in mitochondrial functions such as
respiration, calcium buffering, or redox control. On the other hand, Mgrnl could play a
role in the biology of the OMM including regulation of membrane dynamics or
mitochondrial protein import, like other OMM localized E3 ubiquitin-protein ligases [45-
47].

Interestingly, when we overexpressed Mgrnl in HeLa cells we observed altered
mitochondrial morphology in the Mgrnl overexpressing cells compared to the cells
overexpressing Mgrn1G2A, MgrnImtE3, or a vector control. Specifically, in Mgl WT
overexpressing cells we observed elongated and swollen mitochondria. Reflecting on the
literature, this “balloon” phenotype 1is reminiscent of phenotypes seen when
overexpressing the fusion proteins Mfnl or Mfn2 or in fission protein Drpl depleted cells
[48]. This suggests that Mgrnl might have a role in the regulation of the mitochondrial
network, specifically the inhibition of mitochondrial fission or promotion of
mitochondrial fusion. Because Mgrnl1G2A or MgmlImtE3 do not cause the same

phenotype, mitochondrial localization and E3 ubiquitin-protein ligase activity are
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required for Mgrnl-mediated mitochondrial elongation. Since mitochondrial morphology
is so closely tied to mitochondrial function, altered morphology of the mitochondrial
network may be closely tied to the mitochondrial dysfunction observed in Mgrnl mutant

mice.

Mgrnl maintains mitochondrial health

Loss of Mgrnl1 results in mitochondrial fragmentation

Although Mgrnl mutant mice exhibit mitochondrial dysfunction, the mechanisms
by which mitochondria become damaged in Mgrnl mutant mice remain unclear. Since
altered mitochondrial dynamics is heavily implicated in the pathogenesis of many
neurodegenerative diseases, we sought to characterize the mitochondrial network in
primary cortical neurons cultured from wild type and Mgrnl mutant mice. Mgrnl mutant
primary cortical neurons exhibited a very pronounced mitochondrial fragmentation
phenotype when imaging using live cell confocal microscopy. Instead of a reticular
mitochondrial network with a tubular structure as seen in wild type neurons Mgrnl
mutant cortical neurons had mitochondria shorter in length with a “donut” shape. Since
the function of mitochondria is so closely tied to its structure, this altered structure could
be indicative of mitochondrial dysfunction. In addition, these mitochondria were more
clustered in the cell body as opposed to in the processes of the neurons, suggesting a
mitochondrial trafficking defect. Dysregulated mitochondrial trafficking can result in

energy deficits in subdomains of neurons and neuronal death. Fragmented and clustered
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mitochondria observed in Mgrnl mutant cortical neurons are similar to what is seen in
patients and animal models of spongiform neurodegenerative disorders [49-52].
Dysregulation of the mitochondrial network and distribution of mitochondria in neurons
may contribute to mitochondrial dysfunction and neurodegeneration in Mgrnl mutant

mice.

Loss of Mgrnl1 results in mitochondrial dysfunction

After observing fragmented mitochondria in Mgrn1 mutant neurons, we wanted to
further characterize the mitochondrial health in wild type and mutant neurons.
Mitochondria in Mgrnl mutant neurons exhibit reduced mitochondrial membrane
potential as seen when staining cells with TMRE compared to wild type neurons,
suggesting these mitochondria are severely damaged. Loss of membrane potential can
affect multiple functions of the mitochondria including respiration, protein import,
calcium sensing, and calcium signaling. The mitochondrial localization of Mgrnl and
mitochondrial defects observed in Mgrnl-deficient cells suggest that Mgrnl regulates
mitochondrial health.

Time-lapse confocal fluorescence microscopy revealed that the mitochondria in
Mgrnl mutant neurons were static and did not exhibit anterograde or retrograde
movement. Mitochondrial movement is essential to respond to energy demands in the cell.
Neurons are especially sensitive to defects in mitochondrial trafficking because of their
complicated architecture, long distances between the cell body, where mitochondria are
made de novo, and distal regions of the neuron with high-energy demands. Taken

together, this suggests that Mgrn1 is essential for regulating the mitochondrial network,
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and that loss of mitochondrial trafficking has a direct effect on maintaining mitochondrial

morphology and homeostasis.

Ubiquitination of Mgrnl mitochondrial substrate(s) may confer cytoprotection

Since mitochondria play several essential roles in the cell and mitochondrial
dysfunction is associated with the accumulation of toxic ROS, mitochondrial dysfunction
and cell death are closely linked. Mgrnl deficient neurons are more susceptible to
oxidative stress induced cell death. This is interesting for a few reasons. First, we
determined that Mgrnl mutant neurons exhibit mitochondrial dysfunction. Once there are
increased ROS, Mgrnl deficient neurons have an increased susceptibility to cell death.
This suggests that Mgrn1 might not just have a role in preventing accumulation of ROS
in the cell through regulating mitochondrial dynamics, but also in cytoprotection against
cell death. This suggests that Mgrnl may have a role in regulating mitochondrial
dynamics and health in response to oxidative stress. This effect can be rescued with
expression of the wild type Mgrnl, but not Mgrn1G2A or Mgrn1mtE3. Taken together,
this suggests that Mgrn1 plays an essential role in cytoprotection of neurons and that loss
of Mgrnl is clearly linked to increased death of neurons in Mgrnl mutant mice. Because
neurodegeneration observed in Mgrnl mutant mice is age dependent and mitochondrial
dysfunction and oxidative stress accumulates with age, Mgrnl likely plays a role in the

maintenance of mitochondria against age related stress.
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Mgrnl Future Directions

Identification of mitochondrial substrates of Mgrnl-mediated ubiquitination

To date, no mitochondrial substrates of Mgrnl-mediated ubiquitination have been
identified. Without a mitochondrially-localized substrate, the precise role of Mgrnl-
mediated ubiquitination on mitochondrial dynamics remains unclear. To find a
mitochondrial substrate of Mgrnl, mitochondrially localized Mgrnl can be subjected to
mass spectrometry. Briefly, epitope tagged-Mgrnl can be exogenously expressed in cells,
mitochondria can be purified from the cell lysates, lysed, and Mgrnl can be pulled down
from the resulting mitochondrial fraction. The resulting pulldown can be subjected to
mass spectrometry. To verify the candidate substrate(s) of Mgrnl-mediated
ubiquitination, the interaction can be tested via coimmunoprecipitation. /n vivo and in
vitro ubiquitination assays using wild type Mgrnl and mtE3 Mgrnl can be performed
under various conditions to determine if Mgrnl does indeed ubiquitinate the substrate(s)
of interest.

If mitochondrially localized substrates of Mgrnl-mediated ubiquitination cannot
be determined using mass spectrometry methods, proteins involved in mitochondrial
fusion and fission would be ideal candidates to test. While ubiquitination is most known
for its role in tagging proteins to be delivered to the proteasome for degradation,

ubiquitination can also regulate the activity of proteins. Since our data suggest that
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Mgrnl promotes mitochondrial elongation, Mgrnl may ubiquitinate Drpl to reduce its
expression or activity, or it could ubiquitinate mitofusins in order to increase their activity.
To test if Mgrnl ubiquitinates any of the fusion or fission proteins,
coimmunoprecipitation assays and ubiquitination assays can be performed.

If neither mass spectrometry nor coimmunoprecipitation with the fusion and
fission proteins reveals a substrate of Mgrnl-mediated ubiquitination at the mitochondria,
potentially Mgrnl regulates another protein that regulates mitochondrial fission and/or
fusion. Some other potential substrates to check via coimmunoprecipitation and
ubiquitination would be March5, MULAN, or the kinases and phosphatases that regulate
Drpl function. Once a mitochondrial substrate of Mgrnl-mediated ubiquitination is
identified, the ubiquitin linkage should be determined. Then the fate of the ubiquitinated
substrate should be investigated to define the precise role that Mgrnl has on

mitochondrial dynamics.

Does Mgrnl inhibit mitochondrial fission or promote mitochondrial fusion?

We observed elongation of the mitochondrial network with overexpression of
Mgrnl and fragmentation in Mgrnl deficient neurons. But since mitochondrial
morphology is a balance between mitochondrial fusion and fission, we do not know if
Mgrnl expression affects mitochondrial fusion or mitochondrial fission. Aside from the
identification of substrates of Mgrnl-mediated ubiquitination, the effect of Mgrnl on
mitochondrial fusion and fission can be observed. Mitochondrial dynamics can be tracked
using time-lapse fluorescence confocal microscopic analysis in various conditions

overexpressing and depleting Mgrnl expression. In addition, mitochondrial dynamics can
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be observed in wild type and Mgrnl mutant cortical neurons. There are a few ways to
evaluate mitochondrial fusion utilizing the mixing of mitochondrial contents during
fusion events. One potential method would be using the photoswitchable fluorophore,
Mito-Dendra and watching the spread of red fluorescent mitochondria over time [53]. In
addition, watching the spread of fluorescence from two separate cells with differentially
fluorescent mitochondria joined through polyethylene glycol (PEG) — cell fusion. Both

mitochondrial fusion and fission events can be manually tracked over time.

How do the mitochondrial and endosomal roles of Mgrnl contribute to neuronal

health?

Mgrnl 1is significantly localized to two separate subcellular compartments,
mitochondria and early endosomes and the precise cytoprotective role of Mgrnl at either
site remains unclear. In order to truly understand the role that Mgrnl dysfunction has on
spongiform neurodegenerative disease pathogenesis, the contribution of Mgrnl
localization to endosomes and mitochondria must each be investigated separately.

First, the mechanism by which Mgrnl1 is targeted to each subcellular compartment
must be determined. We have previously shown that Mgrn1 localization is dependent on
its interaction with TSG101 [44]. Interestingly, it also appears that mutating the PSAP
tetrapeptide motif responsible for the TSG101 interaction also disrupts the localization to
mitochondria because the cellular distribution MgrmlASAA appears to be entirely
cytosolic [44]. To determine targeting signals required for Mgrnl localization to
endosomes and mitochondria, mapping studies should be performed. The subcellular

localization of the truncations should be evaluated and compared to see which truncations
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yield more or less localization to either endosomes or mitochondria. If there are particular
regions that seem important for targeting, those regions can be investigated more closely
by creating point mutations within those regions of the protein.

Like Mgrnl localization to early endosomes, mitochondrial localization of Mgrnl
may be dependent on its interaction with its mitochondrial substrate(s). Once a
mitochondrial substrate of Mgrnl-mediated ubiquitination has been discovered, the
interaction between Mgrnl and its mitochondrial substrate can be mapped to determine if
mutation of that site disrupts mitochondrial localization. Potentially, mutations of the
residues required for the interaction between Mgrnl and its substrate could affect
mitochondrial localization.

After the regions and domains of Mgrnl required for endosomal and
mitochondrial localization are determined, isoforms of mitochondrially localized and
endosome localized Mgrn1 can be constructed. Then, the effect of each isoform of Mgrn1
on cell function and health should be determined. Overexpressing each in a Mgrnl
deficient background, such as Mgrnl mutant neurons, and then examining the endosome,
lysosome, and mitochondrial morphology, rates of respiration, rates of cellular replication,
and sensitivity to various cell stressors should be determined. This would clarify the
specific roles that Mgrnl localization to endosomes and mitochondria have on the onset
of neurodegenerative diseases. In addition, quantification of Mgrnl localization to
endosomes and mitochondria should be determined in primary neuronal cells and brain

tissue to determine the contribution of Mgrnl activity at either subcellular site.
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What is the link between Mgrn1 deficiency and spongiform neurodegenerative

diseases?

Although the neurodegeneration exhibited by Mgrnl mutant mice closely
resembles the neurodegeneration exhibited by mouse models of prion disease,
neurodegeneration occurs without deposition of protease resistant prion and Mgrnl
expression has no effect on prion pathogenesis [54,55]. On the other hand, cytosolically
exposed prion (PrP®™) can sequester Mgrnl where it is assumed Mgrnl cannot
ubiquitinate its substrates leading to functional depletion of Mgrnl [43]. Taken together,
the role of Mgrnl in prion pathogenesis is controversial. We must consider that loss of
Mgrnl may serve as a better model for a different neurodegenerative disease.

We have preliminary data (not shown) that Mgrnl mutant mice exhibit lysosomal
defects and accumulation of lipids similar in morphology to lysosome storage diseases
such as Neimann Pick Disease Type C and interestingly, lysosomal storage disorders also
exhibit mitochondrial dysfunction. In order to use Mgrnl mutant mice as an effective
model for spongiform neurodegenerative diseases, the disease(s) that Mgrnl deficiency
most closely resembles should be identified. Specifically, Mgrnl mutant mice should be
compared more closely to various spongiform neurodegenerative diseases in pathology
and behavioral phenotypes. The levels, subcellular localization, and activity of Mgrnl
should be investigated in other spongiform neurodegenerative diseases. In addition, the
effect of Mgrnl expression on the pathogenesis of other types of spongiform

neurodegenerative diseases should be investigated in animal models.
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FINAL WORDS

Mitochondria are essential organelles involved in many important cellular
processes. Without properly functioning mitochondria, cells, especially neurons, are
susceptible to cell dysfunction and death. The two proteins examined in this study,
PINK1 and Mgrnl, play important roles in maintaining mitochondrial health. The dual
targeting of PINK1 depending on the health of mitochondria serves as a molecular switch
in that it can initiate two separate signaling cascades depending on the extent of
mitochondrial damage. In low levels of mitochondrial damage, PINK1 colocalizes with
TRAPI in the IMM/IMS where it can phosphorylate TRAP1 in an effort to save the
mitochondria. Following severe mitochondrial damage, PINK1 translocates to the OMM
where it colocalizes with parkin to phosphorylate parkin to initiate mitophagy. Since we
observed mitochondrial elongation with Mgrnl overexpression and fragmentation with
loss of Mgrnl expression, Mgrnl1 is likely involved in regulating mitochondrial dynamics.
The OMM localization of Mgrnl suggests that Mgrnl is likely directly involved with
either promoting mitochondrial fusion or inhibiting mitochondrial fission. Mitochondrial
fusion is essential for maintaining mitochondrial homeostasis because it allows damaged
mitochondria to recombine their mtDNA and dilute toxic material within a single
mitochondrion over the entire network suggesting Mgrnl may respond to mitochondrial
stress. Loss of Mgrnl results in fragmented mitochondria, which is associated with
mitochondrial dysfunction and disease.

Understanding the roles of PINK1 and Mgrnl in regulating mitochondrial health,

morphology, and function is essential for understanding the roles that these proteins have
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in protection against cell death and disease. As the link between mitochondrial
dysfunction and neurodegenerative diseases is becoming more defined, the role of these
proteins in mitochondrial signaling becomes of higher interest. Novel methods to study
the proteins involved in mitochondrial signaling and health, such as 3D-SIM, are needed
to be able to answer the increasingly difficult questions regarding mitochondrial
dysfunction in neurodegenerative diseases. More focus needs to be placed on asking
questions about mitochondrial function and therapeutic approaches to neurodegenerative
disorders associated with mitochondrial dysfunction. The application of 3D-SIM to
investigate the role of PINKI spatiotemporal dynamics in mitochondrial health and

disease has provided novel insights into PINK1 function in neuroprotection.
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