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ABSTRACT

It has recently been established that mitochondria function as an interconnected reticulum
that is maintained through dynamic fission and fusion events. The research performed
throughout the course of this doctoral thesis has profound impacts on cell biology, impacting
mitochondrial dynamics, programmed cell death, intracellular signaling, and peroxisome
biology. Research into the protein mechanisms of mitochondrial fusion and fission is
presented as two distinct research aims. The first objective of this thesis investigated the
mechanisms and meaning of mitochondrial fusion; specifically the role of Mitofusin 2. It is
presented as a manuscript which describes Mfn2 functioning as a signaling GTPase for
mitochondrial fusion, rather then a mechanoenzyme, and that activated Mfn2 protects against
both cytosolic and mitochondrial apoptosis as well as inhibits Bax activation. The second
objective of this doctoral thesis was the investigation into the mechanisms and meaning of
mitochondrial fission; specifically the role of a novel uncharacterized protein FLJ12875
(subsequently named MAPL). The identification of MAPL and a previously unrecognized
pathway for mitochondrial vesiculation as a means to segregate selected cargo into distinct
transport vesicles which traffic to the peroxisome is presented. MAPL is evolutionarily
conserved from plants to bacteria and is an integral mitochondrial outer membrane protein.
MAPL has two transmembrane domains and a carboy-terminal RING domain. Additionally
it has an uncharacterized highly conserved middle domain positioned between the two
membranes, the BAM domain (Beside A Membrane) MAPL overexpression results in a
stimulation of Drpl-dependent mitochondrial fragmentation. Unexpectedly, it was found that
in cells where mitochondrial fission was blocked, a pool of small (70-100 nm) vesicles

enriched for MAPL and or TOM20 was observed. Convincing data are presented



documenting that this pool of vesicles generates independently of the canonical
mitochondrial fission pathway. This thesis describes the identification of a novel vesicular
trafficking pathway for the cell. Both the signaling capabilities of Mfn2 and the
identification of Mitochondrial Derived Vesicles (MDV’s), provide a new platform for
investigations of mitochondrial dynamics and opens up new avenues of research into

mitochondrial mechanism and meaning.
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CHAPTER 1

INTRODUCTION



1.1 RESEARCH OUTLINE

This doctoral thesis provides new molecular details for the mechanisms of both
mitochondrial fission and mitochondrial fusion, as well as, the identification of a novel cell
biology phenomenon. It is presented as a series of published manuscripts.

The introduction is divided into three sections, each of which is important for
understanding the origins of mitochondrial fission and fusion. The first section provides
some historical perspective and some molecular details regarding well known mitochondrial
functions, such as, biogenesis, metabolism, and protein import. The second part of the
introduction, and the focus of this doctoral thesis, originates from the unexpected observation
in 1998 that the mitochondria undergo fusion events and are highly dynamic. In this section,
what is known about mitochondrial dynamics; the molecular machinery, the mechanism of
both fission and fusion, and some unexplained observations, are presented. The specific aim
of this work is to address some of the outstanding questions of mitochondrial fusion and of
mitochondrial fission (Figure 1.1) revolving around the fusion protein Mfn2, and the fission
protein Drpl. The third section of the introduction focuses on the integration of
mitochondrial dynamics into intracellular signaling, cellular function, and disease
progression. Through this, the emerging concept of the fission and fusion proteins, and of
mitochondrial dynamics as central regulators of intracellular homeostasis and cellular

function, will hopefully be conveyed.

1.2 MITOCHONDRIA HISTORY AND FUNCTION

The mitochondria are an essential mammalian organelle of ancestral origin, originally
derived from endosymbiotic prokaryotes roughly 1-3 billion years ago (1-3) They are

generally known for their role as the energy producer in the cell, whose function is essential



Figure 1.1 Research objectives

The specific aim of this research was to address some of the outstanding questions of
mitochondrial fusion and of mitochondrial fission, specifically the mechanistic actions of
both, the fusion GTPase Mitofusin 2 (Mfn2), and the fission GTPase Dynaminl (Drpl). The
first specific aims of this thesis were to characterize the Mfn2 GTPase cycle and to determine
the effect of nucleotide state of this protein, on mitochondrial fusion. The second aims of
this thesis were to identify proteins which regulate the SUMOylation of Drp1 and to
determine the effect of these proteins on mitochondrial fission.
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to sustain cellular life (4). The total mitochondria within a human individual synthesizes
approximately 50 kg of ATP from ADP by oxidative phosphorylation daily (5). The
mitochondria contain the enzymatic molecular machinery that governs metabolic processes
such as, the tricholoroacetic acid (TCA) cycle, fatty-acid oxidation, Fe-S biogenesis, and
heme synthesis in which lipids, carbohydrates, and proteins are converted to ATP to sustain
cellular life (6-7).

Mitochondrial number ranges from a single organelle in retina cells to hundreds of
organelles in hepatocytes. Over the past decade, genetic screens in yeast have been
instrumental in uncovering a diverse list of new proteins which function at the mitochondria
to control their overall shape, size, movement and energy output (8-10). It has also only
been in the past decade that researchers have become aware of the dynamic nature of this
ancient organelle and, that they are capable of rapid change in response to a variety of
different biological stimuli. For example; during differentiation of embryonic stem cells into
cardiomyocytes, the mitochondrial network elongates into tubules (11), during synapse
formation in hippocampal neurons the mitochondrial network undergoes increased division
in order to recruit mitochondria into the neural protrusions for both increased mitochondrial
number and increased mitochondrial activity(12), and in response to apoptotic triggers the
mitochondria fragment their network to facilitate cristea remodeling and cytochrome c
release(13-15).

The mitochondria are unique, within the cell, in that they are surrounded by a double
membrane system consisting of the outer mitochondrial membrane and the inner boundary
membrane(4). This membrane system creates 2 highly distinct microenvironments; the

intermembrane space between the 2 membranes, and the matrix in the middle of the



organelle (Figure 1.2). High levels of cardiolipin are found in the inner membrane which
clearly distinguishes this bilayer from all others.

The intermembrane space can be further divided into two separated regions; the
intermembrane boundary space and the cristea. The intermembrane boundary space is the
narrow stretch of space between the outer and inner membranes including protein mediated
contact sites. Invaginations of the inner boundary membrane result in the formation of
cristea folds where much of the ATP synthesis takes place. The cristea form relatively long
tubules as well as, folds which emanate into the matrix (16) (Figure 1.2). There is less
protein content in the cristea then in the matrix. The cristea sequesters many proteins such as,
cytochrome ¢ (essential for respiration) which once released from the mitochondria into the
cytosol becomes pro-apoptotic (17-18). Detailed biochemical fractionation and cytological
studies have demonstrated that the cristea is a separate mitochondrial inner membrane
compartment that connects to the IMS through small, relatively uniform tubular cristea (16,
19). This compartment is also dynamically regulated, in that the size and shape of cristea can
differ within the same cell, ranging from short to long and from flat and lamellar to tubular
(19).

The electron transport protein complexes of oxidative phosphorylation are embedded
within the inner membrane (Figure 1.2). This is a protein rich membrane and contains the
abundant respiratory complexes, as well as, a large number of gated channel-forming
proteins, including some 49 different metabolite transporter proteins (20-21). Briefly,
pyruvate generated from carbohydrates during glycolysis and fatty acids produced from
triglycerides are transported into the mitochondrial matrix and converted to acetyl CoA, this
then drives the citric acid cycle in which NADH and FADH, substrates for oxidative

phosphorylation are generated. NADH and FADH generate electrons which are transported



Figure 1.2 Mitochondrial membrane structures

Mitochondrial architecture and membrane structure. The mitochondria consist of two
membranes; the outer membrane and the inner membrane. The outer membrane houses many
of the mitochondrial import proteins, apoptotic proteins as well as some of the fission and
fusion proteins. This unique membrane system creates 2 highly distinct microenvironments;
the intermembrane space between the 2 membranes, and the matrix in the middle of the
organelle. The intermembrane space can be further divided into two separated regions; the
intermembrane boundary space and the cristea. The intermembrane boundary space is the
narrow stretch of space between the outer and inner membranes including protein mediated
contact sites. Invaginations of the inner boundary membrane result in the formation of
cristea folds where much of the ATP synthesis takes place. The matrix of the organelle
contains the mtDNA nucleoids and is the site of mtDNA transcription/translation.
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through the electron transport chain (22). This results in the generation of protons which are
then pumped from the matrix across the mitochondrial inner membrane through respiratory
complexes: I, Ill, and IV (22). This action establishes a proton gradient between the matrix
and the inner membrane which is used to drive the F{Fy ATPase, generating ATP and a
resting membrane potential (delta psi) (7, 23).

The matrix houses the mitochondrial nucleoids, which contain the mitochondrial
DNA (mtDNA) (Figure 1.2). The maintenance of mtDNA is essential for mitochondrial
respiration, biogenesis and cell viability. Two distinct genetic systems encode mitochondrial
proteins: mtDNA and nuclear DNA and are thought to be of separate evolutionary origin.
mtDNA is a small 16.6 kb circle of double stranded DNA derived from the circular genomes
of ancient bacteria. The human mitochondrial DNA contains 16,569 base pairs (24), which
encode 37 genes: 13 respiratory chain polypeptides of the respiratory complexes I, I1I, IV,
and V (only complex II is solely composed of proteins encoded by nuclear genes), 22 for
transfer RNA (tRNA) and one for each of the small and large subunits of ribosomal RNA
(rRNA) (23, 25). The remainder of mitochondrial proteins are encoded by nuclear DNA and
are transported to the mitochondria and function either on the cytosolic face of the outer
membrane, as integral outer membrane proteins, in the inner membrane space as integral
proteins of the inner membrane, or finally residing in the matrix.

The mitochondria also contain the so called “mitochondrial permeability transition
pore” (MPTP), a non-selective protein channel which forms at contact sites between the
inner and outer membranes. This is the pore through which membrane potential is dissipated
(permeability transition) as a result of a variety of stresses both apoptotic and non apoptotic.
When Ay is lost, protons and molecules are able to freely flow across the inner

mitochondrial membrane resulting in decreased ATP synthesis, Ca2+ release and increased



ROS production and accumulation, all of which cause mitochondrial‘swelling, dysfunction
and rupture (26). The exact structure of the MPTP is still controversial, however, it is
generally considered that several proteins of both membranes come together to form the
pore, including adenine nucleotide translocase (ANT), and the outer membrane voltage-
dependent anion channel (VDAC) (27, 28). Furthermore, the Bcl-2 apoptotic proteins seem

to regulate pore opening during apoptosis through unknown mechanisms (26).

1.2.1 MITOCHONDRIAL BIOGENESIS

Mitochondrial biogenesis can be loosely defined as the making and growth of new
mitochondria. Current understanding of biogenesis is that it is under the control of a variety
of transcriptional regulation pathways mostly responding to metabolic demand. The control
of mitochondrial function depends on the regulated control of two cellular genomes. The
expression of two distinct sets of genes must be coordinated during biogenesis, making
nuclear to mitochondrial and mitochondrial to nuclear communication an essential element
of cell survival. (Figure 1.3) The mitochondria respond to the changes within the cellular
environment often through new biogenesis to control damage caused by mutations in
mtDNA, potentially leading to oxidative phosphorylation (OXPHOS) subunits that cannot
fold properly, compromising mitochondrial function (29, 30).

Mitochondrial to nuclear communication is thought to occur at two levels; the first
involves nuclear signaling pathways which have been described over the past 20 years. In
this transcription factor mediated method of mitochondrial biogenesis, the mitochondria
undergo new import of mitochondrial proteins and recruitment mitochondrial associated

proteins and lipids to facilitate new growth. Transcription factors or co-activators regulate



Figure 1.3 Overview of mitochondrial biogenesis

Mitochondrial biogenesis signals and/or mitochondrial dysfunction (hypoxia, increased ROS,
mutation/deletions in mtDNA resulting in a loss of membrane potential and a loss of ATP
synthesis) are communicated to the nucleus through signaling pathways resulting in the
transcriptional up regulation of mitochondrial biogenesis genes. Protein synthesis and import
into the mitochondria in addition to mtDNA transcription/translation results in new
mitochondrial growth and increased mitochondrial mass.
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both mitochondrial and nuclear gene expression in response to, for example changes in
environmental temperatures (Figure 1.3) (31), external stimuli such as changes in caloric
intake (32), exorcise (33-34), or changes in the levels of certain hormones such as thyroxine
(21, 35-36). The second type of mitochondrial- nuclear communication observed is the so
called “retrograde regulation” which is the cellular responses associated with changes in the
functional state of the mitochondria itself (4, 37). An example of this is the mitochondrial
stress response, whereby, the mitochondria lose function in response to a loss of
electrochemical potential (uncoupling), of OXPHOS protein damage (38) or through the
accumulation of unfolded proteins in the organelle (39). (Figure 1.3) Recently, a genome-
wide RNAI- screen, for genes that signal the mitochondrial unfolded protein response
(UPRmt) in C. elegans, identified that clpp-1, a mitochondrial matrix protease homologous
to bacterial ClpP, is involved in the UPRmt. This work also found that in animals with
reduced activity of clpp-1, the UPRmt was attenuated suggesting that eukaryotes utilize
component(s) from the protomitochondrial symbiont to signal the UPR(mt) (40). The ability
of the mitochondria to respond to these stressors enables this ancient organelle to recover
from stress and prevent damage of the entire network.

During biogenesis, several factors have been identified such as sequence-specific
transcription factors, co-activators, and hormones which function upstream of transcriptional
activators (21,41-42). For example, mitochondrial transcription factor A (Tfam), which
stimulates the transcription of mtDNA into a polygenic transcript (43) and is processed into
14 tRNAs, 12 mRNAs, and two rRNAs, is itself activated by the transcription factor nuclear
respiratory factor 1 (NRF1) (42). The regulation of protein expression for nuclear encoded
mitochondrial proteins cannot be accounted for through the action of only these factors

above. It is, therefore, now known that mitochondrial biogenesis involves the integration of



multiple transcriptional regulatory pathways which control the expression of both nuclear
and mitochondrial genes in a tissue-and stimulus-specific ways (21). One of the most
studied is that of the peroxisome-proliferator-activated receptor coactivator-1 (PGC-1). It
has been considered to be the universal regulatory system for mitochondrial biogenesis in
vertebrates. It was first discovered as an interacting partner of the nuclear receptor PPARYy in
brown adipose tissue (31).

PGC-1a acts on mitochondrial biogenesis in two ways. Firstly, it regulates the
transcriptional activation of many nuclear encoded mitochondrial proteins, including those
required for protein import (44). PGC-1a activates the family of PPAR nuclear receptor
which are transcription regulators, where for example; PPARa, stimulates mitochondrial
fatty-acid oxidation and oxidative phosphorylation (45) and PPARY, induces expression of
uncoupling protein 1 (UCP1), a mitochondrial transporter involved in thermogenesis in
brown adipose tissue (31). Secondly, PGC-1a regulates mitochondrial biogenesis as it is a
also a co-activator for non-nuclear receptor transcription factors for non-mitochondrial
proteins involved in energy metabolism (46-48).

The complex regulatory control that PGC-1a exerts over a family of coregulators and
a large collection of target genes enables distinct and diverse patterns of the regulation of
mitochondrial biogenesis in different tissues and during different stages of development.
PGC-1a itself is also differentially induced in specific tissues in response to environmental
cues. For example; PGC-1a is induced in response to cold exposure in brown adipose
tissue(31). Furthermore, overexpression of PGC-1a in tissue culture cells results in the
activation of many genes involved in mitochondrial function, such as respiration, oxidative

metabolism, and uptake and utilization of energy substrates (44).



1.2.2 PROTEIN IMPORT

In order for mitochondria to function, they require that these nuclear encoded
mitochondrial proteins translated on ribosomes in the cytosol be delivered post
translationally to the mitochondrial surface by cytosolic chaperones for import into the
organelle. These proteins are synthesized as precursor proteins, which differ from the mature
form of the protein in that they are in an unfolded conformation and associated with
chaperones, which maintain them in a translocation-competent conformation (49). A
complex system of protein import consisting of the transporter of outer membrane (TOM),
and transporter of inner membrane, (TIM ) machinery and processing (mitochondrial
proteases) ensures the proper targeting of mitochondrial proteins (Figure 1.4). The sorting
signals of nuclear encoded mitochondrial pre-proteins are removed by specific processing
peptidases present within different subcompartments of mitochondria and the resulting
proteins are often inserted into the lipid bilayers and or assembled with cofactors and other
proteins to form macromolecular complexes (49). There are three types of sorting signals
known for mitochondrial proteins; the presequences sorting signals, the internal targeting
sequence, and the signal anchor sequence. The cleavable pre-sequence consists of about 10—
80 hydrophobic amino acids with the potential to form amphipathic helices with one
hydrophobic and one positively charged face (49-50). These positively charged extensions
function as targeting signals for the import receptors and direct the preproteins across both
outer and inner membranes (51-52).

Internal targeting sequences are found in proteins that span the membrane several
times. The precise nature of these signals remains unclear. These include all outer membrane
proteins along with many intermembrane space and inner membrane proteins. These

precursors are synthesized without cleavable extensions (52). They have the same primary



Figure 1.4 Overview of mitochondrial import

The precursor form of a mitochondrial protein, containing the targeting signal (red) enters
the TOM (translocase of the outer membrane) complex for entry into the mitochondria. Once
inside various compartments of the mitochondria, proteases of the intermembrane space and
matrix remove the mitochondrial targeting sequences. The TOM complex consists of the
receptor subunits Tom70, Tom22, and Tom20 and the membrane-embedded subunits
Tom40, Tom7, Tom6, and Tom5. The pre-proteins destined for the matrix enter the TIM23
complex in the inner membrane for translocation across the inner membrane. The TIM23
complex consists of Tim 21, Tim50, Tim17, Tim44, Tim16, Tim14, Hsp70, and Mgel. The
pre-proteins destined for the outer membrane utilize the SAM (Sorting and assembly)
complex for membrane insertion. Pre-proteins are translocated across the outer membrane by
the TOM complex and then bound by small Tim proteins in the intermembrane space and
inserted and assembled in the membrane by the SAM complex. Pre-proteins destined for
inner membrane insertion utilize the TIM22 inner membrane protein complex. Tim22 is
aided by Tim54 and Tim18 for the delta-psi dependent, insert of proteins into the inner
membrane.
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structure as the mature protein, but a conformation which is different from the mature
protein. Finally, the signal anchor sequence targets proteins to the outer membrane and the
transmembrane domain functions as the targeting sequence.

Protein translocase complexes exist in both the outer and inner membranes and
function either to allow protein translocation through the membrane into a sub-mitochondrial
compartments or function to integrate proteins with transmembrane domains into either the
outer or inner membranes. (Figure 1.4) Translocases of the outer membrane are called TOM
proteins and function to act as entry points for all cytosolically synthesized mitochondrial
precursor proteins (21, 53). Typically, TOM receptors bind to precursor proteins or the
molecular chaperones which deliver precursor proteins to the outer membrane (54) and these
proteiné transit through the Tom40 channel (55). The TOM channel is a cation specific high
conductance channel with a pore size diameter of 21A. Of the TOM receptor family, three
have been characterized; TOM70: Binds to internal targeting peptides and acts as a docking
point for cytosolic chaperones, TOM20: Binds presequences, TOM22: Binds both
presequences and internal targeting peptides.

Outer membrane proteins, such as porin, which possess a more complicated topology
with multiple P-barrel proteins require the action of the outer membrane sorting and assembly
machinery (SAM complex described below). Precursors of these proteins, first are imported
through the TOM complex to the intermembrane space side (56). Next the small Tim proteins
of the intermembrane space (57-58) pass the precursor proteins to the SAM in the outer
membrane for assembly into the membrane.

Precursor proteins which contain a typical amino-terminal mitochondrial targeting
signal become engaged with the TIM23 receptor complex of the inner membrane (59). The

presequence translocase23 (TIM23) is localized to the mitochondial inner membrane and
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acts as a pore forming protein which binds precursor proteins with its N-terminal (Figure 1.4)
(60-61). TIM23 acts a translocator for preproteins destined for the mitochondrial matrix, the
inner mitochondrial membrane as well as fdr the intermembrane space (61). Precursor
proteins with an internal targeting signal (often more hydrophobic) instead utilize the TIM22
complex, which binds preproteins exclusively bound for the inner mitochondrial membrane
(62-63). These proteins are chaperoned across the hydrophilic intermembrane space by the
hexameric small Tim family (18). Additionally, TIM50 is bound to TIM23 at the inner
mitocondrial side and found to bind presequences. TIM44 is bound on the matrix side and
found binding to mtHsp70. Protein import into the matrix requires that proteins must be
unfolded in order to transit through the protein translocase channels(58). Following import,
the pre-sequence is proteolytically cleaved by the processing proteases. The matrix contains
its own protein folding chaperones, such as, the evolutionarily conserved Hsp70 and
Hsp60/10 (Chaperonin 60/10), (59, 64). Other molecular chaperones and proteases involved
in protein maturation are also found in the matrix and inner membrane and include ClpP,
Lon, Ymel, Dnal, and Hsp78 (49). These proteins are often dual functional in that they are
responsible for the folding of newly imported proteins, but they are also critical components
in mitochondrial quality control (49). For example, levels of these proteins are increased
following increased cellular temperatures(“heat-shock’) or other global mitochondrial

stresses (49).

1.2.3 MITOCHONDRIAL TURNOVER

Mitochondria posses the ability to regulate their own biogenesis and their protein
levels through gene transcription, as described above. Conversely, they also are capable of

regulating their own mass and protein levels through regulated turnover and degradation of
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both entire mitochondria and individual proteins (Figure 1.5). The ability to eliminate
proteins which are synthesized in excess, proteins which are improperly assembled, and
proteins with abnormal conformation is fundamental for the survival of the mitochondria. If
internal protein damage accumulates, the metabolic outputs of individual mitochondria
would become compromised. Additionally, the ability to eliminate whole damaged
organelles is also fundamental for the health and survival of the organelle. If damage
accumulates from external stress, such as nutrient deprivation or excess free radical
accumulation, the functional outputs of the mitochondria would also be compromised. It is
known that the turnover of damaged mitochondria and mitochondrial proteins can be
removed by both the ubiquitin proteosomal and vacuolar/lysosomal (autophagic) degradation
pathways, as well as, proteolytic activity of cytosolic and mitochondrial proteases, which
together, provide regulated continuous turnover of damaged proteins and organelles.(Figure
1.5) (65-66). The balance between mitochondrial biogenesis and mitochondrial turnover
governs the health, integrity and metabolic outputs of the network and is often reflective of
the overall physiology of the cell.

There is evidence that ubiquitin mediated proteolysis of mitochondrial content is an
important mechanism and pathway of removal of damaged mitochondria. It has been
reported that in reticulocytes during maturation the proteolysis of the mitochondria is
ubiquitin-dependent (67), and that, ubiquitin-dependent proteolysis is implicated in the
recognition and selective elimination of paternal mitochondria and mitochondrial DNA
(mtDNA) after fertilization in mammals (66, 68). These studies provided the first evidence
for the role of the ubiquitin proteosomal degradation system in the control of mammalian

mitochondrial inheritance (66, 68). Furthermore, it had already been shown that in alpha-
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factor-arrested yeast cells the turnover of Fzol (yeast mitochondrial fusion protein,
introduced below) was ubiquitin-and-proteosome dependent (69).

Mitochondrial protein turnover is complicated by the recent discovery of yet another
uncharacterized pathway of selective protein removal (70) Surprisingly, during vegetative
growth in yeast cells, it was found that Fzol degradation occurred along a novel proteolytic
pathway not involving ubiquitylation, vacuolar hydrolases, or 26S proteasomes (Figure 1.5).
These conflicting results were the first to demonstrate the existence of two distinct
proteolytic pathways for the turnover of an individual mitochondrial outer membrane protein
in yeast cells (69-71).

During a G1 arrest induced by alpha factor mating pheromone in yeast, Fzo1l protein
levels were down regulated (69). Fzol was stabilized upon inhibition of the ubiquitin
proteosomal pathway; however, the deletion of Mdm30 did not stabilize Fzo1 levels post
alpha factor treatment. Mdm30 is a peripheral mitochondrial outer membrane F-box-
containing protein. F-box containing proteins are present in subunits of some E3 ubiquitin
ligases and are often required for the conjugation step between substrate and ubiquitin.
Members of this family are often components of the SCF (Skp Cdc53/Cullin F-box) E3
ubiquitin ligase, and function to target proteins to the proteosome for ubuigitin mediated
degradation (72). These results demonstrate proteosomal dependent turnover of Fzol during
the G1 arrest of the cell cycle. During this arrest, the mitochondrial network, consistent with
a loss of Fzo1, underwent fragmentation (69).

Conversely, during vegetative growth in yeast, Fzolp stability is regulated by
Mdm30. Surprisingly, the turnover of Fzolp, by an unknown proteosome-independent
pathway, requires Mdm30 (69). Interestingly, Mdm30p seems to be required for

mitochondrial fusion. Yeast cells expressing Mdm30p with and F-box mutation have
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Figure 1.5 Mitochondrial turnover

Mitochondria can be degraded through three known mechanisms; apoptosis, mitophagy and
proteosomal turnover. Mitochondria, under conditions of starvation or-sub-lethal damage,
can undergo mitophagy to remove and recycle damaged mitochondria. If the damage is
above an autophagic threshold, the mitochondria can be removed through regulated
apoptosis. Mitochondrial fragments and mitochondrial proteins can be processed by the
ubiquitin proteosomal degradation machinery. This pathway requires the action of
mitochondrial proteases to degrade mitochondrial proteins. An unknown pathway not
involving the proteosome and or the autophagic pathway has also been reported in yeast.
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accumulated levels of Fzolp as would be expected, however they also contain fragmented
mitochondria (71). Excess levels of Fzolp protein indicate that Mdm30p is required for the
turnover of Fzolp, however, the surprising result that, in the absence of a functional F-box,
the mitochondria can not fuse suggests that Mdm30p is an integral component of the fission
fusion pathway. Constitutive Fzolp turnover in vegetative growing cells does not require
known ubiquitin or proteosome machinery, suggesting that Mdm30p-mediated degradation
can occur independently of the proteosome (70, 73). Inhibition of proteosomal processing
through either, prel-1 cells (mutation in a proteolytic subunit of the 20S core particle) or
cim5-1 cells (mutation in an ATPase subunit of the 19S regulatory complex) or through
deletion of Ump]1 (proteosomal assembly factor), did not interfere with the turnover of Fzol
(70).

The turnover of Fzolp, through a proteosomal independent pathway, suggests that
mitochondrial outer membrane proteins, or perhaps more specifically, fusion proteins are
regulated through a pathway distinct from other mitochondrial proteins. Mitophagy was
investigated, as this pathway is the only other known mechanism of mitochondrial protein
degradation. In yeast cells, vacuolar degradation is responsible for the general removal of
mitochondrial proteins following treatment with rapamycin (induces autophagic conditions)
(74). Yeast pep4 mutant cells lack active vacuolar peptidases and do not degrade proteins.
Surprisingly, Fzol levels were not stabilized in these cells with defective vacuolar
degradation.

As discussed above, the levels of Fzol and Mfn?2 are critical for maintaining
mitochondrial and cellular homeostasis. Studies investigating the regulated turnover of Fzol
provide a good example of the complexities of the mitochondria. Very little is known about

the mechanisms of selective mitochondrial protein turnover and of the stability of the

14



mitochondrial proteome. It is currently not understood how mitochondrial outer membrane
proteins are processed for degradation, and the molecular details regarding the turnover of

intermembrane space and matrix proteins are only beginning to be elucidated.

1.2.3.1 AUTOPHAGY

It was initially believed that the turnover of mitochondrial proteins was through non-
selective lysosomal mediated autophagy of the whole organelle. These studies conducted in
yeast, under conditions of starvations, were the first to demonstrate autophagy of the
mitochondria (Figure 1.5) (75). Most mitochondrial proteins are stable for ~3.5 days in
mammalian cells, however, some proteins such as g-aminolevinulate synthase are stable for
only ~20-80 min (76-78). It is now believed that lysosomal autophagy of mitochondria
therefore cannot explain the differences in turnover rates of various proteins (79).
Furthermore, the vacuolar/lysosomal pathway is estimated to account for, at most, 25-30% of
mitochondrial catabolism (80). However, there have also been a number of reports of
mitochondria within vesicles with multiple membrane boundaries (known as autophagic
bodies and/or autophagosomes). Initial studies in rat hepatocytes (81), erythroid cells in
mammals (82), and in yeast cells, provided examples to demonstrate that whole
mitochondria are degraded through mitophagy.

Autophagy is a highly regulated process whose role is becoming more and more

apparent in the maintenance of cellular and mitochondrial homeostasis. It has recently been

found that autophagy has essential roles in differentiation and development and in response
to stress (83). Autophagy is initiated during amino acid deprivation and has been associated
with neurodegenerative diseases, cancer, and myopathies (84). Autophagy occurs when

parts of the cytoplasm and intracellular organelles are sequestered within characteristic
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double- or multi-membraned autophagic vacuoles (named autophagosomes) (Figure 1.5).
These autophagosomes are delivered to the lysosome for degradation for the turnover and
recycling of selected proteins and whole organelles. (85-86). The process of autophagy can
specifically target separate organelles, such as the mitochondria in mitophagy and the
endoplasmic reticulum (ER) in reticulophagy. It is generally accepted that these organelles
are specifically targeted for elimination when either their numbers are in excess or they are
damaged (87). Autophagy was first understood as a response to starvation, in that, it is a
process by which cells adapt their metabolic signaling to initiate catabolism of
macromolecules. Catabolism generates metabolic substrates as a stress response for the cell
to provide substrates for protein synthesis. In addition to starvation, high levels of ROS
which oxidize lipids, proteins and DNA pose a damaging threat to the integrity of the cell.
There are various defense mechanisms to combat oxidative damage, such as up-regulation of
antioxidants, removal of specific proteins by the ubiquitin—proteasome system (88), and
removal of damaged proteins and organelles by autophagy (89).
There is also increasing evidence that mitophagy can occur as a response to elevated
reactive oxygen species (83, 90). For example; in aged cells, autophagic pathways are
compromised and under normal growth conditions, high levels of oxidized proteins can
accumulate (89, 91-94). Oxidized proteins have also been found to accumulate in age related
disorders such as Alzheimer’s disease (95), and diabetes mellitus (96), where there is also a
decrease in autophagy.

Mitophagy occurs in response to various stimuli, both in yeast and in mammalian
cells. Mitophagy was also observed in yeast cells which contained a temperature-sensitive
mutant of the mitochondrial proton ATPase, under anaerobic conditions and at restrictive

temperature (97). In this study, it was found that impairing the mitochondrial electrochemical
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transmembrane potential resulted in tile induction of mitophagy. Furthermore, they found
that mitochondrial damage-induced autophagy resulted in the preferential degradation of
impaired mitochondria before leading to cell death (97) It was these studies which first
suggested that autophagy can function either as a process of mitochondrial quality control, or
as whole cell response when cells reach a threshold of damaged mitochondria.

In mammals, mitophagy was reported in rat hepatocytes exposed to nutrient
starvation or to photodamage (83). It has since been found that when autophagic survival
mechanisms fail, death programs are activated in response to oxidative stress. It is now
accepted that autophagy has a dual role leading to cell death when survival mechanism are
overwhelmed (87, 98, 99).

Autophagy is initiated under starvation conditions and the isolation membrane
sequesters cellular material to be degraded into double membrane vesicles called
autophagosomes. The isolation membranes are thought to be derived from the endoplasmic
reticulum and the edges of the membranes fuse with each other to form a closed double-
membrane structure. Finally, the outer membrane of the autophagosome fuses with a
lysosome and its content is degraded by lysosomal hydrolases. Over the past few years
genetic studies in yeast have been instrumental in uncovering some of the protein machinery
involved in the regulation of this process. To date, 28 Autophagy-related genes (Atg) have
been identified and most of them have a function during this survival process. (100-102).
Subsequent biochemical studies in mammalian systems have provided some molecular
definition to these processes however very little mechanistic details are known. For example
scientists still are not clear as to where the lipid for the isolation membrane comes from.
Some have suggested an involvement of the mitochondria in providing the phospholipids

source for this membrane, however, these studies are not conclusive. Interestingly, one of the
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Atg proteins, Atg9 is an integral mitochondrial outer membrane protein, which cycles
between the mitochondria and the pre-autophagosomal structure (103). Atg9 is required for
isolation membrane formation and it is hypothesized by this group that is functions as a lipid
carrier protein for autophagic vesicle formation (104).

It is proposed, that whole de-energised and damaged mitochondria are somehow
recognized, captured and digested by the vacuole / lysosome for autophagy (105). However,
very little is known as to the roles of the Atg proteins in recognizing damaged mitochondria,
or of the mitochondrial signals which mark them for mitophagy. Interestingly, a newly
identified protein in yeast of the mitochondrial outer membrane Uthlp was found to be
essential for the progression of mitophagy (74). When Uthlp null yeast cells were treated
with rapamycin and/or nutrient deprivation, mitophagy was suppressed by ~ 50%, whereas,
autophagy of cytoplasmic proteins occurred normally. This finding is very intriguing, in
that, it suggests alternate protein mechanism or additional pathways for autophagic turnover
of mitochondrial content (74). The mammalian orthologue of this protein is unknown.

An open question in mitochondrial biology is that of turnover, more specifically, how
mitochondria are specifically selected for autophagy? It has been suggested that under
certain circumstances in mammalian cells, loss of membrane potential plays a role for
mitophagy initiation (106). It has also been proposed that mitochondria with mutated DNA
are less prone to be degraded by mitophagy than healthy mitochondria. Studies in cardiac
myocytes led to the observation that the majority of autophagocytosed mitochondria were
small and relatively free from the hallmark features of oxidative damage. It was
hypothesized that mitochondria with mutated mtDNA generate less ROS, and therefore, are
exposed to less damaging free radicals over time (107). It has also been suggested that large

mitochondria do not undergo mitophagy as readily as small mitochondria due to their size,
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and, as such, accumulate more damage over time (108). Subsequently, the enlarged
mitochondria have fewer chances of undergoing mitophagy which further promotes
oxidative damage. This cycle of growth and damage results in populations of mitochondria
which cannot be selectively degraded whose function compromises that of the whole cell
(108). Since mitochondrial homeostasis is such an important component of cellular survival,
it is not surprising that the organelle would develop alternative mechanisms to regulate its
turnover. Recently, it has been reported that, during lens and erythroid differentiation,
mitochondrial degradation is independent of autophagy. In Atg5 -/- mice in the lens and
erythroid cells autophagy is inhibited, however, the mitochondria still underwent
degradation, suggesting an alternative pathway for turnover. However, this result could also
indicate that alternative Azg5 pathways exist within these cells for mitophagy (109). In order
to understand the functional significance of the mitochondrial involvement during
autophagy, and alternative pathways of mitochondrial turnover, further investigations of the

protein mechanisms of selected turnover must be performed.

1.2.3.2 MITOCHONDRIAL PROTEASES

The mitochondria contain a number of proteases which exert essential housekeeping
functions and control critical steps during mitochondrial biogenesis (110)and are responsible
for the selective degradation of a number of mitochondrial proteins. Mitochondrial proteases
can be assigned to three functional classes (1) processing peptidases, which cleave off
mitochondrial targeting sequences of nuclearly encoded proteins and process mitochondrial
proteins with regulatory functions (2). ATP-dependent proteases, which either act as

processing peptidases with regulatory functions or as quality-control enzymes degrading
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non-native polypeptides to peptides and (3) oligopeptidases, which degrade these peptides
and mitochondrial targeting sequences to amino acids (110).

The ATP-dependent proteases and mitochondrial oligopeptidases degrade proteins
and polypeptides into peptides, and subsequently into amino acids, to ensure the quality
control of mitochondrial proteins in different sub compartments (80, 111). Peptides derived
from mitochondrial proteins in both mammalian cells and in yeast cells have been
documented to be released from the mitochondria into the cytoplasm (112-113). Currently,
two pathways for 6-20 amino acid peptide export in yeast have been identified (113). The
mitochondrial ABC protein (ATP-binding cassette adenosine triphosphatases) Mdll, is an
intracellular peptide transporter localized in the inner membrane of yeast mitochondria. It
functions to export peptides ranging form 600-2100 daltons generated from proteolysis by
the m-AAA protease complex across the inner membrane from the matrix to the
intermembrane space. Peptides generated through i-AAA protease complex activity were
also exported from the mitochondria; however Mdll activity was not required, suggesting
two pathways of peptide export. This study demonstrated that mitochondrial intermembrane
space and matrix peptides can be exported to the cytoplasm. This study, however, only
examined the export of peptides generated from AAA protease activity, it did not examine
the export of peptides generated from other mitochondrial proteases. In a recent elegant
study (111), the proteolysis of newly synthesized and pre-existing mitochondrial proteins, as
well as characterized peptides exported from the mitochondria, was analyzed by mass
spectrometry. This work resulted in the identification of 270 peptides that are exported in an
ATP- and temperature-dependent manner. The peptides originate from 51 mitochondrial and
nuclear encoded proteins, which are localized mainly in the matrix and inner membrane

(111). This study provided many important findings, perhaps the most significant result is
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that only one peptide released corresponded to an outer membrane protein. Of the released
peptides, 40% corresponded to inner membrane proteins, 46% to proteins of the matrix
space, and 10% as not determined. Proteins of the outer membrane and intermembrane space
represented 2%, respectively (111). These results are indicative of alternative mechanisms
for outer membrane protein export and turnover. Currently, very little is known regarding
the turnover of integral outer membrane proteins.

The processing peptidases efficiently remove the sorting signals of nuclear encoded
proteins (114). Most notably known MMP, mitochondrial processing peptidase, is a
conserved heterodimeric metallopeptidase cleaves sorting signals in the matrix (115-117).
Additionally, some proteins, once in the matrix, are further processed by MIP, the
mitochondrial intermediate peptidase (118). MIP is a monomeric metallopeptidase which
removes peptides from preproteins post MMP processing and functions in their maturation
(118-120). IMP inner membrane protease, whose active site functions in the intermembrane
space, mediates the maturation of intermediate forms of nuclearly encoded proteins
generated by MPP in the matrix space (121-122), such as, precursor forms of Smac/
DIABLO (123). In addition to these above proteases involved in protein import and
processing, additional processing peptidases exist within the mitochondria and directly effect
mitochondrial function. For example, the yeast thomboid protease of the inner membrane
Pcpl involved in fusion (124-126), cleaves a component of the yeast fusion machinery,
Mgml (discussed in more detail below). Pcpl cleavage occurs post MMP processing and
the removal of the mitochondrial targeting sequence (124).

The family of ATP dependent proteases have been identified in various mitochondrial
compartments, and have two main functions; protein quality control and proteolytic control

of the regulatory steps during mitochondrial biogenesis (127). They are known to degrade
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proteins to peptides. The Lon protease (or PIM1 protease in yeast) is localized in the
mitochondrial matrix (128-130). Its functions include quality control during conditions of
stress, such as oxidative damage (131). Lon proteases recognizes misfolded and or damaged
proteins and prevents their accumulation by facilitating complete proteolysis. Functions of
this protease have also been linked to mitochondrial biogenesis, in that deletion of PIM I
gene causes the destabilization of the mitochondrial genome, impairs mitochondrial gene
expression, and results in respiratory deficiency (128-129, 132) A second type of ATP
dependent protease is ClpP, which acts under cellular stress a similar fashion as the Lon
protease suggesting overlapping functions in protein quality control (39). ClpP is also present
in the matrix of mammalian mitochondria (133).

A third class of ATP-dependent proteases is the AAA proteases, which are present
within the inner membrane of mitochondria and expose their catalytic sites, either to the
matrix or the intermembrane space (134). The m-AAA protease, is active on the matrix side,
and i-AAA protease, is active on the intermembrane side. AAA proteases have been
identified in all mitochondrial subcompartments, except the outer membrane, and
complementation studies in yeast have revealed a functional conservation of m- and i-AAA
proteases from yeast to mammals (110, 135-137). These conserved proteolytic proteases
function in quality control of mitochondrial inner membrane proteins, mediate peptide
dislocation from the mitochondria, and act as processing enzymes, control ribosome
assembly, mitochondrial protein synthesis, and mitochondrial fusion (110).

The functions and substrates of these proteases are only partially understood (80). It
is known, however, that many of these enzymes have importance in human disease, such as
Hereditary Spastic Paraplegia (138). For example, human mitochondria contain two m-AAA

protease subunits, Afg312 and paraplegin (see below). Nonsense mutations in paraplegin are
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causative for an autosomal recessive form of hereditary spastic paraplegia (HSP) (138).
Other diseases related to altered proteosomal function are Idiopathic Torsion Dystonia (139-
140), Friedreich’s Ataxia (141-142) and Batten’s disease (143).

Proteins of the intermembrane space and matrix once processed by the AAA
proteases have been found to be degraded by the ubiquitin-proteasome system (69-70, 134).
Intriguingly, only two proteins of the outer membrane have been found to be degraded by the
ubiquitin proteosomal system; MCL1 an anti-apoptotic protein of the outer membrane and
Fzol the fusion protein of the outer membrane in yeast. This raises an interesting question as
to how integral membrane proteins are excised form the mitochondria and how they are
degraded?

1.3 MITOCHONDRIAL DYNAMICS

The mitochondria are highly dynamic within the cell and function, not as individual
organelles but, as a complex system of mitochondrial networks. The mitochondria, within
the networks, exhibit frequent motility, fission and fusion events. Their shape and structure
are maintained by the regulation of these fission and fusion events, and mitochondrial shape
is reflective of cell type and metabolic demand (Figure 1.6) For example, mitochondria are
often arranged along the myofibrils in skeletal muscle, are coiled around the flagella in |
sperm and form long filamentous networks in fibroblast cells. The dynamic nature of the
mitochondria, and its tightly regulated functional outputs, highlight the relationship between
mitochondrial morphology and metabolic function and the relationship between

mitochondrial morphology and cellular function.
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Figure 1.6 Mitochondrial Dynamics

Mitochondrial morphology is regulated by the antagonistic forces of fission and fusion. Cos-
7 cells, incubated with 50 nM of tthe delta psi sensitive dye, tetramethyl rhodamine ester
(TMRE) display typical mitochondrial morphologies. Stimulating mitochondrial fusion and
or inhibiting mitochondrial fission, results in an interconnected fused network of
mitochondria within the cell. Conversely, inhibiting mitochondrial fusion and or stimulating
mitochondrial fission, results in a fragmented network of individual mitochondria. Images
were obtained using a wide field fluorescent microscope.
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1.3.1 MITOCHONDRIAL MOVEMENT AND CALCIUM SIGNALLING

It is known that interactions between the cytoskeleton and the mitochondria impact
the respiratory capacity, fusion, fission, inheritance in yeast, as well as, the localization of
mitochondria at sites of high energy demand. Interactions with the cytoskeleton also
influence the ability of mitochondria to regulate metabolites and reactive oxygen species,
biogenesis and calcium homeostasis (144). Mitochondria also use different cytoskeletal
networks and different mechanisms to control their movement and morphology within cells.
In the cell, the cytoskeleton is composed of three main types of filamentous systems:
microfilaments, microtubules, and intermediate filaments. (144). Briefly, microfilaments
consist of monomeric actin (G-actin), short helical actin filaments (F-actin), and polarized
actin polymers which contain distinct plus and minus ends forming actin bundles and cables.
Microtubules are polarized cylindrical polymers made up of tubulin monomers and are much
more rigid than actin filaments. They extend their network throughout the cytoplasm and are
a major component of the mitotic spindle and are essential for intracellular transport and cell
motility. Finally, intermediate filaments consist of different types of monomers that are
expressed in a tissue-specific manner and polymerize into nonpolar filaments. There are
three major classes of intermediate filaments: keratins in epithelial cells, neurofilaments in
neurons and vimentins in fibroblasts or the vimentin-like desmin in muscle cells.
Intermediate filaments are less dynamic and more resilient than microfilaments or
microtubules and provide more mechanical strength to the cell (144).
1.3.1.1 MICROTUBULE MOVEMENT

During microtubule-dependent mitochondrial movement, the microtubule-based
motor proteins dynein and kinesin drive mitochondrial movement to the minus and plus ends

of microtubules, respectively. The longest form of mitochondrial movement occurs in the
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axons of neurons, this movement is motor based and the mitochondria travel along polarized
parallel arrays of microtubules. The anterograde transport of the mitochondria occurs when
the mitochondria translocates from the cell body to the distal portions of the axons, whereas,
retrograde movement occurs when the mitochondria translocate in the opposite direction
towards the cell body. The coordination of these movements facilitates the enrichment of
mitochondria at sites of neuronal high energy demand. For example, mitochondria are often
found to be in high numbers at the synapse, active growth cones and branches, nodes of
Ranvier, distal initial segments, myelination boundaries and sites of axonal protein synthesis
(145). In neurons, two kinesins; kinesin -1 (KIF5B) and kinesin-3 (KIF1B) are responsible
for anterograde mitochondrial movement (146). Additionally, dynein inhibition also disrupts
mitochondrial distribution in the axon, implicating dynein in retrograde mitochondrial
movement (147-148). It has also been suggested that there exists a functional
interdependence between Kinesin-1 and dynein. For example in Drosophila, inhibition of
kinesin-1 inhibits anterograde and retrograde movement and causes a depletion of
mitochondria in the axons (149-150).

The activity of the motor proteins on the mitochondria is facilitated by mitochondrial
specific adaptor proteins; Milton-Miro, syntabulin and dynactin, which bind to the cargo-
binding domain of the motors. The regulations and mechanism of the interactions between
the adaptor proteins and the mitochondria are not well characterized. Some of the best
characterized, thus far are Milton and Miro, two adaptor proteins which link the
mitochondria to Kinesin-1. These were both identified using genetic screens in Drosophila,
designed to identify genes required for eyesight (151-152). Milton is a Kinesin heavy chain
binding protein which can co-immunoprecipate and bind to the C-terminal cargo binding

domain of Kinesin-1 (153-154). Miro, on the other hand, does not bind Kinesin-1 but co-
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immunoprecipitates with Milton and is required for the interaction between Milton and
Kinesin-1 (153). It is an integral outer membrane mitochondrial protein with a Rho-like
GTPase domain (155).

The levels and activities of these adaptor proteins are critical for mitochondrial
function. Mutation of, either Miro or Milton in Drosophila, abolishes anterograde
mitochondrial axonal transport, and depletes mitochondria in the axon and synapse which are
otherwise normally formed. (144). Conversely, the overexpression of the mammalian
homologues of Milton OIP106 and GRIF-1 (aka TRAK1 and TRAK?2), also produces
disrupted mitochondrial localization (144, 154).

Interestingly, mitochondrial movement and shape have also recently been found to be
important in the migration of the lymphocytes (156). In this work, it is demonstrated that
mitochondria specifically concentrate at the uropod during lymphocyte migration by a
process involving rearrangements of their shape. More specifically, mitochondrial fission
facilitates relocation of the organelle and promotes lymphocyte chemotaxis, whereas,
mitochondrial fusion inhibits both processes (156). These findings provide evidence linking
mitochondrial dynamics and movement, suggesting that mitochondria redistribution is

required to regulate the motors of migrating cells.

1.3.1.2 ACTIN MOVEMENT

Actin based mitochondrial movement is best characterized in budding yeast during
cell division. Yeast mitochondria undergo anterograde movement towards the bud tip along
polarized actin cables. Mitochondrial movement from mother to daughter requires actin
cables, the mitochore, (a mitochondrial protein complex which links the mitochondria to

actin cables) and the Arp2/3 complex. The Arp2/3 complex is known as the force generator
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PROTEINS IMPLICATED IN MOTILITY

PROTEIN LOCATION FUNCTION
Mdm10 OMM Links. to mtDNA nucleoids, required for movement, also involved in
protein import and assembly.
Mdm12 OMM Links to mtDNA nucleoids, required for movement.
MMM Oliﬁr&nd Links to mtDNA nucleoids, required for movement
Arp2/3 complex Peripheral r(fl(;rtrill}i)tlsx to initiate the polymerization of actin for mitochondrial
Jsnlp Peripheral | Pumilo repeats that bind RNA. Recruits Arp2/3.
Myo2p Peripheral Myosin motor required for retention of mitos in the bud, binds
Yptllp and Mmrlp.
Yptlip Peripheral Regulatory small Rab GTPase required for retention of mitos within
the yeast bud.
Mmrlp Peripheral | Myo2p-dependent inheritance of mitochondria in the budding yeast
Inositol 5'-phosphatase which binds to OMM protein, OMP25.
Synaptojanin 2A Peripheral | Maintenance of intracellular distribution of mitochondria. Targeted
to mitochondria via a PDZ domain-mediated interaction
Mitofiin MM Critical organizer of mitochondrial cristae morphology.
mDial / C T Formin family effector of RhoA involved in actin polymerization.
Diaphanous ytosolic Arrests mitochondrial motility.
Contains coiled coil domains, function in kinesin-mediated transport
Milton Peripheral | of mitochondria to nerve terminals. Interacts with miro for KHC
mediated anterograde transport.
- . Member of milton family with long coiled coils. Associates with
OIP106/ Grif-1 Peripheral Kif5a and KifSh.
Gem1 / Miro/ Contain.s‘two EF }}ands, and tv.vo Rho-like GTPase domgins, Fequired
dMiro OMM for motlhty, function of domains unknown. Interacts with Milton for
KHC mediated anterograde transport.
Kiftb/kinesin-1 Peripheral | Primary kinesin to move mitochondria in the anterograde direction.
Kinesin Binding Peripheral Regulates mitochondria localization by interaction with a kinesin-
Protein like protein Kif1b.
Kif5¢ Peripheral [ kinesin to move mitochondria in the anterograde direction
kinectin 120 Peripheral | Links kinesin to mitochondria.
syntabulin Peripheral Mediated anterograde transport of mitochondria along neuronal
processes.
Involved in intracellular transport, links to kinesin. GSK-3beta
tau Peripheral | phosporylation required for mitochondrial transport. Implications in
Alzheimer's disease.
KLP67A Peripheral | Mitotic kinesin that may direct mitochondria to the spindle pole.
dynein Peripheral | Microtubule motor for retrograde transport of mitochondria.
APLIP1 / JIP-1 Peripheral | Kinesin binding adaptor protein, adaptor for JNK.

Black: S. cerevisiae, Red: H, sapiens, Blue: D. melanogaster

Table 1.1

Mitochondrial motility proteins
Table illustrating the known mitochondrial motility proteins. Adapted from appendlx 2.




for the mitochondria (157). In this study, it was shown, that if the actin cables are
destabilized or if the mitochore is mutated, all mitochondrial movements were blocked.
Interestingly, mutation within the Arp2/3 complex only inhibited anterograde, but not
retrograde movements. This study provided evidence, that during mitochondrial inheritance,
anterograde movement is responsible for the movement of mitochondria from the mother to
the bud, and that retrograde movement is responsible for retaining the mitochondria in the
mother. It was concluded that the mitochondria must interact with actin cables for both
anterograde and retrograde movement, however, only Arp2/3 mediated force generation is
required only for anterograde movement (157).

Three integral mitochondrial outer membrane proteins are required to facilitate the
association of mitochondria with actin bundles. These proteins were also identified using
genetic screens designed to identify defective mitochondrial movement. The complex
consists of maintenance of mitochondrial morphology (Mmm)1p (158), mitochondrial
distribution and morphology (Mdm)10p and Mdm12p (159-160). Deletion of any one of the
three components leads to defects in mitochondrial morphology, inhibition of retrograde and
anterograde mitochondrial motility, inhibition of mitochondrial actin binding activity, and
high rates of mitochondrial DNA loss resulting in impaired mitochondrial respiratory activity
(161). These studies demonstrate that the mitochondria undergo motor-independent, actin-
dependent movement during inheritance in budding yeast and that these movements are
regulated by different metabolic stimuli.

The relationship between mitochondrial motility, morphology and function is a
complex issue which raises many open ended questions. For example, the role of actin
motility in mammalian mitochondrial movement has not been established. The relationship

between these different activities must be elucidated to properly understand the integration of
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the mitochondria into the homeostasis of the cell. What regulates the specific motility
mechanisms controlling mitochondrial distribution, and morphology and how are these
mechanisms regulated in different cell types and in different regions within a cell are
important questions to be addressed? How do two mitochondria know how to move toward
each other for fusion? And conversely, how do two mitochondria know how to move apart to
facilitate the fission event. It is intuitive that the mechanisms regulating microtubule and
actin based mitochondrial movement must be highly integrated into those that regulate both
fission/fusion and mitochondrial signaling. It is therefore, surprising, that these two lines of
research are generally studied independently. Future studies into the mechanisms of fission
and fusion will undoubtedly identify regulatory roles, for mitochondrial motility factors.
1.3.1.3 CALCIUM SIGNALLING

Mitochondria have additional essential cellular functions regulating levels of
intracellular calcium. The mitochondria respond to different calcium levels within the cell
resulting in diverse functional outcomes of the organelle. They can act as calcium sinks,
sequestering these ions upon their release from endoplasmic reticulum (ER) and/ or
following increased Ca2+ uptake across the plasma membrane (162). This is functionally
demonstrated in cardiomyocytes during cellular Ca2+ spikes required for contraction. The
mitochondrial Ca2+ concentrations oscillate in response to the contractile Ca2+ waves
within the cell (163). Conversely, the mitochondria can also release their Ca2+ to increase
the local concentrations within the cytosol or in specific subcelluar regions. (164). The
mitochondria also perform a general Ca2+ buffering role for the cell, whereby, they often are
found in different localized areas within the cytoplasm to facilitate rapid Ca2+ uptake. For

example, in pancreatic acinar cells, populations of mitochondria are often found near the
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plasma membrane to buffer the local influx of Ca2+. Localized increases in mitochondrial
Ca2+ facilitate insulin signaling and release (165). In these same cells, a separate population
of mitochondria are localized in close proximity to the nucleus to prevent the cell from the
damaging effects of rapid increases of Ca2+ levels (165).

This ability of the mitochondria to actively participate in the uptake and release of
intracellular Ca2+ and the regulation of Ca2+ signaling, is dependent on their relative
position within the cell, as well as, their proximity to the endoplasmic reticulum (166). The
mitochondrial Ca2+ uniporter has low affinity for Ca2+, and as such, juxtaposition to the
ER, is required for the production of microdomains of high Ca2+ concentration.

The mitochondria also respond functionally to different levels of Ca2+ within the
organelle. Ca2+ uptake is required for the proper functioning of a number of metabolic
enzymes and metabolite carriers (162, 167). The mitochondria can also signal for increased
proliferation through the release of internal Ca2+ into the cytoplasm (164). Mitochondrial
Ca2+ signaling can also induce apoptosis (168). Mitochondrial dynamics, motility, fission
and fusion directly influence the propagation of Ca2+ waves and Ca2+ signaling. High-speed
mitochondrial Ca2+ imaging revealed that if the mitochondrial network was fragmented, the
propagation of intra-mitochondrial Ca2+ waves was blocked (169). Interestingly, this effect
seems to be dependent on fission molecules and the mechanisms of this dynamic relationship
have not yet been elucidated. Furthermore, the relationship between Ca2+ binding proteins,
Ca2+ and the morphology response is unclear.

1.3.2 MITOCHONDRIAL FUSION
It had been assumed that the mitochondrial population would undergo fission events

for mitochondrial biogenesis, but it was not anticipated that these organelles were capable of
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fusion events. It was only in 1998, that the first documented fusion phenotype was observed.
Since this time, the field of mitochondrial dynamics has emerged, which has significantly
expanded our understanding of mitochondrial biology. We now know, that the mitochondria
readily undergo fusion events, which are highly regulated by outer and inner membrane
mitochondrial GTPase’s, ATP levels and cellular metabolic demands. The investigation into
the complex mechanisms of fusion represented the first half of this doctoral thesis.

The process of mitochondrial fusion requires the co-ordination of many complex
steps between two or more mitochondria within the cytoplasm. The so called “acceptor” and
“donor” mitochondria respond to intracellular fusion requirements and communicate via
unknown signaling mechanisms to coordinate mitochondrial fusion. (Figure 1.7) In order to
relay the fusion signal, the mitochondria must recruit motility factors, form associations with
the microtubule network, and assemble fusion pore protein complexes on both the outer and
inner membranes of each mitochondrion. The donor mitochondrion migrates through the
cytoplasm towards the acceptor mitochondria where the protein machinery (on each
opposing mitochondria) coordinates docking and tethering events. The fusion site is formed
when four sets of membranes (two outer and two inner) are in close opposition, separating
four distinct microenvironments (two intermembrane space and two matrix’s). Complete
mitochondrial fusion results when both the outer and inner membranes have fused to form
one mitochondria with a continuous matrix. Studies investigating mitochondrial fusion in
vitro, have revealed that inner and outer membrane fusion are distinct mechanistic processes,
both, however, require guanosine 5'-triphosphate (GTP) hydrolysis (170-172). For example,
in vitro studies in yeast revealed that in low GTP concentrations outer membrane but not
inner membrane fusion occurs and that the addition of a GTP regenerating system allows for

complete fusion to occur. The loss of mitochondrial membrane potential has been shown to
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Figure 1.7 Mitochondrial fusion steps

Cartoon schematic illustrating the steps required for mitochondrial fusion. In order for
mitochondrial fusion to occur many events must happen. First one mitochondrial must send
out a fusion signal to neighboring mitochondrial to initiate the fusion reaction. Next fusion
proteins must be recruited to, or assembled into micro domains on the mitochondrial surface
for fusion. Next the mitochondria need to engage motility factors to bring the two opposing
outer membranes into close opposition. Next the two mitochondria must tether by unknown
factors. A fusion pore must form on the outer membrane to fuse the two opposing
membranes. Next the two opposing inner membranes must also tether and form a fusion
pore. Complete mitochondrial fusion results when four sets of membranes fuse forming a
single continuous matrix.



Mitochondrial Fusion
required steps

1.Recruitment of components to
microdomains on mitochondrial
surface.
2. Mitochondrial motility.
3. Mitochondrial tethering, factors?
4. Fusion machinery and fusion pore formation.

5. Inner membrane tethering machinery.

6. Inner membrane pore formation.

7. Structural rearrangements of cristae.

Figure 1.7 Mitochondrial fusion steps



block mitochondrial fusion (173), and interestingly, in mammalian cells treated with CCCP
(H+ ionophore) or valinomycin (K+ ionophore) inner membrane but not outer membrane
fusion is blocked (174). This is hypothesized to occur through dissipation of the membrane
potential (170, 174). In contrast, yeast cells, in vitro, treated with CCCP, show a complete
block of outer membrane fusion (172). These studies highlight some of the complexities
involved in fusing four sets of lipid bilayers and illustrate some of the differences between
the mammalian and yeast systems.

If mitochondrial fusion is inhibited, the process of ongoing fission results in a
fragmented mitochondrial network (Figure 1.6). Defects in fusion result in the delayed
growth of mammalian cells due to a low respiratory capacity which is speculated to be the
result of incomplete mtDNA complementation and nucleoid loss. As such, these small
mitochondria could either lack mtDNA or contain mutated mtDNA with
dysfunctional electron transport chains, leading to compromised oxygen consumption.
Furthermore, it remains an open question as to how mitochondrial genomes are lost in the
absence of fusion. Mice deficient in mitochondrial fusion die in mid gestation; mutations in
components of the fusion pathway have also been implicated in the pathology of certain
neurodegenerative diseases such as peripheral neuropathy, Charcot-Marie-Tooth Disease

subtype 2A and in autosomal dominant optic atrophy.

1.3.2.1. FUSION PROTEINS

Most intracellular fusion events are mediated by families of SNARE proteins
(Soluble NEM Sensitive Adaptor Receptor), Rab GTPase’s and Rab effector proteins and
fusogenic lipids, such as phosphatidic acid, and the interaction of these provide the initial

segregation and tethering between membranes of different vesicle compartments (175-176).
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The regulations of these different interactions ensure that only the correct pairs of
membranes can proceed to fusion. To date, none of the known Rab GTPase’s, Rab effector
proteins or SNARESs have been found to be involved in the regulation of mitochondria
fusion. An open question in the field of mitochondrial fusion is that of the identity of the
protein machinery, and whether mitochondrial fusion proteins, function in an analogous
fashion similar to the SNARE proteins? If so, they would pull mitochondrial membranes into
close opposition, providing sufficient force to overcome the intrinsic forces of repulsion
between opposing membranes (177). Interestingly, Mitochondrial PLD (MitoPLD), an
ancestral member of the phospholipase D (PLD) superfamily of lipid-modifying enzymes has
recently been found to be required for mitochondrial fusion (178-179). MitoPLD promotes
trans mitochondrial membrane tethering in a Mitofusin (see below) dependent manner (178).
It functions by hydrolysing cardiolipin to generate phosphatidic acid, a fusogenic lipid. An
unresolved question in this discovery, is that cardiolipin resides in the inner membrane and
MitoPLD is on the cytoplasmic face of the outer membrane. This finding suggests that
mitochondria utilize analogous protein machinery to facilitate mitochondrial fusion.
Mitochondrial fusion in mammalian cells is regulated in part, by three highly
conserved essential GTPases; two of the Mitofusin family, Mitofusin 1 and Mitofusin 2
(Fzolp in yeast) and OPA1 (Mgmlp in yeast) (170-171, 180-185) (Figure 1.8). The
mitochondrial GTPase Fzolp, of yeast Saccharomyces Cereviscae and Drosophila
Melanogaster, is an outer membrane protein, first identified in Drosophila screens searching
for genes causing male sterility, and was found to play an essential role in mitochondrial
fusion (180). Mitochondria, during sperm formation, aggregate and fuse into large,
multilayered structures resembling a slice of onion. In this particular mutant, the

mitochondria in spermatid cells could not form this structure and instead had a “fuzzy onion
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Figure 1.8 Mitochondrial fusion proteins

A) Cartoon schematic illustrating the mammalian mitochondrial fusion proteins and their
yeast orthologues. Mitofusin 1 and 2 are shown with the GTPase domains, and coiled coiled
domains exposed to the cytosol. The intermembrane space loop is illustrated between the two
transmembrane domains. PARL, a serine rhomboid protease of the inner membrane space is
illustrated in pink with its 7 transmembrane domains. OPA1, the GTPase of the
intermembrane space is shown in yellow deep within a cristea fold. B) Table illustrating the
known mitochondrial fusion proteins. S. cerevisiae, H. sapiens, D. melanogaster proteins in
black, red and blue respectively.



PROTEINS IMPLICATED IN FUSION

PROTEIN LOCATION FUNCTION
Fzolp/ Mnl / Fzo OMM Dynamm.famlly of QTPases, contains 2 heptad repeats required
for tethering and fusion.
Dynamin family of GTPases, shown to also exhibit regulatory
Mfn2 /HSG / dMfn OMM properties, 60% identical to Mfn1l. Mutations found in CMT2A.
Dynamin like GTPase, coiled coils. 8 splice variants in human,
Memlo / Opal IMS and cleavage patterns upon import are complex. Opal mutations
gmip 7 Lp IMM found in DOA. Required for fusion and cristae structure. Mgmlp
binds Fzolp in complex with Ugolp.
Rbdlp/cplp/Mdm37 / IMM Rhomboid family of 7 transmembrane IMM serine protease.
PARL PARL is processed upon import. Rbdlp cleaves Mgmlp in yeast.
Contains a carrier Motif, and is part of complex with Fzolp and
Ugolp OMM Mgmlp. Human orthologue unknown.
Mdm30p Peripheral | F-Box motif, Involved in mitochondrial protein degradation

Black: S. cerevisiae, Red: H, sapiens, Blue: D. melanogaster

Figure 1.8

Mitochondrial fusion proteins




appearance”. Fzol was then cloned and identified to be a mitochondrial integral outer
membrane, GTP-binding protein . When fusion is blocked in yeast cells lacking Fzolp,
mitochondrial fission continues and the phenotype observed is of fragmented mitochondria,
which ultimately lose their ability to segregate mtDNA . The human genome contains 2
isoforms of Fzolp, which appear to have arisen from a gene duplication event. The proteins
encoded by these genes are Mitofusinl (Mfn1) and Mitofusin2 (Mfn2) (171, 180-182). The
reason for the gene duplication of Fzo1 in higher organisms remains unknown. Mammalian
mitofusins, Mfn1l and Mfn2 are large integral GTPase’s of the mitochondrial outer
membrane which contain two coiled-coil domains (heptad repeats HR1 and HR2), a GTPase
domain and two transmembrane domains (186). The majority of these proteins, including
the N-terminus, GTPase domain, HR1, and the C-terminus-proximal HR2, are exposed to the
cytosol. Both transmembrane domains are separated by a small highly conserved
intermembrane space loop of two to three amino acids (186) (Figure 1.8).

Both Mfnl and Mfn2 are highly homologous with 60% identity at the amino acid
level. Mfnl-/- and Mfn2-/- mice die during embryonic development, highlighting the
importance of these proteins and mitochondrial dynamics during development (187). Mouse
embryonic fibroblasts (MEF), derived from these embryos, have defects in mitochondrial
fusion and show altered mitochondrial morphology and MEF cells derived from the double
knockout -/- Mfn1/Mfn2 mice (lacking both mitofusins) have a complete block in fusion and
multiple intracellular dysfunctions (187). Mfn2 and Mfn1 can form homo- and hetero-
oligomers in-cis and in-trans and one of either Mfn1 or Mfn2 is required on opposing
mitochondria to facilitate fusion (187). Interestingly, in vitro studies have demonstrated that
Mftnl forms homooligomeric complexes in trans with greater efficiency the Mfn2 (188).

These studies also found that the heptad repeat domains of Mfnl form a 95-° A-long
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antiparalle] coiled-coil structure through intermolecular interactions (189). Specific point
mutations within this conserved c-terminal region of Mfnl attenuate mitochondrial fusion,
and it was therefore suggested that in vivo, this coiled coil structure is a functionally relevant
fusion intermediate, which represents opposing mitochondria tethered in trans (189). The
same in trans interactions have been reported in yeast cells demonstrating that in vitro
studies of temperature sensitive Fzol at non-permissive temperatures are defective for outer
membrane fusion (172). This study is also consistent with the mammalian Mfn1 trans
pairing studies, in that heteroallelic reactions of fzolzs and wild-type mitochondria failed to
fuse outer membranes (172). These findings demonstrate the critical role that this protein
plays in the fusion reaction and that both opposing mitochondria must be fusion competent in
order for fusion to proceed.

Both Mfnl and Mfn2 were assumed to be of the dynamin family of GTPases and as
members of this family of mechanoenzymes, it was thought that the mitofusins exert their
fusogenic action through the hydrolysis of GTP to GDP. Conversely, the regulatory family
of signaling GTPases, such as, the RAB GTPases exert their action through nucleotide
exchange and binding of GTP rather then hydrolysis of GTP to GDP. In this GTP bound
form, these regulatory GTPase’s are active for intracellular signaling (190). The Fzol
protein and the mitofusins are considered to be of the dynamin family of GTPases, however
they do not contain all of the evolutionary conserved domains that other family members
possess (177). They lack easily identifiable middle regions and GEDs domains but possess,
like the other family members, a GTPase domain and regions that form intermolecular
coiled-coil structures (177). Their large mass and their structural properties make the
proteins unique within the family of GTPases (191). It is however, also assumed that like

other dynamins, they function through self —assembly (177).

34



Studies investigating the nucleotide binding and hydrolysis properties of Mfnl have
been performed, it was found that Mfn1 binds nucleotide with low affinity and shows high
rates of hydrolysis for GTP, consistent with its evolutionary relationship to the dynamin
family of GTPase (188). Similar studies had not been performed for Mfn2. My studies were
designed to investigate the nucleotide binding, exchange and hydrolysis properties of this
protein.

This investigation was divided into two specific research objectives #1
Since Mfn2 represents an atypical class of GTPase, it needed to be determined what type of
GTPase it was, either, mechano or regulatory. It was hypothesized that, by creating point
mutations within the p-loop of the nucleotide binding pocket, the affinity for nucleotide
would be altered and the properties of this GTPase domain would be determined. To this
effect, if Mfn2 stimulates fusion when bound to GTP, this would demonstrate that it is
indeed a regulatory GTPase (active when bound to GTP) as opposed to a mechanoenzyme
GTPase (active upon GTP hydrolysis).

The second research objective #2 It was further hypothesized that stimulated fusion, would
delay the onset of apoptosis, and that active GTP bound Mfn2 would inhibit the
mitochondrial death pathway. (see below) The investigations into the mechanisms and
functions of Mfn2 for fusion and apoptosis represented the first half of my doctoral studies.
The research findings are presented as a manuscript in chapter 2 of this thesis.

A third mitochondrial protein that is essential for mitochondrial fusion is Optic
Atrophy 1 (OPA1), an intermembrane space dynamin-related GTPase (yeast homolog
Mgm1) (183, 185, 192) (Figure 1.8). Mutations within OPA1 cause autosomal dominant
optic atrophy type I (185). RNA interference of Opal induces mitochondrial fragmentation

and the resulting mitochondrial contain aberrant inner membrane structures. OPA1 functions
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together with Mfn1 but not Mfn2 to promote fusion (193). Deletion of Opal, causes
vesiculation of the inner membrane and cells lacking Opal are highly susceptible to
apoptotic death, indicating the importance of maintaining inner membrane morphology for
mitochondrial viability. Both OPA1 and Mgm1 are essential proteins for the maintenance of
mitochondrial cristea structure. Detailed electron microscopy studies using immuno-
decoration of both proteins found that they are enriched along the cristea (Figure 1.8) (192,
194). Downregulation of OPA1 by siRNA results in wide cristea junctions and the cristea
become disorganized. Conversely, overexpression of OPA1 results in narrow cristea and
cristea junctions (195).

Alternative splicing of OPA1 results in eight different isoforms, each of which is
subsequently processed to form several isoforms with distinct molecular sizes. Single
variants of OPA1 are found as several processed forms; however the proteolytic processing
and functional significance these distinct forms remain largely unknown. There are
differences between the yeast and mammalian systems in the regulation of this inner
membrane space GTPase, and these differences highlight some of the complexities between
these two systems.

The yeast Mgm1 is essential for maintaining mitochondrial DNA and inner
membrane structures in yeast (196). Mgm1 was found to interact indirectly in a complex
with Fzol through the yeast protein Ugol and is involved in mitochondrial fusion (196-197).
Ugol is an outer membrane protein and the cytoplasmic domain of Ugo1 directly interacts
with Fzol, whereas, its intermembrane space domain binds Mgm1 (Figure 1.8). The
interaction between Fzol and Ugol is essential for maintaining mitochondrial shape,
maintenance of mitochondrial DNA, and fusion of mitochondria. Interestingly, the GTPase

domain of Fzol is not required for the interaction with Ugol (197). The mammalian
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orthologue of Ugol, has not yet been identified, and the field of mitochondrial dynamics is
anxious for its discovery.

Mgml exists in two forms as well: the large isoform (I-Mgm1) and the small isoform
(s-Mgm1). 1-Mgm1, alone is sufficient for mitochondrial fusion, however the levels are
reduced (198). The presence of both 1-Mgm1 and s-Mgm1 are required for efficient levels
of mitochondrial fusion (124). The 1-Mgm1 isoform is the mitochondrial processing
peptidase (MPP)-processed mature form after protein import. L-Mgm1 can then be cleaved
by the inner membrane rhomboid protease Pcpl to generate s-Mgm1. More specifically,
Mgml1 is translocated into the mitochondria through outer membrane translocase complexes
and the TIM23 complex of the inner membrane for import (49). During import the matrix
metalloprotease removes the N-terminal presequence (as described above). Mgml contains
two hydrophobic regions that are important for determining the ratio of long to short Mgml.
This first region, may function as a stop transfer sequence resulting in mgm1 being imbedded
into the inner membrane. This results in the formation of -Mgm1. Alternatively, with the
help of an ATP-dependent Hsp70 motor, Mgm1 may translocate further into the matrix.
Once in the matrix, Pcpl has access to its cleavage site within the second hydrophobic region
of Mgml1 (199), resulting in the formation of s-Mgml. s-Mgm1 has lost its transmembrane
domain, but remains closely associated with the inner membrane. The degree of proteolytic
processing of Mgm1 depends on relative ATP levels. -Mgmlp is when ATP is low,
whereas, high levels of ATP favor the formation of s-Mgm/1p. It has been suggested that the
ATP dependence on proteolytic processing is directly related to less efficient Hsp70 driven
import (199).

Pcpl is a member of the conserved family of membrane-embedded serine proteases,

whose catalytic residues lie within the hydrophobic, membrane spanning domains (Figure
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1.8). Rhomboid proteases cleave membrane anchored proteins within transmembrane
segments to generate soluble, biologically active protein fragments. Pcpl processing of
Mgml1 greatly effects mitochondrial dynamics since both the short and long forms of mgm1
are essential for fusion. Interestingly, Mgml1 cleavage by Pcpl was found to depend on
mitochondrial Hsp70 and the cellular ATP levels. Loss of Pcpl function reduces fusion but
does not block it completely. This result is consistent with the above finding that -Mgm1
alone can support attenuated fusion as well (124-126). It has been suggested that Pcpl
functions as an energy sensor regulating mitochondrial fusion, controlling the segregation of
damaged organelles from the network of intact mitochondria.

In mammalian cells, however, OPA1 processing is more complex and the identity of
proteases responsible for regulated OPA1 cleavage less clear. OPA1 cleavage, like Mgm1,
however, reflects the energy level in mitochondria and can be regulated by the membrane
potential across the IM (200). Opal contains a bipartite mitochondrial targeting signal: a
matrix-targeting signal (MTS) followed by a transmembrane domain. The N-terminal MTS
is removed by MPP in the matrix during import to form the mature L-OPA1 isoform.
Similarly to the yeast -Mgm1, L-OPA1 is further processed to form the short isoforms S-
Opal. The L-isoform of Opal has mitochondrial fusion stimulating activity, which is lost
once proteolytic processing to be the S-isoforms has occurred. Increased L-OPA1 proteolytic
processing results in the stimulation of mitochondrial fragmentation, whereas conversely,
inhibition of the processing resulted in increased mitochondrial tubular networks.
Furthermore, the loss of membrane potential and or apoptotic stimuli triggered Opal
cleavage and mitochondrial fragmentation. Loss of membrane potential triggers the

conversion of OPA1 isoforms into smaller isoforms accompanied by a simultaneous
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fragmentation of mitochondria. Proteolysis of OPA1 is also observed in patients and in
various model systems of human disorders associated with mitochondrial dysfunction .

The regulated cleavage of OPA1 in mammalian cells is an issue of high controversy,
as both PARL (presenilin-associated rhomboid-like), a mitochondrial rhomboid protease, and
paraplegin, a subunit of the m-AAA protease, have both been proposed to be involved in
cleaving OPA1. There is also evidence to suggest that alternate spliced products may
influence the efficiency of proteolytic processing.

The PARL protease is the obvious candidate for OPA1 cleavage since it is the
mammalian orthologue of yeast Pcpl, can directly interact with OPAT1 and can functionally
replace pcpl in yeast cells (124-125, 195). Deletion of Parl in Drosophila leads to
fragmented mitochondria. Additionally, PARL is a critical regulator of OPA1-dependent
cristea remodeling during apoptosis resulting in the accumulation of a soluble form of OPA1
in the intermembrane space. Significantly, deletion of PARL does not impair the processing
or function of OPA1, suggesting the involvement of different mitochondrial proteases.
PARL activity is also regulated by phosphorylation and this post-translational modification
affects mitochondrial shape, however it is not yet known whether the phosphorylation of
PARL modulates Opal cleavage (201) Other groups have observed that PARL is not
required for OPA1 processing. For example, studies in mice have found that deletion of Parl
does not have an obvious effect on mitochondrial morphology. Additionally, the cleavage of
OPAT1 has recently been linked to the hetero-oligomeric m-AAA protease which is a
metalloprotease of the inner membrane. Paraplegin, a subunit of the m-AAA protease, when
downregulated has been implicated in OPA1 processing. Interestingly, paraplegin-deficient
mouse models contain aberrant mitochondria, and the deletion of paraplegin is causative for

axonal degeneration in hereditary spastic paraplegia .
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It has since been hypothesized that the impaired processing of OPA1 and
mitochondrial dysfunction are causative in this disease. It has also been suggested that both
PARL and paraplegin are required for OPA1 processing, however, the specific activity of
each protease varies dependent on cell type. This controversy also indicates that it is likely
that other factors are involved in the regulation of OPA1 cleavage. Some of the most
convincing evidence has come from recent work in which the i-AAA protease YmelL was
shown to be responsible for the cleavage to form the short form of OPA1 (202-203). In yeast
cells, a newly identified protein of the inter membrane space Ups1, which associates with the
inner membrane has been found to be essential for Mgm1 processing, only when cells are
grown in fermentable carbon sources (204). The mechanism of action is yet to be elucidated;
however, this finding indicates a degree of metabolic regulation of this process.
Interestingly, the human orthologue of Ups1, PRELI can functionally replace Upsl in yeast
cells. Similar studies have not yet been performed in mammalian cells to investigate the
contribution of PRELI to OPA1 cleavage, however, it will be important to understand the
functional significance of this newly identified protein on mitochondrial dynamics, fusion
and its contribution to the apoptotic program.

Currently, most of the mammalian proteins discovered for mitochondrial fusion have
followed the initial yeast discovery screens, which have identified all of the proteins known
thus far. This approach proved to be useful for mammalian cell biologists, however, it is also
limited in its breadth. An example highlighting the complex differences between these two
systems is that of Mgm1 and OPA1 processing. Yeast Mgml processing, is not a perfect
model system to study mammalian OPA1 cleavage. Evidence suggests that the mitochondria
respond differently to cellular stress and metabolic demand in these two systems, and the

regulation of Mgm1/OPA1 processing is not analogous. In mammalian cells, dissipation of
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membrane potential results in OPA1 processing to the short form, in yeast however, this loss
inhibits Mgm1 processing (200, 205). This difference could be attributed to the functional
roles of OPA1 during apoptosis, which differ from Mgm1? Future studies investigating the
mechanisms and regulation of OPA1/Mgm1 processing will undoubtedly shed light on these

questions.

1.3.3. MITOCHONDRIAL FISSION

Mitochondrial fission, in addition to steady state dynamics, can be triggered by a
variety of cellular stresses; two of which are the loss of mitochondrial membrane potential
and apoptotic stimuli. Mitochondria have been observed to become more tubular in the G1
phase and S phase during mitosis in fibroblasts and osteosarcoma cells. During G2 to M,
they are observed to fragment in a Drp1 dependent fashion. Critical to all fission events is
the action of the peripherally associated dynamin related GTPase Drpl, mutations in the
GTP binding or in GTPase activity, lead to highly elongated filamentous mitochondria
structures (206-207). Drpl is a member of the dynamin superfamily of multimeric large
GTPases (208), with the most characterized being dynamin, known for oligomeric scission
of endocytic vesicles from the plasma membrane. Cytosolic Drpl is recruited to fission sites
on the outer membrane, where it forms drp! collars which wrap around the mitochondria
(Figure 1.9). Hydrolysis of GTP to GDP is thought to provide the energy for scission. The
targeting and self-assembly of DRP1 into punctate foci on the mitochondria may be
facilitated by the actin cytoskeleton and/or by microtubules. Disruption of both the actin

cytoskeleton and inactivation of the microtubule dynein/dynactin complex disrupts Drp1

41



targeting (209-210). The molecular mechanisms of this targeting, however is not currently
understood.

Dnm1 and Drpl function for fission in a similar fashion, although subtle differences
between these two proteins exist. For example, time-lapse imaging of Dnm1 localization in
yeast cells indicated that Dnm1 is targeted to the mitochondrial membrane, in a rate-limiting,
stochastic manner, but the majority of Dnm1 is found as self-assembled structures, however,
only a subset of these Dnm1-associated sites undergo fission (211-212). Conversely, Drpl is
mainly a cytosolic protein with diffuse localization and not self assembled. A small fraction
of Drpl is recruited to mitochondrial membranes into discrete puncta (206, 213). Only a
small fraction, of Drp1 puncta defines a fission site, whereas the majority of the sites of Drp1
recruitment do not undergo fission. The molecular mechanisms of Drp1 recruitment, self-
assembly and activity on the membrane for fission, is a highly studied question. As the
details of these events are being uncovered, the role of post-translational modification is
becoming apparent. Studies investigating the self assembly properties of Dnm1 and Drp1
have revealed difference between the yeast and mammalian systems as well. It is assumed
that Dnm1/Drpl functions through self-assembly into oligomeric spirals for fission of
mitochondrial membranes in an analogous fashion to that of Dynamin and scission of
endocytic vesicles (212, 214). Some evidence exists to support this assumption; however, in
mammalian cells additional factors are clearly required.

Hydrodynamic and cross-linking experiments have shown that Drpl dimers or
tetramers are required for self assembly. In the nucleotide-free or GDP-bound state, DRPs
form curved filaments, whereas, in the GTP-bound state, DRPs form spiral-like helical
structures and both helical DRP structures as well as GTP hydrolysis are believed to be

responsible for Drpl function (212-213). Dnm1 has been found to form spirals in yeast cells,
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and studies characterizing the exact dimensions have provided insight into the mechanisms
of fission (212). Dnml spirals form a larger diameter than dynamin spirals (~109 nm versus
~50 nm). This diameter is surprisingly the exact diameter of mitochondrial constriction sited
found in vivo (~109 nm) (212). Dnm1 self-assembly into spirals can also constrict artificial
liposomes in vitro and form tubules, with a diameter similar to mitochondrial constriction
sites. Similar studies of the self assembly properties of Drp1, however, have revealed a more
complex system. In vitro Drpl experiments found that Drpl self assembles and forms
spirals, however, to a lesser extent and with less efficiency than Dnm1. Also, Drpl spirals
are smaller (~30-50 nm) than Dnm1 spirals (213).

Drp1 does not act alone; it is often found to interact with Fis1 along the same genetic
pathway. Fisl a 16KDa integral outer membrane protein localized at fission sites (Figure
1.9). Studies in S. cerevisiae have been fundamental for the initial discovery of these
proteins and have laid the foundation for current studies in mammalian cells. In yeast cells,
three essential fission proteins have been discovered; Dnm1 (mammalian orthologue DRP1,
Fis1 (mammalian orthologue Fis1), and Mdv1 (215-218) (Figure 1.9). Dnm1 and Fisl are
both highly conserved, and it is considered that the basic mechanism of mitochondrial
division is analogous in yeast and mammalian cells. The structural or functional orthologue
of Mdv1 has not yet been found, and like the fusion proteins above, its discovery is highly
anticipated. Mdv1 is an 80-KDa protein which mediates protein-protein interaction with Fis1
and Dnm1 (Figure 1.9) (215-216, 219). Fisl, is required for targeting of fission proteins
Dnml1, Mdvl (220). In the absence of Fis1, targeting of Dnm1 and Mdv1 to mitochondria is
compromised. It has been suggested that Fis1 is the membrane receptor for these proteins. In
support of this hypothesis, Fis1 and Mdv1 have been found to interact, however the same is

not true for Fisl and Dnml. It is therefore thought that Fis1-dependent targeting of Dnml1 to
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Figure 1.9 Mitochondrial fission proteins

A) Cartoon schematic illustrating the mammalian mitochondrial fission proteins and their
yeast orthologues. Cytosolic Drp1 is recruited to the outer membrane for mitochondrial
constriction. Fisl is evenly distributed along the outer membrane and participates with Drpl,
Mdv1 (in yeast) and endophilin B1 for fission. B) Table illustrating the known mitochondrial
fission proteins. S. cerevisiae, H. sapiens, D. melanogaster proteins in black, red and blue
respectively.
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mitochondria requires an interaction between Fis1 and Mdv1(220). In yeast cells lacking
functional dnml, mdv1, and fisl, mitochondrial division is inhibited, resulting in the
formation of elaborate net-like structures (207, 215-217, 221-222).

In mammalian cells, recruitment of Drpl to the mitochondrial membrane does not
follow that same pattern as yeast cells. Surprisingly, changes in the levels of hFis1, either
through overexpression or siRNA, do not effect the targeting of Drpl to mitochondrial
membranes (223-225). Also, hFis1 and Drp1 in vivo have not been found to directly interact.
It is assumed that these two proteins function together in a complex for fission, similar to the
yeast system. Interactions through co-immunoprecipitations between the two proteins can be
detected when they are both purified and chemically cross-linked (226). Again, the
mammalian functional counterpart of Mdv1, has not been found and it is believed that this
missing link will provide some molecular definition to the Drpl recruitment complex.

These two proteins mediate recruitment of other fission protein such as; endophilin
B1 (227), and GDAPI, ganglioside-induced differentiation associated protein 1 (228) (Figure
1.9). Endophilin B1 acts downstream of Drp1 and Fisl, however the mechanisms of action
remain unknown (227).

Endophilin B1 is a member of the endophilin family of fatty acid acyl transferases
and these proteins self-assemble forming filaments which remodel membranes. Endophilin
A, co-assembles with dynamin at the plasma membrane to promote endocytosis (229).
Endophilin B1, like other endophilins possesses an N-BAR domain, which is thought to
induce membrane curvature (230-231). Loss of endophilin B1 results in increased
interconnectivity between mitochondria, consistent with decreased fission (227). GDAPI, is
an integral protein of the mitochondrial outer membrane, and is involved in mitochondrial

fission, since depletion of this protein results in an increase in mitochondrial tubules and a
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decrease in fission (228). Overexpression of GDAP1 in cells results in fragmented
mitochondria. Interestingly, mutations of this proteins have also been found in patients with
Charcot-Marie-Tooth disease (232). Detailed characterization of these proteins and their
mechanistic function for fission need to be investigated, to provide insight into the regulation
of recruitment, self assembly and post-translation modification of Drpl.

Studies in C. elegans and human cells have revealed that mitochondrial inner
membrane constriction can occur independently of outer membrane fission in the absence of
Drp1 or endophilin B1 function (39, 72, 208, 227). Additionally, in yeast cells, inner
membrane constriction was also observed in the absence of functional Dnm1, and outer
membrane fission. These findings suggest the existence of distinct inner membrane fission
machinery (233-234). A very interesting hypothesis has been proposed, which speculated
the involvement of OPA1 in regulating inner membrane fission (235-236). OPA1 may
provide the molecular link between both fusion and fission machinery. It has often been
suggested that fission regulates fusion, and that fusion regulates fission, and that these
processes are not mutually exclusive. Since OPA1 has important molecular functions
regulating cristea morphology, it is fitting that it would regulate inner membrane
constrictions. However, it is also thought that this notion of OPA1 constricting inner
membranes through a dynamin like mechanism is unlikely since only the long form of OPA1
is integrated into the inner membrane (237).

Obviously, extensive studies of these proteins and of the mechanisms of inner
membrane fission need to be performed to fully understand whether or not there exists
separate inner membrane division machinery, and whether there are coordinating

mechanisms of outer and inner membrane fission.
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The details of how these above mentioned proteins contribute to the maintenance of
both outer and inner membrane architecture, the recruitment of motility factors as well as
mediating fission and fusion events, are largely unknown. However, they illustrate the fact
that membrane dynamics as well as cristea formation are not spontaneous events, and are

highly active, regulated processes.

1.3.3.1 FISSION AND SUMOYLATION

Fission and Drp1 GTPase activity, have also recently been shown to be differentially
regulated by post-translational modification via phosphorylation, ubiquitination and
SUMOylation (225, 238-242). Drpl is specifically phosphorylated by mitosis- promoting
factor (MPF, Cdk1/cyclin B), a modification found to be essential for stimulating
mitochondrial fragmentation during mitosis (238). It is also negatively regulated by Protein
Kinase A, (PKA) a cAMP-dependent protein kinase-dependent phosphorylation within the
GED domain (239). MARCHS (MITOL) a ubiquitin E3 ligase negatively regulates
mitochondrial fission through ubiquitination of Drpl and as, would be expected, this
ubiquitination promotes proteosomal mediated degradation (240-241). Previous studies in
our lab have provided evidence for the role of SUMOylation in regulating Drp1 levels on the
mitochondria and mitochondrial morphology (Figure 1.10) (225, 242). Overexpression of
SUMO (small ubiquitin-related modifier) in mammalian cells or compromised MARCHS
function, result in fragmented mitochondria (240, 242), suggesting that SUMOylation and
ubiquitination regulate mitochondrial fission by modulating levels of Drpl. It is interesting
to note that this degree of regulation and post translational modification has not been

observed in yeast systems.
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Overexpression of SUMOV1 or depletion of SENP5 (SUMO protease) by siRNA leads
to fragmented mitochondria and these results demonstrate that SUMO modification results in
fragmented mitochondria, suggesting that this reversible highly transient modification is
essential for maintaining the balance between fission and fusion (Figure 1.10) (243). SUMO
(small ubiquitin-related modifier) was identified as a reversible post-translational protein
modifier about ten years ago. In the past ten years, hundreds of SUMO substrates have been
identified and most of them are nuclear. Modification by SUMO can alter protein
localization, activity and stability. SUMO proteins are ~10kDa in size and there 3D structure
is similar to ubiquitin (244-245). In most SUMOylation events the conjugation of SUMO to
substrate is monomeric, although some cases of polySUMOylation have been documented
although the function is unknown. SUMO proteins are ubiquitously expressed in eukaryotes.
A single SUMO gene exists in, C. elegans and Drosophila melanogaster. The human
genome, however, has evolved four distinct SUMO proteins; SUMO1 to SUMO4. SUMO2
and SUMO3 are 97% identical, however, they are only 50% identical to SUMO1. SUMO1
and SUMO?2/3, have distinct functions as they are selectively conjugated to different
substrates (246). All SUMO proteins are found in an immature conjugation incompetent
form and must be proteolytically processed to the mature form prior to conjugation. SUMO4
is the only SUMO protein which is not known to be processed into its mature form and as
such has not been found to conjugate to any substrates.

The process of modification is similar to ubiquitination, in that it involves an
enzymatic cascade utilizing an E1 activating enzyme, an E2 conjugating enzyme and an E3
ligase (246). Briefly, the E1 enzyme (ASO1-UBA2) in an ATP dependent reaction forms a
high energy thioester bond with the C-terminal Gly residue of SUMO and the AOS1-UBA2.

The E1 and the E2 (UBC9) enzymes then interact and SUMO is transferred to the E2
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Figure 1.10  SUMOylation and Mitochondrial Morphology

The SUMOylation cycle of Drpl is illustrated. Increased SUMOylation of Drp1 through the
action of an unknown SUMO E3 ligase results in increased mitochondrial fission, whereas
de-SUMOylation of Drpl by the SUMO protease SENPS results in decreased fission.
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forming a thioester linkage between the catalytic cystine residue of UBCO and the c-terminal
carboxy group of SUMO. In the third step of SUMOylation, an isopeptide bond is formed
between the C-terminal glycine residue of SUMO and a lysine residue in the substrate (246).
The SUMO E3 ligase enzyme aids in this step as it provides the substrate specificity and
catalyzes the transfer of SUMO from UBC9 to a substrate. There are three known classes of
SUMO E3 ligases with the most characterized being those with an essential SP-RING
domain. This RING domain is predicted to resemble the RING domain of ubiquitin E3
ligases. It is suggested that these E3 SUMO ligases function through binding the substrate
and UBC9 directly, functioning as a platform to position the substrate and UBC9 in an
optimal position for SUMO transfer. Members of this share a conserved SP-RING domain
and a ~400 a.a N-terminal domain. Members of this type of E3 ligase include the PIAS
family members (Siz1 and Siz2 in yeast (247, 248) and PIAS1, PIAS3 and the splice
variants PIASx, PIASxf and PIAS in mammalian cells) (249-252). These were initially
identified for their ability to repress the transcription factor sSTAT3 (PIAS: protein inhibitors
of activated STAT). The second type of SUMO E3 ligase is the nuclear pore protein RanBP2
(253). RanBp2 is vertebrate specific and does not mimic the action of a protein in the
ubuigitination cascade. The catalytic domain of RanBP2 is natively unfolded and exerts its
catalytic activity through folding around UBc9 (254). Currently no known endogenous
targets of RanB2 are known, however in vitro, it SUMOylates proteins such as HDAc4,
Sp100 and PML, but not its known binding partner RanGAP1 (253, 255-256). The third
type of SUMO E3 ligase known is the human Polycomb group member Pc2 (257). These
proteins are large multimeric complexes that are involved in gene silencing. These proteins
were originally identified in Drosophila melanogaster, as protein required for stable and

heritable repression of several genes. It is not known how Pc2 facilitates SUMOylation of
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substrate proteins, however overexpression of Pc2 results in increased SUMOylation of ctBP
(transcriptional co-repressor) (257-258).

Since increased expression of SUMO in tissue culture cells resulted in increased
mitochondrial fission and, since DRP1 was found to co-localize with SUMO-YFP on
mitochondrial membranes (242), it was hypothesized that a SUMO E3 ligase should function
at the mitochondria.

Thus my third research objective #3; To investigate the mechanisms of post-translational
modification of Drpl on the mitochondria, and to investigate the role of this modification on
dynamics.

This research focus led to identification and characterization of a novel protein involved in

mitochondrial fission. This work is presented in chapter 3 as a published manuscript.

1.4 MITOCHONDRIAL DYNAMICS AND CELLULAR FUNCTION
1.4.1 MITOCHONDRIA AND APOPTOSIS

Apoptosis is a critical cellular phenomenon in which a cell undergoes programmed
cell death, either, through extracelluar death receptor signaling or through intracellular
stressors. Apoptosis is essential for such things as embryonic development, tissue
homeostasis and immune responses. Disruptions in the apoptotic signaling cascades can
result in numerous proliferative and/or degenerative disorders including cancer, autoimmune
diseases, and neurodegenerative diseases, to name a few. The mitochondria are also known
to play an important role during cell death, as they sequester critical regulators of the
apoptotic cascade such as cytochorome ¢ and apoptosis inducing factor (AIF). During
apoptosis, it has recently been observed that the mitochondrial membranes undergo dramatic

remodeling events including fragmentation, cristea remodeling, and outer membrane
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permeabilization (15, 259-260). There is a growing list of proteins which translocate to the
mitochondria in a highly synchronized fashion, in addition to those that are systematically
released from the mitochondrial intermembrane space and cristea. The apoptotic factors
which are sequentially released post cytochrome ¢ release, then facilitate the formation of the
apoptosome and initiation of the caspase cleavage cascade (15, 223, 259, 261).

Two classical apoptosis signaling cascades have been characterized in mammalian
cells; the extrinsic receptor pathway and the mitochondrial pathway. The extrinsic pathway,
is activated through binding of ligands to cell membrane receptors, such as Fas, TNF or the
TRAIL receptors. Upon ligand binding, the receptors oligomerize, which triggers the
recruitment of adaptor proteins and procaspases 8 and 10, to the receptor complex. The pro-
caspases are activated and amplify the apoptosis signaling cascade through the caspase
cascade in which downstream effector caspases like caspase 3 or 7 are activated (260).
Within both of these pathways, diverse upstream signaling cascades emerge on the
mitochondria to facilitate remodeling and death. These are still not well understood at the
molecular level. What is known, however, is that upstream molecules (for example BH3-
only proteins) respond to apoptotic stimuli and subsequently activate the multi-domain pro-
apoptotic proteins. The requirement for fission, the role of Drp1, and the mechanism
underlying membrane permeabilization of the outer membrane are not well understood.
Permeabilization of the mitochondrial outer membrane, loss of potential and fragmentation
of the network leads to the release of apoptogenic factors such as cytochrome ¢, Smac/
Diablo, Omi/HtrA, endonuclease G, and AIF (262). Permeabilization is mediated in part by
the recruitment and activation of the pro-apoptotic protein Bax , which forms a heterodimer
with Bak, both of which are multi-domain pro-apoptotic Bcl-2 family proteins (263). This

family of proteins contains both pro-apoptotic and anti-apoptotic proteins which have
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between one and four BH domains (BH1-4). The pro-apoptotic BH3-only proteins respond to
death signals and translocate to the mitochondria, where they activate the multi-domain pro-
apoptotic proteins Bax and Bak (263). Both Drpl and Fis1 are essential for the efficient
execution of the mitochondrial death program. Expression of the dominant negative mutant
of Drp1 (DrpK38E) blocks mitochondrial fission under stress conditions and delays the onset
of apoptosis (264). Similarly loss of Fislp blocks the recruitment and activation of Bax
(264). It had also recently been shown that the overexpression of both Mitofusin proteins
together resulted in delay in the onset of apoptosis and cytochorome c release.

Small amounts of cytochrome c reside near the boundary membrane and during the
onset of apoptosis, can escape from the mitochondria. Since the majority of cytochrome c is
sequestered deep within the cristea folds, the inner membranes must remodel and cristea
junctions must open prior to the release of cytochrome c into the cytoplasm. This release has
also been shown to occur prior to mitochondrial fragmentation (265). Electron tomography
studies have characterized cristea remodeling events as, the widening of the narrow tubular
junctions and, by the fusion of individual cristea. These morphological changes during
apoptosis allow for the translocation of cytochrome ¢ from the cristea folds to the IMS, for
subsequent release to the cytosol. (266-267).

In an elegant study using fluorescence recovery after photobleaching, it was
demonstrated, during apoptosis YFP-Drpl undergoes a transition from rapid recycling to
stable membrane association (Figure 1.11) (225). Drpl was found to rapidly cycle on and
off of the membranes and that this property was characteristic of the early stages of apoptosis
where the mitochondria were undergoing fission events. Furthermore, this Drpl recycling,
occurs independently of Bax/Bak. Post Bax recruitment to the mitochondrial membranes, but

before the loss of mitochondrial membrane potential, it was found that YFP-Drpl becomes
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Figure 1.11 Mitochondrial Drpl and Apoptosis

Cartoon schematic illustrating the SUMO dependent, Bax/Bak dependent transition from
rapid membrane recycling to stable membrane association of Drpl during apoptosis. Drpl
puncta shown in red, SUMO in yellow and small blue dots illustrate released cytochrome c.
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locked on the membrane (Figure 1.11). Unlike the rapid recycling, this membrane associated
pool of Drp1 is dependent on the presence of Bax/Bak. Interestingly, the transition to stable
membrane association occurs independently of hFis1 and independently of mitochondrial
fragmentation. This study further demonstrated that the change in Drp1 recycling occurred
concomitantly with the SUMOylation of Drp1 (225).

Using a mitochondrial matrix-targeted photoactivatable green fluorescent protein
quantifying organelle fusion, it was found that during apoptosis, Mfn1 dependent
mitochondrial fusion is blocked independently of caspase activation, and that this block
occurs during Bax recruitment to the mitochondrial outer membrane (268). Interestingly,
some OPA1 is co-released from the mitochondria with cytochrome c. This group then used
RNA interference of OPA1 and observed structural changes in the mitochondrial cristea and
increased fragmentation thought to occur by a block in fusion. During apoptosis they found
that OPA1 loss accelerated the rate of cytochorome c release. They hypothesize from their
results that an initial mitochdndrial leak of OPA1 leads to cristea structural alterations which
allow for the release of previously sequestered proteins. And that OPA1 depletion (though
OPAL1 release from the mitochondria) causes a block in mitochondrial fusion, which results
in a dramatic increase of mitochondrial fragmentation seen during apoptosis (265).
Conversely, the over-expression of Opal in cells deficient for Mfn1 and Mfn2, had a
protective effect, against a variety of apoptotic triggers. Although these cells had defective
mitochondrial fusion, the protective effect observed by the overexpression of Opal, suggests
that it has dual functions in both fusion and apoptosis (237). Additionally, the protective
effect of Opal did not interfere with the activation of Bax/Bak, instead, it was found that
overexpression of Opal had a stabilizing effect on the diameter of the tubular junctions and

prevented the mobilization of the sequestered pool of cytochrome c. They further
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demonstrated that the tightness of the cristea junctions could be correlated to the
oligomerization of two forms of Opal (soluble, intermembrane space s-Opal and an integral
inner membrane 1-Opal) (237). Since Opal genetically interacts with Mfn1 for fusion, and
that this relationship is distinct from its molecular role in maintaining tubular cristea
junctions, it has been suggested that Opal has genetically and molecularly distinct functions
in mitochondrial fusion and in cristae remodeling duvring apoptosis (237).
1.4.2 MFN2, SIGNALLING AND DISEASE

In addition to ATP synthesis and apoptosis, the mitochondria have recently been
shown to have additional functions regulating cellular homeostasis through thermogenesis,
calcium and iron homeostasis and intracellular signaling (appendix 2)(4). Mitochondrial
damage and dysfunction have also been identified as important factors in the development of
a host of diseases. A common theme linking mitochondrial dysfunction and disease is the
accumulation of reactive oxygen species and cellular damage due to oxidative stress.
Mitochondrial associated ROS damage has been linked to diseases such as schizophrenia,
bipolar disorder, dementia, Alzheimer's disease, Parkinson's disease, epilepsy, strokes, heart
disease, retinitis pigmentosa, and diabetes (269-270). Mutations in mitochondrial DNA can
also be inherited, causing genetic disorders such as dominant optic atrophy, Friedreich's
ataxia, hereditary spastic paraplegia, and Wilson's disease (271).

It is now becoming apparent that the mitochondria are positioned in the cell as a
central regulator of diverse processes through a highly complex and largely undescribed
signaling network (4). The emerging role of mitochondrial dynamics and the morphology

regulatory proteins in mediating intracellular signaling cascades is highlighted as well as the
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critical role of the mitochondria in cellular signaling cascades, metabolism, cell cycle
control, development, the antiviral response and cell death. (appendix 2) (4).

Mitochondrial dysfunction is emerging as a mitigating factor in the development and
progression of neurodegenerative diseases. It is thought that deficiencies in energy supply,
free radical generation, Ca®* buffering and or control of apoptosis, are all implicated in the
degeneration of the nervous system. Emerging evidence highlights the sensitivity of neurons
to mutations in genes encoding mitochondrial proteins. Mutations in morphology genes such
as Opal, and Mfn2, are causative in certain neurodegenerative diseases and indicate that
mitochondrial dynamics are especially important for the long-term maintenance of the
nervous system (185, 272). For example, analysis of the mutations that cause CMT2A has
revealed that the disease causing point mutations are concentrated near and in the GTPase
domain, and in the C-terminal domain of Mfn2 and effect mitochondrial oxidative
phosphorylation (273). As another example, Parkinson disease resulting from dysfunction
and loss of dopaminergic neurons highlights the importance of the mitochondria in disease
progression. It is known that the death of dopamine neurons causes Parkinson’s disease;
however, it was not known what causes the death of these cells until recently. Numerous
groups have demonstrated that the mitochondria play a common and central role in
neurodegeneration, injury, plasticity and function in Parkinson’s disease (274). Several
causative Parkinson’s disease genes, DJ-1, Parkin, LRRK?2, and PINK1 have been at least
partially localized or recruited to mitochondria, and impact their function. Furthermore, the
role of PINK1 and Parkin, in regulating mitochondrial function and morphology has
recently, been elucidated in Drosophila (274). The removal of the Drosophila PINK1
homologue, resulted in cristea fragmentation, male sterility, and apoptotic muscle

degeneration. Removal of Parkin, resulted in similar phenotypes. These effects could be
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rescued by the expression of human PINK1 or Parkin, demonstrating that these two proteins
function in the same pathway, with pink1 functioning upstream of parkin. This discovery of
PINK1 and Parkin, in regulating mitochondrial function, highlights the importance of
mitochondrial dysfunction as a central mechanism of Parkinson's disease pathogenesis (4,
274).

The understanding of the molecular signals that govern mitochondrial morphology
changes and apoptosis in neurons is therefore of critical importance. More specifically,
elucidating the role of Mfn2 in response to acute neuronal injury is therefore crucial for
understanding disease progression and for the development of novel therapeutic strategies.
Due to the importance of Mfn2 in fusion, as well as its importance in the nervous system, in
collaboration with Arezu Jahani-Asl and Ruth Slack of the neuroscience program at the
Ottawa Health Research Institute, it was asked whether Mfn2 is involved in the regulation of
acute injury using cerebellar granule neurons (appendix 1). Two specific questions were
investigated whether Mfn2 could protect neurons against different mechanisms of injury?
And whether this protection resulted from increased mitochondrial fusion and shifting the
morphological equilibrium or through an additional role for Mfn2 that is distinct from the

stimulation of mitochondrial fusion?

1.4.2.1 MFN2 AND METABOLISM

One of the best studied examples of mitochondrial signaling is that of mitochondrial
proliferation. Staining of mitochondria is often used as a diagnostic tool when investigating
mitochondrial disorders. Ragged-red fibers are often found in skeletal muscle, these
correspond to increases in mitochondrial staining due to proliferation and increases in

mitochondrial mass (29). For example, patients with MERRF (myoclonic epilepsy
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associated with ragged-red fibers) syndrome have mutations within the tRNA of the
mitochondria, this leads to decreased respiratory output due to OXPHOS defects (275-276).
These defects are signaled back to the nucleus, and it is assumed that in response to low ATP
levels the nucleus signals for increased mitochondrial proliferation. The detailed
mechanisms of this signaling pathway however have not been elucidated (3). Mitochondrial
proliferation is also found to occur in exercise-conditioned skeletal muscle (277) and in
adipose tissue in response to cold exposure (278). These two examples clearly document
that the mitochondria communicate their metabolic state with the nucleus in a feedback
mechanism to direct their function and proliferation.

How the mitochondria mediate this communication, is an open question within the
field of cell biology? Since the mitochondria are a self-contained organelle surrounded by
two membranes, one of which is impermeable (inner membrane) except for gated protein
channels, the ability of signaling molecules to communicate back and forth between the
nucleus, is complex and intriguing to say the least. It has been suggested that signaling is
mediated by; changes in metabolite and or ion flow in and out of the mitochondria (e.g.,
calcium signaling), or through changes in mitochondrial dynamics (altered fission / fusion)
(4). The connections between morphology and nuclear signaling are intriguing and it has
recently become known that the mitochondria are capable of dynamically responding to
different environmental cues as detailed above What is not yet known, however are the
protein connections mediating the cause and effect.

One significant hypothesis of my doctoral thesis research was that Mfn2 somehow
was capable of sensing a requirement for fusion and/or relaying a fusion signal to other
mitochondria. Before two mitochondria are tethered through Mfn1 trans- coiled coil

interactions, many steps must first occur. Each individual mitochondrion, within the
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network, must be able to be cognitive of its internal environment (levels of ROS, mtDNA
integrity, protein folding, metabolic outputs and respiratory capacity). If it requires a fusion
event, it must be able to then communicate its status to the other mitochondria within the cell
and with the nucleus. The donor mitochondria must then be capable of responding to this
fusion signal, relay it internally, recruit motility factors, and move directly towards the
acceptor mitochondria. Once in close opposition, the fusion complex /fusion pore must be
assembled to resolve the membrane for complete content mixing. It was hypothesized that
Min2, in a distinct role from Mfn1, facilitated this intracellular communication through its
GTPase domain. This hypothesis followed on the first one of this study; that Mfn2 was a
regulatory GTPase, active for fusion in the GTP bound form. Mfn2 in an active state would
signal for fusion. Additionally, it was also hypothesized that the highly conserved
intermembrane space loop of Mfn2 is critical for communication between the two
membranes.

Interestingly, other studies were simultaneously suggesting a similar function for
Mfn2, in mitochondrial to nuclear communication. In skeletal muscles post exercise, the
levels of Mfn2 were found to increase during increased energy expenditure (279), during
proliferation (279), and following cold exposure in a PGC-1o responsive manner(280). It
was also found that the mitochondria responded to different Mfn2 levels. Ectopic up
regulation of Mfn2 increased expression of OXPHOS subunits, increased glucose oxidation,
and increased deltapsi. Conversely, if Mfn2 levels are decreased, the cells responded by
increasing glucose uptake for glycolysis (273). In support of this metabolic effect, Mfn2
protein and mRNA levels are reduced in skeletal muscle from obese patients and also in
Zucker obese rat model (273, 281). Interestingly, Mfn2 has not been directly linked to the

metabolic machineries themselves indicating that this effect is specific to the loss of the
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fusion protein, rather than to defective fusion, (since stimulated mitochondrial fission does
not interfere with metabolism). These data suggest that Mfn2 has a role in metabolic

signaling that is distinct from its role in fusion (4).

1.4.2.2 MFN2 AND CELL CYCLE

Fzolp in yeast was shown to be actively degraded by a proteosome dependent process during
mating, in response to G-protein coupled receptor signaling initiated by the yeast a-mating
factor (69). The selective degradation of Fzolp indicated that it is intimately linked within
the signaling cascades which initiate cell cycle and mating transitions in yeast. In the
mammalian system, overexpression of Mfn2 has been implicated in inducing a cell cycle
arrest at the G1 to S transition through Ras GTPase inhibition (282). Following typical
epidermal growth factor signaling, ligand binding and receptor activation leads to Ras
recruitment and activation. This leads to ERK phosphorylation at the plasma membrane
which initiates a phosphorylation cascade of downstream effectors modulating cell cycle
progression (282). Mfn2 overexpression inhibits the ERK phosphorylation cascade, and is
believed to be linked to the cell cycle arrest. Reduced proliferation as a result of Mfn2
overexpression remained even When Mifn2 was not targeted to the mitochondria. These data
further suggest that Mfn2 has specific signaling capabilities following receptor/ligand

binding which are distinct from its role in mitochondrial fusion (4, 283).

1.5 RESEARCH OBJECTIVES

The complex mechanisms regulating mitochondrial morphology and the integration of
signaling cascades with these events are largely unknown. The objectives of my doctoral
thesis were to uncover the regulatory mechanisms of mitochondrial dynamics, examining

both fusion and fission mechanisms. Two research projects are presented
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#1 My first research project was to determine what the nucleotide properties of
Mifn2 were and what type of GTPase Mfn2 is; mechano or regulatory?.
Furthermore, it was hypothesized that if mitochondrial fusion could be stimulated
through Mfn2 mutation, increased fusion would result in protection
against apoptotic triggers. It was hypothesized that this delay would occur through
either an inability to fragment the mitochondrial network and or through a protective

signaling pathway mediated by activated Mfn2.

#2 Secondly investigations into the mechanism of fission and the post-translation
modification of Drpl led to the identification of a novel protein MAPL
(Mitochondrial Anchored Protein Ligase) and the discovery of a new

phenomenon of mitochondria in cell biology.
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CHAPTER 2 ~ Manuscript #1
Activated mitofusin 2 signals mitochondrial fusion, interferes
with Bax activation, and reduces susceptibility to radical induced

depolarization.



21 CHAPTER INTRODUCTION

The research presented as a manuscript in chapter 2 represents the first half of my
doctoral research. I am the first author of this work published in the Journal of Biological
Chemistry entitled “Activated mitofusin 2 signals mitochondrial fusion, interferes with Bax
activation, and reduces susceptibility to radical induced depolarization” Margaret Neuspiel,
Rodolfo Zunino, Sandhya Gangaraju, Peter Rippstein and Heidi McBride.

This work required the generation of a rabbit polyclonal Mfn2 antibody, the
development of a series of Mfn2 mutants, a fluorescence microscopy based PEG whole cell
mitochondrial fusion assay (figure 2.1), and a free radical induced terminal depolarization
assay. With the exception of the generation of some of the Mfn2 mutants, I generated the
remained of the tools during the initial period of this doctorate thesis.

A technician in the laboratory of Dr. McBride, Rodolfo Zunino, is responsible for the
nucleotide assays represented in figure 2.2 of this thesis. A former master’s student in the
laboratory, Sandhya Gangaraju, is responsible for some of the preliminary data behind this
current manuscript. Peter Rippstein, is responsible for the processing of all samples for

electron microscopy.
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Figure 2.1 Whole cell mitochondrial fusion assay

Cartoon schematic illustrating the whole cell mitochondria PEG fusion assay. Cos-7 cells
transfected with either matrix targeted pOCT-DsRED or pOCT-GFP or pOCT-DsRED +
Min2-CFP (and mutants) are collected by trypsinization and re-seeded together onto
coverslips for 24 hours. Cells are treated with cycloheximide for 2 hours to stop new protein
synthesis, prior to the addition of PEG for 60 seconds. Once whole cell fusion has occurred,
the heterokaryons are imaged on a time course to determine the extent of DsRED and GFP
mixing within heterokaryons.
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2.2 ABSTRACT

Mitochondrial fusion in higher eukaryotes requires at least two essential GTPases,
Mitofusinl and Mitofusin2. We have created an activated mutant of Mfn2, which shows
increased rates of nucleotide exchange and decreased rates of hydrolysis relative to wild type
Mftn2. Mitochondrial fusion is dramatically stimulated within heterokaryons expressing this
mutant, demonstrating that hydrolysis is not requisite for the fusion event, and supporting a
role for Mfn2 as a signalling GTPase. Although steady state mitochondrial fusion required
the conserved intermembrane space tryptophan residue, this requirement was overcome
within the context of the hydrolysis deficient mutant. Furthermore, the punctate localization
of Mfn2 is lost in the dominant active mutants, indicating that these sites are functionally
controlled by changes in the nucleotide state of Mfn2. Upon staurosporin stimulated cell
death, activated Bax is recruited to the Mfn2 containing puncta, however Bax activation and
cytochrome c release are inhibited in the presence of the dominant active mutants of Mfn2.
The dominant active form of Mfn2 also protected the mitochondria against free radical
induced permeability transition. In contrast to staurosporin induced outer membrane
permeability transition, pore opening induced through the introduction of free radicals was
dependent upon the conserved intermembrane space residue. This is the first evidence that
Mifn2 is a signalling GTPase regulating mitochondrial fusion, and that the nucleotide
dependent activation of Mfn2 concomitantly protects the organelle from permeability
transition. The data provides new insights into the critical relationship between

mitochondrial membrane dynamics and programmed cell death.
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2.3 INTRODUCTION

The mitochondria sit at the crossroad of hundreds of chemical reactions that are
essential for the life and death of a cell. The dynamic behaviour of these organelles has only
just begun to be examined and the implications of steady state fission, fusion, motility and
cristae remodelling events in the control of the mitochondrial activity are not yet known.
Studies in different model organisms are addressing this question by investigating the
molecular mechanisms that govern mitochondrial dynamics in order to gain insights into the
physiological triggers and consequences of these events. Mitochondrial fusion in
mammalian cells requires at least two essential outer membrane GTPases, Mitofusin 1
(Mfn1) and Mitofusin 2 (Mfn2) (1-6). These proteins span the outer membrane twice and in
addition to their amino terminal GTPase domain, they have two conserved hydrophobic
heptad repeats, HR1 and HR2 that are exposed to the cytosol (2, 7). The second HR2
domain of Mfn1 has been shown to facilitate mitochondrial tethering and the crystal
structure of the purified HR2 domain demonstrates that it can form a 100 Angstrom
antiparallel structure that could bind in #rans to bridge mitochondria (7). Another important
region of Mfns is their short, 2-3 amino acid intermembrane space loop, which contains a
highly conserved tryptophan residue. In yeast, this region of the protein is required for
mitochondrial fusion, and has been shown to anchor Fzo1p to sites of membrane contact
between the inner and outer membrane (8). Although Mfnl and Mfn2 are 60% identical,
recent evidence with both in vitro mitochondrial docking assays and in rescue experiments
of Mfn1 knock out cells has shown that Mfn1 appears to play a more direct role in
mitochondrial docking (7, 9), and that it functions in co-operation with the intermembrane

space dynamin like GTPase Opal (autosomal dominant optical atrophy 1) (10). The role of
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Mfn2 in mitochondrial fusion has remained elusive, although it is clearly required for fusion
and can be found in heterodimeric complexes with Mfnl. Recent studies have shown that
the nucleotide binding and hydrolysis properties of the two Mfn proteins are distinct (9),
consistent with the idea that the two GTPases regulate different steps along the fusion
pathway (5). These steps may include the processes that drive mitochondrial motility,
tethering, assembly of a fusion pore to facilitate lipid bilayer mixing and eventually leading
to inner mitochondrial membrane fusion. Given the complexity of these molecular
requirements, the Mfn proteins do not act alone, and studies in yeast have identified a
number of additional proteins required for mitochondrial fusion, including the outer
membrane protein, Ugolp (11-13), the inner membrane serine protease Rbd1p (14-16), an F-
box containing protein Mdm30p (17), along with other candidates like Mdm35p, Mdm 34p,
Mdm39p (18).

One of the outstanding questions in the field of mitochondrial dynamics remains the
physiological importance of mitochondrial fission and fusion under steady state conditions.
Knock outs of either Mfnl or Mfn2 are embryonic lethal (6), demonstrating an essential role
of mitochondrial fusion for viability. In addition, mutations within the Mfn2 gene have been
found in patients suffering from Charcot-Marie-Tooth neuropathy Type 2A, and 6 out of 7 of
these mutations were found within the conserved GTPase region (19, 20). Interestingly,
evidence that Mfn2 may exhibit intracellular signalling activity has come from one study
that identified the rat Mfn2 (called hyperplasia suppressor gene HSG) as an important anti-
proliferative protein, which interferes with the Ras pathway and blocks signalling from

growth factor receptors at the plasma membrane (21). Although the mechanism for this
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inhibition is unknown, these findings suggest that Mfn2 and/or the morphological state of
the mitochondria are highly integrated into cellular signalling cascades.

Another example of how the mitochondrial morphology is integrated into cellular
signalling events is the growing evidence for a role of mitochondrial dynamics in the
progression of apoptosis. For example, two of the proteins required for mitochondrial
fission, Fis1p and DRP1 are also essential for programmed cell death (22-25). Fislp knock
down by siRNA blocks recruitment and activation of Bax at the surface of mitochondria
following a death stimuli, indicating an essential role for this small integral membrane
protein in apoptosis (25). Similarly, although loss of DRP1 does not dramatically interfere
with Bax activation, cytochrome c release is partially inhibited and mitochondrial fission is
blocked in these cells (25, 26). In addition, siRNA knock down of Opal, a protein required
for mitochondrial fusion, results in fragmented mitochondria, which are highly sensitized to
loss of electrochemical potential and cytochrome c release (25, 27). In contrast,
overexpression of the two mitofusin proteins together provided some protection against
different apoptotic stimuli (28). These recent data highlight the dual roles of mitochondrial
GTPases in the regulation of both mitochondrial dynamics and the mitochondrial
contribution to programmed cell death.

Given the increasing evidence that Mfn1 plays a direct role in mitochondrial
tethering (5, 9), we have specifically investigated the function of Mfn2 in the process of
mitochondrial fusion and further examined how the GTPase activity of Mfn2 might

contribute to the regulation of programmed cell death.
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24 RESULTS

2.4.1 Creation of a hydrolysis deficient mutant of Mfn2.

In order to determine whether nucleotide hydrolysis of Mfn2 was essential for
mitochondrial fusion, we constructed a RasG12V mutant. Our purpose in designing the
mutant was to maintain nucleotide binding and exchange properties of Mfn2 and yet reduce
the intrinsic rate of nucleotide hydrolysis. Therefore we replaced the residues within the P-
loop with those from the activated Ras G12V (29-31) by substituting amino acids
GRTSNGKS with GAVGVGKS (the consensus for GTP binding is GxxxxGKS (32)). We
first compared the nucleotide exchange properties of this mutation (Mfn2g,sc12v) With wild
type Mfn2 and controls by using crude extracts from cells transfected with CFP fusion
proteins. COS7 cells were transfected with either matrix targeted CFP (negative control),
wild type Min2:CFP, Mfn2g,sgi12v:CFP or Rab5:CFP as a positive control. Rab5 is the best
characterized of the Rab GTPases, and is known to regulate early endosome fusion (33).
Regulatory GTPases of the Ras family are all characterized by their low intrinsic rates of
hydrolysis and high nucleotide affinities, which results in stable nucleotide states that require
accessory proteins for their activity. Given the evidence that Mfn2 exhibits low rates of
nucleotide hydrolysis and high affinity (9), it is relevant to use Rab5 as a positive control in
these assays. Following transfection with CFP tagged constructs, the cells were harvested,
broken, and the mitochondrial enriched heavy membrane fractions were incubated with the
environment-sensitive non-hydrolysable GTP analogue, N-methylanthraniloyl 5'-gué1nyly1—
beta,gamma-imidotriphosphate (Mant-GMP-PNP) (34, 35). Increased Mant-nucleotide

fluorescence is a direct measurement of nucleotide exchange. As expected, untransfected
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Figure 2.2 Creation of a hydrolysis-deficient mutant of Mfn2

A. Mant GMP-PNP binding of cell extracts either untransfected (Utf), or transfected with
pOCT:CFP (negative control), Mfn2:CFP, Mfn2rasg12v:CFP or Rab5:CFP (positive control).
Incubations performed at 37°C for 1 and 10 minutes were analyzed in the fluorimeter (see
Experimental Procedures). Competition with unlabelled GTP was performed for the 10
minute time point only, as indicated. All values obtained were normalized for total protein
concentration and for expression levels of CFP tagged proteins and expressed as
fluorescence arbitrary units (AU). These results are representative of 4 independent
experiments. P values (unpaired t-test) show insignficant differences when comparing
untransfected, pOCT:CFP and Mfn2:CFP. P values demonstrate a significant increase
between Mfn2:CFP and Mfn2gas612v:CFP (p=0.013), but the values between
Min2gasc12v:CFP and Rab5:CFP are insignificant (p=0.347). B. Mant GMP-PNP binding to
GST tagged proteins purified from COS7 cells transfected with either GST, Mfn2:GST or
Mfn2gas612v:GST. Incubations performed at 37°C for 15 minutes were analyzed in the
fluorimeter and the values were expressed as arbitrary units of fluorescence per pg GST
protein. Competition in the presence of cold GTP is shown in black. The data presented is
representative of 3 independent experiments. P values are less than 0.05 when comparing
GST with GST:Mfn2 (p=0.019), and also when comparing GST:Mfn2 and GST:Mfn2grasGi2v,
(p=0.016) demonstrating that they represent statistically significant differences. There was
no statistical significance to the differences observed between GST:Mfn2rasgi2v and
GST:Rab5 (p=0.404). C. Purified Mfn2:His6, Mfn2r.sg12v:His6 and Rab5:GST were loaded
with GTP[y32P] and the amount of radiolabelled phosphate remaining bound per nmole of
protein over time was quantified. Each point was collected in triplicate, and the data are
representative of 4 individual experiments. D. Western blot analysis of the purification of
proteins used in the hydrolysis experiments indicates the initial levels of expression relative
to the endogenous Mfn2 (arrows). Control, LacZ:His6 transfected cell extracts are shown in
lane 1, and transfections of Mfn2:His6 (lane2) and Mfn2g.sg12v:His6 (lane 3) reveal at least a
10 fold increased expression over endogenous protein. Eluates of tagged, purified proteins
are shown in lane 4 (LacZ control), lane 5 (Mfn2:His6) and lane 6 (Mfn2rasg12v:His6).
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cells, or cells transfected with the matrix CFP control plasmid, bind a constant level of
Mant-GMP-PNP due to the endogenous GTPases present in the extracts. Interestingly,
overexpression of Mfn2:CFP did not significantly alter the basal amount of nucleotide
binding in the heavy membrane fraction (Fig. 2.2A). Overexpression of Rab$5 provided a ~4
fold increase in Mant GMP-PNP binding within the first 10 minutes after incubation at 37
degrees (Fig. 2.2 A). This signal is specific since addition of unlabeled GTP competes for
the binding. Notably, although transfection of Mfn2:CFP had no effect on basal nucleotide
binding in this assay, transfection of Mfn2g,.g12v:CFP demonstrated a significant increase in
nucleotide binding (Fig. 2.2A). We next isolated Mfn2gr,sG12v:GST or Mfn2:GST from
transfected mammalian cells using glutathione sepharose beads. We employed a
quantitative GST enzyme assay with 1 chloro-2,4 dinitro-benzene as substrate and
determined that the total amount of GST fusion proteins purified in order to normalize per
mole of purified protein (Fig. 2.2B). GST tagged protein was purified from transfected cell
lysates and, as in total cell lysates, the nucleotide binding experiments demonstrate a ~2 fold
increase in activity of Mfn2gr,612v:GST relative to the wild type protein (Fig. 2.2B). In
addition, the stimulated exchange activity of the Mfn2g,sc12v mutant reached levels similar
to those obtained with molar equivalents of recombinant Rab5:GST (Fig. 2.2B). Although
we could detect no significant differences in nucleotide binding to Mfn2:CFP within whole
cell extracts (Fig. 2.2A), the GST purified Mfn2 did demonstrate nucleotide
binding/exchange relative to the GST control (Fig. 2.2B). These biochemical data indicate
that purified Mfn2 has extremely low rates of nucleotide exchange, consistent with high
affinity binding. These data are consistent with published data that have also shown much

stronger binding of Mfn2 to nucleotide relative to Mfn1 (9). Our data now shows that
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mutations within the P-Loop of Mfn2 increase nucleotide exchange relative to the wild type
protein, thereby bringing the rates closer to the intrinsic rates observed for the Rab GTPases.
We next examined the intrinsic rates of GTP[y32] hydrolysis using the established
filter based assay quantifying the release of the labelled tertiary phosphate from the GTP
bound protein purified from transfected COS7 cells (Fig. 2.2D) (36). Purified His6:Mfn2
hydrolysed 7.33 x 10 mmol GTP/mmol protein/min, which is approximately 4 times faster
than the rates obtained for molar equivalents of bacterial expressed Rab5 protein (1.55 x 107
mmol GTP/mmol protein/min) (Fig. 2.2C). Although part of this signal may be due to
complete loss/exchange. of nucleotide rather than nucleotide hydrolysis, we consider this to
be negligible since the rates of exchange for wild type Mfn2 are lower than Rab5 (Fig. 2.2A
and B). The rates of GTP hydrolysis we have determined for Rab5 are similar to previously
calculated rates of 2 x 10”/min (36, 37), further demonstrating the validity of the assay.
Although the mutant Mfn2 exhibited increased rates of nucleotide exchange,
His6:Mfn2ga.sg12v demonstrated significantly reduced levels of hydrolysis (2.08 x 10'3/min)
relative to the wild type protein (7.33 x 10”/min) (Fig. 2.2C). Although we cannot exclude
the contribution of trace levels of co-purifying GTPases, GTP exchange factors or GTPase
activating proteins in the Mfn2 purification from cell extracts, our data clearly demonstrate
that specific mutations in Mfn2 alter the nucleotide binding and hydrolysis properties of the

purified protein.
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2.4.2 Mfn2 is localized to specific subdomains along mitochondrial tubules in a

nucleotide dependent manner.

We examined the cellular consequences of the GTPase mutant by transfecting Cos7
cells with either wild type Mfn2:CFP, GTPase mutant Mfn2g,i2v:CFP, or a truncation
mutant completely lacking the GTPase domain Mfn243¢.757yCFP. Transfection of Cos7 cells
with the wild type Mfn2 resulted in increased interconnectivity among the mitochondrial
reticulum (Fig. 2.3), which upon high levels of expression appears as a cluster (1, 2, 4). As
previously reported (38), Mfn2:CFP was localized in puncta along the mitochondrial
tubules. Transfection of the GTPase mutant Mfn2gasgi2v:CFP resulted in the clustering of
mitochondria, which appeared to be fused even at the lowest levels of detectable expression
(Fig. 2.3). Importantly, unlike Mfn2:CFP, Min2gasci2v:CFP was evenly distributed along the
surface of these clusters (Fig. 2.3). In contrast, transfection of the Mfn243¢.757yCFP mutant
resulted in mitochondria visibly fragmented into small, spherical units which cluster together
in a stable manner (Fig. 2.3 and data not shown), similar to those found in the Mfn1 GTPase
truncation mutant (7). These phenotypes are specific to Mfn2 since transfection of another
mitochondrial outer membrane protein, Tom7 (24), did not cause significant mitochondrial
clustering (Fig. 2.3). In addition, these phenotypes were not affected by the presence of the
CFP tag since transfection of untagged constructs gave similar results (data not shown). We
considered that the assembly of the Mfn2 puncta may depend upon the conserved IMS
residues. Mammalian Mfn2 contains only 2 to 3 amino acids separating the two
transmembrane domains, one of which is a highly conserved tryptophan residue that we
replaced with a proline residue (Mfn2we31p). This proline residue is naturally occurring

within the IMS loop in Drosophila melanogaster Fzo, indicating that this substitution should
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Figure 2.3 Mitochondrial morphology and distribution of Mfn2 mutants

COS7 cells were co-transfected with pOCT:YFP (left panels) and the CFP tagged constructs
indicated (middle panels). As a control Tom7:GFP was co-transfected with pOCT:DsRed2
(top panels). Images were taken from living cells 16 hours after transfection. In the overlay,
the matrix marker is shown in red and FP fusion proteins in green. Note the punctate
appearance of Mfn2:CFP and Mfn2ws31p:CFP (arrows) compared to the smooth distribution
of Mfn2gasG12v:CFP and Mfn2gywp:CFP. Scale bars are 1 pm.



not alter the topology of Mfn2. Mfn2we31p:CFP remains sharply localized in distinct foci,
however the tubular morphology of the mitochondria is reduced, and the organelles
eventually fragment (Fig. 2.2). Creation of a double mutant where both the Mfn2g,sg12v and
Min2we31p mutations are present (Mfn2gywp:CFP) also resulted in a loss of Mfn2 puncta,
indicating that the punctate localization does not depend upon the conserved IMS residues,
rather it is determined by the nucleotide state (Fig. 2.3). Video analysis showed that the
Mfn2:CFP puncta remained highly immotile and were not observed at sites of mitochondrial
fusion, nor did they significantly colocalize with the cytoskeleton (actin filaments or
microtubules), and they did not accumulate at sites of ER/mitochondrial contact (data not
shown).

To ensure that the clustered mitochondria within cells transfected with Mfn2 and
mutants maintained their electrochemical potential, we quantified the total fluorescence
intensity within cells loaded with a AW¥ dependent dye and scored the results in a distribution
profile as shown in Table 2.1. In untransfected cells, the fluorescence intensity was between
1 and 3 x 10° arbitrary units in 90% of the cells examined. Transfection of Mfn2we3p
showed some loss in total dye uptake, with 61% of the cells examined exhibiting fluorescent
units of less than 1 x 10° AU. Transfection of the other constructs did not show significant
loss in potential, but showed a broader distribution profile than untransfected cells, with
many transfected cells exhibiting fluorescence units higher than normal. For example,
transfection of Mfn2, Mfn2gasg1av or Mfn2gyvwp showed 15-20% of cells having greater than
4 x 10°% AU fluorescent units. These data demonstrate that electrochemical potential is

maintained, with a slight reduction in cells transfected with Min2we3p.
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Distribution profile of intensities of AY-Dependent Dye Uptake
(as % of total cells)

F‘Z‘.’{fsxcle(')‘fe UTF | Mfn2:CFP | Mfn2puci2v:iCFP | Mfn2yesp:CFP | Mfn2gpywp:CFP | Mfn245757.CFP | DrplK38E:CFP
<1 43 19 9 61.1 14.3 16.7 6.3
1to2 57.1 28.6 25 33.3 38.1 33.3 18.8
2t03 33.3 28.6 25 5.6 9.5 389 375
3to4d 438 9.5 19 0 23.8 1.1 375
>4 0 15 22 0 15 0 0
Table 2.1: Quantification of MitofluorRed589 uptake into mitochondria of

transfected cells.




2.4.3 PEG induced cell fusion demonstrates that Mfn2g.sc12v is a dominant active

mutant.

In order to directly assess the fusion competence of mitochondria in cells expressing
these proteins, we employed a well characterized assay that induces fusion between whole
cells transfected with different matrix marker proteins (4-6). Mitochondria frofn
heterokaryons transfected with marker proteins alone fused completely within 8-12 hours
(Fig. 2.4, top left panels) (4-6). Mitochondria from donor cells expressing Mfn2:CFP also
fused with acceptor mitochondria within a similar time course (Fig. 2.4, middle left n=29),
however approximately 20% of the heterokaryons expressing Mfn2:CFP scored complete
content mixing within 2 hours. Strikingly, fusion between mitochondria expressing
Mfn2gas12v:CFP with acceptor GFP organelles occurred within 30 minutes after the
addition of PEG in >90% of the observed cell fusions (Fig. 2.4, bottom left, n=20). Video
analysis of the PEG fusion assay shows that the Mfn2g,sGi2v:CFP cluster remains immobile
whereas the GFP containing acceptor mitochondria are motile within the heterokaryon
(Supplemental Video 2.1). This efficient fusion between mitochondria was highly significant
since the migration of mitochondria from one cell into another is a slow process in
mammalian cells. In control experiments very few mitochondria within the heterokaryon
had migrated across the cell boundary in the first hour (Fig 2.4). In contrast, the rapid and/or
directed migration of the GFP expressing mitochondria towards the Mfn2g,sG12v:CFP
expressing DsRed mitochondria allowed complete fusion of all mitochondria to occur within
30 minutes. This indicates that the presence of Mfn2g,sGi2v within one population of

mitochondria initiates a cascade of events that lead to highly efficient mitochondrial fusion.
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Figure 2.4 Mfm2RasG 12V stimulates mitochondrial fusion in PEG cell fusion
assays

COS7 cells transfected with pOCT:GFP or pOCT:DsRed2 and Mfn2:CFP constructs (as
indicated) were seeded together for 12 hours and 50% PEG 5000 was added for 60 seconds
following a 2 hour pre-incubation with cyclohexamide. Images of both fluorophores were
taken from live cells after 1 hour and 8 hours. The overlay of the pOCT:GFP (green) and
pOCT:DsRed (red) is shown for each time point. Mitochondrial fusion is indicated by GFP
and DsRed matrix content mixing, which appears yellow in the image. Scale bars are 1 pm.



Video 2.1 Min2gas612v:CFP PEG fusion assay

This video documents the immobility of the Mfn2gasg12v:CFP induced mitochondrial cluster
expressing pOCT:DsRed, and shows the pPOCT:GFP expressing mitochondria from the
acceptor cell within the heterokaryon docked around the perimeter of the Mfn2RasG12V
cluster. These GFP containing mitochondria are already fusing among themselves and are
more motile than the DsRed containing cluster since they have migrated through the
heterokaryon in order to dock and fuse into the cluster. Within this video they are seen to
still have mobility, however once they have docked and fused, the GFP mitochondria also
lose motility since they also become trapped. Video was taken 20 minutes after the addition
of PEG (see Experimental Procedures) by excitation at 589 nm to excite pOCT:DsRed
(shown red) and 488 nm to excite the pOCT:GFP (shown green). Imaging of each
fluorophore was separated by 3 msec for the monochrometer to switch wavelengths and there
were 2 second delays between frames. 100 frames are shown, played back at 10 frames per
second. Scale bar on still image is 1 micron



Figure 2.4 Mfn2RasG12V stimulates mitochondrial fusion in PEG cell fusion
assays



Therefore, we consider the Mfn2gasgi2v to be the first characterized dominant active,
GTPase deficient mutant that stimulates mitochondrial fusion.

The Mfn2430.757yCFP construct completely inhibited the fusion, confirming the
requirement for the GTPase domain (Fig. 2.4, upper right). In addition to a role in contact
site formation, previous studies with yeast Fzo1p have demonstrated the requirement for the
IMS loop of Fzolp for mitochondrial fusion (8). Consistent with this, fusion was inhibited
between mitochondria containing Mfn2we31p:CFP and acceptor GFP containing
mitochondria. Surprisingly, the inhibition of mitochondrial fusion conferred by the
Min2yse3(p mutation (Fig. 2.4, middle right) was rescued by the Mfn2g,s12v mutation within
the double mutant (Fig. 2.4, bottom right), indicating that the conserved IMS domain is not
directly required for the fusion event, but likely plays a more regulatory role in the activation

of Mfn2.

2.4.4 Fused mitochondria are interconnected by novel membrane elements.
Ultrastructural analysis revealed that the mitochondria do not fuse into a single
organelle, but instead they are interconnected through unusual membranous networks (Fig.
2.5 A). The fused clusters in Mfn2g,sc12v transfected cells were qualitatively similar to the
wild type (Fig. 2.5 A), indicating that the end point of the fused mitochondrial reticulum is
similar, even though the PEG fusion assay demonstrated that kinetics of the fusion event are
different (Fig. 2.4). Analysis of Mfn2se3,p transfected cells did not reveal any
interconnecting membranes between the clustered organelles. Notably, some of the
mitochondria in the Mfn2wgs3p transfected cells appeared to “unravel”, with membranous

material emanating beyond the clear boundaries of the outer membrane (Fig. 2.5 A). This
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Figure 2.5 Ultra-structural analysis reveals that clustered mitochondria are
interconnected by novel Mfn2-containing membrane elements

A. Representative images taken at high magnification are shown from cells expressing the
constructs indicated. Mitochondria from untransfected cells are also shown for comparison
(upper left panel). B. Immuno-electron micrographs using anti-FP antibodies to label
mitochondrial clusters expressing the activated Mfn2gasg12v:CFP and Mfn2gywp:CFP, as
indicated.
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may be due to loss of contact site formation (8), leading to aberrant membrane architecture.
Mitochondria in cells expressing Mfn2gywp:CFP contained stacks of parallel membranes and
extensive membrane whorls that were interconnected throughout the cluster.
Immunolabelling of the fused mitochondrial clusters indicates that the Mfn2 protein is found
within the interconnecting membranes, demonstrating that these membranes are derived, at
least in part, from the outer mitochondrial membrane (Fig. 2.5 B). Regardless of this massive
alteration in membrane architecture, the cristae and electron dense matrix compartments
appeared normal, consistent with their ability to maintain electrochemical potential (Table
2.1) and stimulate mitochondrial fusion (Fig. 2.4). Mitochondria within cells expressing
Mitn2430.757CFP were docked together within a cluster, consistent with the proposed
tethering function of the HR2 domain (7). However there was no fused membrane material
between the mitochondria (Fig. 2.5 A), demonstrating that the fused membranes do not arise

simply due to non-specific mitochondrial clustering.

2.4.5 Activated Mfn2 represses Bax activation, cytochrome c release and permeability

transition.

Given the increasing involvement of dynamic changes in mitochondrial morphology
during the progression of apoptosis, we next examined the specific consequence of Mfn2
activation on the mitochondrial response to two different types of stimuli. Stimulation of
programmed death by STS treatment resulted in the efficient recruitment and activation of
Bax to the mitochondria, as revealed by an antibody that specifically recognizes the
conformationally active form of Bax (39). As expected (40, 41), the amount of Bax

activation correlated with the amount of cytochrome c release (~50% by 3 hours, Fig. 2.6 A
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and 5B, n=379). As a negative control, we transfected cells with DRP1(K38E) (42-44),
which has been shown to block mitochondrial fission and inhibit cytochrome c release from
mitochondria (26, 45). As expected, only 3% of these cells showed cytochrome c release
after 3 hours of STS treatment, with ~10% of cells showing Bax activation (n=66). By 5
hours of treatment, this level of Bax activation increased without a release of cytochrome ¢
(data not shown), as has been previously reported within cells transfected with DRP1(K38A)
(38). Transfection of Mfn2:CFP showed a reduction of STS induced Bax activation and
cytochrome c release (Fig. 2.6 A), with only ~35% of cells showing susceptibility to STS
treatment (Fig. 2.6 B, n=92). Interestingly, in the 35% of STS sensitive cells, many of the
Mitn2:CFP containing puncta colocalized with activated Bax (insets Fig. 2.6 A).
Min2gasc12v:CFP and Min2gywp:CFP both repressed Bax activation and cytochrome ¢
release, where only ~20% of cells were susceptible to STS treatment (Fig. 2.6 B, n=69, 72
respectively). In contrast, the fusion incompetent Mfn2we3p: CFP did not provide protection
against Bax activation or cytochrome c release (Fig. 2.6 A, n=73). As with Mfn2:CFP,
activated Bax often colocalized with Mfn2we3,p:CFP containing puncta (see insets, Fig. 2.6
A). Cells transfected with the dominant negative mutant Mfn24¢0.757):CFP were highly
sensitive to STS treatment, with 80% of cells showing complete cytochrome c release by 3
hours (Fig. 5A, n=95). Oddly, the amount of cytochrome ¢ release in this condition (~80%)
did not mirror the amount of Bax activation (~40%) which could be explained since
cytochrome ¢ was released in Mfn230.757):CFP transfected cells in a Bax independent
manner, without any death stimuli (Fig. 2.6 A). As expected, transfection of the other Mfn2

constructs showed normal, mitochondrial cytochrome ¢ staining in the absence of any death
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stimuli (data not shown). Taken together, the data show that activated Mfn2 is a repressor of
Bax activation and outer membrane pore formation.

Given that activated Mfn2 can provide protection against Bax activation and
cytochrome c release triggered by external apoptotic stimuli, we next wanted to investigate
whether Mfn2 could also protect the mitochondria from damage induced by internal
metabolic stress. We therefore adapted an assay which artificially produces free radicals
within the matrix of the mitochondria, thereby triggering permeability transition and PTP
opening in the absence of Bax activation (46-48). This approach allowed us to damage the
mitochondria from the matrix side, simulating physiological systems where mitochondrial
radical loads are increased due to excessive respiratory activity or other stresses. The AW
sensitive dye tetramethyl rhodamine ester (TMRE) and its derivatives, such as MitofluorRed
589, become photoactivated upon exposure to light and subsequently produce free radicals
within the matrix of the mitochondria. With the increasing accumulation of free radicals, the
permeability transition pore opens and protons become equilibrated across the inner
membrane (47, 48). Concomitant with the loss in AW, the potential sensitive dye is
redistributed within the cell, a process observed using time lapse video microscopy. The
mitochondria then regain AY, which allows the re-uptake of the potential-sensitive dye, and
in time lapse appear to “flicker” until they become terminally depolarized. Four hundred
images were collected over 25 minutes by exciting MitofluorRed 589 for 1000 msec,
followed by a 2500 msec delay. Fig. 2.7 shows that 84% of the untransfected cells incubated
with 50 nM MitofluorRed 589 reached terminal depolarization within the first frame
category (frames 1-250, n=56). Mfn2:CFP expressing cells revealed a moderate, but

significant protection from free radical induced damage, with a varied distribution of rates of
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Figure 2.6 Activation of Mfn2 protects against STS-induced cell death

A. Transfected COS7 cells were incubated with 2uM STS in the presence of 10 uM zvad-
fimk and immunolabelled with anti-cytochrome ¢ antibodies (blue) and anti-Bax antibodies
(red). Representative images of cells are shown. Cytochrome c release of cells transfected
with Mfn2430.757CFP in the absence of death stimuli is shown in lower right panel. Insets
show higher magnifications of the individual channels, as indicated. Note the co-localization
of Bax with Mfn2:CFP proteins upon activation. B. The percentage of cells with cytochrome
c release and Bax activation were scored at 3 hours post STS treatment and the data was
plotted as a percentage distribution of total cells
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dye loss across the four frame categories (p<0.003 Fishers exact test, n=19). Similar to the
protection granted against STS treatment, 62% of the cells containing a fused mitochondrial
reticulum induced by transfection of Mfn2gasc12v:CFP were significantly protected against
free radical induced damage until the fourth frame category (350-400 frames, p<0.001 from
Fishers exact test, n=21). In contrast, the mitochondria within cells expressing
Min2ws3;p:CFP rapidly reached their damage threshold with 92% of cells losing their dye
(n=13) within the first frame category, consistent with their susceptibility to STS.
Unexpectedly, although the morphological phenotypes were similar between Mfn2gywp:CFP
and Mfn2g,sc12v, and they both significantly protected mitochondria against STS treatment,
the double mutant was not protected from the radical induced damage, with 78% (n=18) of
mitochondria terminally depolarized in the first frame category. These data suggest that both
the activation of Mfn2 GTPase domain and the IMS tryptophan residue are essential for PTP
inhibition to occur. As expected, fragmented mitochondria expressing Mfn2430.757yCFP did
not affect the loss of dye in these experiments since 82% (n=22) of mitochondria were
terminally depolarized within the first frame category. These effects are not due to
differences in either Mitofluor dye loading or absolute free radical production, since
fluorescent quantification of initial Mitofluor dye uptake and the radical dye hET show no
differences between the transfected vs. untransfected controls (Tables 2.1 and 2.2). The
specificity of this assay was further verified by creating a fused reticulum following
transfection with the dominant interfering DRP1 mutant, DRP1(K38E). In contrast with the
protection granted by DRP1(K38E) in terms of STS induced cytochrome c release, the fused

mitochondrial reticulum within cells expressing DRP1(K38E)CFP were not protected from
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Figure 2.7. Activation of Mfn2 protects against permeability transition

COS7 cells, as indicated, were incubated with 50 nM MitoFluorRed 589, exposed to light
(see Experimental Procedures) and scored for terminal depolarization. The results were
converted to a percent value and plotted as a frequency distribution for each transfection
condition, as indicated in the graph
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Distribution profile of steady state radical load (% of total cells)
F ':f’lrjf’fle(')‘fe UTF | Mfn2:CFP | Mfn2gusci2v:CFP | Mfn2ywesp:CFP | Mfn2gywp:CFP | Mfn2450757.CFP | DrplK38E:CFP
<1 417 40 26.7 61.5 12.5 12 10
1to2 25 50 40 38.5 62.5 59 34.5
2t03 25 10 20 0 18.8 29 24.1
>3 8.3 0 13.3 0 6.3 0 31
Table 2.2:

Quantification of hET oxidation within transfected cells




the free radical load (Fig. 2.7, n=26), demonstrating that a fused mitochondrial morphology

alone does not inhibit permeability transition.

2.5 DISCUSSION

We have shown for the first time that Mfn2 exhibits properties of a signalling
GTPase capable of regulating not only mitochondrial fusion, but that its nucleotide state also
plays a critical role in regulating the mitochondrial response to apoptotic and free radical
induced damage. Through the creation of mutants, we have dissected the functional role of
the GTPase activity and the intermembrane space domain within Mfn2. Biochemical
evidence indicates that Mfn2 exhibits nucleotide properties similar to Rab$5, with low
intrinsic rates of hydrolysis and nucleotide exchange. These data are consistent with the
recently published work showing that Mfn2 has a higher affinity to nucleotide and
dramatically slower rates of hydrolysis relative to Mfn1 (9). Most importantly, we have
characterized the nucleotide binding and hydrolysis properties of a mutant form of Mfn2,
Mfn2g,s612v and showed that this mutant has slower hydrolysis and increased nucleotide
exchange when compared directly to the wild type protein (Fig.2.2). This mutant allowed us
to examine the functional consequences of a GTP hydrolysis deficient, dominant active form
of Mfn2. Our mutants have demonstrated a number of important findings. First, the
hydrolysis deficient mutant of Mfn2 results in a dramatic stimulation of mitochondrial
fusion, and the ultrastructural analysis of the fused mitochondrial clusters indicate a striking
proliferation of interconnected membranes, shedding new light on the plasticity of the
mitochondrial membranes. Furthermore, we have determined that the conserved tryptophan
residue within the intermembrane space region of Mfn2 is not essential to form a fusion

pore, but is required to activate fusion within the context of the wild type GTPase. The
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mutational analysis also allowed us to determine that the punctate localization of Mfn2 (38)
is regulated by the nucleotide state. The hydrolysis deficient mutants of Mfn2 that stimulate
mitochondrial fusion do not readily form puncta, whereas the mutants that inhibit
mitochondrial fusion are found in these foci. Finally, the activated Mfn2 constructs
significantly represses Bax activation, cytochrome c release and free radical induced
permeability transition. Taken together, these data reveal a role for Mfn2 as a regulator of
mitochondrial fusion and as a nucleotide dependent modulator of the apoptotic response.
The PEG fusion assay demonstrates that Mfn2 is a regulatory GTPase, which when
in the activated form is capable of signalling to neighbouring mitochondria to fuse in an
accelerated manner. Since Mfn2g,sg12v:CFP is anchored within the mitochondrial outer
membrane of the DsRed containing mitochondria in Fig. 2.4, it follows that Mfn2g,sG12v
initiated cytosolic events resulting in the efficient recruitment and fusion of GFP containing
mitochondria with the Mfn2g,.gi12v:CFP/DsRed reticulum. Clearly there are a number of
molecular events that contribute to this dramatic increase in fusion, including increased
motility events, as well as the activation of the fusion machinery. Our data therefore indicate
that Mfn2 may play a dual role, both as a direct constituent of the tethering/fusion machinery
(minimally through the coiled coil domains of Mfna3p.757) and as a GTPase capable of
initiating secondary cellular events. These secondary cellular events likely include the co-

operation and/or activation of Mfn1, which has been shown to function directly with Opal in

driving mitochondrial tethering and fusion (7, 9, 10). Evidence supporting a primary role for
Mfn?2 as a signalling GTPase has come from previous work demonstrating that mouse
embryonic fibroblast cells lacking Mfn2 show a loss of long range motility events (6),

consistent with a role for Mfn2 in regulating mitochondrial movement. Our data is also
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consistent with the recently identified role for Mfn2 as a regulator of the Ras signalling
pathway (21). Given that Ras signalling occurs at the plasma membrane, the ability of Mfn2
to invoke a signalling cascade would provide a mechanism for it to act upstream of events at
a separate intracellular location.

What are the physiological triggers that might activate Mfn2? Since Mfn2ys3,p:CFP
results in fusion inhibition, we consider that this IMS residue is required for the stimulation
of GTP nucleotide exchange in Mfn2. In this case, the GTPase domain within the Mfn2we31p
protein would remain in the inactive, GDP bound state locked within the puncta where
fusion could not be initiated, as observed in Figs 2.3 and 2.4. Since the IMS tryptophan
residue is so critical in providing protection against free radical induced permeability
transition (Fig. 2.7), we speculate that internal mitochondrial signals would communicate
with Mfn2 through this residue in order to initiate mitochondrial fusion in response to local
free radical production and other forms of metabolic damage. Mitochondrial fusion may
then buffer and rescue local radical damage by sharing scavengers and other metabolites
between healthy and damaged organelles. Under physiological conditions, this novel link
between mitochondrial fusion and PTP inhibition suggests a robust system to protect against
accumulated cellular damage that could potentially lead to inopportune cell death. Consistent
with this, mouse etﬁbryonic fibroblast cells lacking Mfn2 showed a loss in membrane
potential (6), and antisense experiments to reduce Mfn2 levels in cultured myotubes
demonstrated a loss in glucose oxidation, membrane potential and oxygen consumption (49).

In addition to providing protection against free radical induced permeability
transition, the data demonstrate that activated Mfn2 represses STS induced Bax activation

and cytochrome c release. This places a primary component of the mitochondrial fusion
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machinery as a regulator of the apoptotic response. Given that the activation of Mfn2
concomitantly blocks permeability transition and activates mitochondrial fusion, it suggests
that these two pathways are mutually exclusive. It has been previously shown that
mitochondrial fusion events are inhibited during an apoptotic stimulus (50), consistent with
our data indicating that Mfn2 must be in the inactive, GDP bound form to allow for
activation of Bax. Although the mechanism by which Mfn2 might regulate Bax activation is
unknown, it is possible that the punctate Mfn2 sites represent preassembled channels
competent for activated Bax recruitment and outer membrane permeability transition, and
upon activation of Mfn2, critical components within these microdomains may disassemble.
Alternatively, the activation of Mfn2 for fusion may directly inhibit the fission machinery in
order that the two events remain exclusive. Since fission precedes cytochrome ¢ release and
appears requisite for apoptosis (51, 52), any interference of activated Mfn2 with components
of the fission machinery would effectively block Bax activation and cytochrome c release.
Obvious candidates would be Fis1 and DRP1 since they function together in promoting
mitochondrial fission and eliciting an efficient apoptotic response (22, 23, 25, 26, 45). 1t
will be important to characterize the Mfn2 interacting proteins, those both cytosolic and
mitochondrial, in order to better define the molecular events that link the GTPase cycle of

Mitn2 with mitochondrial fusion and the control of permeability transition.

2.6 EXPERIMENTAL PROCEDURES:.

Construct preparation and reagents.

The cDNA encoding human Mfn2 (KIAA0214) was graciously provided by Kazusa
DNA Research Institute, Japan. Mitofusin2 ¢cDNA was PCR amplified using standard

protocols, for insertion into pECFP-C1 (Clontech, Palo Alto, USA) and pcDNA3.1
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(Invitrogen, Burlington, Canada) with BamH1 and HindHI restriction sites. Mfn2g,sG12v:CFP
was prepared using Quick-Change mutagenesis (Stratagene, La Jolla, USA) using pECFP-
C1:Mfn2 as the template and a set of oligonucleotides designed to replace amino acids
GRTSNGKS with GAVGVGKS. The restriction site Narl was introduced into the primers
for screening purposes. The pcDNA3:GST, Mfn2:His6 and Mfn2 g,sG12v :His6 constructs
vectors for protein purification from transfected cell lysates were also prepared using
subcloning techniques and all sequences used in this work were confirmed. Mfn2we31p:CFP
was prepared using Quick-Change mutagenesis (Stratagene, La Jolla, USA) with pECFP-
C1:Mfn2 as the template and a set of oligonucleotides designed to replace the tryptophan
amino acid at position 631 with a proline. The Apal restriction site was introduced into the
primers for screening purposes. Mfn2gywp:CFP was prepared by isolating the DNA fragment
encoding amino acids 1-431 of Mfn2g,s612v:CFP by digestion with HindIII and Sall, and
subcloning this fragment containing the RasG12V mutation into the Mfn2we3p: CFP
construct cut with the same enzymes, thereby replacing the wild type GTPase domain of
Mfn2we31p:CFP with the Mfn2g,s612v mutation. The cDNA encoding DsRed2 was amplified
from pDsRed2-C1 (Clontech , Palo Alto, USA) using primers designed for digestion with
BamH1 and Xbal and ligation into the pcDNA3-pOCT vector (53). Tom7:GFP was
gratefully obtained from Mike Ryan, La Trobe University, Melbourne Australia. Mfn2
mouse polyclonal antisera was generated against a cocktail containing both recombinantly
expressed Mfn2710.757):GST, and a synthetic Mfn2 NH,-terminal peptide
CNSIVTVKKNKRIIM-OH (Dalton Chemical Laboratories, Toronto, Canada), conjugated
to 5 mg of maleimide activated KLH. Antisera was generated following a 56 day standard

immunization protocol. Polyclonal antibodies against fluorescent proteins (anti-FP) used for
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immunoEM were purchased from Clontech, Palo Alto, USA. Dihydroethidium (D23107)
Molecular Probes (Eugene, USA) was utilized to determine steady state radical levels in
transfected cells. Monoclonal 7H8.2C12 anti-cytochrome c antibodies were obtained from
BD Biosciences, and rabbit polyclonal anti-Bax antibodies were obtained from Upstate cell
signalling solutions. Alexa Flour 350 and 594 goat anti-mouse or rabbit secondary
antibodies from Molecular Probes (Eugene, USA) were used for STS experiments. zVAD
was obtained from Enzyme Systems Products (Aurora, Canada) and staurosporin (STS) was

obtained from Sigma (Oakville, Canada).

Transfection and imaging of COS7 cells

Transfection and imaging methods were exactly as described in (53). For
electrochemical potential determination cells were incubated with 50 nM MitofluorRed 589
at 37°C for 20 minutes. Whole cell images were acquired for untransfected and transfected
cells by exciting at 589 nm with the CFP/YFP/DsRed triple pass filter (Chroma, Vermont).
The presence of transfected CFP tagged protein was confirmed by exciting at 434 nm using
the same filter set. Areas of interest were selected for each cell and total fluorescence
arbritary units were summed for each cell. The total fluorescence intensity per cell was
quantified as the sum of the values of each pixel within the area of interest minus the
average background signal obtained per pixel. The number of cells within each fluorescence
distribution range was scored and tabulated as a percentage.

For MitofluorRed 589 (Molecular Probes, Oregon) flickering experiments, 50 nM
dye was added to the chamber medium and incubated with the cells at 37°C for 20 minutes.

Following equilibration of the dye, 400 images were collected by exciting at 589 nm with
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the CFP/YFP/DsRed triple pass filter (Chroma, Vermont) for 1 second followed by a 2.5
second delay. The presence of transfected CFP tagged protein was confirmed as indicated
above. The time series were analyzed and each frame where all mitochondrial dye was
released from the whole cell was plotted.

To determine steady state radical loads, cells were incubated with 5 uM
dihydroethidium (hET) at 37°C for 20 minutes. Dihydroethidium oxidation by super oxide
to ethidium was visualized by excitation at 547 nm. Whole cell imaging and fluorescence

quantification for untransfected and transfected cells was performed as indicated above

Mant GMP-PNP binding assay:

COS-7 cells were transfected with pOCT:CFP, Mfn2:CFP, Mfn2g,sci2v:CFP, and
Rab5:CFP fusion constructs. The day after transfection, the cells were harvested by
trypsinization, washed with PBS, and with nucleotide binding buffer (220 mM mannitol , 68
mM sucrose, 200 mM NaCl, 2 mM MgCl, 0.5 mM EGTA, 2.5 mM KH,PO4, 10 mM
Hepes, pH 7.4, Img/ml BSA) containing protease inhibitors. Cells were then broken in a cell
cracker, and the whole lysate centrifuged at 10,000 rpm, to concentrate heavy membrane
fractions. Pellets were resuspended in binding buffer and 50 pl aliquots were mixed with
Mant-GMP-PNP (1 uM final conc., Molecular Probes, Oregon) and incubated at 37°C for
different times. After incubation the aliquots were scanned for emission fluorescence of
Mant-nucleotides in a QuantaMaster 6000SE (Photon Technology International, London,
Canada) (excitation at 360 nm). The peak emission at 448 nm was recorded and the
background fluorescence of the nucleotide alone was subtracted. Each value was also

normalized for total protein concentration in the sample (determined using the DC protein
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assay (Biorad)), and for the level of recombinant protein expression by measuring the CFP
signal obtained in the fluorimeter upon excitation at 434 nm, emission at 477 nm.

For the purification of GST, Mfn2:GST and Mfn2g,s612v:GST from transfected cell
lysates, 10 cm dishes of COS7 cells were transfected using Lipofectamine 2000 (Invitrogen),
and following 12 hours, were trypsinized, washed and lysed with TNE buffer (25 mM Tris-
HC], pH 7.4, 150 mM NaCl, 5mM, EDTA, 1 mM DTT, 60 ug/ml chymotrypsin, 1 uM
leupeptin, 25 pg/ml antipain, 2 pg/ml aprotinin, 40 pM APMSF, 1 mM pepstatin A),
containing 1 % Triton X-100 for 2 hours at 4°C. Lysates were adjusted to 40 % sucrose, and
centrifuged at 70,000 rpm for 1 hour, at 4°C. Supernatants were diluted to 10 % sucrose with
TNE + Triton buffer, and were incubated overnight with glutathion-sepharose beads at 4°C.
Beads were washed and GST fusion proteins were eluted with 50 mM reduced glutathione in
TNE buffer + 10 % sucrose. Eluted aliquots (50 pl elutions) were incubated, in duplicate,
with 0.2 uM Mant-GMP-PNP for 15 min. at 37°C, and assayed for fluorescence (excitation,
360 nm; emission, 448 nm). Normalization was done by assaying the enzymatic activity of
GST within each aliquot, with 1, chloro, 2, 4, di-nitro benzene (CDNB, Sigma) and
glutathione as substrates, with formation of a product with absorbance at 340 nm (Amershan
Biosciences), being the product formation rate proportional to the amount of GST in the
aliquots. Known concentrations of bacterially purified GST was used as a standard in this

assay. Bacterially expressed Rab5:GST was purified as previously described (54).

GTP?? hydrolysis assay

COS-7 cells were transfected with Mfn2:His6, Mfn2g.G12v:His6, or LacZ:His6, and

the following day cells were washed with PBS, harvested by scrapping and centrifuged. Cell
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pellets were resuspended in a small volume of TNX solubilization buffer (50 mM Tris, pH
7.4, 150 mM NaCl, 2 % Triton X-100, 1 mM BME, 2 mM MgCl,, protease inhibitor
cocktail) and incubated for 1 hour at 4 C. Lysates were then cleared at 70,000 x gin a TLA
110 rotor, for 30 min. at 4°C, and supernatants were incubated with Nickel-NTA agarose
beads, for 1.5 hour at 4°C. Beads were then centrifuged and washed 2 times with TNX
buffer containing 200 UM ATP (to remove chaperones and other non-specific proteins of the
lysate), followed by 2 more washes with TNX buffer containing 20 mM imidazole. Proteins
were eluted with series of 100 and 200 mM imidazole in TNX buffer, and concentrations
were determined by the Bio-Rad method. 10 pg of the different eluted proteins were
preloaded with 1 pl of yP*2 GTP (2000 Ci/mmol) in exchange buffer (50 mM Tris, pH 7.4,
100 mM NaCl, 1 % Triton X-100, 2 mM MgCl,, 1 mM DTT) by incubating for 30 seconds
at 37°C in a 140 pl volume. The reaction was then diluted 10 times to trap the nucleotide in
place and begin YP*> GTP hydrolysis. From this mix, aliquots were taken, in triplicate, at
different time points (0, 1, 2, 5 and 10 minutes), applied to nitrocellulose filters in a vacuum
manifold, and flushed immediately with 1 ml PBS (to remove unbound nucleotide and

hydrolyzed P*%). Filters were then placed in vials and assayed for P*? scintillation counting.

Electron Microscopy

COS7 cells were transfected with the appropriate cDNA in 10 cm dishes with
Lipofectamine 2000 for 16 hours. Following this, fluorescence was first examined using the
light microscope to ensure transfection was at least 70% prior to trypsinization and washing
of the cells in PBS. The washed cells were then pelleted and fixed in 1.6% glutaraldehyde in

0.1 M NaCacodylate buffer prior to osmium tetroxide and uranyl acetate staining, SpuIT resin
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embedding and final thin sectioning of the blocks, and the grids were stained with lead
citrate. For immuno electron microscopy, the same transfection procedure was followed.
Cells were trypsinized, washed in PBS, fixed in 1.6% glutaraldehyde and centrifuged at
3000 x g for 15 minutes. Cell pellets were embedded in LR white (Marivac, PQ, Canada),
thin sections were cut with a Leica Ultracut E ultramicrotome, immunolabelled with
polyclonal anti-FP antibodies (Clontech, Palo Alto, USA) and 10 nm gold-labelled
secondary antibodies (Jackson Laboratories, Bar Harbor, USA). Cells were then
counterstained with lead citrate and uranyl acetate. Digital images were taken using a JEOL
1230 TEM at 60 kV adapted with a 2K x 2K bottom mount CCD digital camera

(Hamamatsu, Japan) and AMT software.

PEG Fusion Assay.

The whole cell fusion assay was performed as described (4). Given that the broad
excitation spectra of DsRed overlaps with the GFP excitation wavelength, special
precautions were taken to ensure the images of fused mitochondria did not include any bleed
through between the channels. For this, live cells were imaged on the Olympus IX70
microscope with a 100X objective U Plan Apochromat, NA 1.35 — 0.50 objective, exited at
488 nm (GFP) and 560 nm (DsRed) with the Polychrome IV monochrometer (TillPhotonics,
Grafelfing, Germany) through a FITC/Cy3/CyS5 triple pass filter (Chroma, Battelboro, USA).
The emitted light was filtered through an additional Dual-View beam splitter (Optical
Insights, Santa Fe, USA) equipped with two filters HQ520-20 and D600/40 to separate the
GFP and DsRed emission signals, and images were captured as described above. The

transfected CFP tagged protein was imaged using the CFP/YFP dual pass filter
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(TillPhotonics) along with the beam splitter equipped with D465/30 and HQ535/30 filters
(data not shown). The acquired images were saved as .tiff images and overlayed in Adobe

Photoshop for image assembly.
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3.1 CHAPTER INTRODUCTION

This research is presented as a manuscript recently published in press in the journal
Current Biology, entitled “Cargo-selected transport from the mitochondria to peroxisomes is
mediated by vesicular carriers” Margaret Neuspiel#, Astrid C. Schauss#, Emelie Braschi,
Rodolfo Zunino, Peter Rippstein, Richard A. Rachubinski, Miguel A. Andrade-Navarro and
Heidi M. McBride.

It provides new, important, and extremely interesting insights into vesicular
trafficking and inter-organelle communication. Convincing data are presented which
support a novel cellular phenomenon: the generation of mitochondrial derived vesicles and
the delivery of these structures to peroxisomes. This work originated from the discovery of
a novel protein of the mitochondrial outer membrane which is involved in mitochondrial
fission.

In attempts to identify a SUMO E3 ligase, a bioinformatics screen was used to
identify candidate mitochondrial anchored SUMO or ubuiqitin E3 ligases (Figure 3.1).
Mammalian unidentified open reading frames were analyzed for those that contained a
RING finger domain. Proteins were then sub-screened for those with predicted
mitochondrial targeting sequences using MitoPred and TargetP

(http://bioinformatics.albany.edu/~mitopred/) (http://www.cbs.dtu.dk/services/TargetP/)

algorithms to search for potential mitochondrial targeting sequences. Finally the remaining
sequences were then sub-screened for the presence of at least one transmembrane domain.
This approach resulted in the identification of 828 distinct RING finger proteins, 110 of

which contain transmembrane domains, and 10 of which are predicted to be mitochondrial.
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Figure 3.1 Bioinformatics screen

A) Bioinformatics screen to identify candidate mitochondrial anchored ubiquitin or SUMO
E3 ligases. Sequences were selected which contained a conserved RING finger domain
common to these enzymes (according to the SMART domain search), and at least one
potential transmembrane domain (using TMHMM). B) One of these sequences was an
unidentified open reading frame (ORF) FLJ12875 which we named MAPL (mitochondrial
anchored protein ligase). The translated protein contains 352 amino acids with a C-terminal
RING domain, and two predicted transmembrane helices. Predicted transmembrane domains
illustrated in blue, and the RING finger domain in red.



A. Bioinformatics approach

Total Ring fingers: 828
Those containing TMD: 110
Those positive in Mitoprot (cutoff 0.1): 79
Those positive in TargetP (cutoff 0.3): 56
Overlaping positive hits, redundancy removed: 14

B. Sequence

Mitochondrial Anchored Protein Ligase, MAPL
Human protein: Q969V5 - Hypothetical protein FLJ12875

1 MESGGRPSL CQFILLGTTSYV YTAALYSVYR QKARVSQELK GAKKY HLGED LKSILSEAPG
TRANSMEMBRANE DOMAIN
61 KCVPYAVIEG AVRSVKETLN SQFVENCKGV IQRLTLQEHK MVWNRTTHLW NDCSKITHQR
121 TNTVPFDLVP HEDG VDV AVR VLKPLDSV DL GLETV YEKFH PSIQSFTDVI GHYISGERPK
181 GIQETEEMLK VGATLTGYV GE LV LDNNSVRL QPPKQGMQY Y LSSQDFDSLL QRQESSVRLW
241 KVLALVFGFA TCATLFFILR KOYLQRQERL RLKQMQEEFQ EHEAQLLSRA KPEDRESLKS
TRANSMEMBRANE DOMAIN

301 ACYVCLSSFK SCVFLECGHV CSCTECYRAL PEPKKCPICR QAITRVIPLY NS
RING DOMAIN

-

Figure 3.1 Bioinformatics screen



This screen was performed by Dr. McBride with the assistance of Miguel A. Andrade-
Navarro a bioinformatics specialist of the OHRI. The first protein identified from this list
was the hypothetical protein FLJ12875, accession number Q969V5. We have since named
this protein MAPL (Mitochondrial Anchored Protein Ligase) The translated protein
contains 352 amino acids with two predicted transmembrane helices, a c-terminal RING
domain and an uncharacterized highly conserved domain in the middle region between the
two transmembranes (Figure 3.1) The second half of my research was spent characterizing
this novel protein and investigating its effect on mitochondrial dynamics, more specifically
its role in fission and activity on Drpl. The findings presented summarize the
characterization of this protein. Subsequent research performed by Emelie Braschi, has
uncovered that this protein is a SUMO E3 ligase but this finding will not be discussed within
the context of this manuscript.

This project was initially solely the subject of my doctoral research, however as the
data unfolded, it was apparent that this was a much greater discovery than what one student
could manage. Current members as well as other new recruits to the laboratory of Dr.
McBride commenced research on different aspects of this project. Iam a co- first author of
this manuscript which is shared with Astrid Schauss a Postdoctoral fellow in the laboratory.
She made the discovery that the mitochondrial derived vesicles containing MAPL target to
the peroxisome and was responsible for all peroxisome experiments in this manuscript.

This work required the generation of many tools such as rabbit polyclonal antibodies,
recombinant proteins, and a variety of MAPL DNA constructs. All tools utilized within this
work were generated by me unless otherwise indicated. Emelie Braschi was responsible for

the microscopy images in Figure 3.3 A,B and Figure 3.4 A,B,C. Rudolfo Zunino, was
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responsible for technical assistance with the protease protection experiment and the siRNA
experiments. Peter Rippstein, was responsible for the preparation of all samples for electron
microscopy, and finally Richard A. Rachubinski was responsible for peroxisome biology

insight.
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3.2 ABSTRACT

Peroxisomes and mitochondria share a number of common biochemical processes, including
the B-oxidation of fatty acids and the scavenging of peroxides. Here, we identify a new
outer membrane mitochondrial anchored protein ligase (MAPL) containing a RING finger
domain. Overexpression of MAPL leads to mitochondrial fragmentation, indicating a
regulatory function controlling mitochondrial morphology. However, confocal and electron
microscopy studies of MAPL-YFP led to the observation that MAPL is also incorporated
within unique, DRP1-independent, 70-100 nm diameter mitochondrial derived vesicles
(MDV). Importantly, MDVs selectively incorporate their cargo, where for example,
vesicles containing MAPL exclude another outer membrane marker TOM20, and vesicles
containing TOM20 exclude MAPL. We demonstrate that MAPL-containing vesicles fuse
with a subset of peroxisomes, marking the first evidence for a direct relationship between
these two functionally related organelles. In contrast, a distinct vesicle population labelled
with TOM20 do not fuse with peroxisomes, indicating that the incorporation of specific
cargo is a primary determinant of their fate. These data are the first to identify MAPL,
describe and characterize MDVs and define a new intracellular transport route between

mitochondria and peroxisomes.
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3.3 RESULTS

3.3.1 Identification of a Novel Mitochondrial RING Finger-containing Protein
We were interested in identifying candidate mitochondrial proteins that participate in the

regulation of mitochondrial morphology. It has been shown that mitochondrial morphology
can be regulated both by ubiquitination and SUMOylation [1-6]. We therefore performed a
bioinformatics screen to identify candidate mitochondrial anchored ubiquitin or SUMO E3
ligases. One of these sequences was a mitochondrial targeted, ubiquitously expressed,
unidentified open reading frame FLLJ12875, that we named MAPL for mitochondrial
anchored protein ligase (Figure 3.2) The translated protein contains 352 amino acids with
both the N-terminus and the C-terminal RING domain exposed to the cytosol, and two
predicted transmembrane helices (Figure 3.2 A, B). Transient transfection of MAPL-YFP in
HeLa or COS7 cells resulted in a fragmented mitochondrial phenotype (Figures 3.3 A and
3.3 E). This was in contrast to the tubular morphology of the TOM20-labelled mitochondria
in neighbouring, untransfected control cells (Figure 3.3 A, top middle). The increase in
mitochondrial fragmentation was dependent upon the RING finger domain of MAPL, since
transfection of MAPL1-296-YFP lacking the RING finger domain did not induce this
phenotype (Figure 3.3 A, bottom). To determine whether this phenotype required the
mitochondrial fission GTPase DRP1, we cotransfected cells with the dominant interfering
mutant, DRP1(K38E)-CFP [7-9]. As expected, the fragmentation induced by MAPL

expression was blocked in the presence of the DRP1 mutant, and the resulting mitochondria
were highly fused (Figure 3.3 B). These data indicate that MAPL participates in the
regulation of mitochondrial fragmentation. However, in cells expressing both dominant
negative DRP1 and either wild type MAPL or MAPL(1-296), a pool of very small MAPL-

or TOM20-positive fragments remained within the otherwise highly interconnected
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Figure 3.2 Characterization of MAPL, a novel mitochondrial outer membrane
protein

(A) Representation of the domain organization of MAPL is shown with the RING finger
motif at the C-terminus and two predicted transmembrane domains (blue). (B) MAPL is
ubiquitously expressed. A northern blot indicates increased MAPL RNA transcript in heart
and placenta. (C) Confocal Immunofluorescence images of Cos7 cells fixed and stained with
anti-MAPL and anti-cytochrome ¢ antibodies. (D) Both termini of MAPL are exposed to
the cytosol. N-terminal CFP- and C-terminal YFP-tagged forms of MAPL were transfected
into COS7 cells, and mitochondria were isolated and incubated with trypsin in the presence
or absence of Triton X-100, as indicated. Both tags of MAPL were degraded like the outer
membrane marker protein TOM?20, while the intermembrane space protein cytochrome ¢ was
protease-resistant. (E) As in (D), except that endogenous MAPL was examined within
isolated COS7 mitochondria using two antibodies, the first raised against the C-terminal
RING finger domain and the second raised against the internal region between the
transmembrane domains. Like TOM?20, the C-terminal epitope is lost upon treatment with
trypsin (top most panel): however the internal epitope reveals a shift to a lower molecular
weight upon trypsin treatment, consistent with a loss of ~15 kDa (second panel from top).
The solid arrows show the full-length MAPL protein and the open arrowhead reveals the
trypsin-resistant fragment of MAPL. The asterisk indicates a non-specific band.
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mitochondrial reticulum (Figure 3.3 B circles). In order to examine the mitochondrial
ultrastructure, we transfected cells with MAPL-YFP and prepared sections for electron
microscopy (EM). EM analysis revealed the presence of highly distinct structures, 70-100
nm in diameter, emanating from the sides of the mitochondria expressing MAPL-YFP
(Figure 3.4 C, arrows). These profiles contained either one or both mitochondrial
membranes and showed an increase in electron density around the surface. Preembedded
immunogold labeling of MAPL-YFP revealed small, ~100-nm structures resembling
intracellular transport vesicles that were not attached to the larger mitochondria (Figure
3.3D, 1). They often contained inner mitochondrial membrane: however, cristae were rarely
observed and, instead the outer and inner membranes appeared as two concentric circles
(Figure 3.3D, i). Standard immunogold labelling of fixed sections also revealed multiple
enrichments of MAPL-YFP along mitochondria (arrows in Figure 1D, ii, iii, iv, arrows).

To follow the formation of the small MAPL-containing fragments in real-time, we employed
time-lapse confocal microscopy. In addition to the expected general fragmentation of the
mitochondria in cells expressing MAPL-CFP we also observed a few unique fission events
consistent with the EM analysis. In the time series presented in Figure 3.3E (Movie 3.1), we
first observed a lateral enrichment of MAPL-CFP along the tubular mitochondria (Figure
3.3E, arrow). This enriched region of the mitochondria was then seen to pinch off from the
side of the organelle, liberating a highly spherical mitochondrial fragment. This event was
qualitatively distinct from previously documented mitochondrial fission, which instead
involves a constriction along the tubule mediated by DRP1, leading to a smooth separation

of the two halves of the mitochondrion (Movie 3.2). Taken together, the EM and confocal
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Video 3.1 Confocal video analysis of MAPL-CEFP-positive vesicle formation in
COS7 cells.

Seventy images were captured every second with the 434 nm laser line on an Olympus
FV1000 confocal microscope and are played here at 10 frames per second. Note a vesicle
that emerges from the side of a mitochondrial tubule



Video 3.2. Confocal video analysis of mitochondrial fission.

HeLa cells were labeled with MitoFluorRed 633 and imaged with the 647-nm laser line
every second on an Olympus FV1000 microscope. Here, 100 frames are played at 10 frames
per second. Note that the tubular mitochondrion is severed across the whole organelle. This
process is known to require DRP1-mediated whole organelle constriction, which is distinct

from the budding event observed in Supplemental video 1



Figure 3.3 MAPL induces mitochondrial fragmentation and marks unique
mitochondrial structures

(A) Mitochondria in HeL a cells were transfected with either MAPL-YFP (top panels) or
MAPL(1-296)YFP (lower panels), and fixed cells were stained with anti-TOM?20 and
imaged by confocal microscopy. Boxed regions were enlarged. Scale bars, 20 um. (B) As
in (A), except that cells were co-transfected with DRP1(K38E)-CFP, which is shown in the
insets (grey). Some small fragmented structures are circled. (C) COS7 cells transfected with
MAPL-YFP were fixed and prepared for electron microscopy. Arrows highlight vesicular
profiles. Scale bars, 100 nm. (D) (i) COS7 cells transfected with MAPL-YFP were fixed on
coverslips, permeabilized with saponin and labeled with anti-YFP antibodies followed by
goat anti-rabbit gold secondary antibodies. (ii), (iii), and (iv) Standard immunogold labelling
with anti-FP antibodies on thin sections. Scale bars, 100 nm. Arrows highlight enrichments
of MAPL. (E) Confocal time-lapse imaging of MAPL-YFP transfected into COS7 cells
shows the formation of a mitochondrial vesicle. Arrows highlight the enrichment of MAPL-
YFP along the side of a mitochondrial tubule that eventually separates into an individual
vesicle. Note the mixture of the rod-like and spherical mitochondrial fragments. Scale bar. 5
wm.
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analysis of MAPL-CFP indicates that MAPL is incorporated within small mitochondrial
fragments that form in a distinct, DRP1-independent manner.
3.3.2 MDV's Exhibit DRP1-independent Cargo Selection

EM and video examination suggested that there may be an enrichment or selection of
specific mitochondrial cargo within these structures. To test this directly, we co-transfected
MAPL-YFP with a mitochondrial matrix marker, pOCT;CFP and performed either live-cell
experiments with the potentiometric dye MitoFluorRed633, or fixed cells and stained them
with antibodies against the outer membrane import receptor TOM20 (Figures 3.4 A and 3.4
B). Surprisingly, we observed multiple combinations of cargo incorporated within very
small mitochondrial fragmented structures. Representative images reflecting the diversity of
cargo within these structures are shown in Figure 3.5. For example, in the bottom panel of
Figure 3.4 A, structures are seen containing only MAPL-YFP or AY are seen (circles), but
one structure is seen containing both OCT-CFP and AW but lacking MAPL-YFP (arrows).
In fixed cells stained with anti-TOM?20 antibodies, we observe a similar mixture of vesicular
profiles (Figure 3.4 B, circles). These images also reveal small mitochondrial profiles
containing all three markers, which is expected from the generation of DRP1-dependent
fragments (Figure 3.4 B, bottom panels, arrows). Co-expression of MAPL-YFP with
DRPI1(K38E)-CFP resulted in a highly interconnected mitochondrial reticulum (Figures
3.3B and 3.4 C, left panels). However, careful examination of the remaining fragments
revealed that they also contained either MAPL-YFP or TOM20 (Figure 3.4 C top panels,
circles), or A¥ (Figure 3.4 C bottom panels, circles) with few, if any fragments labelled for
both markers. Although microscopy may not eliminate the possibility of small amounts of

each cargo present, the data show that the vesicles selectively exclude, and are significantly
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Figure 3.4 Evidence of cargo selection within mitochondrial vesicles

HeLa cells were cotransfected with MAPL-YFP and pOCT-CFP, loaded with
MitoFluorRed633 and imaged live (A) or fixed and stained with anti-TOM20 antibodies (B).
In (C), HeLa cells were cotransfected with DRP1(K38E)-CFP (magenta) and MAPL-YFP
and either loaded with MitoFluorRed633 (bottom panels) or fixed and stained with anti-
TOM20 antibodies (top panels). Circles indicate mitochondrial structures that carry a single
label and arrows indicate vesicles carrying more than one label. Scale bars, 2 um. (D) Non-
targeting siRNA or MAPL siRNA were transfected into HeLa cells that were fixed and
stained with anti-MAPL antibodies (top panels) or anti-TOM20 antibodies. The
quantification of the number of TOM20 positive structures in 150 cells from 3 independent
experiments are shown in the vertical box plot
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enriched for, specific cargo. This indicates that mitochondria have the capacity to segregate
specific cargo even within a single membrane. Therefore, we suggest that in addition to
their DRP1-independence and uniform size of 70-100 nm, another criterion to define a
MDYV is evidence of cargo selectivity.

Although MAPL expression stimulates mitochondrial fragmentation and is itself
incorporated within these small vesicles, it was unclear whether MAPL was a regulator of
vesicle formation. To test this, we quantified the number of small TOM20-positive
structures in cells expressing endogenous or silenced MAPL (Figure 3.4 D). Analysis
showed that the overall mitochondrial morphology was not dramatically altered Figure 3.6,
and that the number of TOM?20-labelled mitochondrial vesicular structures was similar in
cells lacking MAPL (Figure 3.4D). This indicates that although MAPL can be incorporated
within vesicles and stimulates DRP1-dependent mitochondrial fragmentation (Figures 3.3
and 3.4 A, 3.4 B, and 3.4 C), it is not a core component of the machinery required for MDV
formation.

3.3.3 Quantification of Cargo Selectivity and DRP1-independent Vesicles
We next quantified both the extent of MDV cargo selectivity (Figures 3.5 A, 3.5 B and 3.5
C) and the total number of vesicles within cells (Figure 3.5 D) using endogenous markers.
Immunofluorescence of endogenous MAPL revealed a number of distinct, very small
punctate, vesicular structures in addition to a mitochondrial location (Figure 3.5 A, left
panels). This antibody staining was specific since the silencing of MAPL through siRNA
abolished this signal (Figure 3.4D, top panels). To further investigate the cargo selection
observed above (Figure 3.4A and 3.4B) using endogenous markers, we co-stained the

untransfected cells with either anti-MAPL or anti-TOM20 antibodies together with one of
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Figure 3.5 Quantification of cargo selectivity and DRP 1-independent vesicle
formation

(A) COS7 cells were fixed and stained with anti-MAPL polyclonal antibodies and anti-
cytochrome c (top panels), anti-subunit 1 of complex IV (middle panels) or with a matrix
OCT-CFP marker (bottom panels). Circles illustrate vesicles positive for only MAPL, and
arrows point to vesicles containing both cargoes. Scale bars, 1 um. (B) As in (A) except the
outer membrane marker examined is anti-TOM20. (C) A table quantifying the percentage
colocalization of each marker pair. Data are taken from 50 vesicles from each of 3
independent experiments. (D) COS7 or HeLa cells untransfected or transfected with
DRPI1(K38E)-CFP were fixed and stained for anti-TOM20. The number of MAPL-positive
vesicles within HeLa cells expressing DRP1(K39E)-CFP and MAPL-YFP are quantified in
the last lane. The total number of vesicles was counted per cell from 150 cells from 3
independent experiments and plotted in the vertical box plot shown. To confirm that the
DRP1(K38E)-CFP was functionally blocking DRP1 activity, only cells expressing the CFP
tagged protein and that also contained highly fused, interconnected mitochondria were
included.
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Figure 3.6 Mitochondrial and peroxisomal morphology in MAPL silenced
cells

(A) HeLa cells silenced with control siRNA or MAPL-targeted siRNA were fixed and
stained with anti-cytochrome ¢ antibodies or transfected with CFP-SKL. Peroxisomes
appear to be of normal shape in the MAPL-silenced cells. Scale bars, 10 um. (B) Silencing
of MAPL within total HeLa cell extracts was confirmed by western blotting of total extracts
with anti-MAPL antibodies. anti-Hsp60 was used as a loading control.
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the following markers: cytochrome c of the intermembrane space (Figures 3.5 A and 3.5 B,
top panels), subunit 1 of complex IV of the inner mitochondrial membrane (Figures 3.5 A
and 3.5 B, middle panels), and a matrix targeted CFP (Figures 3.5 A and 3.5 B, bottom
panels). Quantification revealed that only 33-50% of vesicles containing either TOM20 or
MAPL also contained a second mitochondrial marker.

We next quantified the number of vesicles in cells expressing the dominant
interfering mutant of DRP1, DRP1(K38E)-CFP in COS7 and HeL.a cells. Quantification
showed that cells expressing DRP1(K38E)-CFP and showing completely interconnected
mitochondria exhibited nearly the same number of vesicles as controls (Figure 3.5 D). The
slight reduction observed within HeLa cells upon inhibition of DRP1 likely reflects the
inclusion of some DRP1-dependent fragments with vesicles during the counting in control
cells. Quantification of the number of MAPL-YFP positive vesicles in DRP1(K38E)-CFP
expressing cells indicated that they are present in numbers similar to TOM20-labeled
vesicles (Figure 3.5 D). Together, the data confirm that both TOM20 and MAPL positive
MDVs are formed by a mechanism distinct from DRP1-mediated mitochondrial fission.
3.3.4 MAPL-containing MDVs are targeted to peroxisomes

We tested a number of cellular markers in order to determine the fate of MDVs.
Surprisingly, we found that the MAPL-positive vesicles were targeted to peroxisomes,
whereas TOM20 containing vesicles did not share this fate (Figure 3.7 A). We quantified
the colocalization of MAPL-YFP positive, TOM20 negative vesicles with peroxisomes and
found that a mean of ~65% MAPL-containing vesicles colocalize with CFP-SKL labelled
peroxisomes (Figure 3.7 B). The targeting of MAPL vesicles to the peroxisome was

independent of the RING finger motif since a mean of ~91% of MAPL-positive vesicles
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Figure 3.7 MAPL vesicles target the peroxisomes

(A) HeLa cells were co-transfected with CFP-SKL and MAPL-YFP, and after 16 hours, were
fixed and stained with polyclonal anti-TOM?20 antibodies. A representative confocal image
shows the colocalization of MAPL-YFP-positive vesicles (green) with peroxisomes (red).
The magenta TOM20 signal is excluded from the peroxisomal structures. Red arrowheads
depict peroxisomes that do not contain MAPL, green arrowheads designate MAPL-positive
vesicles that do not contain CFP-SKL or TOM20, and magenta arrowheads reveal TOM20
positive vesicles that do not colocalize with either MAPL or CFP-SKL. Circles reveal
vesicles that are labeled for both CFP-SKL and MAPL-YFP, but exclude TOM20. (B) HeLa
cells co-transfected with MAPL-YFP or MAPL1-296-YFP and CFP-SKL were fixed and
immunostained for TOM20 (anti-Alexa647). The percentage of colocalization of MAPL-
positive or TOM20-positive vesicles with CFP-SKL (n = 42 for each data set) is shown in
the vertical box plot. (C) As in A, except that HeLa cells were transfected with YFP-Fisl
(green), CFP-SKL (red) and stained for Tom20 (magenta). Scale bar is Sum. (D) Confocal
time lapse series showing MAPL-YFP-labeled vesicles (in green) and CFP-SKL-labelled
peroxisomes. The series shown was extracted from a 2 minute video and occurs over a 30
second period. Arrows point to two independent structures that are shown to fuse in the last
three panels. Scale bar, 1 um.
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colocalized with peroxisomes in cells expressing MAPL1-296-YFP lacking the motif
(Figure 3.7 B). Importantly, vesicles positive for TOM?20 and negative for MAPL did not
colocalize with peroxisomes, further demonstrating the specificity for the cargo
incorporation and the transport event (Figure 3.7 B). As shown earlier, the total number of
DRP1-independent MAPL vesicles within a given cell are relatively low, between 5 and 15
vesicles per cell. This is far below the number of peroxisomes per cell, which ranges
between 50 and a few hundred, indicating that most peroxisomes do not contain MAPL.
Unlike CFP-SKL, it is evident that MAPL is not imported into peroxisomes, since it would
also be found equally in all peroxisomes. Another outer membrane protein Fis1 has been
dually localized to the peroxisomes. As previously sh‘own [10], YFP-Fisl is found in the
vast majority of peroxisomes (Figure 3.7 C), which is distinct from the highly restricted
localization of MAPL-YFP in only a few peroxisomes. This is more consistent with an
import mechanism of targeting for YFP-Fis1. However, we did note the presence of some
peroxisomes that were devoid of YFP-Fis1 (Figure 3.7 C, arrows), which further suggests
the presence of distinct sub-populations of peroxisomes. Given that peroxisomes grow and
divide [11], we also considered that very low levels of MAPL within the entire peroxisomal
population may have been missed by our confocal analysis. Indeed, using higher
sensitivities of both excitation and detection, we could observe low amounts of MAPL
within many additional peroxisomes, although this still represented a sub-population of
peroxisomes (Figure 3.8). Therefore, we consider that the initial delivery of the bright,
MAPL-containing vesicles to peroxisomes would target a bulk of protein to a subset of these
organelles. Following this, the MAPL protein may then become diluted throughout the

peroxisomal population over time. To further confirm the direct transport of MDVs to
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Video 3.3. Confocal video analysis of a MAPL-YFP-positive vesicle fusing with a
CFP-SKL-containing peroxisome.

HelLa cells were transfected with MAPL-YFP (green) and CFP-SKL (red) and imaged on an
Olympus FV1000 microscope using the 434 nm and 515 nm laser lines, respectively, every
30 sec. 42 frames are shown played at 4.3 frames per second.



Figure 3.8 Saturated exposures reveal low levels of MAPL within a larger
sub-population of peroxisomes

Confocal imaging at higher laser intensity revealed more MAPL-YFP-positive vesicles
(green), the majority of which colocalized with the peroxisome marker CFP-SKL (red),
negative for Tom20 staining (magenta). Scale bar 2 um



Figure 3.8 Saturated exposures reveal low levels of MAPL within a larger
sub-population of peroxisomes



peroxisomes, we performed time-lapse imaging and observed a MAPL positive MDV fusing
directly with a peroxisome labeled with CFP-SKL (Figure 3.7 D, Movie 3.3). Together,
these data indicate that MDVs specifically containing MAPL are targeted to, and fuse with a
sub-population of peroxisomes.
3.4 DISCUSSION

We have identified a novel mitochondrial outer membrane protein MAPL that
participates in the regulation of DRP1-mediated mitochondrial fission in a RING-finger
dependent manner. In addition, our study is the first to report the novel observation that
MAPL is sorted into previously uncharacterized mitochondrial derived vesicles. We have
defined MDVs using four independent criteria: 1) they are formed in a DRP1-independent
manner, 2) they are highly uniform 70-100 nm structures, 3) they form from the lateral
segregation of mitochondrial membrane in a manner distinct from previously characterized
whole organelle constriction and 4) they incorporate selected mitochondrial cargo.
Importantly, our data reveal that MAPL-containing vesicles are targeted to fuse with a
subset of peroxisomes. In contrast TOM20-containing vesicles do not share this fate,
providing further evidence that the incorporated cargo is an important determinant of vesicle
fate. Peroxisomes share common metabolic functions with the mitochondria, as well as their
fission machinery, DRP1 and Fis1 [10, 12-16]. However, the expression or silencing of
MAPL did not visibly alter peroxisomal morphology (Figure 3.6), indicating a more subtle
role, if any, in peroxisome fission. Many examples of metabolite shuttling between the
mitochondria and peroxisomes, including ammonium, carnitine, and the flux of metabolites
involved in the TCA cycle have been reported [17, 18]. In addition, the mitochondrial

specific lipid cardiolipin has been found in significant levels within peroxisomes [19, 20].
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Our work represents the first report of vesicular transport and communication between the
mitochondria and peroxisomes. Future work will determine the precise function of MAPL
within peroxisomes and the nature of the peroxisomal population that fuses with MDVs. For
now, we have identified an unexpected intracellular transport route that provides a direct
link between two organelles that are known to operate in a highly coordinated manner.
Since many MAPL-YFP containing MDVs appear to have two membranes, it will be
important to investigate the mechanism of fusion with the single-membrane bound
peroxisomes, and the potential fate of the inner membrane-derived lipids once inside the
peroxisomes. In addition, the observation that there are multiple MDVs containing specific
subsets of cargo represents an important new aspect of mitochondrial dynamics. The
function and fates of MDVs carrying TOM?20 and other specific cargo is the focus of

ongoing studies.

3.5 MATERIALS AND METHODS

Antibodies and Reagents

Antibodies were purchased from the following providers: anti-Cytochrome ¢, BD
Bioscience Pharmingen; anti-Hsp60, Sigma; anti-complexIV, Mitoscience; anti-FP, BD
Biosciences; anti-FLAG, Sigma. Anti-TOM?20 rabbit serum was a generous gift from Dr.
Gordon Shore (McGill University, Canada). Secondary goat anti-mouse or goat anti-rabbit
conjugated (515 or 647) antibodies (Molecular Probes) were used for
immunohistochemistry. For the generation of MAPL polyclonal antibodies directed against

the IMS domain (MAPL29- 237-GST), bacterial expressed recombinant protein was sent to
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21st Century Biochemicals (Marlboro, MA) for serum production. Antibodies raised against
the C-terminal RING domain were prepared by injecting bacterially expressed recombinant

GST-MAPL(257-352) following standard procedures.

DNA Constructs

MAPL (hypothetical human protein FLJ12875, accession number Q969V5) cDNA fused to
an N-terminus CFP tag and a C-terminal YFP tag was a kind gift of Dr. Jeremy Simpson
(EMBL, Germany). MAPL1-296-YFP was made using cDNA corresponding to amino
acids 1-296 of MAPL amplified by PCR and engineered with BamHI and EcoRI sites for
insertion into the vector pEYFP-N1 vector (Clonetech). MAPL257-352-GST and MAPL29-
237-GST constructs were made using cDNA corresponding to the desired regions amplified
by PCR engineered with BamH1and EcoR1 sites for insertion into the pGEX-2TK vector
(Pharmacia) for bacterial expression and antibody production. CFP-SKL (Peroxi-CFP) was
obtained from Clontech. YFP-Fis1 was obtained from Richard Youle (NIH, Bethesda MD)
[21]. DRP1(K38E)-CFP and the matrix marker DNA construct containing the first 32
amino acids of ornithine carbamyl transferase fused to CFP (pOCT-CFP) or YFP (pOCT-

YFP) have been described [4].

Cell Culture, Transfection and Immunofluorescence

Hela and COS7 cells were maintained in Dulbecco’s Modified Eagle Medium (Gibco
Invitrogen) supplemented with 10% fetal bovine serum, penicillin and streptomycin. For
immunofluorescence, cells previously seeded onto coverslips were washed three times with

PBS and fixed in 3.7% paraformaldehyde/PBS for 15 min at 37°C. Cells were then
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quenched with 50 mM ammonium chloride in PBS for 30 min at room temperature,
permeabilized with 0.1% Triton X-100/PBS for 10 min and blocked with 5% bovine serum
albumin/ 5% fetal bovine serum in PBS for 2 hours at room temperature. Cells were then
incubated with primary antibody for 2 hours and washed with blocking solution. Cells were
then incubated in goat anti-mouse or goat anti-rabbit conjugated (515 or 647 nm) secondary
antibodies (Molecular Probes). Extensive washing with PBS was performed between each
step.

Microscopy

Live or fixed cells transfected with fluorescent constructs were imaged on Olympus IX70
microscope with a 100X U Plan Apochromat, NA 1.35 — 0.50 objective, exited at 514 nm
(YFP), or 434 nm (CFP), with the Polychrome IV monochrometer (TillPhotonics,
Grafelfing, Germany). The emitted light was filtered through a Till double CFP/YFP pass
filter. Images acquired were saved as .tif images and overlaid in Adobe Photoshop for image
assembly. Confocal images and movies were obtained with a 100X NA1.4 objective on an
Olympus IX81 inverted microscope with appropriate lasers (440 nm diode laser for CFP,
515 nm argon laser for YFP, and the 633nm helium-neon laser for Alexa 647nm), using
Olympus FV 1000 confocal scanning microscope. 50 vesicles labelled with either anti-
MAPL or anti-TOM?20 were counted and scored for the presence of the second
mitochondrial marker 1) anti-cytochrome c, 2) subunit 1 of complex IV, or 3) matrix marker
oct-cfp. The average of three independent experiments was calculated and cargo selection
was expressed as a percentage of total MAPL or bTOM20—positive vesicles. To determine
the number of vesicles per cell, COS7 or Hel a cells either untransfected or expressing

DRP1(K38E) were fixed and immunostained for TOM20. A total of 150 cells were counted
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and the number of TOM20 vesicles was scored for each cell. Data was plotted as a vertical
box plot (Sigma Plot). To determine the fate of the vesicles, HeLa cells were co-transfected
with either MAPL-YFP or MAPL1-296-YFP and CFP-SKL, fixed and immunostained for
TOM?20 (anti-Alexa647). In three independent experiments a total number of 42 cells for
each combination were imaged and the amount of MAPL-YFP or TOM?20 containing
vesicles was counted. The percentage of MAPL-YFP, MAPL1-296-YFP or TOM20
positive vesicles containing CFP-SKL was determined and plotted as a vertical box plot
(Sigma Plot). Images shown in Figure 5 were smoothed using a Gaussian filter at 0.5 pixels
using Adobe Photoshop. For the MAPL RNAI vesicle quantification, HeLa cells were fixed

and processed as described above.

Subcellular Fractionation and Trypsin Digestion experiments

COST7 cells alone, or expressing the indicated constructs for 16 hours, were collected by
trypsinization, centrifugation and broken on ice ball bearing cell breaker in Mitochondrial
Isolation Buffer (MIB): 220 mM mannitol, 68mM sucrose, 80 mM KCL, 0.5 mM EGTA,
2mM magnesium acetate, 20 mM Hepes pH7.4, protease inhibitor cocktail (Roche
Diagnostics). Lysates were centrifuged at 800 x g for 10 min at 4C in a microfuge to pellet
unbroken cells and nuclei. The supernatant was then centrifuged at 9,500 x g for 20 min at
4-C, to yield a mitochondrial enriched pellet and a light membrane fraction. The
supernatant was removed and the mitochondrial pellet was washed three times in
mitochondrial isolation buffer. For mitochondrial digestion experiments, 50 micrograms of
mitochondria were incubated with either 10 mg/ml trypsin alone or trypsin and 1% Triton

X-100 for 20 min on ice. Sample buffer was added to stop the reaction and the
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mitochondria were boiled for 10 min. Samples were then separated on a 4-20%
polyacrylamide gel. The proteins were transferred to nitrocellulose membranes and western

blots were performed following standard protocols.

Fusion Protein for Antibodv Generation

MAPL GST fusion proteins were produced in E. coli BL21 strain. Briefly, the production of
fusion proteins was induced with 0.5 mM IPTG in log phase for 2 h. Bacteria were
recovered by centrifugation, resuspended in 20 mM Hepes, pH 7.4, 200 mM NaCl, 2 mM
MgCl2, 5 mM BME, protease inhibitor cocktail, and lysed in a French press at 1500 psi.
The lysate was supplemented with 1% Triton X-100, incubated for 30 min at 4°C and
centrifuged at 35000 rpm for 30 min at 4°C using a Ti55.2 rotor (Beckman). The resulting
supernatant was incubated for 2 h at 4°C with glutathione-Sepharose beads (Amersham
Biosciences). Beads were then washed in the above buffer supplemented with 0.1% Triton
X-100 and the fusion proteins wére eluted from the beads following a standard protocol.
Fusion proteins were then used for antibody generation (MAPL29- 237-GST and

MAPL257-352-GST).

Electron Microscopy

COST7 cells were transfected with the appropriate cDNA in 10-cm dishes using
Lipofectamine 2000 for 16 h. Cells expressing MAPL-YFP were first examined using the
Olympus IX70 microscope (as described above) to ensure that transfection was at least 70%
prior to trypsin treatment, and washing of the cells in PBS. The washed cells were then fixed

in 1.6% glutaraldehyde in 0.1 M sodium cacodylate buffer and pelleted prior to postfixation
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in osmium tetroxide and uranyl acetate en bloc staining. Samples were then processed and
embedded in Spurr epoxy resin, thin sectioned, and the grids counterstained with lead
citrate. For immunoelectron microscopy, a preembedding silver enhancement immunogold
method was used. Briefly, COS7 cells were grown on collagen-coated plastic cover slips and
transfected with MAPL-YFP as indicated above. Cells were fixed in 4% paraformaldehyde
and 0.1% glutaraldehyde in PBS. The cells were then washed in PBS three times and
permeabilized in PBS containing 0.25% saponin and 5% BSA for 30 min, then blocked for
30 min in PBS containing 0.005% saponin, 10% BSA, and 10% FBS. The cells were then
immunolabeled with mouse monoclonal anti-FP in the blocking solution overnight. Then,
the cells were washed six times in PBS containing 0.005% saponin for 10 min and incubated
with goat anti-mouse IgG that was conjugated to colloidal gold (1.4 nm diameter) for 2 h.
Cells were washed six times with PBS for 10 min. and fixed with 1% glutaraldehyde in PBS
for 10 min. After washing, the gold labeling was intensified by using a silver enhancement
kit (SPI supplies, West Chester, PA) for 7.5 min. at 20°C in the dark. After washing with
distilled water, cells were post fixed in 0.5% OsO4 for 90 min. at 4°C, washed with distilled
water, incubated with 50% ethanol for 10 min, and stained with 2% uranyl acetate in 70%
ethanol for 2 h. The cells were further dehydrated with a graded series of ethanol and
embedded in Spurr epoxy resin. Ultra thin sections were counter stained with uranyl acetate
and lead citrate. Digital images were taken using a JEOL 1230 TEM at 60 kV adapted with
a 2,000 by 2,000 pixel bottom mount CCD digital camera (Hamamatsu, Japan) and AMT
software. For postembedding immuno-electronmicroscopy, cells were fixed in freshly made
4% paraformaldehyde - 0.05% glutaraldehyde in 0.1M Na cacodylate buffer, pH 7.2, for

2hrs at 4C. The cells were then briefly washed in 0.1M Na cacodylate buffer and
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subsequently processed and embedded in LR White resin (Marivac, PQ, Canada) as
previously described [22]. Ultrathin sections were collected on formvar coated nickel grids
and immunolabelled with polyclonal anti-FP antibody (Clonetech, Palo Alto, CA) and 15
nm gold labelled goat anti-rabbit IgG secondaty antibody (EY Laboratories, San Mateo,
CA). The grids were then lightly counterstained with uranyl acetate and Reynold's lead
citrate. Digital images were obtained with a Jeol 1230 TEM at 60KV adapted with a 2K x 2k

bottom mount CCD digital camera (Hamamatsu, Japan and AMT software).

Northern Blot

To detect MAPL message, a Human 12-Lane MTN Premade Northern blot containing
approximately lug of polyA+ RNA per lane from twelve different human tissues was used
(BD Biosciences Clonetech). The MAPL full length cDNA was 32P labelled using standard
random primers for DNA labelling (Invitrogen), then hybridization was performed
according to manufacture’s protocol using ExpressHyb Hybridization Solution. After

washing, the membrane was exposed to X-ray film at -70°C using an intensifying screen.

RNAi

The siGENOME SMARTpool reagent directed against MAPL and the siCONTROL non-
targeting or GAPDH siRNA were obtained from Dharmacon (Lafayette, CO). Transfection
of the cells was performed using Dharmacon siGENOME SMARTpool transfection reagent
according to manufactures protocols. Briefly, HeL.a cells were seeded in 10 cm dishes, at ~
80% confluency and were transfected with siRNA using Dharmafect 3 (Dharmacon,

Lafayette, CO). The cells were exposed to the transfection mixture for 16 h, at which time
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the transfection medium was replaced with Dulbecco's modified Eagle's medium
supplemented with 10% fetal bovine serum. Twenty-four hours and forty-eight hours after
removal of the transfection media, the cells were collected and analyzed for protein
expression. Coverslips included in the dishes were fixed and stained with either anti-MAPL
or TOM-20 to evaluate vesicle formation and knock-down efficiency. The remaining cells
in the 10 cm dishes were separated by SDS-PAGE, transferred to nitrocellulose membranes
and blotted for a-MAPL, as well as for loading and purification controls (0--HSP60). Cells
were also transfected with CFP-SKL to examine the peroxisomal morphology upon

silencing of MAPL.
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4.0 DISCUSSION
4.1 MITOFUSIN 2 AND MITOCHONDRIAL FUSION

In this research, I have shown for the first time that Mfn2 exhibits properties of a
signaling GTPase capable of regulating not only mitochondrial fusion, but that its nucleotide
state also plays a critical role in regulating the mitochondrial response to apoptotic and free
radical-induced damage(1). Through the creation of mutants, the functional role of GTPase
activity and of the intermembrane space domain within Mfn2 was dissected. The results are
consistent with the recently published work showing that Mfn2 has a higher affinity to
nucleotide and dramatically slower rates of hydrolysis relative to Mfnl (1, 2). Most
importantly, it was characterized that the nucleotide binding and hydrolysis properties of a
mutant form of Mfn2, Mfn2RasG12V, has slower hydrolysis and increased nucleotide
exchange when compared directly with the wild type protein (1). This mutant allowed us to
examine the functional consequences of a GTP hydrolysis-deficient, dominant active form of
Mfn2 on intracellular signaling for fusion and on apoptosis. It was concluded that the GTP
bound form of Mfn?2 triggers a dramatic stimulation of mitochondrial fusion and ultra
structural analysis of the fused mitochondrial clusters revealed a striking proliferation of
interconnected membranes. These findings support the our initial hypothesis that Mfn2 does
not function as a mitochondrial Snare (1).

It was further determined that the conserved tryptophan residue within the
intermembrane space region of Mfn2 is not essential to form a fusion pore but is required to
activate fusion within the context of the wild type GTPase domain (1). The finding that the
double mutant Mfn2RVWP-CFP, is capable of fusion and stimulates it to the same relative

extent as Mfn2RasG12V-CFP, suggest that it is the nucleotide state of Mfn2 that is important
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for fusion rather then the residue conservation of the intermembrane space loop, and/or
interacting intermembrane space proteins. The inability of the mitochondria to fuse in cells
expressing Mfn2W63 1PCFP suggests that this loop is not essential for fusion pore
formation, however it is required for protein activation and nucleotide exchange of GDP for
GTP (1). It is therefore proposed, that this residue, relays intra-mitochondrial fusion signals,
to stimulate changes in the nucleotide state of the GTPase domain (Figure 4.1). These data
indicate that the signal for mitochondria to fuse, can be initiated from a protein that resides in
the inner membrane or intermembrane space, arguing that fusion is triggered from the inside
out. We cannot however exclude the possibility of cytosolic factors such as GDP exchange
factors whose function involves the activation of the GTPase domain from the cytoplasmic

face.

4.1.1 SIGNALLING

These mitofusin proteins are distantly related to the dynamin family of GTPases,
however although Mfn1 has been shown to exhibit low nucleotide binding affinity and very
fast rates of hydrolysis, we clearly demonstrated that Mfn2 is very distinct, and instead
functions as a signaling GTPase more reminiscent of the Rab family of GTPases (3-4)

Clearly there are a number of molecular events that contribute to the dramatic
increase in fusion observed in cells expressing the Mfn2RasG12V, including the
involvement of cytosolic effectors that relay the signal between organelles, increased
mitochondrial motility events, the activation of kinesins, recruitment of tethering factors, as
well as the activation of the core fusion machinery. These signaling events likely include
the\cooperation and/or activation of Mfn1, which has been shown to function directly with

Opal in driving mitochondrial tethering and fusion (5). Mfn2 may as well play a dual role,

141



Figure 4.1 Mfn2 and internal signaling

Summary cartoon, illustrating the role of the conserved intermembrane space tryptophan
residue for fusion. Fusion signals are initiated from within the mitochondria, and this W
residue is required to relay the signal to activate the GTPase domain. However, the
conservation of this residue is not required for the formation of the fusion pore. The

activation of the GTPase domain, is downstream of this residue, in that it can overcome the
W63 1P inhibition.
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-W is upstream of activated GTPase
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-Strongly suggests Mfn2 is a signalling GTPase.

Figure 4.1 Mfn2 and internal signaling



both as a direct constituent of the tethering/fusion machinery (minimally through the coiled
coil domains) and through in trans interactions with Mfnl.

Evidence supporting a primary role for Mfn2 as a signaling GTPase has come from
previous studies demonstrating that mouse embryonic fibroblast cells lacking Mfn2 show a
loss of long range motility events, consistent with a role for Mfn2 in regulating
mitochondrial movement (6). Our data are also consistent with the recently identified role for
Min2 as a regulator of the Ras signaling pathway (7). Given that Ras signaling occurs at the
plasma membrane, the ability of Mfn2 to invoke a signaling cascade would provide a
mechanism for it to act upstream of events at a separate intracellular location. The
continuous overexpression of Mfn2 leads to a cell cycle arrest at the G1/S transition induced
by PDGEF stimulation (7). This arrest was demonstrated to be through the activation of Ras
and ERK was inhibited upon expression of Mfn2 through mechanisms that were not
determined. In this study similar results were obtained using a soluble form of Mfn2 that
was not targeted to the mitochondria. This is consistent with our finding that Mfn2 possesses
signaling capabilities since it can act on the mitochondria without being localized on the
outer membrane. It is now considered that the machinery governing mitochondrial
morphology may be regulated in part by cell cycle specific kinases (8). Furthermore, that the
morphology, may reflect the metabolic state of the mitochondria which could function as a
novel cell cycle check point (8).

In collaboration with Ruth Slack and Arezu Jahani-Asl, of the neuroscience institute
of the University of Ottawa, we also characterized the fusion activity, and the anti-apoptotic
effects of Mfn2 and Mfn2RasG12V in cerebellar granular neurons (Appendix 1) (9).
Interestingly, in primary cells, the stimulated fusion observed upon expression the hydrolysis

deficient mutant Mfn2RasG12V in Cos-7 cells did not occur. Both wild type Mfn2 and
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Mfn2RasG12V function equally to promote fusion and lengthening of mitochondria in
neurons(9). This ability to fuse mitochondria does not depend on the nucleotide state of the
protein, in that Mfn2 was able to stimulate fusion to the same extent as the activated mutant.
The expression of Mfn2 or Mfn2RasG12V caused a dramatic increase in the mitochondrial
lengths to greater than 30 um(9). This neuronal response of dramatic mitochondrial
lengthening is unlike that previously found in Cos-7 cells where the expression of Mfn2
resulted in mitochondrial fusion within a non-motile perinuclear cluster. This finding
suggests that the mitochondria in neurons are highly sensitive to the levels of Mfn2 and not
to the nucleotide state. It further suggests that perhaps Mfn2 levels are maintained very low
and or that the activity is tightly regulated and maintained in the GDP bound state.
Consistent with this hypothesis is the observation that mitochondria in cerebellar granular
neurons are relatively quite fragmented, a phenotype indicative of minimal steady state
fusion activity(9).

The Mfn2 data supporting a role of this protein as a signaling GTPase as well as
additional data highlighted above have provided the framework by which the holistic view of
the fusion machinery being integrated within cellular signaling cascades was formed. It can
be envisioned that the fusion machinery regulate mitochondrial behavior and dynamics
through the use of common switches and check points like cellular kinase’s, GTPases and
other signaling proteins (8). A number of approaches to identify new components and to
investigate the mechanisms by which mitochondrial fusion is linked to the global changes
that occur under different cellular conditions are currently being explored in Dr. McBride’s
laboratory. For example, research in the laboratory has discovered that the regulation of
PARL activity is due its phosphorylation by an unknown kinase and proteolytic cleavage,

further highlighting the fact that mitochondrial fusion is an event regulated at least in part by
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the action of kinases, GTPases and phosphatases (10). The laboratory is currently
developing experimental tools such as an in vitro mitochondrial fusion assay to define the
mechanisms by which the Mfn2 and other mitochondrial fusion proteins are integrated into
different cell signaling cascades. Furthermore, screens to identify signaling cascades
implicated in the control of mitochondrial fusion have been developed with the assistance of
Dr. Robert Screaton of the Apoptosis Research Center at the University of Ottawa. Two
approaches are currently being used. First, to examine the signaling pathways affected by
Mfn2 activation, an approach using a panel of phospho-specific antibodies is used to search
for Mfn2 dependent changes in signaling kinase’s upon transient overexpression of the
activated Mfn2RasG12V protein in HeLa cells. Secondly, a functional kinase screen has
been developed, using siRNA of a broad panel of kinase’s in cells expressing the dominant
negative Drpl mutant for fission, DrpK38E. The rationale behind this approach, is that the
mitochondria, in the absence of functional Drpl, characteristically adopt a fused
interconnected phenotype. Mitochondria, which cannot form this interconnected network, as
a result of specific kinase siRNA, will allow for the identification of signaling cascades
which impinge upon mitochondrial morphology and the ability to fuse membranes. These
approaches should aid in the dissection of the relationship between morphology and cell

cycle transitions, as well as to uncover the mechanisms of steady state fusion.

4.1.2 APOPTOSIS

The decision of life or death of a cell is largely regulated by the Bcl-2 family of both
anti- and pro- apoptotic proteins (11). These are known to respond to various apoptotic

signals and interact with opposing members of this family to regulate the initiation of the
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proteolytic apoptotic caspase cascade. The finding that activated Mfn2 stimulates fusion,
significantly represses Bax activation, cytochrome c release, and free radical-induced
permeability transition, reveal for the first time a role for Mfn2 as a regulator of
mitochondrial fusion and as a nucleotide-dependent modulator of the apoptotic response (1).

Stimulation of programmed cell death by STS treatment in cells expressing Mfn2-
CFP resulted in a reduction of efficient recruitment and activation of Bax to the mitochondria
and of cytochrome c release (1). Of those cells which were sensitive to STS, Bax
recruitment to the mitochondria was found to colocalize with Mfn2-CFP puncta (1). In
contrast, the fusion-incompetent Mfn2W63 1PCFP did not provide protection against external
apoptotic stimuli, Bax activation or cytochrome c release. As with Mfn2-CFP, activated Bax
often colocalized with Mfn2W631P-CFP-containing puncta. Increased inhibition was
observed in cells expressing Mfn2RasG12V-CFP and Mfn2RVWP-CFP which both
repressed Bax activation and cytochrome c release (1).

The loss of PARL or Opal also leads to sensitivity to cell death, suggesting that these
proteins have general protective functions (10). It is now clear that during apoptosis, the
fission machinery is used by the cell to promote cell death and cytochrome c release(12-13),
and the fusion machinery through signaling and/or maintaining a fused reticulum exerts an
anti-apoptotic force (1, 9, 14). Together this demonstrates that mitochondrial dynamics and
the regulatory machinery that governs these processes are highly integrated with the cellular
signal cascades that drive or inhibit cell death.

Consistent with this Mfn2 mediated protection, the dissection of Mfn2 function
during apoptosis in primary neurons also supported this nucleotide dependent function of
Mifn2 (9). More specifically, the nucleotide dependent protection that Mfn2 exerts on the

neurons is sufficient for both Bax and Bax independent forms of cell death, including
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excitotoxicity in primary neurons. Neurons exposed to DNA damage or oxidative stress
exhibit extensive mitochondrial fission, which is an early event preceding neuronal loss. The
extent of mitochondrial fragmentation and remodeling is variable and depends on the mode
and the severity of the death stimuli. The down regulation of mitofusin 2 significantly
induces cell death in the absence of any cell death stimuli (9). This finding in neurons is
consistent with the cytochrome c release observed upon transient overexpression of the
fusion incompetent mutant lacking the GTPase domain Mfn2(460-757) in Cos-7 cells (1).
Consistently, expression of mitofusin2 by adenovirus in these neurons prevented cell death
following DNA damage, oxidative stress and K* deprivation induced apoptosis similarly to
the overexpression of Mfn?2 in tissue culture cells(9). Interestingly, the sensitivity of the
neurons to apoptotic stimuli, varied greatly dependent on the nucleotide state of Mfn2; the
activated Mfn2RasG12V mutant significantly protects neurons against cell death and release
of pro-apoptotic factor cytochrome ¢ compared to the wildtype Mfn2 (9). These findings
further highlight the nucleotide dependence and signaling role for Mfn2 in the regulation of

apoptosis that extends beyond its role in mitochondrial fusion.

4.1.2.1 MFN2 AND APOPTOTIC PORE FORMATION
Cells transfected with the dominant negative truncation mutant Mfn2(460-757)-CFP

lacking the GTPase domain were highly sensitive to STS treatment. Interestingly, the
amount of cytochrome c release in this condition (80%) did not mirror the amount of Bax
activation (40%) (1). Interestingly, the mitochondria in cells expressing this mutant had
cytochrome c release in the absence of any apoptotic trigger and in the absence of Bax
activation. This result suggests that somehow the presence of the GTPase domain of Mfn2 is

required to maintain the permeability pore in a closed state. This result is not due to the lack
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of fusion in these mitochondria since our other fusion incompetent mutant Mfn2W631P did
not have pore opening and cytochrome c release in the absence of a death stimulus (1).
Instead, it indicates additional functions of the GTPase domain of Mfn2 in maintaining
mitochondrial both membrane integrity and the permeability pore in a closed state.
Mitochondrial permeability pores during steady state and apoptosis have confounded
researches for many years and the regulation and precise protein composition is still
undetermined. It is believed that PTP opening leads to matrix swelling and rupture of both
inner and outer mitochondrial membranes, resulting in a non-specific release of soluble
intermembrane proteins into the cytosol (15). Many believe that this sort of cytochrome ¢
release is not specific and not important for apoptosis. Others also believe that PTP opening
is a consequence of apoptosis, and this channel is thought to principally play a role in
necrosis, not apoptosis (15). Activation of the mitochondrial apoptotic channel (MAC) on
the other hand is tightly regulated by Bcl-2 family proteins, only forms post apoptotic trigger
and the multi-domain pro-apoptotic protein Bax and Bak are putative components of this
channel.

This finding is highly suggestive of a direct function of Mfn?2 in regulating this pore,

however the mechanistic role of Mfn2 remains to be elucidated.

4.1.2.2 MFN2 AND BAX/BAK

Consistent with a role of Mfn2 in maintaining the apoptotic pore in a closed state,
Mfn2 has recently been found to interact with Bak at the mitochondrial membrane and this
interaction prevents mitochondrial fragmentatioﬁ, pore opening and the apoptotic cascade.
Both Bax and Bak are pro-apoptotic Bcl-2 family proteins and as members of this family are

critical regulators of mitochondrial injury during apoptosis (16). Bax is cytosolic, whereas
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Bak circumscribes the outer mitochondrial membrane. Recently, it was found that Bak
interacts with both Mfn2 and Mfn1(17). Using a loss- of function and gain-of-function
approaches, Bak, but not Bax, was demonstrated to have a critical role in mitochondrial
fragmentation during apoptosis. Under steady state conditions Bak interacts with Mfn2
through its BH3 domain, however upon apoptotic trigger, Bak dissociates form Mfn2 and
binds Mfnl. Interestingly, a mutation within the BH3 domain of Bak, prevents its
dissociation from Mfn2 and inhibits death. Mitochondrial fragmentation was only observed
when Bak dissociated from Mfn2 and bound Mfn1 (17). The complex of Bak-Mfn2,
observable by FRET, was fusion competent and anti-apoptotic, conversely the complex of
Bak-Mfn1 had no mitochondrial fusion activity and the apoptotic program was allowed to
proceed (17). These intriguing finding suggests that Mfn?2 is the critical regulator of
apoptosis and needs to be dissociated from Bak to facilitate apoptotic pore opening. It also
supports the growing theme that Mfn1 is the critical fusion GTPase, whereas Mfn2 has a
more regulatory function (1). Consistently, apoptotic fragmentation is attenuated in primary
neurons isolated from the brain cortex of Bak-deficient mice further implicating this protein
in the regulation of mitochondrial dynamics in the neuron (17).

It is interesting to speculate as to what function the nucleotide state of Mfn2 would
play on the interaction between Bak and Mfn2? One could envision that in the GTP bound
fusion active state of Mfn2, it would be associated with Bak to promote fusion. Furthermore,
it could be speculated that this interaction would be highly dynamic and depend on cell type,
metabolic demand and intracellular signaling cascades. In our study, the relationship of Bak
and Mfn2 was not examined, however taken together these findings demonstrate that Mfn2,

Bak and Bax need to co-localize and interact on mitochondrial membranes to evoke full pore
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opening, to inhibit mitochondrial fusion and to allow for the apoptotic program to proceed
(Figure 4.2).

Other groups have since provided supporting evidence along this line. Firstly, Mfn2
is colocalized in puncta with Bax and Drp1 at sites of future fission events and affects
mitochondrial recruitment of Bax or Drpl during cell death, indicating a spatial relationship
between fusion and fission during cell death (18). Secondly, it was shown that cytosolic Bax
plays a specific role in the steady state activity of Mfn2 as a regulator of mitochondrial
fusion (19). In this study, mitochondria within the Bax/Bak double knock-out (DKO) cells
demonstrated a reduced rate of mitochondrial fusion. The punctate distribution we observed
of Mfn2 is lost, in Bax/Bak DKO cells and the protein circumscribes the outer membrane (1,
19) The introduction of Bax into the DKOs resulted in a stable shift of Mfn2 within the outer
mitochondrial membrane into foci, which rescued the rates of fusion. These findings in
addition to the Bak-Mfn2 relationship discussed above are intriguing; however more studies
are clearly needed to resolve the functions of both Bax and Bak in regulating the localization
and function of Mfn2. Consistent with our study, the GTP bound form of Mfn2 did not
respond to Bax/Bak expression and retained its even distribution along the outer membrane
regardless of Bax/Bak expression levels (19). This resistance of Mfn2RasG12V to assemble
into Bax dependent foci may interfere with the efficient assembly of pro-apoptotic
complexes required for the progression of cell death.

Taken together, a model is proposed whereby the activated GTP bound form of Mfn2
is not able to dissociate from Bak. It is upon Mfn2-Bak dissociation that fusion is inhibited
and permeability pores are opened. This would at least partially explain the increased
protection of the activated mutant to multiple Bax dependent apoptotic stimuli that we have

observed in both tissue culture Cos-7 cells and in primary neurons. It is also interesting to
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Figure 4.2 M2 signaling and apoptosis

Summary cartoon, illustrating the role of the nucleotide state of Mfn2 in signaling and
apoptosis. In the GDP bound state, fusion is inhibited, PTP pores can open, Bax related pores
can form and cytochrome ¢ can be released. In the GTP bound state, fusion is activated, PTP
pores are closed, Bax activation is inhibited and cytochrome ¢ cannot be released.
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note that Bak was not found to interact with Drpl or Fis1 in steady state or under apoptotic
conditions, further supporting a role of Mfn2 in mediating Bax recruitment to the
mitochondrial and in the regulated inhibition of fusion for death (17). Consistently,
expression of Drp1K38A does not inhibit Bax translocation to membranes in Cos-7 cells,
however both fragmentation and apoptosis are delayed (19). These findings suggest that
Drpl is not required for Bax activation; however in the absence of Drpl, the mitochondria
can not undergo fission. Furthermore, in healthy HeLLa and Cos-7 cells Bax does not
colocalize with Drpl puncta on mitochondrial membranes, however post STS treatment Bax
translocates from the cytoplasm to co-localize with Drpl in puncta. These data together with
the findings that Mfn2 co-localizes with Bax during apoptosis(1), that the anti-apoptotic
effects of Mfn2 depend on its nucleotide state(1) and the new finding that Mfn2 interacts
with Bak on the mitochondria during steady state, lead to the hypothesis that Mfn2 acts as an
upstream regulator of apoptosis and marks the future sites of apoptotic Drpl and Bax
recruitment to the membranes for fission.

To further confound the relationship between these proteins, the Bax/Bak dependent
SUMOrylation of Drpl during apoptosis must also be considered. The laboratory has
recently shown that Drp1 undergoes a transition from a rapidly recycling protein on and off
the mitochondrial membranes, to a stable association (20). Bax and Bak are required for this
transition to occur and this transition is concurrent with the SUMOylation of Drpl. The
mechanisms of Drpl recruitment and assembly, on mitochondrial membranes in steady state
and during apoptosis has yet to be fully characterized. Furthermore, the role of Drpl
SUMOylation during the Mfn2-Bak mediated morphology transition during apoptosis, the
relationship between the SUMO E3 ligase and Mfn2-Bak/Bax interactions together represent

a highly novel and intriguing research focus. Investigations into these relationships should
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expose some unknown mitochondrial proteins involved in the apoptotic transition. As an
obvious first step, the relationship between the Mfn2-Bak pro fusion complex vs. the Mfn1-
Bak pro-fission complexes and Drpl activity, during apoptosis needs to be investigated to

fully understand the regulation of mitochondrial dynamics during apoptosis.

4.2 Mitochondrial Derived Vesicles

It has been long considered that the impetetus for mitochondrial motility fission and
fusion events has been to ensure the equal segregation of mitochondrial content;
mitochondrial proteins, lipids, metabolites and mtDNA within the network. Equal sharing
between mitochondria would provide a mechanism by which high levels of mutant mtDNA,
or toxic levels of ROS could not accumulate and would be diluted throughout the network.
Mitochondrial fusion is thought to provide a mechanism through which these toxic elements
would be diluted and buffered by the total reticulum. It is also believed that when the levels
of ROS, damaged proteins and or mutated mtDNA overwhelm the mitochondria resulting in
irreversible damage, the mitochondria would be selectively removed. In an effort to protect
the functional output of the mitochondria, it is currently believed, that the fission and fusion
proteins function to ensure the equal distribution of damaging agents. Furthermore it is also
hypothesized, that these compromised mitochondria are selectively removed (presumably
through mitophagy). A major confounding problem with these theories is that we do not yet
understand the mechanisms and or stimuli (cellular and metabolic) which initiate the motility
factors, fusion pore formation and or fission complex assembly to facilitate these processes.
Currently, it is hypothesized that the mitochondria undergo fusion events as a protective
measure to ensure cell survival and to inhibit apoptosis. However, under conditions of high

ROS, or following peroxide treatment, mitochondrial fragmentation and swelling occur, as
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opposed to the movement of two organelles towards each other for the diluting fusion events.
This example above, the discovery of MAPL, a novel mitochondrial protein implicated in
fission, as well as the identification of two distinct mitochondrial derived vesicle populations
highlight both the infancy and the complexity of the mitochondrial dynamics field.
Furthermore it demonstrates that although the current theories on dynamics seem well
founded, the discovery of mitochondrial derived vesicles, illustrates that they may still be
immature.

This current study identifies for the first time a novel mitochondrial outer membrane
protein MAPL, which upon overexpression stimulates mitochondrial fragmentation,
indicating a regulatory function controlling mitochondrial morphology. It identifies for the
first time unique, DRP1-independent, 70-100 nm mitochondrial derived vesicles (MDV)
which selectively incorporate their cargo (21). It furthermore demonstrates that MAPL
containing vesicles fuse with a subset of peroxisomes, marking the first evidence for a direct

relationship between these two functionally related organelles (21).

4.2.1 MAPL EVOLUTION

MAPL was the first protein investigated from the initial bioinformatics screen and
examination of the sequence of this ORF indicated that it is a founding member of a novel
protein family. This domain is conserved in uncharacterized proteins from archeabacteria to
humans. It contains two predicted transmembrane domains that are separated by ~210
residues of unknown function. This conservation of this middle domain across the phyla
defines a new protein family. It is subsequently named BAM (Beside a Membrane Domain).
(Figure 4.3). The RING finger motif appears to have evolved in higher organisms, including

plants, and is located at the C-terminus of the protein. A specific rabbit polyclonal antibody
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Figure 4.3 MAPL phylogenic tree

A) The phylogenetic MAPL tree. Sequence features of representative sequences containing
the new beside a membrane domain (BAM) in sequences from bacteria to plants and
mammals are shown. The RING finger domain is found only in higher organisms. Each
sequence is identified by the organism: Homo sapiens gi:13375705; Arabidopsis thaliana
(plant) gi:22655310; Chloroflexus aurantiacus (Bacteria, Chloroflexi) gi:76258461;
Dehalococcoides ethenogenes (Bacteria, Chloroflexi) gi:57225528; Natronomonas pharaonis
(Archaeabacteria) gi:76558351. The cartoon indicates predicted transmembrane alpha helices
according to the SMART web server (dark blue box), the BAM domain (light blue box with
position range), RING domain (purple circle), lemA domain (green box), and the length of
the sequence. The sequences have been arranged in a simplified phylogenetic tree for
illustrative purposes.
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raised against MAPL was used for immunodecoration of COS7 cells which demonstrated
that as predicted the protein colocalized with the mitochondrial marker cytochrome c. The
protease protection experiments demonstrated that this novel BAM domain is localized
within the intermembrane space and the RING domain exposed to the cytosol. Sequence
features of representative sequences containing the new beside a membrane domain (BAM)
in sequences from bacteria to plants and mammals are shown (Figure 4.4). Interestingly, this
protein and the BAM domain are not conserved in yeast. The preparation of a bioinformatics
manuscript detailing the identification and characterization of this domain is currently being
planned in the laboratory.

The function of this domain is currently being investigated in the laboratory, and due
to its localization, we envision that it interacts with proteins in the intermembrane space or
inner membrane. It could function in mitochondrial fission, perhaps coordinating inner and
outer membrane fission, or perhaps it functions in the recognition of MAPL as cargo for
peroxisomal transport. As future studies elucidate the role of MAPL in both Drp1 dependent
fission and Drp1 independent MDV formation, the function of the BAM domain and
interacting partners will hopefully become apparent.

4.2.2 FUNCTION OF THE RING DOMAIN

Although MAPL was previously uncharacterized, the predictions of FLLJ12785
suggested that it was likely a ubiquitin E3 ligase due to the presence of the RING finger
domain. Sequence of a RING finger alone, cannot easily distinguish the difference between
a Ubiquitin E3 Ligase, a SUMO1 E3 ligase or a FYVE finger PI(3)P binding domain.

As an initial component of my research project, I generated a series of constructs

representing the carboxl-terminus of the protein including the RING domain, just the RING
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Figure 4.4 Identification of a previously uncharacterized domain, Beside A
: Membrane(BAM domain)

Sequence analysis of the N-terminal region of MAPL before a predicted transmembrane
(TM) helix and the RING domain suggested the presence of a domain of approximately 200
amino acids conserved in a number of protein families (upper alignment). To investigate the
possible function and phylogenetic distribution of this domain, the protein sequence database
for homologous sequences was inspected. First, eukaryotic homologous sequences to the
corresponding MAPL fragment using iterative searches with PSI-BLAST were obtained.
Next other sequences with the domain in N-terminal position, followed by a predicted TM
helix, often with a RING domain at the C-termini were found. Prokaryotic sequences are
illustrated with the domain in N-terminal position followed by a TM helix but lacking the
RING domain. The persistent presence of two or more TM helices in proteins containing the
domain suggest that it has a membrane related function. We named this domain BAM for
beside a membrane.
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finger alone, and a RING finger point mutation, were generated as well as rabbit polyclonal
antibodies to determine the function of the RING finger domain. It was initially,
hypothesized that MAPL, functioned as a SUMO E3 ligase for Drp1 based on the rationale
of the bioinformatics screen. Preliminary experiments did not indicate that this was correct;
therefore I next investigated the possibility that MAPL was a ubiquitin E3 ligase.

The recent discovery of the MARCH-5 E3 ubiquitin ligase, which ubiquitinates Drp1,
Fis1 and Mfn2 suggests the involvement of the proteosomal pathway in the selective
turnover of these proteins. Consistent with this is the proteosomal dependent turnover of
Fzol in alpha arrested yeast cells. Fisl and Mfn2, both integral outer membrane proteins
must be excised from the membrane in order to be degraded by the ubiquitin-proteosomal
pathway. Given that many mitochondrial proteins function within large protein complexes
of 20-40 proteins, and that many of these are integral membrane proteins, it is unclear how
these complexes may be disassembled and membrane proteins/channels extracted from the
bilayer.

Ubiquitin E3 ligases, posses the ability to auto-ubiquitinate in vitro, in the presence of
recombinant E1, E2 enzymes, ATP, and ubiquitin. The hypothesis that the RING domain
functions as a ubiquitin E3 ligase was initially tested using this in vitro auto-ubiquitination
assay. These experiments are only described briefly, since they did not yield any positive
results. Additionally, they were not pursued, since the discovery of MDV’s became the focus
of my research project. These experiments were performed using a panel of recombinant E2
enzymes, since E2 enzymes are known to have different affinities for E3 enzymes. The
investigations into this potential function of the RING domain did not yield any positive
results and it was concluded that MAPL did not function as a mitochondrial outer membrane

ubiquitin E3 ligase.
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Furthermore, during the later stages of my degree just prior to my maternity leave, |
trained Emelie Braschi, a new master’s student in the lab. She took over many aspects of my
project, and together we revisited and revised both the ubiquitination assay and the
SUMOylation assays.

Her research has yielded some very interesting results which will not be discussed in
detail within the context of this thesis. Briefly, the in vitro SUMOylation assay, using the
recombinant RING domain, purified mitochondria, recombinant Drpl or a SUMO consensus
peptide, clearly indicate that MAPL is a SUMO E3 ligase, SUMOylates a number of
mitochondrial targets and specifically SUMOylates Drpl. This finding is consistent with the
topology of MAPL, in that its RING domain is exposed to the cytosol. We therefore
envision that the majority of SUMOylated mitochondrial targets reside on the outer
membrane as either integral membrane proteins or as cytosolic membrane associated
proteins. This finding also is suggestive of a role of MAPL in the progression of apoptosis,
since Drp1l undergoes an apoptotic transition on the mitochondrial membrane from rapid
recycling to stable association which is SUMO dependent and Bax/Bak dependent.

Furthermore, it is suggestive of a possible direct relationship between MAPL and Bax/Bak.

4.2.3 MAPL AND MITOCHONDRIAL FISSION

Mitochondrial fission is a complex process with many unknown regulatory and
signaling proteins. The identification of a new mammalian protein for fission represents a
significant advancement for the field. The finding that MAPL functions as a SUMO E3
ligase is indicative of more complex regulation compared to the mechanisms of fission in
yeast, where MAPL is absent. Interestingly, the expression of the dominant negative Drpl

mutant DrpK38E rescues MAPL stimulated fission indicating that MAPL functions upstream
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of Drpl1 for fission (21). Furthermore, a functional RING domain is required for MAPL
fission stimulation suggesting that its SUMOylation activity for Drp1 is required for fission.
Surprisingly, the loss of MAPL through siRNA did not yield a fused phenotype,
demonstrating that although it may stimulate fission, its ability to SUMOylate Drp1 is not
essential for fission (21). The specific role of MAPL in fission and its relationship with Drp1
has not yet been uncovered and this work is ongoing in the laboratory.

Since MAPL is an outer membrane protein which induces mitochondrial
fragmentation and is found on vesicles, it is logical to assume that MAPL co-localizes with
Drpl on these mitochondrial structures. Drpl localizes to constriétion sites as well as to
discrete puncta on mitochondrial tubules, therefore it was logical to assume that Drp1 and
MAPL co-localized. Immunoflourescence of endogenous MAPL and Drpl and
overexpression studies of MAPL-CFP and Drp1-YFP transfected Cos-7 and HeLa cells
revealed that some of the MAPL puncta contained Drp1 protein and that some of the Drpl
puncta on mitochondrial surfaces contained MAPL protein. As expected, in both cases, the
co-localization was not mutually exclusive (data not shown), with many Drpl puncta
residing in isolation on the mitochondria membrane.

One can speculate that the ability of MAPL to sequester into un-described
mitochondrial microdomains for cargo selected budding, suggests, that it possesses the
ability to laterally migrate within the membrane. This ability may be one of the critical
factors for Drpl recruitment and assembly into puncta on the outer membrane. During
apoptosis, post fission the recycling ability of Drpl puncta changes dramatically dependent
upon SUMOylation, Bax and Bak (20). The relationship between MAPL and other known
fission proteins such as Fis1, Endophilin B together with Drpl have not been investigated in

this series of initial research projects. Future studies by other laboratories will undoubtedly
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expand on this initial characterization and hopefully uncover the mechanistic relationships

between these proteins for fission.

4.3 MAPL AND TOM20 VESICLES
As a part of the initial characterization of MAPL, transient overexpression studies

into Cos-7 and HeLa cells were routinely performed. It was documented early in these
studies that MAPL stimulated fragmentation, however, we additionally observed the
presence of very small MAPL positive structures which did not always contain other
mitochondrial proteins. Electron microscopy imaging of mitochondria from cells expressing
MAPL-YFP was instrumental in the identification of MDV’s. It was not until the unusual
appearance of the membranes and the accumulation of electron density into buds forming
along the outer membrane was observed, that the notion of vesicle formation was entertained
(21). What is presented in manuscript #2 represents some of what we have learned thus far
about the ability of the mitochondria to form vesicles. This remarkable phenotype observed
in MAPL expressing cells took considerable time to decipher, and was the focus of three
years of my research. Currently, we have been able to conclude that there two distinct
populations of MDV’s, those carrying MAPL as selected cargo which traffic to the
peroxisome and those carrying TOM20 as cargo of unknown function and destination. Many
questions arise from this work; however a critical point to recognize from this study is the
important difference between mitochondrial fission and mitochondrial budding. Whole
organclle constriction for fission may not require extensive cargo selection since the entire
organelle is effectively divided in two, whereas the formation of MDV’s would require
selective cargo sequestration into the bud. Furthermore, the interesting result that

mitochondrial budding occurs in the presence of the dominant negative mutant of Drpl
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indicates that although MAPL stimulated fission requires the action of Drp1, the budding
event does not. Alternative protein machinery therefore must function at the mitochondria
to facilitate specific cargo selection and these budding events. This is an ongoing project in
the laboratory.

A series of experiments were initially designed and considerable time was spent
trying to uncover what the fate of the mitochondrial derived vesicles would be. Three
hypotheses were initially formed; that the vesicles would fuse back into the mitochondrial
reticulum acting as protein, lipid and or mtDNA carriers between mitochondria, that the
vesicles would target the proteosomal pathway for protein turnover, and that the vesicles
would traffic towards the lysosomal pathway for proteins degradation (Figure 4.5). The last
two fates were based on the hypothesis that MDVs represented a novel protein degradation
pathway for the mitochondria. It was therefore surprising when it was uncovered that MAPL
positive vesicles trafficked to and fused with a subset of peroxisomes (21). This finding was
not expected, however this research has identified a highly exciting new avenue for

mitochondrial and peroxisomal research.

4.3.1 MAPL DELIVERY TO THE PEROXISOME

The discovery and potential implications of MDVs in peroxisomal function, the
integration of MDVs into the secretory pathway as well as the role of MDVs in the
cooperative metabolic activities of both these organelles remain unknown but represent a
significant breakthrough for the peroxisome and mitochondrial fields of cell biology. This
study revealed that MDVs contain distinct cargo, which have distinct fates where, nearly
85% of MAPL positive vesicles colocalize with peroxisomal markers (21). This

colocalization is highly significant since it provides evidence for selective cargo segregation
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within mitochondrial membranes since MAPL positive MDVs which trafficked to the
peroxisomes excluded AW, pOCT-CFP and Tom20. Furthermore, only 10-30% of all
peroxisomes contained MAPL positive MDVs, demonstrating that MAPL is targeted to a
small subset of peroxisomes (21).

Some mitochondrial proteins can be dually targeted to both peroxisomes and
mitochondria through alternative splicing. Since MAPL, contains only one message, it is
unlikely that MAPL is dually targeted to both peroxisome and mitochondria. Furthermore,
direct fusion events between MAPL-YFP containing vesicles and a subset of peroxisomes
have been observed providing evidence to support the claim that it is not dually imported.
Since MAPL is not imported into both peroxisomes and mitochondria, this work concluded.
that there is selective transport of mitochondrial content via MDYV, of which MAPL is a
cargo protein to the peroxisome for fusion within the peroxisomal network. These data reveal
for the first time a novel intracellular transport route between the mitochondria and the
peroxisome.

Interestingly, MAPL appears to fuse only with a sub-population of peroxisomes
resulting in about 10% of peroxisomes labeling for MAPL (21). This result raises some
very interesting questions for both mitochondrial and peroxisome cell biologists. From a
mitochondrial perspective, since very little is known about mitochondrial fusion, the
discovery of MDV-peroxisomal fusion events is highly captivating and opens up a new cell
biology field of research. Some specific questions; Do the mitofusin proteins need to be on
the vesicles for fusion with the peroxisome? And if so, is a similar GTPase switch
mechanism used for the fusion event? Furthermore, if Mfn1 and or Mfn2 are required on the

MDYV, what do they interact with on the peroxisomal surface for tethering? It is easy to
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speculate that this process would be analogous to the Mfn1-Mfnl trans mitochondrial
pairing? However, if these proteins are not found on the MDYV surfaces, then it must be
considered that an additional set of fusion proteins exist either on the mitochondrial surface
or on the peroxisome surface. It is also interesting to note that some vesicles, but not all,
contained particular inner membrane cargo and matrix content or none at all. If double
membrane MDV’s traffic towards the peroxisome, then the fusion into the peroxisomal
reticulum would be that much more complex. Additionally, since OPA1 cooperates with
Min1 for fusion, one therefore must also consider a potential role of OPA1 in MDV-
peroxisomal fusion.

In mammalian cells, peroxisome proliferation is regulated by the peroxisome
proliferator-activated receptor o. (PPAR). This is a ligand-dependent nuclear transcription
factor which regulates gene expression patterns of different genes associated with lipid
metabolism and adipocyte differentiation (22). Peroxisomes have a unique complement of
different enzymes and their primary functions are to participate in metabolic functions
according to cellular needs. Within the matrix of peroxisomes, enzymes are linked to diverse
biochemical pathways such as the beta-oxidation of fatty acids and the detoxification of the
hydrogen peroxide (23). In mammalian cells the beta-oxidation of fatty acids is shared
between the peroxisomes and mitochondria. Due to the importance of the shared
functionality of the mitochondria and peroxisomes, several inherited diseases are caused by
defects in both metabolic enzymes (24) and of peroxisomal biogenesis factors (25).
Additionally, the production and removal of both hydrogen peroxide and other reactive
oxygen species implicates both organelles in the aging process (26). Furthermore, both the

peroxisomes and mitochondria share some protein content. The mitochondrial fission
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proteins Dnmlp, as well as the Dnm1p-anchoring protein Fis1p both function at the
peroxisome for organelle fission events (27-28). Peroxisomes have also recently been
proposed to undergo retrograde transport from the peroxisome back to the ER in mammalian
cells, (23, 29) and are now believed to be an partially independent part of the secretory
pathway (23).

Within the peroxisome field, the discovery of MDV-peroxisome fusion is also highly
intriguing. An interesting question to consider is that what is specific about this population
of peroxisomes which marks them for MDYV targeting and fusion? Furthermore, what is the
function of this specific population of peroxisomes which receive the MDVs? Currently, in
the laboratory, three possibilities have been suggested and are currently being investigated by
Astrid Schauss, a Post Doctoral fellow in the Dr. McBride research group. Firstly; that these
peroxisomes represent a population of premature peroxisomes, possibly recently formed
from the ER. Perhaps these would require the specific delivery of mitochondrial proteins,
Ca2+ and or lipids for maturation. Secondly, that they represent a population of
dysfunctional peroxisomes destined to be degraded. Why these would need mitochondrial
content for degradation remains unknown. Perhaps these peroxisomes once fused with
MDVs, assist in the initiation of mitophagy and or the formation of the autophagic
membranes? Or that they need some of the mitochondrial proteases for degradation (30).
Finally, the third hypothesis suggested is that they represent a distinct population of
peroxisomes with an unknown function.

It is also interesting to consider what other factors in the cell may trigger these
specific cargo selections, budding, trafficking and fusion events. Perhaps MAPL positive
MDVs form in response to apoptotic and or autophagy stimuli, metabolic demands,

mitochondrial biogenesis signals, or cell cycle triggers? MDV-peroxisome trafficking needs
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to be investigated during all of these alterations in steady state cell situations to further
understand the nature and dynamic of this relationship. Since it is an emerging theme that
the mitochondria are important regulators of cell cycle, it follows that perhaps MDV's-
peroxisomal trafficking plays an unknown role in these checks. Consistently, both Drpl,
Min2 have been implicated in cell cycle regulation in one way or another. Studies
performed by both Rudolfo Zunino and Emelie Braschi, have identified a novel cell cycle
check point which hinges on the SUMOylation activity at the mitochondria. This work is
highly novel and identifies the role of the mitochondrial SUMOI1 protease SenP5 and the
SUMO E3 ligase MAPL in defining a novel mitochondrial cell cycle check point at G2/M
(unpublished manuscript). Since MAPL is a cargo of the peroxisome destined vesicles, it will
be important in the future to investigate the potential effect of both SUMOylation and cell

cycle on MDV-peroxisome trafficking.

4.3.2 FATE OF TOM20 POSITIVE VESICLE POPULATION

An outstanding question in fields of mitochondrial biology and development, is how
this highly oxidative organelle can survive throughout evolution given the high levels of
damaging ROS, peroxides and nitric oxides that are integral to mitochondrial function? It
has been well documented that mtDNA mutations lead to diverse disease, and that these
mutations increase within tissues and individual people over a lifetime. Considering this, it is
remarkable that the maternally inherited germline “stock” of mtDNA and mitochondria has
remained relatively clear of mutations. Rescuing mitochondrial damage through the ability
to degrade mitochondrial proteins in a specific and efficient fashion without whole organelle

mitophagy represents a novel hypothesis. We envision that the discovery of the TOM20
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positive mitochondrial derived vesicles which contain cargo selected proteins may facilitate
the removal of damage proteins/mitochondria and preserve mitochondrial integrity (21).

Although the MAPL vesicles transport cargo to the peroxisome, the exclusion of the
TOM?20 positive vesicle population from the peroxisome indicates minimally a second
intracellular transport route (21). In order to understand the physiology of both populations
of vesicles, the cargo must first be identified. A number of approaches are currently being
investigated to uncover the nature of the cargo. This work is being performed by Vincent
Soubannier, a Post Doctoral fellow and Emelie Braschi, a master’s student in the laboratory
of Dr. McBride. A mitochondrial in vitro budding assay has been developed which is
currently being used to determine; the protein cargo of the vesicles, the cytosolic factors
required for vesicle formation and the physiologic stimuli for vesicle formation.

Three hypotheses are entertained for the fate of TOM20 MDV’s. (Figure 4.5) That
the vesicles would fuse back into the mitochondrial reticulum acting as protein, lipid and or
mtDNA carriers between mitochondria. In this case, although we do not understand the
purpose of this kind of mitochondrial protein/lipid/mtDNA segregation and targeting, it
could be envisioned that this is a mechanism for mtDNA sharing or complementation. It
could be a way of sharing lipid, re-shuffling components of the OXPHOS complexes or
dispersing accumulated ROS. Perhaps the transport of smaller MDVs may be an advantage
in certain cell types, for example in neurons, where there are longer distances to travel.
Additionally, in order for the vesicles to re-fuse with the mitochondria, they would require
fusion proteins on their surface such as Mfn2. Since we do not yet know the protein
composition of the vesicles it is difficult to ascertain if Mfn2 or other fusion proteins are
present. 2) That the vesicles would target the proteosomal pathway for protein turnover.

Finally 3) that the vesicles would traffic towards the lysosomal pathway for proteins
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Figure 4.5 Potential Tom20 vesicle fates

Cartoon illustrating potential TOM20 vesicle fates. Three hypothesis are entertained: 1) that
the TOM20 vesicle’s re-fuse back into the mitochondrial reticulum. 2) That the TOM20
vesicles target the proteosome for ubiquitin mediated proteosomal degradation. And 3) that
the TOM?20 vesicles target the lysosome for either selective protein turnover or for
mitophagy.



Potential Fates of TOM20 Positive MDV’s

To proteasome To Lysosome
via via “mitophagy”
ubiquitination

To acceptor mitochondria
via fusion machinery

Figure 4.5 Potential Tom20 vesicle fates



degradation or selected mitophagy. The last two fates were based on the hypothesis that
MDVs represented a novel protein degradation pathway for the mitochondria. Recent
studies suggest that organelles do not become aged as an individual unit, begging the
questions as to why an entire organelle would be degraded when only sub-compartments are
damaged (31)? It is conceivable that damaged content within healthy mitochondria would
be sorted into MDV’s that would be competent for internalization into the
lysosome/autophagosome. This cargo selection would prevent compromising and avoid the
loss of healthy, intact organelles during stress and or starvation. This hypothesis was
consistent with unexpected finding that Fzolp turnover and degradation can occur in a non-
proteosomal and non-vacuolar pathway in vegatively growing yeast cells (32). Interestingly,
new research performed by Vincent Soubannier, has revealed that the TOM20 vesicles, do in
fact target the lysosome under conditions of sub-lethal dosage of ROS.

It has recently been proposed that Atg9, one of the only integral membrane proteins
of the autophagy pathway is localized to the mitochondria. In this it is thought that, Atg9
through an unknown pathway forms the precursor autophagic membrane. The origin of the
autophagic membranes has been an unsolved question in cell biology for many years. It has
been proposed that this membrane originates from the endoplasmic reticulum. The discovery
of MDV’s may provide an unexpected clue to the origin of this membrane. Fusion of Atg9-
containing double membrane MDVs may be one of the initial steps in the formation of the

pre-autophagosome.

4.4 CONCLUSIONS:

The research performed throughout the course of this doctoral thesis has profound

impacts on cell biology, impacting mitochondrial dynamics, programmed cell death,
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intracellular signaling, and peroxisome biology. The discoveries can be summarized into
four major contributions; 1) that Mfn2 is a signaling GTPase for mitochondrial fusion rather
then a mechanoenzyme, 2) that activated Mfn2 protects against both cytosolic and
mitochondrial apoptosis as well as inhibits Bax activation, 3) that MAPL is a novel
morphology protein of the outer mitochondrial membrane, and finally 4) that the
mitochondria bud two distinct cargo selected vesicles, one of which traffics to the
peroxisome. Each of these contributions at the time of initial discovery was highly novel and
represented a significant advancement in the field of mitochondrial dynamics.

The research performed on Mfn2, the signaling activity of its GTPase domain and its
role in inhibiting Bax activation, provided insightful tools to formulate novel hypothesis
regarding mitochondrial function many of which have resulted in new advancements to the
field. These themes have been accepted amongst peers and are currently being pursued by
many other mitochondrial and apoptosis research groups.

The discovery of MDVs represents a groundbreaking advancement to cell biology. It
was not previously thought that the mitochondria participate in intracellular vesicle
trafficking events, and as such this discovery was not predicted or anticipated. Due to the
novelty of this work, it may take years before it is well endorsed amongst peers and the
mechanisms and functions of different vesicle populations truly understood. The results
however are compelling and to quote directly from the manuscript reviews “These findings
represent some of the most exciting of recent advances in the field of mitochondrial
dynamics” Additionally; “This manuscript is of great novelty and broad general interest for
biologists interested in mitochondrial and peroxisomal biogenesis, as well as for scientist

with an interest in inter-organellar communication. I think that it will fall in the top papers
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regarding mitochondrial biogenesis, morphology and intercommunication with other
organelles and for sure it will prompt new research in the field”

The research discoveries herein, will hopefully lead towards fundamentally new
perspectives on the function of the mitochondria. Through this work and the future work of
others, the relationship between the phenomenon of mitochondrial fusion, fission and
budding, and what these dynamics mean to the function and survival of the cell, will

hopefully be elucidated.
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Of the GTPases involved in the regulation of the fusion
machinery, mitofusin 2 (Mfn2) plays an important role in the
nervous system as point mutations of this isoform are associated
with Charcot Marie Tooth neuropathy. Here, we investigate
whether Mfn2 plays a role in the regulation of neuronal injury.
We first examine mitochondrial dynamics following different
modes of injury in cerebellar granule neurons. We demonstrate
that neurons exposed to DNA damage or oxidative stress exhibit
extensive mitochondrial fission, an early event preceding neu-
ronal loss. The extent of mitochondrial fragmentation and
remodelingis variable and depends on the mode and the severity
of the death stimuli. Interestingly, whereas mitofusin 2 loss of
function significantly induces cell death in the absence of any
cell death stimuli, expression of mitofusin 2 prevents cell death
following DNA damage, oxidative stress, and K* deprivation
induced apoptosis. More importantly, whereas wild-type Mfn2
and the hydrolysis-deficient mutant of Mfn2 (Mfn2;,.c,2v)
function equally to promote fusion and lengthening of mito-
chondria, the activated Mfn2g, 5 mutant shows a significant
increase in the protection of neurons against cell death and
release of proapoptotic factor cytochrome c. These findings
highlight a signaling role for Mfn2 in the regulation of apoptosis
that extends beyond its role in mitochondrial fusion.

It has been recently demonstrated that the apoptotic pro-
gram includes the regulated induction of mitochondrial frag-
mentation (1, 2). In addition, it has been shown that the rate of
mitochondrial fusion is reduced early in the apoptotic program
(3, 4), which together with the activation of the fission machin-
ery leads to a morphological shift of the mitochondria to the
fragmented state. The regulatory mechanisms and functional
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importance of these events during death remain unclear. For
example, it is not clear whether the inhibition of mitochondrial
fusion is an essential step in apoptosis or if fragmentation is
promoted mainly because of the increase in fission. In addition,
it has been shown that the loss of either Drp1 or hFis1 delayed,
but did not block cell death, questioning the importance of the
mitochondria morphological shift in the apoptotic cascade (5,
6). In this context, there is an emerging emphasis on the exam-
ination of mitochondrial fusion in the context of cell death.
Mitochondrial fusion is regulated by at least three essential
GTPases, the outer membrane-anchored proteins mitofusin 1
(Mfn1),? and mitofusin 2 (Mfn2) along with the intermembrane
space GTPase, Opal (7, 8). Although the functions of Mfn2
overlap with Mfnl in the process of mitochondrial fusion (9),
there are clear distinctions between these two GTPases. Per-
haps most informative of their distinct function is their bio-
chemical difference in nucleotide binding and hydrolysis prop-
erties, where Mfnl has a faster GTPase hydrolysis rate and
higher affinity for nucleotide relative to Mfn2 (10, 11). In addi-
tion, Mfn1, but not Mfn2, has been shown to genetically inter-
act with Opal (12), a member of the dynamin family of mecha-
noenzymes, This relationship with Opal would suggest that
Min1 plays a central role with Opal in the fusion process. In an
in vitro mitochondrial docking assay, expression of Mfnl sig-
nificantly enhanced the tethering reaction, whereas Mfn2
resulted in tethering with low efficiency, suggesting a secondary
role for Mfn2 in docking (10). Recently, compelling evidence
has emerged supporting additional roles for Mfn2 that goes
beyond the regulation of the mitochondrial fusion. First, Mfn2
is colocalized in punctate with Bax and Drp1 at sites of future
fission (13). This suggests that Mfn2 activity may affect mito-
chondrial recruitment of Bax or Drpl during cell death. Second,
Min2, but not Mfnl1, can interact directly with Ced9 or Bclxl in
HEK293 cells, suggesting a mechanism for cross-talk with anti-
apoptotic Bcl family proteins (3). Third, Mfn2, not Mfnl, has
been shown to modulate metabolism through function of com-
plex 1,1V, and V (14, 15). Fourth, it was also shown that cyto-
solic Bax plays a specific role in the steady state activity of Mfn2
as a regulator of mitochondrial fusion (16). Most importantly,
Mfn2 seems to be critical for the function of the nervous system

I The abbreviations used are: Mfn, mitofusin; CGN, cerebellar granule neu-
rons; MOI, multiplicity of infection; ROS, reactive oxygen species; PBS,
phosphate-buffered satine; MTT, 3-(4,5-dimethylthiazol-2-yl}-2,5-diphe-
nyltetrazolium bromide; GFP, green fluorescent protein; OCT, ornithine
carbamyl transferase; YFP, yellow fluorescent protein; DIV, days in vitro.
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drial fusion.

The results of our studies demon-
strate that mitochondrial fragmen-
tation in response to neuronal
injury is dramatic and occurs as an
early event. Furthermore, we show
that Mfn2 signals mitochondrial
fusion in neurons and protects
against neuronal death. Our results
indicate that the increased activa-
tion of mitochondrial fusion by
expression of Mfn2 or Mfn2p, .15y
cause an equally dramatic increase
in the mitochondrial lengths to
greater than 30 pm extending
throughout the processes. Interest-
ingly, while both wild type Mfn2 and
Mfn2p, .65y result in the equal
lengthening of mitochondria, the
Mfn2g, .c:,v 1S most protective
against neuronal cell death and
release of pro-apoptotic factors.
These findings emphasize a signal-
ing role for Mfn2 that goes beyond
its role in the regulation of mito-
chondrial fusion.

EXPERIMENTAL PROCEDURES

FIGURE 1. Mitochondrial fragmentation following DNA damage-induced cell death. A, CGNs expressing
YFP-tagged OCT-YFP were treated with 10 umcamptothecin. individual mitochondria were tracked by exciting
the YFP with the 515-nm line of a multiple line Ar laser. 200 frames (15 s per frames) were taken using confocal
microscopy. (This figure represents still images for supplemental movie 1.) The boxed area indicates fragmen-
tation of a swollen mitochondrion. B, CGNs were treated with 10 um camptothecin at 2 DIV. Neurons were fixed
and stained with antibody directed against Tom20 and nuclei stained with Hoechst at indicated time points
following treatment. The panel shows representative images of mitochondria stained for Tom 20at 0, 12, and
24 h, Hoechst images for nuclei corresponding to each field are presented. C, mitochondrial length was
assessed at indicated time points following camptothecin treatment, and measurements were binned accord-
ing to length. The length is classified based on the frequency at different lengths (less than 0.5, 0.5-1, 1-2, and
greater than 3 um). D, cell death was assessed at the indicated times by nuclear morphology revealed by

Primary Neuronal Cultures and
Adenoviral Construction—Cerebel-
lar granule neurons (CGNs) were
cultured from CD1 mice at postna-
tal day 7 or 8 as described previously
(19). Recombinant adenoviral vec-
tors carrying ornithine carbamyl

Hoechst staining. Bar, 30 um. *, p < 0.05.

as point mutations in this molecule have been associated with
Charcot Marie Tooth neuropathy type 2A (17). Understanding
the role of mitofusin 2 in response to acute neuronal injury is
therefore crucial for development of novel therapeutic strate-
gies. Because of the importance of Mfn2 in fusion as well as its
importance in the nervous system, we therefore asked whether
Mfn2 is involved in the regulation of acute injury using primary
cerebellar granule neurons. To examine therole of this GTPase
in apoptosis signaling, we have constructed adenoviral vectors
carrying both wild type and a hydrolysis-deficient mutant of
Min2, Mfn2,, v (18), and Mfn2, .,y lentivirus for long

AUGUST 17, 2007 - VOLUME 282+-NUMBER 33 3 it

transferase (OCT), human mito-

fusin 2 (Mfn2), or its active mutant,
Min2,, <12y €Xpression cassettes were prepared using AdEasy
system, as described previously (20). Mfn2 antisense adenovi-
rus was a kind gift from Dr. Antonio Zorzano (14). Cells were
infected at the time of plating with different multiplicity of
infection (MOI) ranging from 25 to 150, 50 MOI was chosen
based on the high efficiency and low toxicity. To measure the
toxicity and efficiency of infection, Live/Dead assay (Molecular
Probes, Eugene, OR) was performed 2 days postinfection.
Three random fields were chosen for each group, and the
images of cells in these fields were taken with a fluorescence
microscope using the appropriate filters. Phase contrast micro-
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FIGURE 2. Mitochondrial dynamics following oxidative stress. CGNs expressing OCT-YFP were treated with
100 pum H,0, for 5 min after which the media was switched to conditioned media (panels A, B, and D). Neurons
were treated with 100 um H,0, for 20 min without switching to conditioned media (pane! C). Individual mito-
chondria were tracked by exciting the YFP at 515 nm. A, 200 frames (15 s per frame) were taken at 1 h following
treatment. Confocal images represent still figures for supplemental movie 2. 8, 200 frames (15 s per frame) were
taken following treatment (supplemental movie 3).C, 60 frames were taken following 20 min of treatment with
100 pm of H,0,. Confocal images represent still figures for supplemental movie 4. D, 100 frames were taken
following treatment. Representative images are still figures corresponding to supplemental movie 5.n > 10.

graphs of the same fields were taken with light microscopy, and
the number of cells infected was compared with the total num-
ber of cells in the field. To measure toxicity the number of
infected dead cells was compared with the total number of
infected cells in the field.

Cell Viability Assays—Cell death was measured by con-
densed nuclear morphology revealed by Hoechst staining.
MTT or Live/Dead assay (supplemental Fig. S1) was used to
confirm the results of Hoechst staining, as described previously
(21). In each replicate, three to five different fields were ran-
domly chosen per treatment group. Representative samples
were photographed using a Zeiss Axiovert 100 (Oberkochen,
Germany) fluorescence microscope equipped with a QiCam
Digital camera (QImaging Corporation, Burnaby, Canada) and
Northern Eclipse software (Empix Imaging Inc. Mississauga,
ON, Canada). The total number of cells in each field was
counted. Cell death was expressed as a percentage of total cells.
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DNA Damage, K™ Deprivation,
and Reactive Oxygen Species (ROS)-
induced Cell Death—To model in
vitro DNA damage-induced cell
death, CGNs were treated with 10
M camptothecin (Sigma-Aldrich)
following 2 days in vitro (2 DIV).
53 Hydrogen peroxide (H,O,) was
used to model ROS-induced cell
death. CGNs were treated with
H,0, following 2 DIV for 5 min
after which the medium was
replaced with conditioned medium
taken from the parallel cultures with
no treatment. Because of unstable
nature of H,O,, the concentration
used in each replicate was opti-
mized prior to each treatment and
75-100 pM was used to induce
50-70% cell death following 24 h of
treatment. To model K' depriva-
tion-induced cell death, neurons
were transduced at the time of plat-
ing with purified lentiviruses 1.5
MOI and after 7 days in vitro the
media containing 25 mM K" was
changed to a low potassium media
of 5 mm.

Cytochrome c¢ Release—Neurons
were fixed and stained with cyto-
chrome ¢ and/or Tom20 and
Hoechst following treatment with
hydrogen peroxide or camptothecin.
For each replicate, a total of 100 neu-
rons were counted from 3-5 different
fields. In each case, a Z stack of the
field was taken for analysis using a
Zeiss 510 meta confocal microscope.
A diffuse cytochrome c staining or
complete lack of staining was identi-
fied as release.

Time Lapse Microscopy—CGNs were seeded on 4-well plates
(Nalgene Nunc International, Rochester, NY) with attached
glass coverslips coated with poly D-lysine (VWR International),
and infected with the YFP-tagged ornithine carbamyl trans-
ferase (OCT-YFP), a mitochondrial matrix protein, at the
time of seeding. Following each treatment, neurons were
imaged to track individual mitochondria in real time. The
coverslips were mounted in a temperature-controlled cham-
ber (37 °C) in regular growth media supplemented with 20
mum HEPES (pH 7.4), and visualized with an Olympus X100
oil immersion objective, numerical aperture 1.4, on an
Olympus IX80 Laser scanning confocal microscope operated
by FV1000 software vl.4a. The YFP was excited with 515-nm
line of a multiple line Ar laser, the Mitofluor Red was excited
with the 543-nm line of He/Ne green laser, and the Alexa 647
was excited with the 633-nm line of He/Ne red laser. All
images shown demonstrate cells that are representative of
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FIGURE 3. Mitochondrial fragmentation following oxidative stress. CGNs were treated with 100 um H,0, at
2 DIV. Neurons were stained as described in the legend to Fig. 1. A, panel shows representative images of
mitochondria at each time point stained for Tom20 and Hoechst. B, mitochondrial length was assessed at the
indicated time points following H,O, treatment and measurements were binned according to length. The
length s classified based on the frequency at different lengths (less than 0.5,0.5-1, 1-2, and greater than 3 um).
C, cell death was assessed at the indicated times by nuclear morphology revealed by Hoechst stain.n = 3,%,p <

0.05; bar, 30 um.

moderate infection efficiencies and that have been obtained
from at least three independent experiments.

Immunofluorescence—At each time point, neurons were
fixed for 30 min with ice-cold 4% paraformaldehyde in 1X
phosphate-buffered saline (1 X PBS) and then rinsed twice with
1 PBS. Cells were permeabilized with 300 .l of ice-cold 0.4%
Triton-X in 1X PBS for 10 min. Cells were stained with the
primary antibodies in 10% normal goat serum-0.4% Triton
X/PBS for 1 h. The cells were washed 3 X 5 min with ice-cold
1 X PBS. Cells were incubated with the secondary antibodies to
either TOM 20 (1: 250, a kind gift from Dr. Gordon Shore) (22)
or cytochrome ¢ (1:250; BD Biosciences, Franklin Lake, NJ) in
10% normal goat serum-0.4% Triton X/PBS for 1 h. The cells
were washed for 5 min and stained with Hoechst for 5 min.
Following Hoechst staining, neurons were washed with 1. X PBS
for 3 X 5 min and mounted. Representative samples were pho-
tographed using a Zeiss Axiovert 100 (Oberkochen, Germany)
fluorescence microscope equipped with a QiCam Digital cam-
era (QImaging Corporation) and Northern Eclipse software
(Empix Imaging Inc.).
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24 surement—Whole cell images were
acquired by exciting at 549 nm with
the CY3 filter (Chroma Technology
Corp., Rockingham, VT). Mito-
chondrial length was measured by
tracing the mitochondria using
Northern Eclipse software. Mito-
chondrial length varied remarkably
even in control neurons. For com-
parison purposes mitochondria
were classified into different catego-
ries with a length ranging from less
than 0.5 um, 0.5-1 pum, 1-2 um,
2-3 um, and greater than 3 pm.
Quantification and Statistical
Analysis—For cell death studies, a
minimum of 500 cells per field
(three fields per replicate) was
scored for each treatment at the
indicated time points. For mito-
chondrial length measurements, a
minimum of 500 mitochondria for
each treatment (per replicate) was
scored. The data represent the
mean and S.D. from three inde-
pendent experiments (1 = 3), where
n stands for each independent
experiment. p values were obtained
using two-way analysis of variance
and Tukey post-hoc tests or Stu-
dent’s ¢ test. A p value <0.05 was
considered significant and was indi-
cated on the graphs by an asterisk.

12 24
Time {h)

RESULTS

Mitochondrial Fragmentation

Occurs Following DNA Damage-in-

duced Neuronal Death—It has been suggested that mitochon-
dria remodel following acute neuronal injury (23). We therefore
asked whether mitochondria undergo fragmentation or remod-
eling following DNA damage-induced neuronal death. The
DNA damage model induced by topoisomerase inhibitor,
camptothecin, occurs physiologically following stroke or
trauma and is believed to contribute to the extensive neuronal
loss after acute injury (24). To model in vitro DNA damage-
induced cell death, primary cerebellar granule neurons (CGNs)
were treated with 10 uM camptothecin. This concentration of
camptothecin was shown to induce a slow cell death resulting in
about 40% neuronal loss by 24 h (Fig. 1D). To track individual
mitochondria in real time, we created adenovirus vectors con-
taining the 32 amino acid targeting signal of ornithine carbamyl
transferase fused to YFP (OCT-YEP) (25), and infected the
CGN cultures at the time of seeding. Mitochondrial dynamics
were documented within the first 16 h using fluorescence time
lapse microscopy. We quantified the percentage and timing of
mitochondrial fragmentation following treatment with camp-
tothecin. CGN cultures were fixed and stained with anti-
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TOM20, a mitochondrial protein import receptor (22) and
Hoechst to identify cell nuclei at different time points following
treatment (Fig. 1B). Mitochondria in neurons exhibited vari-
able length. The data were therefore binned into different
length categories from less than 0.5 to greater than 3 pm. Quan-
tification of mitochondrial lengths showed that immediately
following exposure to camptothecin, 96% of mitochondria had
a length of greater than 0.5 um, as in the control neurons (Fig.
1C). Of these 41 = 1% ranged within 0.5-1 pum; 47 + 4% had a
length of between 1 and 2 um, and 9.3 * 0.9% had a length of
2-3 um. At 6 h following treatment with camptothecin, 20 *+
2.5% of the mitochondria were fragmented with a length of less
than 0.5 um. Following 12 h of treatment, however, there was a
dramatic change in morphology where 56 * 3% of mitochon-
dria exhibited a length of less than 0.5 pm. The fragmentation
was maximal by 24 h where 70.2 £ 0.4% of mitochondria exhib-
ited a length of less than 0.5 pm. Only 3.4 = 1.7% of mitochon-
dria had a length of 2—3 um at 24 h. These results demonstrate
that mitochondrial fragmentation is initiated 3— 6 h following
exposure of neurons to camptothecin and there is a remarkable
difference in the mitochondria pool by 12 h.

To confirm whether this change in morphology was because
of mitochondrial membrane scission rather than organelle
swelling, we performed a video analysis of mitochondria within
cells treated with camptothecin. In many videos, mitochondria
were observed to clearly divide into much smaller fragments
upon 6 h of treatment with camptothecin. Therefore, although
we did observe some mitochondrial swelling (Fig. 14, box), we
also observed mitochondrial fission (Fig. 14 and supplemental
movie 1),

To ask whether mitochondrial fragmentation correlates with
the cell death, the rate of cell death was evaluated by counting
the percentage of cells exhibiting pyknotic nuclei. Pyknotic
nuclei indicative of apoptosis were observed following 12 h of
treatment (Fig. 1D). Cell death increased to 20 = 3%at 12 h and
was maximal at 24 h (39 = 2.6%) within the given time frame.
Based on these results, we conclude that mitochondrial frag-
mentation is initiated 6 ~9 h prior to the degradation of the
nucleus following DNA damage-induced cell death.

Mitochondrial Fragmentation Is an Early Event Following
Oxidative Stress—In many types of acute neuronal injury such
as stroke, a primary cause of death is the exposure to ROS,
which initiates a complex signaling cascade (26). We next asked
whether mitochondrial fragmentation also occurs following
oxidative stress. CGN cultures were infected with OCT-YFP at
the time of seeding and treated with H, O, for 5 min after which
the medium was replaced by conditioned media. Time lapse
microscopy studies revealed that mitochondria undergo frag-
mentation within 1 h following treatment (Fig. 24 and supple-
mental movie 2). Mitochondria were also documented to tran-
sition from rod-like to spherical following fragmentation. This
kind of mitochondrial remodeling following fission was indeed
a common event in this mode of cell death (Fig. 2B and supple-
mental movie 3). Interestingly exposure of neurons to hydrogen
peroxide for longer than 5 min resulted directly in mitochon-
drial remodeling within first 20 min (Fig. 2C and supplemental
movie 4). This concentration was toxic to cells as 100% of neu-
rons were dead following first 2 h of treatment. Interestingly,
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FIGURE 4. Mfn2 expression induces mitochondria fusion in CGNs. CGNs
were infected at the time of plating with recombinant adenoviral vectors
containing an expression cassette for Mfn2 or Mfn2g, ..,y at 50 MOL. Whole
cell lysates were analyzed in parallel with the contro! (no virus) by Western
blot using an antibody against FP (A). CGNs were infected at the time of
plating with recombinant adenoviral vectors containing an expression cas-
sette for Mfn2 (C) or Mfn2g, g,y (D) or GFP control (B) at 50 MOL. E, neurons
expressing the indicated constructs were fixed and stained with TOM 20 to
assess changes in mitochondrial morphology foliowing increased expression
of Mfn2 and Mfn2g,.g12y- Mitochondrial length of the indicated group is clas-
sified based on the frequency at different lengths (less than 0.5, 0.5-1, 1-2
and greater than 3 um).n = 3;*,p < 0.05; mag bar, 20 um; cyan, nuclei; green,
mitochondria.

unlike treatment with camptothecin where the fragmented
mitochondria remained highly motile, the muotility of frag-
mented mitochondria was substantially attenuated upon treat-
ment with hydrogen peroxide (Fig. 2D and supplemental mov-
ies 1 and 5). To quantify the timing and percentage
fragmentation of mitochondria and its correlation to cell death,
mitochondrial and nuclear morphology were evaluated (Fig.
3A). Immediately following exposure to ROS, greater than 94%
of mitochondria had a length of greater than 0.5 um (Fig. 3B).
Neurons treated with hydrogen peroxide exhibited signs of
mitochondrial fragmentation as early as 3 h where 31 = 6% of
mitochondria had a length of less than 0.5 pm. Mitochondrial
fragmentation continued to increase to 62.3 = 1.4% and 88.5 =
1.2% at 12 and 24 h, respectively. To ask whether the onset of
mitochondrial fragmentation correlates with cell death, apo-
ptosis was examined by Hoechst to detect pyknotic nuclei (Fig.
3C). The results of cell death studies were confirmed using col-
orimetric MTT survival assay (data not shown). At 12 h follow-
ing treatment, 30 £ 2.5% of neurons exhibited pyknotic nuclei
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tein expression a Western blot anal-

Control Ad-Min2

Cyt.C

Hoechst

ysis was performed with neurons
infected with Mfn2 or Mfn2,, . .v
(Fig. 4A). In unchallenged neurons
(Fig. 4, B and E) the majority of
mitochondria had an average length
between 1 and 2 pm (53.8 & 1.3%);
however, increased expression of
Mfn2:CFP (Fig. 4C) or Mfn2,, ;15
CFP (Fig. 4D) resulted in a signifi-
cant increase in the length of the
mitochondria. The majority of
mitochondria were greater than 3
pm as a result of increased levels

Ad-anZwuv

of Mf2 (33.97 * 5%) and
B. = c -
460 - | o w1 e an2Ra§GmV,.CFP (429 * 4.2%)
I | oMz expression (Fig. 4F). These results
%0 o) W2eni demonstrate that enhanced acti-
) vation of Mfn2 results inincreased
80 4 2

Cell Death (%)
= 8
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Total Mitochandria (%}
&

mitochondrial length.

We next asked whether activa-
tion of Mfn2 could prevent mito-
chondrial fragmentation and ulti-
mately protect neurons against

<3 >3

Length (pm)

death induced by neuronal injury.

Time (i} To test whether activation of Mfn2

FIGURE 5. Increased activity of Mfn2 maintains the mitochondrial structure and protects cells against DNA
damage. CGNs were infected at the time of plating with Ad-Mfn2, Mfn2q,.G1v of GFP control at 50 MOl and were
treated with camptothecin (10 um). At indicated time points, cells were fixed, and mitochondria were stained with
an antibody against cytochrome c. Nuclei were stained with Hoechst. A, panel contains representative fields of
mitochondrial structure and nuclear morphology 24 h following treatment with camptothecin. B, mitochondrial
fength as determined at 24 h. The length is classified as described previously. C, celt death was assessed at 24 h
following treatment by nuclear morphology revealed by Hoechst stain. n = 3;* p < 0.05; bar, 20 um.

could protect neurons against DNA
damage, parallel cultures were
exposed to 10 um camptothecin.
The mitochondrial morphology and
apoptosis were evaluated following

whereas cell death was maximal by 24 h when 50 = 2% of neu-
rons exhibited pyknotic nuclei. These results show that mito-
chondrial fragmentation was detected 3 h after treatment and
9 h before the apoptotic nuclei were considerably detected.
These findings suggest that mitochondrial fragmentation may
serve as an early apoptotic signaling event in this mode of
injury.

Together, our results demonstrate that mitochondrial frag-
mentation is an early common event following acute injury in
CGNs. We therefore asked whether preventing the fragmenta-
tion of the mitochondria by activation of the mitochondrial
fusion machinery could prevent cell death induced by DNA
damage and oxidative stress.

Increased Activation of Mfn2 Blocks Mitochondrial Fragmen-
tation and Protects Neurons against Acute Injury—To examine
whether activating mitochondrial fusion could protect neurons
against cell death, we created adenovirus vectors containing the
CFP-tagged wild-type Mfn2 and the hydrolysis-deficient, con-
stitutively active mutant Mfn2g, ,,v (18). Primary neurons
were infected 48 h prior to exposure to oxidative stress or DNA
damage. We first examined whether these proteins could affect
the mitochondrial morphology in untreated neurons. Cells
were infected in parallel with adenovirus vectors carrying
Mfn2, Mfn2, ;v O GFP control, and the mitochondrial
morphology was evaluated 48-h later (Fig. 4). To confirm pro-
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24 h (Fig. 5A). Mitochondrial frag-

mentation was dramatically inhib-
ited with both Mfn2:CFP or Mfn2_ . ,,.CFP expression (Fig.
5A). Following 24 h of treatment, GFP-infected neurons
showed only 9.6 + 1.1% of mitochondria measuring greater
than 3 pm, whereas the expression of Mfn2:CFP and
Mfn2p, .y 2v:CEP resulted in 33.4 = 3.2% and 42.17 £ 7% of
mitochondria being greater than 3 pm. Interestingly, the group
of mitochondria measuring greater than 3 pum had a widely
varied length distribution, with some single mitochondria
spanning long projections and measuring greater than 30 um.
These results reveal that expression of Mfn2 or constitutive
activation by expression of Mfn2p, .,y could equally prevent
the breakdown of the mitochondria typically seen following
DNA damage. Most importantly, increasing the levels of Mfn2
resulted in increased protection against cell death induced by
DNA damage (Fig. 5C). Following 24 h of treatment, 34 + 1.6%
of neurons exhibited pyknotic nuclei in the GFP control, and
this was reduced to 23.9 = 1.6% in the Mfn2 cultures. Increased
activation of Mfn2 through delivery of Mfui2, .v:CFP was
significantly more protective than the wild type counterpart as
it reduced cell death to 12.3 = 2.1% (Fig. 5C). These results
demonstrate that whereas Mfn2 and Mfn2p, ¢,y result in
equal fusion of mitochondria, the GTP bound form of
Mfn2,, 1,v Shows a 2-fold increase in protection of these neu-
rons against DNA damage.
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Injury by Attenuating Cytochrome c
Release—Cytochrome ¢ protein, a
critical component of the electron
transport chain, is normally local-
ized to the mitochondria intermem-
brane space where it is sequestered
within the cristae. Permeabiliza-
tion of the outer mitochondria
membrane results in partial release
of the accessible cytochrome c into
the cytosol; however the release of
the majority of mitochondrial cyto-
chrome ¢ pool demands structural
remodeling of mitochondria cristae
(27, 28). We therefore asked
whether mitofusin 2 regulates
release of cytochrome c¢ following
different cell death stimuli. 24 h fol-
lowing treatment of the neurons
with camptothecin, the neurons
were fixed and stained with an anti-
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FIGURE 6. Increased activity of Mfn2 maintains mitochondrial structure and protects cells against ROS-
mediated injury. CGNs were infected as described in the legend to Fig. 5, and the neurons were treated with

“ul

body against cytochrome ¢, Tom 20,
and/or Hoechst. 61.85 = 1.31% of
neurons had their cytochrome ¢
released from the mitochondria in

%

Time (h)

H,0, (75 um). At indicated time points, cells were fixed and stained with Hoechst for nuclei and cytochrome ¢

antibody for mitochondria. A, panel shows representative fields for the structure of mitochondria and corre-
sponding Hoechst at 24 h. B, mitochondrial length as determined at 24 h. C, cell death was assessed at 24 h
following treatment by nuclear morphology revealed by Hoechst stain. n = 3; *, p < 0.05; bar, 20 pm.

We then examined whether activation of Mfn2 could protect
neurons againstinjury induced by ROS. Neuronal cultures were
infected in parallel with adenovirus-expressing GFP control,
Mfn2:CFP, and Mfn2;, 5,vCFP. After 48 h, cells were
exposed to H,O,, and mitochondrial morphology and cell
death were evaluated as described above. Increased expression
of Mfn2:CFP or enhanced activation of Mfn2 by delivery of
Mfn2,,.G1,v:CEP protected neurons against the ROS-induced
fragmentation, and resulted in significantly increased mito-
chondrial lengths (Fig. 6A4). At 24 h following treatment with
hydrogen peroxide, only 3.09 £ 1.81% of mitochondria had a
length of greater than 3 wm in cells expressing the GFP control
(Fig. 6B). This number increased to 30.65 = 5.7% and 35.05 =
7.9% in the parallel cultures expressing Mfn2:CFP and
Mfn2g,.512v:CFEP, respectively {Fig. 6B). More importantly,
whereas expression of wild type Mfn2 resulted in an increased
survival with an intermediate 47.8 % 3.2% of cells remaining
alive, Mfn2;, .,y led to a dramatic 2—3-fold increase in sur-
vival, with 68 = 4.77% of cells expressing Mfn2, ;:CFP
remaining viable relative to only 24.59 %+ 1.62% in GFP-express-
ing controls (Fig. 6C).

These data demonstrate that increased levels of Mfn2 pre-
vents the breakdown of the mitochondria in response to injury
and maintains the mitochondrial integrity in neurons, Most
importantly, stabilization of the GTP-bound form of Mfn2 pro-
vides additional protection against death induced by ROS and
DNA damage. These results highlight a novel therapeutic target
to maintain neuronal survival after acute injury.

23794 JOURNAL OF BIOLOGICAL CHEMISTRY

the LacZ control group. The cyto-
chrome c¢ release was decreased to
43.29 * 4.6% in the wild type mito-
fusin group and to 22.32 = 1.77% in
the Mfn2,, 4,y group (Fig. 7E). Similarly, following treatment
with hydrogen peroxide, Mfn2 and Mfn2;,.;;.,, attenuated
release of cytochrome ¢ to 47.8 = 2.21% and 26.42 * 0.98%,
respectively when compared with control at 84.6 * 12.7% (Fig.
7F). Our data not only indicate that activation of mitofusin 2
results in attenuation of the cytochrome c release following
both DNA damage and ROS, but it further supports the distinc-
tion in protective response between wild type mitofusin 2 and
the activated Min2g, ;. mutant. These findings also have
identified Mfn2:GTP as an inhibitor of cell death upstream of
cytochrome ¢ release, which positions the function of Mfn2
within the apoptotic cascade in primary neuronal models of cell
death.

Transduction of Neurons by a Mfn2,, ..\ Lentivirus Pro-
tects Neurons against Potassium Deprivation-induced
Apoptosis—Cell excitability is a critical determinant of neuro-
nal survival during brain development (29). K* channels set
both the resting membrane potential and the duration of the
action potential. Opening of these channels can influence neu-
ronal death or neuronal survival (30). Low K" exposure of gran-
ule neurons initiates a complex set of proapoptotic, metabolic,
and signal transduction mechanisms that include up-regula-
tion of c-Jun target genes and inhibition of glycolysis (31). Also,
it has been recently demonstrated that upon K™ deprivation,
CGN exhibit an immediate reduction in mitochondrial respi-
ration, a decrease in ATP turnover which correlates with
decreased calcium concentration (32) and depletion of
NFkB(33). Because cerebellar granule neurons yield a classic
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FIGURE 7. Mfn2 attenuates cytochrome c release following DNA damage and ROS-mediated injury. CGNs were infected as described and treated with
either H,0, (75 um) or camptothecin (10 um). The cells were fixed and stained with cytochrome ¢ and Tom 20 following 24 h of treatment with camptothecin
or hydrogen peroxide. Z stack sections of different fields were taken for each replicate. A, colocalization of Tom 20 and cytochrome ¢ in the control neurons. B,
representative field demonstrating release of cytochrome ¢ from mitochondria following treatment with camptothecin and C, following treatment with
hydrogen peroxide. D, cytochrome C and Tom 20 colocalization in the neurons infected with Mfn2g, .,y following treatment with hydrogen peroxide. E,
percentage of cytochrome ¢ release following camptothecin treatment in CTL, Mfn2, and Mfn2g,.c12v group. F, quantification of cytochrome ¢ release

following treatment with hydrogen peroxide in CTL, Mfn2, and Mfn2,, .oy group.n = 3;* p < 0.05.

model for depolarization-induced apoptosis, we asked whether
mitofusin 2 protects against this mode of cell death. We con-
structed a lentivirus for the Mfn2g, 5,y to transduce CGN.
The media containing 25 mM K* was changed to the media of 5
mm K* following 7 DIV and following 24 h in the low potassium
media, the percentage of cell death was evaluated using the
“Live/dead” assay. The percentage cell death declined from
74.06% in the control group to 49.1% in the Mfn2,,, .., . group.
Following correction for the basal cell death (15% in CTL to
22% in Mfn2, v group) Min2,, <15y counts for a greater
than 50% protection against K* deprivation-mediated apopto-
sis (Fig. 8).

Mfn2 Loss of Function Induces Cell Death in Cerebellar Gran-
ule Neurons—To further support the antiapoptotic role of
mitofusin 2 in primary neuronal culture, we induced Mfn
repression by antisense adenoviral expression, previously
described (14) (Fig. 9). Following 48 h of infection of CGN
{MOI 50), neuronal survival was assessed by live/dead assay.
Our results show that Mfn2-knocked-down neurons exhibit a

AUGUST 17, 2007 -VOLUME 282 +NUMBER 33

significant 33 * 3.0%, cell death, when compared with LacZ
CTL at 9 * 0.9% in the primary neurons even in the absence of
any cell death stimuli.

DISCUSSION

The results of our studies support a number of conclusions:
first we show that mitochondrial fragmentation occurs as an
early event in response to injury in cerebellar granule neurons.
The extent of mitochondrial fragmentation, however, is vari-
able and depends on the mode of neuronal injury and the sever-
ity of the death stimuli. Second, expression of Mfn2 prevents
mitochondrial fragmentation in response to oxidative stress
and DNA damage-induced neuronal death. Third, we show
that in addition to stimulating the fusion machinery, Mfn2 pro-
tects neurons against different modes of neuronal injury
including DNA damage, oxidative stress, and K deprivation-
induced apoptosis. Most importantly, we demonstrate that
while the wild type Mfn2 and the constitutively activated
mutant Mfn2,, ;. function equally to promote fusion and
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FIGURE 8. Transduction of neurons by Mfn2,_ ..,y protects againstK*
deprivation-mediated cell death. CGNs were transduced with
Mfn2g,.q12v CONCcentrated lentivirus at the time of seeding (1.5 MOI). Fol-
lowing 7 days in vitro the media with 25 mm K* was completely switched
to the media containing 5 mm K*, At 24 h, the rate of cell death was
assessed with the live/dead assay. A, CTL at 5 mm K* (top panel) and
MfN2gacq12v at 5 mm K" (lower panel); B, assessment of cell death by live/
dead assay following 24 h of K deprivation. n = 3;*,p < 0.05.
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lengthening of mitochondria, neuronal protection against
acute injury is much more effective in the GTPase hydrolysis-
deficient Mfn2 mutant versus the wild type Mfn2. Furthermore,
mitofusin 2 exerts its protective effect at an early stage
upstream of cytochrome c release. Finally, down-regulation of
mitofusin 2 induces cell death in the absence of any apoptotic
stimuli. Taken together, these findings implicate an anti-apo-
ptotic role for Mfn2 during death models representative of
acute neuronal injury and neuronal development.

Mfn2 has been proposed to function along with its homo-
logue Mfn1 as a direct tethering/fusion component (8, 10), Our
results indicate that the increased activation of mitochondrial
fusion by expression of Mfn2 or Mfn2,_ . could cause a
dramatic increase in the mitochondrial lengths to greater than
30 um. This neuronal response exhibiting a dramatic lengthen-
ing of the mitochondria is unlike that previously found in other
cell types where the ectopic expression of Mfn2 resulted in
mitochondria fusion within a non-motile perinuclear cluster
(18). Neurons may therefore be unique in their ability to
respond to these factors and may express a distinct repertoire of
proteins that regulate mitochondrial fusion relative to other
cell types.

A key question is whether the longer tubular mitochondria
are more supportive of survival than the short fragmented
mitochondria or alternatively; do molecules involved in the
fusion machinery interact with cell death signaling? Previous
studies have demonstrated that inducing fusion by overexpres-
sion of Mfn1 or a dominant negative mutant of Drp1 protects
against nitric oxide-mediated cell death (34). Unlike Mfnl,
which interacts with Opal to induce fusion, Mfn2 has been
associated with apoptotic signaling proteins (16, 18). Interest-
ingly, we show here that expression of both the wild type Mfn2
and the constitutively active mutant, Mfn2g, ..\ had similar
effects on mitochondrial lengthening; however, the hydrolysis-
deficient mutant exhibited a more profound protection against
cell death. These distinct biological responses suggest that the
protection from death may not be
due only to the increased fusion
because both the wild type and
mutant Mfn2 result in similar
increases in mitochondrial length.
Instead, the data suggest that the
nucleotide state of Mfn2 may regu-
late other interactions on the mito-
chondrial membrane that are criti-
cal for the cell death. Our data
supporting an additional role for
Mfn2 beyond the activation of
fusion is consistent with recent
findings that demonstrate interac-
tions with the Bcl family proteins.
First Mfn2 is colocalized in punctate
with Bax and Drpl at sites of future

Mfn2
antisenge

LacZ
FIGURE 9. Mfn2 loss of function induces cell death in the absence of any cell death stimuli. CGN were

infected with an Mfn2-antisense adenovirus at the time of plating at 50 MOL. Foll

was evaluated by live/dead assay. A, live/dead assay to show representative fields of Mfn2-antisense and LacZ
CTL group at 48 h. B, Western blot demonstrating repression of Mfn2. C, a significant 33% increase in celf death

is evident following Mfn2 loss of function compared with CTL (*, p < 0.05,n = 3
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fission and affects mitochondrial
recruitment of Bax or Drpl during
cell death, indicating a spatial rela-
tionship between fusion and fission
). during cell death (13). Second, it was

in2-antisense

owing 48 h, neuronal survival
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shown that cytosolic Bax plays a specific role in the steady state
activity of Mfn2 as a regulator of mitochondrial fusion (16). In
that study, the mitochondria within the Bax/Bak double knock-
out (DKO) cells demonstrated a reduced rate of mitochondrial
fusion. Mfn2 is normally found in a punctate pattern (18); how-
ever, in Bax/Bak DKO cells, the protein circumscribed the outer
membrane (16). The introduction of Bax into the DKOs
resulted in a stable shift of Mfn2 within the outer mitochondrial
membrane into foci, which rescued the rates of fusion. Interest-
ingly, the GTP-bound form of Mfn2 did not respond to Bax/Bak
expression and retained its highly mobile, even distribution
along the outer membrane regardless of Bax/Bak expression
levels (16). Given that this mutant was not affected by Bax/Bak
expression, it is possible that Mfn2y, ;. is also resistant to
Bax/Bak-induced changes on the membrane during apoptotic
stimuli. This resistance of Mfn2, .\ to assemble into Bax-
dependent foci may interfere with the efficient assembly of pro-
apoptotic complexes required for the progression of cell death.
This would at least partially explain the increased protectivity
of the activated mutant to multiple Bax-dependent apoptotic
stimuli that we have observed in primary neurons. Finally,
Mfn?2 can interact directly with Ced9 or BclX1 in HEK293 cells
further suggesting a mechanism for protective cross-talk with
antiapoptotic Bcl family proteins (3). Because Mfn2 protein lev-
els have not yet been shown to be reduced during apoptosis, the
nucleotide state of Mfn2 could be required to mediate cross talk
with the apoptotic machinery. We envision a model whereby
the GTP-bound form of Mfn2 may interact with the Bcl-2 fam-
ily of proteins, remaining circumscribed along the outer mem-
brane, functioning in a protective manner and protect against
cell death. In contrast, the GDP-bound form would be suscep-
tible to modulation by Bax to allow foci formation and assembly
of the death machinery on the outer membrane. Future studies
will be required to determine how this activity is regulated in
the context of the apoptosis signaling cascade.

Finally, there is growing evidence to support the idea that the
machineries that govern mitochondrial fusion are linked to the
metabolic processes within the organelle. For example, Mfn2
has been shown to modulate metabolism through function of
complex 1,1V, and V (14, 15). Consistent with this idea, down-
regulation of fusion proteins (Mfnl and Mfn2) led to frag-
mented mitochondria with reduced oxygen consumption and
electrochemical potential (35). This suggests that mitochon-
drial fusion is likely to be a central player in relating mitochon-
drial dynamics to mitochondrial metabolism, and could also be
a mechanism for modulating cell death during neuronal injury.

In conclusion, we show that mitochondria undergo extensive
fragmentation in acute neuronal injury and that activating the
mitochondrial fusion machinery can protect neurons against
injuryinduced cell death. These results demonstrate the impor-
tance of mitochondrial dynamics in acute injuries such as
trauma and stroke. Demonstrating that the control of the
nucleotide state of Mfn2 can dramatically affect the outcome of
cell death suggests that Mfn2 may serve as an accessible thera-
peutic target for the treatment of these human diseases. Future
work to investigate the factors that control the nucleotide state
of Mfn2 and to delineate the interaction with the apoptotic
machinery should further elucidate these mechanisms.
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Supplemental figure 1. Confirmation of Hoechst data by Live Dead Assay.

Neurons were infected with anZRasG12V or Lac Z adenoviruses and treated with H202 as

described previously. Cell survival was evaluated with Live/Dead assay. (n = 2)



% Cell death

100 4

80 <

60
40 1

20 1

| O LacZ
. @ Mfn2RasG12V

Untreated

H202

Supplemental Figure 1



Appendix 2

Mitochondria: more than just a powerhouse



Current Biology 76, R551-R560, July 25, 2006 ©2006 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2006.06.054

Mitochondria: More Than Just

a Powerhouse

Heidi M. McBride,' Margaret Neuspiel,?
and Sylwia Wasiak?

Pioneering biochemical studies have long forged the
concept that the mitochondria are the ‘energy pow-
erhouse of the cell’. These studies, combined with
the unique evolutionary origin of the mitochondria,
led the way to decades of research focusing on the
organelle as an essential, yet independent, func-
tional component of the cell. Recently, however,
our conceptual view of this isolated organelle has
been profoundly altered with the discovery that mito-
chondria function within an integrated reticulum that
is continually remodeled by both fusion and fission
events. The identification of a number of proteins
that regulate these activities is beginning to provide
mechanistic details of mitochondrial membrane
remodeling. However, the broader question remains
regarding the underlying purpose of mitochondrial
dynamics and the translation of these morphological
transitions into altered functional output. One hy-
pothesis has been that mitochondrial respiration
and metabolism may be spatially and temporally reg-
ulated by the architecture and positioning of the or-
ganelle. Recent evidence supports and expands
this idea by demonstrating that mitochondria are
an integral part of multiple cell signaling cascades.
Interestingly, proteins such as GTPases, kinases
and phosphatases are involved in bi-directional
communication between the mitochondrial reticu-
lum and the rest of the cell. These proteins link mito-
chondrial function and dynamics to the reguilation of
metabolism, cell-cycle control, development, antivi-
ral responses and cell death. In this review we will
highlight the emerging evidence that provides mo-
lecular definition to mitochondria as a central plat-
form in the execution of diverse cellular events.

Introduction

The biochemistry of mitochondria has been the sub-
ject of intense investigation over the past 50 years.
Within these organelles, sugars and long chain fatty
acids are broken down, ADP is recycled back into
ATP, steroids and lipids are synthesized, ancient
DNA is replicated, transcribed and proteins are trans-
lated, along with numerous other reactions that are es-
sential for human life. From a structural perspective,
the mitochondrion is unusual since it contains two
membranes that separate four distinct compartments,
the outer membrane, intermembrane space, inner
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membrane and the matrix. The inner membrane is
highly folded into cristae, which house the megadalton
complexes of the electron transport chain and ATP
synthase that control the basic rates of cellular metab-
olism. For the most part, the biochemistry of this or-
ganelle has been investigated in cell-free, isolated sys-
tems, leading us to imagine the mitochondrion as
a lonely participant in the cell working tirelessly to pro-
vide the energy required for life. In the past 10 years,
this view has changed as newer approaches have al-
lowed the examination of dynamic mitochondrial func-
tion and behavior in response to cellular signals within
intact cells. We now understand that mitochondria
form a functional reticulum whose steady-state mor-
phology is regulated by dynamic fission, fusion and
motility events. Multiple proteins are involved in the re-
modeling of mitochondrial membranes [1]. Mitochon-
drial fusion is mediated through the action of at least
three GTPases. Mitofusin 1 (Mfn1) and Mitofusin 2
{(Mfn2) are integrated within the mitochondrial outer
membrane, with their GTPase and coiled-coil domains
exposed to the cytosol [2]. Mfn1 and Mfn2 exist as ho-
motypic and heterotypic complexes that can form be-
tween adjacent organelles [3,4]. Mechanistically, it has
been suggested that the carboxy-terminal coiled coils
tether two organelles undergoing fusion, with the
GTPase domains probably regulating the fusion reac-
tion (Figure 1) [5-7]. Another dynamin-like GTPase,
Opat, resides in the intermembrane space, where it
is associated with the inner membrane [8-10]. Opat
exists as multiple splice and cleavage variants and
its function in mitochondrial fusion has been linked
genetically to that of Mfn1 (Figure 1) [11,12]. Mitochon-
drial fission relies on yet another GTPase from the
dynamin family, DRP1 [13-15]. By analogy with dyna-
mins, it has been suggested that DRP1 oligomerizes
into ring-like structures around the fission sites, to
constrict the organelle in a GTP-dependent manner.
In fact, DRP1 forms puncta on the mitochondrial mem-
brane, some of which mark future fission sites. The
mechanism of recruitment of DRP1 into active fission
complexes remains unclear, however. Also, other pro-
teins have been demonstrated to function in tandem
with the GTPases described above, and thus have
been directly or indirectly linked to fission and fusion
[1]. These proteins are listed in Table St (see Supple-
mental data published with this article online) and
some of their roles in mitochondrial membrane remod-
eling as well as their wider impact on cellular events
will be discussed below.

The identification and characterization of the protein
machinery that controls mitochondrial membrane dy-
namics constitutes an important step towards a better
understanding of mitochondrial behavior. Mitochon-
dria are an integrated component of the cell and their
actions are undoubtedly linked to cellular activities.
The current focus of research within this field is to
identify precise molecular links between mitochondrial
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function and the machinery that governs morphology.
In addition, recent evidence suggests that bi-direc-
tional signaling exists between mitochondria and other
cellular components. The implication of the GTPase
switch, both regulatory and mechanical, in the gover-
nance of mitochondrial dynamics has recently been
shown to couple mitochondrial function to cellular de-
mand. This integration allows mitochondrial function,
localization and biogenesis to be responsive to
changes in cell metabolism, development, death and
division. These new insights into mitochondrial biology
reveal a more central function for this organelle than
previously appreciated and constitute the focus of
this review.

Regulation of Metabolism

Recent evidence demonstrates that the machinery that
governs mitochondrial dynamics also participates in
the temporal regulation of metabolism (Figure 1).
These findings may not be surprising since the assem-
bly of the mitochondrial cristae and apparent conden-
sation of the matrix space observed by electron mi-
croscopy has been long considered to refiect the
metabolic state of mitochondria [16,17]. In more recent
years, tomographic reconstructions of isolated mito-
chondria revealed a detailed variety of cristae mor-
phologies, from simple tubular structures to large,
flat lamella and vacuolated intercristal spaces [18,19].
The dynamic shift in morphology coincides witha num-
ber of physiological events, such as transitions be-
tween different respiratory states and cristae remodel-
ing during apoptosis [18,20,21]. Consistent with this,
the loss or mutation of some inner membrane proteins
affects cristae morphology and results in reduced

Figure 1. Regulation of mitochondrial me-
tabolism through morphological changes
and signaling. (A) Phosphorylation and
dephosphorylation of metabolic enzymes,
including subunits of the respiratory com-
plexes |-V are modulated by calcium-me-
diated signaling. (B) In the mitochondria!
matrix, phosphorylation and dephosphor-
ylation of pyruvate dehydrogenase (PDH)
are regulated through concerted actions
of PDH kinases (PDK) and phosphatases
(PDP). The activity of PDH is also modu-
lated by a cytosolic signaling cascade
that converges onto GSK-3B, leading to
PDH dephosphorylation and activation,
ultimately promoting metabolic activity.
(C) The fusion GTPase Mfn2 regulates me-
tabolism, electrochemical potential and
expression of the respiratory complexes
through unknown signaling partners. (D)
Membrane fusion facilitates the propaga-
tion of metabolites, such as calcium, reac-
tive oxygen species and mitochondrial
DNA (mtDNA), within the mitochondrial re-
ticulum. The GTPases Mfn1, Mfn2 and
Opal coordinate the reaction of mitochon-
drial membrane fusion. Mfn proteins are
required on both sides of the membrane,
with Mfn1 mediating membrane tethering.
Solid lines indicate protein interactions
and reaction pathways, dotted lines repre-
sent protein and metabolite translocation
events. See text for details and references.

Current Biology

respiration. For example, lack of non-essential sub-
units within the ATP synthase in yeast leads to the
loss of cristae with the inner membrane forming ring
structures within the mitochondria [22-24]. Similarly,
deletion of the intermembrane space GTPase Opal
causes vesiculation of the inner membrane, and loss
of the inner-membrane-anchored Mitofilin leads to
concentric sheets of inner membrane ring structures.
In all these cases, aberrations in cristae morphology
are accompanied by alterations in metabolism [9,25-
27]. Furthermore, cells lacking Opal or Mitofilin are
highly susceptible to apoptotic death, indicating the
importance of maintaining inner membrane morphol-
ogy [9,27]. The details of how these proteins contribute
to the inner membrane architecture are unknown, but
these findings illustrate the fact that cristae do not
form spontaneously and are created by active, regu-
lated processes. A number of other proteins required
for the maintenance of inner membrane morphology
have been identified from genetic screens in yeast
[28-30], and are listed in Table S1.

Recent evidence suggests that mitochondrial fis-
sion and fusion also regulate mitochondrial metabo-
lism. The downregulation of Opal or both Mitofusin
GTPases by RNA interference leads to fragmented
mitochondria with greatly reduced oxygen consump-
tion and electrochemical potential [26]. Although alil
three GTPases are known components of the mito-
chondrial fusion machinery [31], they are not directly
linked to the metabolic machineries. Therefore it is
unclear why the loss of these fusion proteins interferes
with respiration. This effect is specific to the loss of the
fusion proteins rather than the morphological transition
alone since mitochondrial fragmentation induced upon
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the stimulation of fission did not interfere with metabo-
lism [26]. The metabolic dysfunction that characterizes
fusion-incompetent mitochondria may be secondary
to arequirement for exchange of specific cargo, for ex-
ample mitochondrial DNA (mtDNA), calcium, and other
metabolites (Figure 1). Complementation of mtDNA
has been demonstrated to be one important aspect
of mitochondrial fusion, since the nucleoids carrying
the mtDNA are shared within the dynamic reticulum
[32-35]. If a block in fusion results in small mitochon-
dria that either completely lack mtDNA or become
enriched with mutant mtDNA, these mitochondria
would ultimately lose their functional electron trans-
port chain, leading to compromised oxygen consump-
tion. Interestingly, cells lacking Mfn1 and Mfn2 were
maintained only in supplemented media containing
high pyruvate and uridine, conditions that are also
required to maintain rho? cells lacking mtDNA [26]. In
addition to the sharing of cargo, the fusion machinery
may be required either directly or indirectly for the
maintenance of inner membrane cristae dynamics,
which, as mentioned above, regulate mitochondrial
metabolism.

Consistent with the evidence that the loss of the fu-
sion machinery leads to reduced metabolism, it has
been recently demonstrated that overexpression of
Mfn2 in cultured cells leads to an upregulation of the
respiratory complexes, mitochondrial oxidation and
glucose utilization by cells [36,37]. Interestingly, the
expression of a fusion-deficient form of Mfn2 aiso in-
creases the respiratory capacity with accompanying
condensation of the cristae, suggesting that Mfn2
may have a role in metabolic regulation that is distinct
from its role in fusion [37]. In addition, Mfn2 mRNA and
protein expression within skeletal muscle is reduced in
the Zucker rat model of obesity [36,37] and in human
subjects with obesity and diabetes [38], highlighting
the pathological implications of aberrant mitochon-
drial dynamics. Changes in Mfn2 expression are ac-
companied by altered mitochondrial network in vivo
and reduced metabolism in vitro [37].

Experiments investigating the mitochondrial fission
machinery are also consistent with the emerging func-
tional link between the morphology and metabolic
output of mitochondria. Cells exposed to high levels
of glucose contain highly fragmented mitochondria
[39,40] that are hyperpolarized and generate atransient
increase in reactive oxygen species (ROS) production
as a result of the increased respiration. Interestingly,
the fragmentation event requires giucose entry into
the cell, but precedes pyruvate uptake by mitochon-
dria, placing it as an early event [40]. Importantly, the
observed transition in mitochondrial morphology and
increased ROS production return to baseline within
60 minutes, indicating that the process is reversible.
In celis overexpressing Mfn2 or a dominant-interfering
mutant of the mitochondrial DRP1, the mitochondria
remain tubular and do not show any increased respira-
tion, hyperpolarization or ROS production [40]. These
data indicate that mitochondrial fragmentation is re-
quired for the hyperglycemia-induced increase in res-
piration. Interestingly, chronic hyperglycemia, as in the
diabetic condition, results in downregulation of Mfn2in
muscle cells, which is consistent with a more stable

transition of the mitochondria to the fragmented state
[36,38]. Taken together, this accumulating evidence
supports the idea that the machineries that govern mi-
tochondrial fusion and fission are intimately coupled to
the metabolic processes within the organelle.

Mitochondrial Kinases and Phosphatases

in Metabolic Regulation

Given that there are no direct links between the fusion/
fission machineries and the metabolic complexes, the
obvious question that arises is how are these morpho-
logical transitions translated into altered metabolic
output? One possibility is that the morphology ma-
chinery might be integrated into pathways that regu-
late post-translational modifications of the metabolic
complexes. Experiments published almost 40 years
ago demonstrated that phosphorylation of the ma-
trix-localized pyruvate dehydrogenase (PDH) complex
inhibits the conversion of pyruvate to acetyl Co-A, the
first step in the citric acid cycle [41]. PDH kinases 14
were later identified and their expression is now known
to be tightly controlled through transcriptional regula-
tion [42]. For example, they are upregulated during
starvation when they efficiently phosphorylate PDH,
resulting in the inactivation of the enzyme when the
substrate levels are low [43]. Interestingly, a mecha-
nism for a rapid regulation of PDH has been uncovered
that may complement the activity of the PDH kinases.
Insulin stimulation activates protein kinase B/Akt in
a phosphatidylinositol (Pl) 3-kinase-dependent man-
ner [44]. Akt controls a number of metabolic and sur-
vival pathways and was recently found to translocate
into the mitochondrial matrix in response to insulin
stimulation [45]. A known target of activated Akt is gly-
cogen synthase kinase 3p (GSK-38) [46], which, al-
though mainly cytosolic, has also been found within
mitochondria [47]. The non-phosphorylated form of
GSK-3p is an active kinase that, among other sub-
strates, targets PDH, leading to reduced metabolic ac-
tivity [48]. Phosphorylation of GSK-3p by Akt inhibits
its kinase activity, which allows PDH to be dephos-
phorylated and therefore activated, leading to an in-
crease in metabolism. Although these data require fur-
ther substantiation, it represents a mechanism for the
dynamic regulation of metabolic components by ex-
tracellular stimuli.

Very recently the mitochondrial phosphoproteome
was shown to be much more extensive than previously
anticipated and, remarkably, there was a dynamic
change in the phosphorylation state of numerous pro-
teins in response to calcium signaling [49]. The mi-
tochondrial response to calcium flux has long been
considered a central aspect of its morphology and
function, both as a calcium buffer and in the propaga-
tion of intracellular calcium waves during muscle con-
traction and synaptic vesicle release [50-53]. The pro-
teins phosphorylated in response to calcium include
many components of the electron transport chain
and the citric acid cycle [49], indicating that multiple
mitochondrial kinases and phosphatases regulate mi-
tochondrial function in a dynamic manner (Table S1).
The recent identification of a novel phosphatase,
termed PTPMT1, as a permanent resident of the mito-
chondrial matrix compartment provides insights into
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this exciting new area of research [54]. The loss of
PTPMT1 by RNA interference leads to an almost two-
fold increase in ATP production and increases the ki-
netics of insulin release both at steady state and
upon glucose stimulation [54]. Although substrates of
this phosphatase within the matrix have not yet been
identified, components of the electron transport chain
and ATP synthase are obvious candidates. Many cyto-
solic kinases have been found to associate specifically
with the mitochondrial surface under different condi-
tions [55]. These kinases include members of the Src
family, whose mitochondrial localization has also
been shown to affect oxidative metabolism and cell
signaling [56-58]. Two new mitochondrial kinases
have also been recently identified, the intermembrane
space PTEN-induced kinase 1 (PINK1) [59,60], and
the peripherally associated leucine rich repeat kinase
2 (LRRK2) [61,62]. The substrates and function of
PINK1 and LRRK2 are currently unknown; however,
both proteins are affected in Parkinson’s disease, high-
lighting the importance of mitochondrial phosphoryla-
tion in human pathophysiology. In addition, PINK1 was
recently found to interact genetically with a third Par-
kinson’s disease gene, Parkin [63,64], which encodes
a cytosolic ubiquitin E3 ligase that has been found in
the mitochondrial matrix of dividing cells [65]. Future
experiments will confirm whether the machinery that
regulates mitochondrial morphology is functionally
linked to metabolic regulation through post-transla-
tional modifications such as phosphorylation.

Mitochondria and the Cell Cycle

It is understood that functional mitochondria are re-
quired for all cell processes due to common energetic
requirements. Recent data expand on this require-
ment, however, and piace the emphasis on this organ-
elle as a relevant signaling platform for cell-cycle pro-
gression. For example, two important studies have
recently defined the molecular basis for the previously
observed cell-cycle arrest under conditions of low en-
ergy. AMPK is a heterotrimeric kinase that is activated
in high AMP conditions, making it a sensor of the
AMP:ATP ratio [66]. Upon activation of AMPK, a phos-
phorylation cascade is initiated that alters both con-
sumption and production of ATP. Recently, activated
AMPK was shown to phosphorylate Ser15 of p53
[67], a modification that is known to protect the protein
from degradation and promote cell-cycle arrest during
DNA damage and aberrant growth factor signaling [68].
Upon deletion of p53, nutrient deprivation results in
continued cellular proliferation, with an eventual loss
in cell viability, confirming the essential requirement
for p53 in nutrient-dependent cell-cycle arrest [67].
This discovery has led to a more precise mechanistic
understanding of how low glucose and ATP leads to
cell-cycle arrest and promotes cell survival [67]. In a
series of experiments expanding on this theme in
Drosophila, it was demonstrated that defects in the
cytochrome oxidase subunit Va (CoVa) induced a
cell-cycle arrest in the developing eye [69]. Surpris-
ingly, the reduction in ATP production observed in
the CoVva mutant was not sufficient to arrest cell growth
or interfere with the differentiation program, since cells
within the eye showed many hallmark features of

differentiated neurons, rod and cone cells. Consistent
with the work of Jones et al. [67], the block in cell divi-
sion was due to the activation of AMPK and sub-
sequent phosphorylation of p53, leading to the loss
of cyclin E and cell-cycle arrest at the G1 to S phase
transition. Interestingly, the Drosophila study proved
that the secondary loss of either AMPK or p53 along
with CoVa rescued progression from G1 to S phase,
despite lower ATP production [69]. Together, these
data define a novel low-energy cell-cycle checkpoint
that monitors the metabolic activity of the mito-
chondria before committing to another round of cell
division.

In addition to the metabolic control of cell-cycle
transition, efforts have been made to identify celi-
cycle-dependent mechanisms that regulate mitochon-
drial inheritance during mitosis. In the yeast Candida
albicans, it has been observed that the mitochondria
fragment upon entrance into M phase [70]. Genetic
screens were then developed to identify factors re-
quired for these morphological transitions in Saccha-
romyces cerevisiae. These screens examined mito-
chondrial morphology and positioning, and were the
first to uncover many genes responsible for mitochon-
drial fission and fusion, as well as those implicated in
the targeted migration of mitochondria into the bud
[28,31,71-75]. However, even with this new list of es-
sential proteins, it remains unclear how the machinery
that mediates movement and division is modulated
during the cell cycle. In addition to changes during mi-
tosis, yeast mitochondria form a highly fused reticulum
that is tightly associated with the nucleus during meio-
sis [76]. In the late tetrad state, just prior to sporulation,
the mitochondria are again highly fragmented, a pro-
cess that is required for the formation of viable spores
[77]. In addition, one of the yeast proteins required for
mitochondrial fusion, Fuzzy Onion (Fzo1p) is actively
degraded by a proteasome-dependent process during
mating, in response to G-protein-coupled receptor
signaling initiated by the yeast «-mating factor [78].
Together, these data show that the machinery that
governs mitochondrial morphology is intimately linked
with the signaling cascades that initiate cell-cycle and
mating transitions. In the mammalian system, overex-
pression of Mfn2, in addition to stimulating mitochon-
drial fusion, induces a cell-cycle arrest at the G1 to S
transition [79]. An examination of the upstream signals
affected by the expression of Mfn2 reveals that, upon
addition of epidermal growth factor, the Ras GTPase
is not activated and the ERK phosphorylation cascade
is not engaged. The inhibition of proliferation and lack
of ERK activation occurs even following expression
of a form of Mfn2 that is not targeted to the mito-
chondria, arguing for a specific signaling role of Mfn2
in cell-cycle arrest [79]. These data suggest that
Mfn2is able to interfere with very early signaling events
following receptor-ligand binding. It is unclear why
this GTPase would have any effect on signaling pro-
teins like Ras, but it is interesting to note that Ras
and some of the downstream signaling effectors in
this pathway, including ERK1/2, have been localized
to the mitochondria (Tabie S1). Further studies are
required to provide more conclusive insights into
these mechanisms.
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Mitochondria and Signaling

Unexpected Guests: K-Ras, p53 and NF-xB
Signaling on the Mitochondria

Perhaps the best known example of the integration of
mitochondria within an established signaling pathway
is their central function within the apoptotic cascade.
Morphologically, it has been determined that mito-
chondrial fragmentation and cristae remodeling are
essential steps for cytochrome c release and cell death
[80,81]. The field of apoptosis has been witness to
a growing list of proteins that translocate to the mito-
chondria in a highly synchronized fashion, in addition
to those that are systematically released from mito-
chondria in the dramatic cascade of events required
to neatly package a dead cell. Interestingly, one of
the key signal transduction GTPases, K-Ras, is a new
addition to the list of proteins that translocate to the
mitochondria and induce cell death [82]. K-Ras is pri-
marily localized to the plasma membrane; however,
upon phosphorylation by proteinkinase C, a conforma-
tional change results in its extraction from the plasma
membrane and rapid recruitment to the mitochondria
[82]. Once positioned there, K-Ras interacts with Bcl-
XL to promote activation-induced apoptosis of T cells
[82]. The pro-death effects of mitochondrial-associ-
ated K-Ras are not completely understood, although
its interactions with anti-apoptotic proteins like Bcl-
XL and Bcl-2 may resultin their sequestration and inac-
tivation. Interestingly, this is not the first report of the
recruitment of Ras family proteins to the mitochondria
[83] and is consistent with the growing list of signaling
adaptors and enzymes that can be found in mitochon-
drial fractions either biochemically or by fluorescence
microscopy (Table S1). Given that K-Ras is known to
partition selectively into lipid-based microdomains
[84,85], itis possible that it could bring associated pro-
teins, like Bcl-XL, into a novel type of mitochondrial
platform that would change their functional activity. It
is also conceivable that there are mitochondrial
K-Ras exchange factors, GTPase activating proteins
and effectors that may control the nucleotide state
and function of Ras during its mitochondrial residence.
In addition to K-Ras, the nuclear transcription factor
p53 was found to translocate to the mitochondria dur-
ing cell death and to interact directly with the anti-apo-
ptotic proteins Bcl-2 and Bcl-XL [86]. Unlike K-Ras,
mitochondrial p53 has also been shown to participate
in the cytosolic activation of Bax, oligomerization of
Bax and Bak and subsequent cytochrome c release
[87]. The dynamic translocation of K-Ras and p53
to the mitochondria highlight the dual functionality of
signaling proteins and their role in mitochondrial
biology.

In the field of immunology, four independent groups
recently identified a new mammalian protein called
MAVS (mitochondrial anti-viral signaling protein).
MAVS is an integral outer membrane protein that plays
a central role in the signal transduction cascades that
lead to the NF-kB stress response and type 1 inter-
feron response [88-91]. MAVS functions as an adaptor
between the viral-dsRNA-binding protein RIG-1 [92]
and the effectors TRAF2 and TRAF6, which are re-
quired for the activation of NF-«xB [88). The NF-«xB
and interferon responses are critical for the cellular

production of cytokines that alert the body to a viral in-
fection. Interestingly, upon binding to TRAF2 and
TRAF6, MAVS enters into a detergent resistant micro-
domain on the mitochondria, which regulates the effi-
cacy of the downstream signaling cascades [88]. In
an interesting twist, a protease encoded by the hepa-
titis C virus was shown to cleave MAVS, releasing it
from the mitochondrial membrane and interfering
with the host cell viral response [91]. Unexpectedly,
these data place the mitochondriain the center of a sig-
nal transduction cascade that seemingly has no partic-
ular requirement for increased ATP consumption.
Mitochondria as a Signaling Platform
One explanation for the utilization of the mitochondrial
surface in the propagation of signaling cascades is the
possibility that the mitochondrion provides a unique
membrane environment for the assembly of dynamic
complexes (Figure 2). The lateral movement of MAVS
into a detergent-resistant microdomain is consistent
with this notion. Given that the lipid composition of
the mitochondria is distinct from those found on the
plasma membrane, the nature of the microdomain
must be unique. High levels of cardiolipin in the inner
membrane, for example, clearly distinguish this bilayer
from all others. The lipid ceramide has been shown to
form microdomains that can lead to channel formation
during apoptosis [93,94], and the ganglioside GD3,
which is derived from ceramide, has also been shown
to translocate to mitochondrial microdomains during
cell death [95,96]. Interestingly, GD3 has been shown
to interfere with the activation of NF-xB through un-
known mechanisms [97]. It is possible that GD3 inser-
tion in the mitochondrial outer membrane interferes
with the translocation of MAVS into a functional raft,
thereby inhibiting the NF-kB survival response.
Functional microdomains may also form on the
mitochondria through the lateral recruitment and am-
plification of phosphatidylinositol phosphates (PIPs),
activated Rab GTPases, and/or protein scaffolds. Al-
though the identity of specific species of PIPs on the
mitochondria has not been clearly demonstrated, mi-
tochondria do contain enzymes that modulate the for-
mation of PIPs. There are at least two mitochondrial Pl
(5) phosphatases — synaptojanin 2A [98] and Inpp5B
[99] — and interference with synaptojanin 2A recruit-
ment has been shown to affect mitochondrial morphol-
ogy [98]. Rab GTPases are known to recruit a variety
of effectors, including P! kinases, phosphatases, and
regulators of motility, docking and fusion [100-102].
The recruitment of these effectors contributes to the
formation of functional microdomains on almost all
types of intracellular membrane. Two Rab GTPases
have been linked to mitochondrial function. In mam-
mals, Rab32 is recruited to the outer membrane, where
it binds protein kinase A in order to modulate mito-
chondrial morphology through as yet unknown mech-
anisms [103]. The yeast Rab GTPase Ypt11p binds to
the myosin V actin motor Myo2p, and both Yptiip
and Myo2p are required to tether mitochondria within
the growing bud during cell division [104]. Aithough
our understanding of the role of Rab GTPases in mito-
chondrial function remains limited, it is likely that they
contribute to the formation of functional surface micro-
domains and mitochondrial activity (Figure 2).
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Figure 2. Assembly of lipid and protein
microdomains on mitochondrial mem-
branes. (A) Once activated by binding to
viral dsRNA, the RIG-1 adaptor protein
promotes incorporation of MAVS into de-
tergent-resistent domains on mitochon-
drial membranes. From these raft-like do-
mains, MAVS, together with TRAF2 and
TRAF6, coordinates signals leading to
NF-kB and IFN«/B activation. (B) P! phos-
phatases synaptojanin 2a and Innp5b and
unknown PIP kinases potentially deter-
mine the composition of PIPs on mito-
chondrial membranes. The recruitment of
these enzymes may be mediated through
the action of regulatory enzymes like
Rab32. The resulting enrichment in spe-
cific phosphorylated lipid species would
act as a binding platform for dynamic pro-
tein complex assembly. (C) Oligomeric
proteins like DRP1 localize to punctate
foci on the mitochondrial surface. In yeast
actin remodeling on mitochondrial mem-
branes is performed by the Arp2/3 com-
plex, and in the mammalian system actin
promotes stable DRP1 association with
mitochondrial membranes during stimu-

NF-xB
IFNo/@

Current Biology

lated fission. The hypothetical participation of underlying PIP domains in the assembly of DRP1 and actin polymerization is indicated
by an arrow. Solid lines indicate protein interactions and reaction pathways, dotted lines represent protein and metabolite translocation

events. See text for details and references.

Actin polymerization on the surface of intracellular
membranes is also known to provide a stable platform
for the assembly of protein complexes [105]. In yeast,
the actin-nucleating complex Arp2/3 is recruited to
punctate spots on the mitochondrial surface where it
mediates anterograde mitochondrial motility along ac-
tin cables [106-108]. In mammals, the increased stabi-
lization of DRP1 on mitochondria upon stimulation of
fission is also regulated in part by actin polymerization
[109]. Together, this indicates that actin patches, in
combination with both lipid raft and PIP-rich domains,
may modulate the assembly of diverse functional com-
plexes on the mitochondrial surface.

Mitochondria and Development

The mitochondrial network displays remarkable plas-
ticity during development of certain tissues. For exam-
ple, electron microscopy studies have revealed a tran-
sition from elliptical and rod-like mitochondria in
embryonic rat myocardiocytes and skeletal muscle
cells to aninterconnected reticulumin the cardiac mus-
cle and diaphragm of adult animals [110-113]. This
morphological transition possibly reflects timed induc-
tion of mitochondrial fusion. Supporting this idea, ex-
pression levels of Mfn2 increase during differentiation
of myoblasts [36] and spermatocytes [114], correlating
with the extensive mitochondrial remodeling observed
in these cells.

The loss of either Mfn1 or Mfn2 is embryonic lethal,
highlighting the importance of mitochondrial dynamics
during development [3]. Interestingly, the Mfn2 nuil em-
bryos appear relatively normal, but are resorbed by
embryonic day 11.5 due to unsuccessful placental im-
plantation. Conversely, Mfn1 null embryos, although
developmentally delayed and resorbed by embryonic
day 12.5, display normal implantation, suggesting that
the placental malfunction observed in Min2 null mice

is not directly related to a lack of mitochondrial fusion
[3]. This is consistent with the emerging evidence
that, in addition to its requirement for mitochondrial fu-
sion, Mfn2 has additional roles both in protection from
cell death [7,115,116] and in the regulation of metabo-
lism [26,36,38]. In contrast, the data so far indicate that
Mfn1 functions primarily as a core essential compo-
nent of the fusion machinery. It has been shown that
the heptad repeats of Mfn1 tether mitochondria to-
gether [4,5] and that Mfn1, but not Mfn2, participates
with Opa1 in the fusion process [11]. In addition, the nu-
cleotide-binding properties of Mfn1 and Mfn2 appear
to be quite distinct, suggesting unique functional prop-
erties [5]. Mfn1 binds to nucleotide with low affinity and
shows high rates of hydrolysis for GTP, consistent with
its evolutionary relationship to the dynamin family of
GTPases [5]. Although Mfn1 and Mfn2 have 60% se-
quence identity, Mfn2 binds nucleotides with high af-
finity and exhibits slow intrinsic hydrolysis rates remi-
niscent of the Rab family of regulatory GTPases [5,7].
Collectively, these findings strongly indicate that
Mfn1 and Mfn2 are functionally distinct GTPases that
are both essential for mitochondrial fusion and embry-
onic development.

Mitochondrial Responses in Neuronal Function

The genetic and cell biology systems used by neurobi-
ologists have provided important new insights into the
functional requirement and spatial positioning of mito-
chondria in polarized neurons both during develop-
ment and within the adult. For example, recent exper-
iments showed that local administration of nerve
growth factor (NGF) to an axon of a primary neuron in
culture increases mitochondrial movement into the
stimulated region and triggers the arrest of antero-
grade-directed mitochondria. This arrest results in
the accumulation of mitochondria within the vicinity
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of the activated NGF receptor TrkA and is dependent
upon activation of Pl 3-kinase and actin polymerization
[117]. These data imply that a signal transduction cas-
cade downstream from TrkA results in the modulation
of mitochondrial motility in active growth cones of de-
veloping neurons [117]. Interestingly, the actin-remod-
elling GTPase RhoA and its formin effector mDia1 play
arole in the regulated arrest of mitochondrial motility in
mammalian cells and in a Drosophila neuronal cell line
[118], providing molecular cues responsible for actin-
mediated modifications of mitochondrial movement.

Mitochondria are highly responsive to synaptic stim-
ulation. In hippocampal neurons, dendritic mitochon-
dria rapidly fragment and cluster in the proximity of
dendritic spines in response to neuronal activity
[119]. Activity also decreases mitochondrial motility,
arguing for the existence of specific signals regulating
mitochondrial behavior. Interestingly, overexpression
of DRP1 results in an increased number of mitochon-
dria within the dendrite, as well as an increased density
of dendritic spines and synapses [119]. Conversely,
expression of a dominant-negative DRP1 mutant re-
sults in fused mitochondria that remain primarily within
the soma, resulting in very few mitochondria migrating
into the dendrite [119]. Depletion of dendritic mito-
chondria upon expression of the mutant DRP1 has
an adverse effect on spine development, suggesting
that mitochondrial function is required and limiting
for the formation and maintenance of synapses.

In the adult neuron, mitochondria are enriched at the
synapse, which is commonly explained by the impor-
tant functional role of mitochondria in buffering cal-
cium fluxes during synaptic transmission and provid-
ing energy for synaptic vesicle release and recycling.
However, experiments desighed to remove mitochon-
dria selectively from the synapse suggest that many of
these assumptions are overly simplistic. Mutations in
DRP1 in Drosophila are semilethal, with the survivors
suffering neurodegeneration and lack of coordination
(termed the Fratboy mutant) [120]. The mitochondria
within mutant neurons are clustered and fused within
the soma, with few migrating into synapses. Interest-
ingly, although the resting cytosolic calcium within
these synapses is increased, neurotransmitter release
remains normal upon calcium stimulation. In addition,
synaptic vesicle endocytosis proceeds normally, indi-
cating that, even in mitochondria-depleted terminalis,
there is sufficient energy to drive this process. Intrigu-
ingly, prolonged stimulation reveals defective migra-
tion of the reserve pool of synaptic vesicles to the
membrane [120]. This phenotype is due to a specific
requirement for mitochondrial ATP in the activation
of myosin motors required to mobilize the reserve
pool of vesicles to the plasma membrane. Since the
role of mitochondria in calcium buffering and local en-
ergy production has been well established, it is quite
surprising that these neurons are so functional in the
absence of mitochondria.

Mutations in Drosophila Miro1, an integral outer
membrane protein with two Rho-like GTPase domains
and calcium-binding EF hand motifs result in a loss of
anterograde mitochondrial delivery into the axon [121].
Flies lacking dMiro1 die at the larval stage due to nu-
merous defects, and the mitochondrial distribution in

muscles and neurons is limited to the cell body. Similar
to the DRP1 mutants, both basal and fast calcium-
stimulated neurotransmission are relatively normal,
with functional defects observed mainly upon chronic
stimulation. At the neuromuscular junction, the presyn-
aptic boutons in the dMiro mutants are more abundant,
smaller, structurally deformed and positioned close
together. The increase in synaptic boutons in the
absence of mitochondria is unexpected and also in
contrast with the observed decrease in dendritic
spines observed in mitochondria-depleted neurons
expressing mutant DRP1 [119]. In general, the seem-
ingly complex involvement of mitochondria in develop-
mental processes suggests that the positioning of the
mitochondria may be selectively required for the prop-
agation of developmental signaling cascades. Future
experiments will certainly shed more light on these ex-
citing new aspects of mitochondrial function.

Conclusions and Perspectives

This review has focused on the idea that the mitochon-
dria are intimately embedded in the signaling cascades
and programs that operate within the cell. Evidence is
emerging that these links include functions that extend
beyond the primary role of mitochondria as ATP gener-
ators. We have supplied examples to illustrate mecha-
nisms by which the mitochondria can receive cellular
signals and propagate a targeted response. These ex-
amples include intuitive responses, such as altering
the position of mitochondria within the cell in order to
provide a local ATP supply, but also more surprising
responses, such as the control of cell cycle and the dy-
namic modulation of respiratory capacity. In many
cases, we have suggested that the interface between
the cellular signal and mitochondrial response hinges
upon the activity of a new cast of proteins that mod-
ulates mitochondrial morphology and movement.
Some of these proteins appear to be unique mitochon-
drial proteins and enzymes, and others derive from the
more familiar families of proteins, such as GTPases,
lipid-modifying enzymes, kinases and phosphatases
(Table S1).

By delving into the complex interconnected nature
of mitochondria and cellular physiology, we will con-
tribute to the development of intelligent treatment
strategies for diseases characterized by mitochondrial
dysfunction. Many of these diseases resuit from muta-
tions in proteins that modulate mitochondrial behavior.
Mutations in Mfn2 result in the disease Charcot-Marie
Tooth Type 2A, characterized by a loss of peripheral
motor neurons [122], and mutations in Opal (and re-
cently also Mfn2) are responsible for autosomal domi-
nant optic atrophy, causing progressive blindness
[8,123]. Similarly, understanding the links to cell cycle
and apoptosis will provide new concepts in the treat-
ment of cancer, and the emerging understanding of
the kinases and phosphatases involved in Parkinson’s
disease will shed new light on neurodegenerative con-
ditions. In addition to the monogenic mitochondrial
diseases, a better understanding of dynamic meta-
bolic regulation will help to control diabetes, obesity,
and complex mitochondrial myopathies. The funda-
mental insights to be gained through the investigation
of dynamic mitochondrial function and the integration
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of this organelle in cell signaling pathways will have
far-reaching implications in many areas of biology.

Supplemental data

A supplemental table listing the proteins that modulate
mitochondrial morphology and signaling is available at http://
www.current-biology.com/cgi/content/fulil/16/14/R551/DC1/.
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The mitochondrial protein apoptosis-inducing factor (AIF)
translocates to the nucleus and induces apoptosis. Recent
studies, however, have indicated the importance of AIF for
survival in mitochondria. In the absence of a means to
dissociate these two functions, the precise roles of AIF
remain unclear. Here, we dissociate these dual roles using
mitochondrially anchored AIF that cannot be released
during apoptosis. Forebrain-specific AIF null (tel. Aif*)
mice have defective cortical development and reduced neu-
ronal survival due to defects in mitochondrial respiration.
Mitochondria in AIF deficient neurons are fragmented with
aberrant cristae, indicating a novel role of AIF in controlling
mitochondrial structure. While tel. Aif* Apaf!™'~ neurons
remain sensitive to DNA damage, mitochondrially anchored
ATF expression in these cells significantly enhanced survival.
ATF mutants that cannot translocate into nucleus failed to
induce cell death. These results indicate that the proapopto-
tic role of AIF can be uncoupled from its physiological
function. Cell death induced by AIF is through its proapop-
totic activity once it is translocated to the nucleus, not due to
the loss of AIF froin the mitochondria.
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Introduction

Mitochondria are the central relaying stations for apoptotic
signals. After the induction of apoptosis, cytochrome c¢ is
released from the mitochondria that interacts with Apafl and
procaspase 9, which in turn activates the caspase cascade
(reviewed in Yuan et al, 2003; Danial and Korsmeyer, 2004).
Apart from the caspase-dependent pathway, mitochondrial
factors also initiate a caspase-independent apoptotic signal-
ing cascade (reviewed in Cregan et al, 2004; Hong et al,
2004). This pathway is initiated by the release of the mito-
chondrial protein, apoptosis-inducing factor (AIF), which
translocates to the nucleus and induces DNA fragmentation
through interactions with factors including EndoG in
Caenorhabditis elegans, CypA in mice, and others such as
FEN-1 (Susin et al, 1999; Daugas et al, 2000; Wang et al,
2002; Parrish and Xue, 2003; Cande et al, 2004). The signi-
ficance of these interactions, however, are not yet clear, as
EndoG and CypA null animals have no apparent defect in
apoptosis (Colgan et al, 2000; Irvine et al, 2005).

The role of AIF in neuronal cell death was first suggested
from the observation that AIF translocates to nucleus after
the induction of various types of acute neuronal injury
in vitro and in vivo (Zhang et al, 2002; Cao et al, 2003;
Plesnila et al, 2004; Wang et al, 2004). Mitochondrial release
of AIF has been shown to depend on PARP activity (Yu et al,
2002; Wang et al, 2004). We have previously demonstrated
that AIF translocation following neuronal injury is caspase
independent (Cregan et al, 2002; Cheung et al, 2005). Using
Apafl™~ neurons, we have shown that AIF is translocated
to the nucleus on induction of apoptosis, and this can be
inhibited by microinjecting AIF neutralizing antibodies
(Cregan et al, 2002). Depending on the cell type and death
stimulus, the release of AIF may also be caspase dependent,
as studies using C. elegans with BH-3 only protein EGL-1
(Wang et al, 2002), HeLa cells with staurosporine (Arnoult
et al, 2003), and rat cortical neurons (Lang-Rollin et al, 2003)
have previously shown. We have used Harlequin (Hq) mice,
which exhibit only 20% AIF expression (Klein et al, 2002),
to directly investigate the role of AIF in various models
of neuronal cell death. Using Hg/Apafl™/~ double mutant
mice we have shown that reduced levels of AIF, along with
inactivation of caspase activity, can sustain neuronal survival
after DNA damage and excitotoxic induced cell death. These
results revealed that AIF is involved in both Bax dependent
and Bax independent mechanisms of cell death (Cheung et al,
2005). In mammalian systems, therefore, AIF is a key death
inducer that functions in multiple mechanisms of neuronal
cell death; thus understanding its mechanism of action is
crucial.

Apart from the apoptotic role of AIF, studies with AIF
depleted cells have indicated that AIF also has a physiological
role in the mitochondria. Studies using Hg mice, which
exhibit cerebellar degeneration and increased sensitivity to
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oxidative stress (Klein et al, 2002), suggesting that AIF acts as
an oxidative radical scavenger in the mitochondria (Lipton
and Bossy-Wetzel, 2002). A recent study, however, revealed
that AIF depleted cells (Aif~ ES and Hg cells) have defec-
tive oxidative phosphorylation and reduced expression of
Complex I and IIT in the electron transport chain of the
mitochondria. AIF, however, was not found to be associated
with either Complex I or III (Vahsen et al, 2004); therefore,
the mechanism by which AIF stabilizes complex I remains
unknown.

Since AIF has dual roles, dissociating its functions in each
of these cellular events has been difficult. For example,
it remains unknown whether cell death is triggered by the
loss of AIF from mitochondria. This would argue that AIF’s
proapoptotic role is not essential to the induction of apopto-
sis. Here, we resolve this controversy by dissociating the
physiological role and the apoptotic role of AIF. To this end,
we have constructed a mitochondrial inner membrane an-
chored form of AIF (anchored AIF) that cannot be released
from the mitochondria during apoptosis and thus maintains
its physiological role. These constructs were then introduced
in AIF deficient neurons from a telencephalon specific con-
ditional mutant of AIF. Here, we show that: (a) AIF plays an
important role in neuronal survival by maintaining mitochon-
drial structure; and (b) AIF has a major role in proapoptotic
signaling following nuclear translocation. Expression of
anchored AIF in cells with endogenous AIF can offer protec-
tion only during the initial stages of apoptosis by maintaining
the pool of AIF in mitochondria. At longer time points,
however, the cells still succumb to death even when AIF is
present in the mitochondria. This demonstrates that recon-
stitution of mitochondrial AIF is not sufficient to rescue cell
death and that AIF plays an active role in proapoptotic
signaling in the nucleus. In conclusion, we dissociated the
dual functions of AIF and directly demonstrate the impor-
tance of the proapoptotic role of AIF, apart from its novel role
in maintaining mitochondrial structure.

Results

Generation of telencephalon conditional Aif? mice

AIF null embryos die around embryonic day (E) 12, and
muscle-specific loss of AIF leads to mitochondrial dysfunc-
tion, skeletal muscle atrophy and dilated cardiomyopathy
(Joza et al, 2005). To study the function of AIF in neurons,
we generated telencephalon-specific AIF mutant mice (tel.
Aif*) by crossing Aif"°*"°* mice with mice carrying Cre
driven by the promoter Foxgl. Cre mediated excision of the
floxed allele occurs in neuronal precursors of the telencepha-
lon at E9 (Hebert and McConnell, 2000), resulting in deletion
of the targeted gene in all cortical neurons. Deletion of the
floxed AIF allele was assessed by PCR and Western blot
analysis. In the absence of Cre, the floxed allele was present
(Figure 1A, lanes 1 and 2). Cre expression resulted in deletion
of AIF (Figure 1A, lane 4). Western blot analysis confirmed
the absence of AIF only in the mutant telencephalon
(Figure 1B).

AIF is required for neuronal survival during cortical
development

We next examined the telencephalon of the conditional
mutants to investigate the role of AIF in cortical development.
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Tel. Aif® conditional mutants die by E17 (data not shown).
The tel. Aif* mice exhibited reduced cortical thickness
at E15.5 compared to control littermates (Figure 1C). This
reduction of thickness occurs mostly at the cortical plate (CP)
and intermediate zone (IZ), and to a lesser extent at the
subventricular zone (SVZ) (Figure 1C). To address whether
this reduction in size is due to increased apoptosis or reduced
numbers of progenitor cells, active caspase 3 and phospho-
histone H3 (PH3) staining were used to assess cell death and
progenitor proliferation, respectively (Ferguson et al, 2002).
Active caspase 3 staining revealed a marked increase in
cell death in the tel. Aif® in regions of postmitotic cells
(Figure 1D), whereas PH3 staining indicated similar numbers
of proliferating progenitor cells along the ventricles in both
the conditional mutants and their control littermates
(Figure 1E). These data indicate that AIF is essential for
survival of maturing neurons during cortical development,
but AIF expression is dispensable for the proliferation of
neuronal progenitors.

To assess whether cell death due to AIF depletion was
cell autonomous, primary neuronal cultures were examined.
After 2 days of culture, primary neuronal cells from E14.5
tel. Aif* cortices exhibited increased cell death relative to
neuronal cells from wild-type controls (Figure 2A). Consis-
tent with previous reports on Aif /¥ ES cells (Vahsen et al,
2004), we found that expression of respiratory chain complex
I was abrogated in mutant neurons compared to control
neurons (Figure 2E). Importantly, the reduced viability of
tel. Aif* neurons can be rescued when cells were cultured in
media enriched with pyruvate, uridine, and additional glu-
cose (PU media) to bypass defects in mitochondrial respira-
tion (Figure 2A). These supplements were used previously to
culture cells lacking cytochrome c (Li et al, 2000) or mtDNA
(King and Attardi, 1989), which exhibit defective mito-
chondrial respiration. These results show that AIF is required
for neuronal cell survival and normal mitochondrial respira-
tion in neurons.

Construction of AIF anchored to the inner membrane
of the mitochondria

During apoptosis, AIF is released from mitochondria and
translocates to the nucleus, inducing chromatin condensation
and degradation. Since AIF depletion causes. early lethality
in neurons, the dual roles of AIF in mediating apoptosis
and cellular homeostasis are difficult to resolve. In order to
dissect the potential role of AIF in apoptosis from its role in
mitochondria, we reconstituted AIF deficient neurons with
mitochondrially anchored AIF constructs such that AIF was
permanently tethered to the inner mitochondrial membrane.
To this end, we exchanged the mitochondrial localization
sequence (MLS) of AIF with the MLS of two proteins
(p-lactate dehydrogenase (Rojo et al, 1998; Flick and
Konieczny, 2002) for D-AIF, and a modified form of pOSA-
14114 for N-AIF (Steenaart and Shore, 1997)) that are
anchored to the outer leaflet of the inner membrane of
mitochondria (Supplementary Figure 1A). Quantification of
GFP fluorescence and Western blot analysis of infected cells
revealed similar expression of these constructs, comparable
to endogenous level (Supplementary Figure 1B and C).
Western analysis of digitonin gradient treatment on isolated
mitochondria with anchored AIF mutant, as well as immuno-
cytochemical analysis on digitonin treated neurons with
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(D) Active caspase 3 1mmunohlstochem1stry of control and tel. Aif® coronal forebrain sections at E15.5. n=3. (E) PH3 immunohistochemistry
of control and tel. Azf coronal forebrain sections at E15.5. n=3. *P<0.05 compared to wildtype.

anchored AIF mutant, showed that the anchored AIF mutant
is located in the intermembrane space, similar to wild-type
AIF (Supplementary Figure 1D and E). These results indicate
that the anchored AIF constructs maintained the normal
orientation of AIF in the mitochondria. GFP fluorescence
from these anchored AIF constructs showed that both
D-AIF and N-AIF were localized in mitochondria. Impor-
tantly, in contrast to wild-type AIF, both D-AIF and
N-AIF remained associated with mitochondria after an apop-
totic insult at all time points, as shown by immunocyto-
chemistry and subcellular fractionation followed by Western
blot analysis (Figure 2B and C). Expression of respiratory
chain complex I (Figure 2E) was restored in AIF deficient

©2006 European Molecular Biology Organization

neurons expressing mitochondrially anchored AIF, indicating
that these constructs are functional. We next assessed survi-
val of tel. Aif* neurons expressing mitochondrially anchored
AIF. After 2 days under normal nonenriched culture condi-
tions, tel. Aif® neurons with either one of the anchored AIF
constructs maintained the same level of cell survival as
wild-type neurons, which was not rescued by GFP control
vector (Figure 2D). ATP production and oxygen consumption
were also restored in AIF deficient neurons expressing
the anchored AIF constructs compared to GFP control vector
(Figure 2F and G). These experiments demonstrate that
expression of mitochondrially anchored AIF rescues the cell
death of tel. Aif* neurons.
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AIF is required for maintaining mitochondrial
morphology and cristae structure

We next asked whether there was perturbation of mitochon-
drial morphology in tel. Aif* neurons. The mitochondrial
membrane potential sensitive dye TMRE was used to visua-
lize mitochondria in cells cultured in enriched media. Wild-
type neurons have elongated and tubular mitochondria that
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often spread along neurites (Figure 3A). In contrast, tel, Aif*
neurons exhibited short and fragmented mitochondria that
are often perinuclear (Figure 3A). Few mitochondria were
observed in the neurites of tel. Aif* neurons. Mitochondrial
membrane potential of tel. Aif2 neurons was hyperpolarized
relative to wild-type cells (Supplementary Figure 2A), which
can be dissipated using FCCP, the mitochondrial potential
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uncoupler (Supplementary Figure 2B). The hyperpolarized
membrane potential as well as altered mitochondrial mor-
phology were restored to normal by the expression of either
anchored AIF or wild-type AIF in tel. Aif2 neurons (Figure 3A
and Supplementary Figure 2). Interestingly, expression of
anchored AIF in wild-type cells resulted in increased mito-
chondrial length compared to controls (Figure 3A and B),

Dissociating AIF dual roles in cell life and death
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ture is also disrupted in these cells. We used transmission
electron microscopy to visualize mitochondria from neurons
cultured in enriched PU media to eliminate secondary effects
due to reduced survival in tel. Aif® neurons. In wild-type
cells, mitochondrial cristae are shaped as compact tubules
in an orderly fashion (Figure 4A). Tel. Aif® neurons, on
the other hand, displayed aberrant cristae morphology. The

suggesting a role for AIF in maintaining mitochondrial
morphology. Next, we asked if the mitochondrial ultrastruc-

cristae are dilated and do not orient in an orderly fashion
(Figure 4A). The cross-sectional distance of tel. Aif® mito-

A No treatment GFP controf

N-AIF ~D-AIF

Tel, Aif2

wild type

Novirus Novirus GFP  NAIF D-AIF GFP  N-AIF D-AIF
control contral

Wild type Tel. Aif+ Wild type

Figure 3 AIF controls mitochondrial structure. Cortical neurons from E15.5 tel. Aif® and wild-type littermates were infected at time of plating
with mitochondrially anchored N-AIF and D-AIF and a GFP control virus at 50 MOI in enriched PU media. (A, B) After 36h, 50 nm TMRE was
added to media and live cell images were taken. (A) Representative images of tel. Aif 4 and wild- -type mitochondria infected with the indicated
constructs. Bars=1pm. (B) Average length of mitochondria of neurons The cell types and treatments are as indicated (n=4). *P<0.05
compared to wild type with no virus; T P<0.05 compared to tel. Aif* infected with the GFP control virus; **P<0.05 compared to wild type
with GFP control.

Figure 2 Mitochondrially anchored AIF rescues reduced survival of tel. Aif® neurons. (A-C) Cortical neurons were isolated from E15.5 tel.
Aif% and wild-type littermates and cultured in normal rnedla or enriched PU media contalnlng 50mg/] pyruvate, 110 mg/1 uridine and 5 mM
glucose. (A) Quantitative analysis of cell death of tel. Alf and wild-type neurons cultured in normal and PU media (n=3). (B) Wild-type
cortical neurons were infected with recombinant adenoviral vector containing GFP-tagged wild-type AIF (AIF-GFP) or GFP-tagged N-AIF
(N-AIF-GFP) and were treated with or without campthothecin. After 36h, cells were fixed and stained with Hoechst to visualize nuclei and an
anti-Tom20 antibody (red) to detect mitochondria. Green GFP fluorescence indicates AIF localization. (C) Western analysis on subcellular
fractionation of neurons infected with GFP-tagged wildtype AIF, N-AIF and D-AIF. Upper panel: no camptothecin, lower panel: 12h after
camptothecin treatment. m = mitochondrial fraction, n= nuclear fraction, and c = cytoplasmic fraction. (D) Quantitative analysis of sponta-
neous cell death of cortical neurons isolated from tel. Aif* and wild-type littermates infected with control virus, wild-type AIF (wt AIF), or
mitchondrially anchored AIF (N-AIF and D-AIF) at 50 MOI in normal media. Cell death was quantified by apoptotic nuclear morphology usln§
Hoechst (n=3). *P<0.05 compared to tel. Aif® in normal media. (E) Western anal XSIS of complex I (39 kDa subunit) expression 1n tel. Aif
neurons expressing N-AIF and D-AIF compared to wild-type and control tel. Aif” neurons. (F) ATP production of the tel. Aif* neurons
expressing e1ther N-AIF, D-AIF, or GFP as control (n=3). *P<0.05 compared to tel. Aif* neurons with GFP control (G) Oxygen consumption of
the tel. Aif® neurons expressing either N-AIF, D-AIF, or GFP as control (n=3). *P<0.05 compared to tel. Aif® neurons with GFP control.
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Figure 4 AIF depleted neurons have perturbed mitochondrial cristae structure. (A, B) Transmission electron microscopy of mitochondria.
(A) Representative images of mitochondria of tel. Aif® and wild-type mitochondria infected with the indicated constructs. Bars = 100 nm.
(B) Quantification of the intracristal cross-sectional distances (n=4). *P<0.05 compared to tel. AifA infected with the GFP control virus;
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chondrial cristae is ~2.5 times wider than in control wild-
type mitochondria (Figure 4B). Expression of anchored AIF in
wild-type cells again reduced intracristae distances from 20
to 17nm (Figure 4B), further supporting the notion that the
defect seen in tel. Aif® neurons does not result from second-
ary effects. A detailed analysis of intracristal cross-sectional
distance is shown in Supplementary Figure 3A and B. These
studies demonstrate a novel role for AIF in regulating mito-
chondrial structure and cristae morphology.

Mitochondrially anchored AIF revealed critical role

of AIF during apoptosis

Defining the proapoptotic function of AIF has been con-
founded by recent findings demonstrating an essential
physiological role for AIF in the mitochondria. Presently, it
is unknown if mitochondrial release of AIF in itself induces
apoptosis due to loss of AIF mitochondrial function, or
whether AIF plays a proapoptotic role following nuclear
translocation. First, we generated double tel. Aif* Apafl™~
animals in which both caspase dependent and independent
pathways have been inactivated. Double mutant embryos
exhibit some increase in cortical thickness relative to tel.
Aif® animals (Figure 5A and B), possibly due to the increased
survival of cells in Apafl™~ background. As reported
previously (Cozzolino et al, 2004), Apafl™~ mice have
increased numbers of progenitor cells compared to wild
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type and tel. Aif* mice (Figure 5A and D). Next, we asked
if the double-mutant neurons exhibit protection against DNA
damage induced cell death. After inducing cell death with
camptothecin, the tel. Aif* Apafl~~ double mutant neurons
cultured in pyruvate supplemented media, exhibited increa-
sed survival relative to single mutants and wild-type control
neurons (Figure 6A). AIF deficiency alone can offer transient
but significant protection at 12h (Figure 6A, ~45% for tel.
Aif® versus ~55% for wild type), and at later time points the
percentage of cell death of tel. Aif® cells becomes similar
to wild-type cells due to the presence of caspases. This is
in agreement with Hgq neurons, which also showed a transient
delay in chromatin condensation compared to wildtype
during cell death {Cheung et al, 2005). Cytochrome c release
in these mutants is not affected, suggesting that mitochon-
drial permeablization is not affected by the deletion of Apafl
and AIF (Supplementary Figure 4). AIF release in Apafl
neurons is similar to wild-type cells (Supplementary Figure
5A and B), which is in agreement with our previous results
showing AIF release in Apafl neurons is similar to wild type
after p53 and camptothecin induced cell death (Cregan et al
2002). Caspase activity was not detected in Apafl~’~ and
tel. Aif® Apafl™~ compared to wild type and tel. Aif*
(Supplementary Figure GA).

Using the anchored AIF mutants and tel. Aif® Apafl™~
neurons, we asked whether AIF is indeed an apoptotic

©2006 European Molecular Biology Organization
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(n=3) and (D) PH3 positive cells (n=3); *P<0.05 compared to wild type; **P<0.05 compared to tel. Aif*.

effector after induction of cell death. We first addressed if
anchored AIF can provide further protection against cell
death in tel. Aif® Apafl™ neurons. Western analysis revea-
led that anchored AIF is not released during cell death but
is retained in the mitochondria (Supplementary Figure 7),
and similar to tel. Aif* Apafl ™~ neurons, caspase was not
activated (Supplementary Figure 6B). Strikingly, expression
of either of the anchored AIF constructs in the double mutant
neurons in enriched media could provide further protec-
tion against cell death for an extended time after insult
(Figure 6B). Anchored mutants could also maintain oxygen
consumption following camptothecin treatment (Figure 6C).

©2006 European Molecular Biology Organization

This indicates that by retaining AIF in the mitochondria
during cell death, survival can be sustained first by inhibiting
AlIF’s apoptotic role in the nucleus, and secondly by main-
taining AIF’s physiological function in the mitochondria.
These data show that AIF is an important contributor to the
execution of cell death following DNA damage.

We next asked whether the effects of AIF in the nucleus
are crucial to its proapoptotic function. To address this, we
generated an AIF construct harboring a nuclear exclusion
signal (NES) (Fischer et al, 1995), which prevents AIF from
translocating to the nucleus. After induction of apoptosis,
tel. Aif® Apafl~'~ double mutant neurons reconstituted with
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Figure 6 Dissociation of the dual roles of AIF in tel. Aif® Apafl ™/~ neurons revealed AIF’s proagoptotic role at the nucleus apart from its

physiological role in the mitochondria. (A) Cortical neurons cultured from E14.5 wild type, tel. Aif*, Apafl ™~ and tel. Aif* Apafl~"~ double
mutant embryos were treated with camptothecin in enriched media and cell death were assessed at the indicated time points (n=3).
(B) Cortical neurons from E14.5 tel. Aif* Apafl~/~ double mutant embryos were infected at the time of plating with mitochondrially anchored
D-AIF and N-AIF and a GFP control virus at 50 MOI in enriched media. Campthothecin was then added and cell death was assessed by Hoechst
staining (n=3). (C) Oxygen consumption of tel. Aif® Apafl ™~ neurons expressing D-AIF and N-AIF after camptothecin treatment (n = 3).
*P<0.05 compared to tel. Aif® Apafl~’~ neurons expressing GFP control. (D) Cortical neurons from tel. Aif* Apaf1™/~ double mutant were
infected at the time of plating with AIF, NES-AIF or a GFP control at 50 MOI in enriched media. Camptothecin was then added, and cell death

was assessed at the indicated time points (1 =3). *P<0.05 compared to GFP control.

wild-type AIF exhibited markedly increased cell death
compared to neurons expressing control GFP (Figure 6D).
Importantly, expression of AIF-NES failed to restore AIF-
mediated cell death, as shown by comparable survival rates
between tel. Aif* Apafl~’~ neurons expressing AIF-NES and
control GFP (Figure 6D). These studies indicate that a major
part of the proapoptotic function of AIF is mediated in the
nucleus.

Overexpression of anchored AIF in wild-type cells only
transiently delayed cell death after apoptosis induction
Since AIF has dual functions in apoptosis and cell survival,
we next asked which of the following is the cause of cell
death after apoptosis induction: (a) the loss of AIF from the
mitochondria, (b) the proapoptotic action of AIF in the
nucleus, or (c) both as equally important. We answer this
question first by looking at apoptosis of wild-type neurons
expressing anchored AIF constructs. The release and loss of
ATF in the mitochondria of wild-type cells during apoptosis,
therefore, will be reconstituted by the anchored AIF. At the
same time the endogenous wild-type pool of AIF will still
translocate to the nucleus. If the loss of AIF from mitochon-
dria is indeed sufficient to induce apoptosis, then replenish-
ing anchored AIF in the mitochondria should rescue cell
death in these wild-type cells. At 12 and 24h after camp-
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tothecin treatment, wild-type cells expressing the anchored
ATF constructs exhibited less cell death than control cells
(Figure 7A). This suggests that at early time points after the
induction of apoptosis, loss of AIF from the mitochondria
contributes to cell death. At 36h, however, wild-type cells
with anchored AIF constructs exhibited similar rates of
apoptosis as cells expressing GFP (Figure 7A). This suggests
that at later time points, the apoptotic function of endogenous
AIF in the wild-type cells is the major contributor to cell
death. At 12 and 24h, the presence of anchored AIF in the
wild-type cells can also retain cytochrome ¢ in the mitochon-
dria as revealed by immunocytochemistry and subcelluar
fractionation followed by Western blot analysis (Figure 7C
and D). The mitochondrial membrane potential (Figure 7B),
ATP production (Figure 7E) and oxygen consumption
(Figure 7F) were also maintained transiently. These suggest
that during apoptosis, the presence of AIF in the wild-type
mitochondria is able to transiently reduce the release of
cytochrome ¢ and maintain membrane potential. Caspase
activation was also transiently delayed in wildtype cells
expressing anchored AIF mutants (Supplementary Figure
6C), possibly due to the transient retention of cytochrome ¢
in the mitochondria (Figure 7C and D). To further establish
the apoptotic function of endogenous AIF, we expressed
anchored AIF mutants in control, Apafl ", tel. Aif%, tel.
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Figure 7 Anchored AIF can transiently protect wild-type neurons against DNA damage induced apoptosis. Cortical neurons from E14.5 wild-
type mice were infected at time of plating with the anchored D-AIF and N-AIF constructs and a GFP only control at 50 MOI. Camptothecin
were then added. (A) Survival of the cells was measured by nuclear morphology revealed using Hoechst staining (n=5), *P<0.05.
(B) Mitochondrial membrane potential was measured by TMRE intensity (n=>5), *P<0.05. (C) Percentages of cells with cytochome ¢ retained
in the mitochondria (n=5). Cytochrome c retention in mitochondria was determined using anti cyt-c immunohistochemistry. *P<0.05.
(D) Western analysis on subcellular fractionation of neurons infected with N-AIF, D-AIF, and GFP control, to show cytochrome c release. Upper
panel: no camptothecin, lower panel: 12 h after camptothecin treatment. m = mitochondrial fraction, n = nuclear fraction, and ¢ = cytoplasmic
fraction. (E) ATP concentration of the neurons expressing either N-AIF, D-AIF, or GFP as control. *P<0.05 compared GFP control. (F) Oxygen
consumption of neurons expressing either N-AIF, D-AIF, or GFP as control. *P<0.05 compared to GFP control.
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Figure 8 Endogenous AIF can still execute cell death in the pre-
sence of anchored AIF mutants in the mitochondria. Cortical
neurons cultured (in conventional media) from E14.5 wild type,
tel. Aif®, Apaf1™~ and tel. Aif® Apafl~'~ double mutant embryos
were infected at the time of plating with the anchored D-AIF and
N-AIF constructs. These cells were then treated with camptothecin
and cell death was assessed at the indicated time points. (A) N-AIF
(n=3) and (B) D-AIF (n=3). *P<0.05; **P<0.05 compared to
wildtype at 12h.

Aif® Apafl™~ neurons and induced apoptosis by the addi-
tion of camptothecin. Expression of anchored AIF mutants,
N-AIF and D-ATF, can provide protection in tel. Aif* Apafl ™/~
double null neurons since endogenous AIF is absent. In
contrast, Apafl ™~ neurons exhibited significant apoptosis
(Figure 8A and B), suggesting that the endogenous AIF
existing in Apaf1™~ single knockout plays a prominent role
in the execution of cell death. Together, these studies demon-
strate that during cell death, the release and loss of AIF from
mitochondria may contribute to the early phase of apoptosis;
however, the pro-apoptotic function of AIF in the nucleus is
a major contributor to apoptosis signaling. This is demon-
strated by wild type and Apafl ™~ cells that still succumb
to death even in the presence of anchored AIF in the
mitochondria (Figures 7A, 8A and B).

Discussion

The anchored AIF constructs that are retained in the mito-
chondria during cell death provide us the means to dissociate
the dual roles of AIF in cell life and death. The results of this
study support a number of conclusions. First, we show that
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ATF is required for neuronal survival because Aif* neurons
exhibit fragmented mitochondria and abnormal cristae struc-
ture and undergo apoptosis during development. Second,
anchored AIF expressed in tel. Aif® Apafl™~ mice can
protect against DNA damage-induced cell death over than
seen in control tel. Aif® Apafl /™ neurons. Third, expression
of anchored AIF in wild-type cells, however, can only provide
transient protection, indicating that loss of AIF from the
mitochondria is not a major event in apoptosis signaling.
The finding that these cells eventually die indicates that the
proapoptotic function of AIF in the nucleus is necessary to
execute cell death. The fact that AIF mutants with NES failed
to induce cell death in tel. Aif® Apaf1™~ cells supports this
conclusion. These studies demonstrate that loss of AIF from
the mitochondria is not a key apoptotic stimulus, but rather,
that AIF plays an important proapoptotic function following
nuclear translocation, which is sufficient to induce neuronal
cell death.

Previous studies have shown that apart from its apoptotic
role, AIF also has an important physiological role in mito-
chondria. Studies in Hqg mice, which have only 20% AIF
expression, indicate that AIF may act as an reactive oxygen
species (ROS) scavenger (Klein et al, 2002). Cells with
depleted AIF have reduced electron transport chain complex
I expression in the mitochondria and as a result oxidative
phosphorylation is compromised (Vahsen et al, 2004). The
interaction of AIF with complex I, however, has not been
found, and its redox partner remains unknown. As such,
the exact role of AIF in mitochondria remains elusive and
controversial.

In this report, we have identified a novel role of AIF in
maintaining mitochondrial structure. Mitochondria in AIF
deficient neurons are fragmented and often clustered around
the nucleus, and have abnormally dilated cristae. These
defects are not due to a secondary effect from reduced
survival because they were cultured in enriched media to
ensure survival, The abnormal cristae morphology may
explain the reduced survival and the respiratory defect in
Aif /= cells (Vahsen et al, 2004), since mitochondrial cristae
structure is important in regulating the respiratory processes
(Frey and Mannella, 2000; Mannella, 2006). As AIF may be
responsible for maintaining mitochondrial cristae, the loss of
proper cristae formation due to AIF deficiency may subse-
quently induce mitochondrial fragmentation and bioenergetic
failure. Following injury, expression of mitochondrially an-
chored AIF may provide enhanced protection by maintaining
mitochondrial integrity. This is supported by our electron
microscopic (EM) studies, which reveal a tighter intra cristae
cross-sectional distance (Figure 4) that may account for the
delay in cytochrome c release in cells expressing anchored
AIF mutants (Figure 7C and D). This interpretation is con-
sistent with previous studies, which have demonstrated that
cristae hold the greatest proportion of cytochrome ¢ (Bernardi
and Azzone, 1981) and cristae remodeling is required for its
release (Scorrano et al, 2002; Germain et al, 2005).

The importance of AIF’s physiological role is further
shown in the telencephalon conditional AIF mutant, which
displayed abnormal cortical development and premature
death by E17. The absence of AIF during neuronal develop-
ment results in mitochondrial dysfunction, which in turn
may trigger multiple apoptotic pathways that may involve
the activation of caspases {Narasimhaiah et al, 2005), as the

©2006 European Molecular Biology Organization



AIF deficient telencephalon showed a higher number of
activated caspase 3 in vivo during development (Figure 1D),
and lack of AIF triggers mitochondrial dysfunction in vitro
(Figure 2). The enhanced cell death is mainly seen in matur-
ing neurons but not in progenitor cells, suggesting that there
is a difference in the sensitivity to the loss of AIF. Previous
studies have shown that progenitors have a lower level of
ROS compared to mature neurons in the cortex (Tsatmali
et al, 2005), as well, progenitors have a higher level of
telomerase than matured neurons (Mattson and Klapper,
2001), which may provide further protection against cellular
stress. It has also been shown that mature neurons may
recruit different apoptotic pathways compared to progenitors
(D’Sa-Eipper et al, 2001). For example, neurons become more
sensitive to excitotoxicity as they mature while progenitors
are relatively resistant (Fannjiang et al, 2003).

That AIF deficient mitochondria exhibit hyperpolarization
in the presence of a defect in oxidative phosphorylation is
somewhat unexpected; however, hyperpolarization has been
previously observed in situations where electron transport is
defective (reviewed in Di Lisa and Bernardi, 1998; Skulacheyv,
2006). For example, after inhibition of the electron transport
chain by NO (inhibitor of complex IV), cells respond by
a defence mechanism that results in the reversal of ATP
synthase to increase mitochondrial membrane potential to
protect cells from death (Beltran et al, 2000, 2002). Moreover,
in a number of different cell types, including neural cells,
where ATP production via oxidative phosphorylation is
defective, mitochondrial membrane potential is generated
by the reversal of ATP synthase using ATP produced by
glycolysis (Rego et al, 2001; Peachman et al, 2001). Thus, it
is possible that AIF mutant mitochondria, which do not
generate ATP by oxidative phosphorylation, are using a
similar mechanism to generate membrane potential. Future
studies, however, are required to fully resolve this issue.

Since AIF has an important physiological role in mitochon-
dria, one may argue that the loss of AIF from the mitochon-
dria is the cause of cell death and the proapoptotic function
of AIF in the nucleus is of minor consequence. To clarify this
controversy, we constructed AIF anchored mutants, which
cannot be released from the mitochondria, to dissociate the
apoptotic role and physiological role of AIF. Overexpressing
ATF anchored mutants in wild type and Apafl™~ cells could
transiently protect against cell death; however, on longer time
courses these cells still died. This indicates that although loss
of AIF during the initial phase of cell death can partially
contribute to the cell’s demise, it is the proapoptotic function
of the endogenous wild-type AIF in nucleus that ultimately
kills the cell. The proapoptotic role of AIF in nucleus is
further supported by the use of an AIF mutant construct
(AIF-NES) that fails to translocate into the nucleus during cell
death. Tel. Aif* Apafl™~ cells expressing these AIF mutants
had the same death rate than the cells with control construct
under apoptotic induction, indicating that the nuclear trans-
location ability of AIF is required for its apoptotic function.
Importantly, expression of anchored AIF in tel. Aif* Apafl~'~
cells exhibits even greater survival after apoptosis induction
than tel. Aif® Apafi~~ cells. This indicates apoptosis can
be halted in two ways: (1) most importantly by preventing
its proapoptotic action in the nucleus, and (2) to a lesser
extent by maintaining the physiological role of AIF in
mitochondria.
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In conclusion, this study demonstrates that AIF has a novel
function in maintaining the cristae structure of mitochondria
in neurons. Neurons with depleted AIF have reduced viability
and defective mitochondrial cristae structure. During the
initial state of apoptosis, the release of AIF from the mito-
chondria can partly contribute to cell death; however, it is the
proapoptotic role of AIF in the nucleus that seals the apop-
totic fate of the cell. These studies clarify the proapoptotic
function of AIF in signaling cell death in the nucleus, and
indicate a novel role of AIF in maintenance of mitochondrial
structure.

Materials and methods

Mice and primary neuronal cultures

The floxed AIF mice have been previously described (Joza et al,
2005). To generate telencephalon-specific AIF conditional mutants,
floxed AIF homozygous female mice were bred with Foxgl-cre mice
(Hebert and McConnell, 2000), to generate mutant Foxgl-cre:AIF
flox/Y or female Foxgl-cre:AIFT%1°% (hoth indicated as tel. Aif%)
mice. Apafl™~ mice were obtained from Cecconi et al (1998). To
detect the presence of cre-mediated recombination, PCR analysis of
AIF exon 7 was performed on DNA extracted from the telencepha-
lon of mutant and control embryos. Primers for 1303f (5'-GTAGATC
AGGTTGGCCAGAAACTC-3'), 1903r (5-GGATTAAAGGCATGTGCCA
ACACG-3) and 659r (5'-GAATCTGGAATATGGCACAGAGG-3') yiel-
ded 700 and 600 bp products for the unrecombined floxed and wild-
type alleles, respectively, and a 350bp band for the recombined
floxed allele. Western blot analysis was performed as described
(Cregan et al, 1999), with antibodies against AIF (D-20, 1:500, Santa
Cruz Biotechnology) and the 39 kDa subunit of complex I (A21344,
1:500, Molecular Probes). Mice were maintained on FVB/N and
C57/BL6 mixed genetic backgrounds and littermates were used in
all experiments. Cortical neurons were cultured as described
previously (Fortin et al, 2001).

ATP production and oxygen consumption assays

At indicated time points, ATP levels were determined using a
luciferase-based CellTitre-Glo assay kit (Promega) with a PolarStar
plate reader (BMG). Data were collected from multiple replicate
wells in each of the three experiments (n=3). For oxygen
consumption measurements, cells were plated in the fluorescent
dye-embedded 96-well microplate of the BD oxygen biosensor
system (BD Biosciences). Results were read at indicated times with
a fluorescent microplate reader. The data were normalized
according to the manufacturer’s protocol.

Subcellular fractionation

Subcellular fractionation of neurons was performed as described
previously (Yu et al, 2002). Antibodies against histone (US
Biological H5110-10, 1:500), mtHsp70 (Affinity BioReagents MA3-
028, 1:500) and lactate dehydrogenase (Sigma L7016, 1:500) were
used to detect nuclear, mitochondrial and cytoplasmic fractions,
respectively. GFP and cytochrome c were detected using antibodies
against GFP (Abcam AbG556, 1:500) and cytochrome c¢ (BD
Pharmingen 556433, 1:500), respectively. The experiments were
repeated at least three times with similar results.

Tissue fixation, cryoprotection and immunohistochemistry
Tissue fixation, cryoprotection and immunochistochemistry of
cortical tissues using active caspase 3 (BD Pharmingen, 559565,
1:100) and PH3 (Upstate Biotechnology, 06-570, 1:500) antibodies
were performed as described previously (Ferguson et al, 2002).

AIF constructs

Anchored AIF constructs (N-AID, D-AIF) and AIF with a NES (AIF-
NES) were generated by standard subcloning procedures. Briefly,
for N-AIF, the MLS of the protein pOSA-14114, an inner membrane
anchored protein (Steenaart and Shore, 1997), was cloned in frame
to mouse AIF as follows. The DFHR moiety was removed and two
restriction sites (Pst1 and Kpnl) and a stop codon were introduced.
A second pOCT cleavage site was introduced into the encoded
protein so that MPP will process the protein such that only the
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amino acids SQVAR will remain N-terminal to the transmembrane
domain after import into the mitochondrial inner membrane. For
D-AIF, the MLS domain of p-lactate dehydrogenase (Rojo et al,
1998; Flick and Konieczny, 2002) was inserted at the N-terminus of
AMLS AIF-GFP (A1-120), with the proper in frame start codon. AIF-
NES was constructed by adding the NES of HIV Rev (LPPLERLTL)
(Fischer et al, 1995) to the N terminal of AIF-GFP. Constructs were
confirmed by DNA sequencing. Recombinant adenoviral vectors
carrying these constructs were then prepared and used as described
(Cregan et al, 2002).

Digitonin permeabilization

Immunocytochemical analysis on digitonin permeabilized neurons
was performed as described previously (Otera et al, 2005). Western
analysis on digitonin permeabilized isolated mitochondria was
performed as follows. Briefly, cells expressing GFP tagged wild-type
AIF and GFP tagged N-AIF were collected and mitochondria were
isolated in isolation buffer (220mM mannitol, 68 mM sucrose,
80mM KCl, 0.5mM EGTA, 2 mM magnesium acetate, 1 x protease
inhibitor and 10mM HEPES at pH7.4). The mitochondria were
resuspended in succinate buffer (1mM ATP, SmM sodium
succinate, 0.08mM ADP, 2mM K,HPOy4, pH 7.4). A gradient of
digitonin (0-2mg digitonin/mg mitochondrial protein) was then
added with typsin. One percent Triton X-100 plus trypsin was used
as a positive control. After 30 min on ice, the reaction was stopped
by adding soybean trypsin inhibitor for 10 min. The samples were
then subjected to Western blot analysis.

Camptothecin treatment, cell viability assays and caspase
activity assay

Camptothecin treatment (10uM), caspase activity assay, and AIF
immunocytochemistry were performed as described previously
(Cregan et al, 2002). Cell death was determined by the characteristic
nuclear morphology of chromatin condensation revealed by
Hoechst staining. :

Mitochondrial membrane potential and length measurements
For live mitochondrial imaging and electrochemical potential
determination, neurons were plated on poly-p-lysine coated glass
coverslips. At 36h after seeding, cells were incubated with 50 nM
TMRE at 37°C for 20 min and the coverslips were mounted in live-
cell chambers and visualized as described (Neuspiel et al, 2005).
Total fluorescence arbitrary units were recorded for the whole field.
The total fluorescence intensity was quantified as the sum of the
values of each pixel within the field minus the average background
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signal per pixel. The average intensity per cell was calculated by
dividing the total fluorescence intensity by the number of cells in
that field. Mitochondrial length was measured by tracing mitochon-
dria using Northern Eclipse software.

Electron microscopy and intra cristae cross-sectional distance
measurements ’

Electron microscopy was performed as described (Neuspiel et al,
2005). Briefly, after 2 days of culture, neurons were isolated,
washed with PBS, fixed in 1.6% glutaraldehyde and embedded in
SPURR resin (Mariva, Québec). Thin sections were cut with a Leica
Ultracut E ultramicrotome and counterstained with lead citrate and
uranyl acetate. Digital images were taken using a JEOL 1230 TEM
at 60kV adapted with a 2K x 2K bottom mount CCD digital camera
(Hamamatsu, Japan) and AMT software. Intra cristae cross
sectional distance was measured using Northern Eclipse software.

Quantifications and statistical analysis

For cell death studies, a minimum of 500 cells per field was scored
for each treatment at the indicated time points. For mitochondrial
membrane potential measurements, a minimum of 100 cells for
each treatment was scored. For mitochondrial length measure-
ments, a minimum of 1000 mitochondria for each treatment was
scored. For intracristal cross-sectional distance measurements,
a minimum of 100 mitochondria for each treatment was measured.
The data represent mean values+s.d. from three independent
experiments (12 = 3) unless otherwise noted. P-values were obtained
using two-way ANOVA and Fisher’s post hoc tests.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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