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ABSTRACT

The mitochondrial protein Apoptosis-inducing factor (AIF) is a redox active flavoprotein
that has a dual role in the regulation of cell death and survival. We have previously
identified a novel role for AIF in mitochondrial structure. Here, we examine the
mechanism by which AIF controls mitochondrial structure and metabolism and found
that AIF deficiency results in mitochondrial fragmentation, cristac malformation and a
defect in oxidative phosphorylation. Mitochondrial AIF is essential for organelle fusion
as the fission/fusion proteins Mfnl and dnDrp1 fail to rescue the structural defect seen in
AIF deficiency. In contrast, upregulation of Opal in AIF deficient neurons restores
mitochondrial structure, metabolism and cellular survival. We show that AIF functions
upstream of Opal because increased mitochondrial AIF cannot rescue neuronal cell death
induced by Opal deficiency. AlF-deficient neurons display reduced Opal
oligomerization resulting in impaired cristae formation. Furthermore, we show that AIF
interacts with Opal to maintain Opal oligomerization. This interaction is critical during
apoptosis signaling, as Opal oligomerization can be preserved by expression of
mitochondrial AIF. Apart from AIF, we also identified novel factors that affect the
degree of Opal oligomerization. Indeed, Opal oligomers seem to be modulated by cell
metabolism according to levels of NADH and NAD’. These results identify a novel
functional interaction between AIF, Opal and cell metabolism and links the control of

mitochondrial structure with apoptosis signaling and the metabolic state of the cell.
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INTRODUCTION



1. The Mitochondria: at the centre life and death

Mitochondria are rod-shaped organelles common to all eukaryotes. They are
composed an outer membrane and an inner membrane that separates the inter membrane
space from the matrix (Figure 1A). Studies on isolated mitochondria during the mid 20"
century uncovered one of its fundamental functions: the production of adenosine
triphosphate (ATP), the major energy source of the cell. ATP is produced via the electron
transport chain (ETC), a series of supra-molecular complexes embedded in the inner
membrane (Figure 1B). Throughout the years, mitochondria were also found to be
implicated in many other cellular activities such as cell growth, cell cycle regulation and
cellular differentiation (Mandal et al., 2005; Owusu-Ansah et al., 2008). Among others,
the discovery of its pivotal role in apoptotic signalling established the mitochondrion as
an essential and bi-functional organelle that has the capacity to sustain and end life. First
thought to be rather isolated organelles, mitochondria are part of a dynamic network
where individual mitochondria constantly divide and fuse with other mitochondria (Chan,
2006b). The study of mitochondrial structural dynamics has recently generated
heightened interest, now that we more clearly understand its impact on mitochondrial
energy production, cell survival and initiation of cell death.

In this thesis, I will describe the mechanism by which the Apoptosis Inducing
Factor protein (AIF) regulates mitochondrial structure, and the importance for proper
mitochondrial function and cellular survival. In the following sections, I will describe the
central role of the mitochondria in apoptotic signalling and how the mitochondrial protein

AIF is implicated in the apoptotic cascade. I will then give further details on the dual role



Figure 1. The mitochondrion and the Electron Transport Chain. (A) Mitochondria is
composed of two compartments, the matrix (M) and the intermembrane space (IMS)
separated by two lipid bilayers; the outer membrane (OM) and the inner membrane (IM).
Invagination of the IM forms a structure called cristae, where the complexes of the
Electron Transport Chain (ETC) are localized. The cristac connect to the IM by through
the cristae junction. (B) The ETC is composed of five complexes imbedded in the IM.

Complex V, also called ATP synthase, catalyzes the production of ATP.



ol

>

Cristae
junction

Cristae

INADH

‘Y
N
NAD+

ATP




of AIF as a pro-apoptotic and pro-survival protein and explain how AIF might affect
mitochondrial structure by functionally interacting with the pro-fusion protein Opal. In
order to better understand this novel role of AIF in regulating mitochondrial structure, [
will also review the mitochondrial fission and fusion pathways and their implication in

metabolism.

1.2. The mechanisms of mitochondrial apoptosis

Throughout life, from embryonic development to death, a phenomenal amount of
cells will die by apoptosis. Apoptosis is characterized by specific morphological features
that differentiate it from other forms of cell death such as necrosis and autophagy (Kerr et
al., 1972). The fundamental biochemical and morphological hallmarks of apoptosis are
nuclear condensation, DNA fragmentation and activation of pro-apoptotic proteins
(reviewed in Kroemer et al., 2009). Apoptotic cell death can be initiated through a wide
range of signals which can originate from outside (extrinsic) or inside (intrinsic) the cell.
In general, the extrinsic cell death pathway signals through death receptors, which are
present at the cell surface. When those receptors are activated by binding of their
respective ligand, they initiate an apoptotic cascade and terminate life of the cell
(reviewed in Wallach et al., 2008). The intrinsic pathway of apoptosis is initiated after a
major cellular stress that greatly damages the cell. This internal damage acts as the trigger
activating the apoptotic pathway. Even though the two pathways are independent, both
can use the contribution of the mitochondria to complete apoptosis and ultimately

converge on caspase activation. In the next sections, I will focus on the role of the



mitochondria as central relaying stations in apoptotic signalling following an intrinsic cell

death insult such as excitotoxicity.

1.2.1. Excitotoxic-induced neuronal cell death

Neuronal excitotoxicity is caused by over-stimulation of glutamate receptors in the
nervous system following an acute neuronal injury (Figure 2) (Arundine and Tymianski,
2004; Nicholls and Budd, 1998). Interruption of blood flow during ischemia results in
reduced ATP production, necessary for the neuron to maintain its membrane potential.
Loss of membrane potential causes massive release of glutamate in the synaptic cleft,
causing over-stimulation of the glutamate receptors on the post-synaptic neuron.
Activation of glutamate receptors induces an influx of Ca®" which will activate
downstream pathways ultimately leading to cell death (Lipton, 1999). Ca*" directly
affects the mitochondria. After a major calcium influx, the mitochondria and endoplasmic
reticulum (ER) attempt to re-equilibrate cytosolic levels of Ca*" by absorbing the excess
ion. Increased mitochondrial Ca** can affect the electron transport chain by disrupting
membrane potential and the flow of electrons, causing increased production of reactive
oxygen species (ROS) (Dirnagl et al., 1999; Sattler and Tymianski, 2000). Elevated
levels of ROS can be detrimental to the mitochondria as well as the cell itself (Giulivi et
al., 1995; Abramov et al., 2007). Furthermore, excessive amounts of Ca?* induce
formation of membrane permeability transition pore (MPTP) and mitochondrial outer-
membrane permeabilization (MOMP) (Bernardi and Rasola, 2007; Green and Kroemer,
2004), leading to the release of cytochrome C and AIF, resulting in caspase-dependent

and —independent apoptotic signalling respectively.



Figure 2. Excitotoxicity. After ischemia, the activation of glutamate receptors induces an
influx of Ca®" which will activate downstream pathway ultimately leading to cell death.
Ca®" overload directly affect the mitochondria, leading to AIF release and induction of
caspase-independent cell death. Secondary effects of mitochondrial damage caused by
the excess of Ca®" include production of superoxides, membrane permeability transition

(MPT) and DNA damage, further damaging the cell.
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1.2.2. Caspase-dependent mitochondrial apoptosis

Mitochondrial apoptosis is controlled by the Bcl-2 family of proteins (reviewed in
Brunelle and Letai, 2009). Either pro- or anti-apoptotic, they are initiators of the
mitochondrial apoptotic cascade by controlling mitochondrial outer membrane
permeabilization (MOMP) (Sharpe et al., 2004). Following a death insult, the BH3 only
proteins, a subset of the Bel-2 family, become activated and bind the anti-apoptotic Bcl-2
members. Eventually, this will cause activation and oligomerization of Bax and Bak at
the outer membrane of the mitochondria to create pores allowing release of mitochondrial
resident proteins such as cytochrome C (Figure 3) (Newmeyer and Ferguson-Miller,
2003). Once released, cytochrome C initiates caspase-mediated apoptosis by activating
the adaptor molecule apoptosis-protease activating factor 1 (Apaf-1). Together, Apaf-1
and cytochrome C form a structure called the apoptosome that recruits and activates pro-
caspase 9 (Boatright et al., 2003), which in turn will cleave and activate executioner
caspases such as caspase 3 and 7. Once activated, the executioner caspases can turn on an
array of apoptotic proteins such as nucleases, which result in chromatin condensation,
DNA degradation and culminate in cell death (Riedl and Salvesen, 2007). Although
caspases are very efficient death effectors, they are not the sole pathway through which
the cell can execute apoptosis. In the next section, I will describe the caspase-independent

pathway of apoptosis and one of its central participants, AIF.



Figure 3. The release of mitochondrial pro-apoptotic proteins. After mitochondrial
outer membrane permeabilization (MOMP), cyt C is released and activates the caspase
pathway via Apaf-1. The activation of caspases activates proteins such as Cad and Acinus
(DNases), that are responsible for DNA fragmentation and chromatin condensation. AIF
and Endonuclease G (Endo G) are the caspase-independent apoptotic proteins that are
also released from the mitochondria and translocate to the nucleus. They can also induce

DNA fragmentation and chromatin condensation.
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1.3. Apoptosis Inducing Factor

Following permeabilization of the mitochondrial outer-membrane, one of the
proteins released from the mitochondrial inter-membrane space is Apoptosis Inducing
Factor (AIF). Once in the cytosol, AIF has been found to translocate to the nucleus where
it induces large scale DNA fragmentation and cell death (Cregan et al., 2004; Daugas et
al., 2000a; Daugas et al., 2000b; Lorenzo et al., 1999). AIF is a nuclear encoded
flavoprotein composed of a mitochondrial localization sequence (MLS), a transmembrane
domain (TM) as well as two FAD- and one NADH-binding domains (Figure 4). In its C-
terminal portion, AIF contains a PEST sequence, which could be responsible for protein
turnover and a poly-proline-2 helix motif (PPII) (Mate et al., 2002). The latter suggests
that AIF could potentially interact with proteins containing SH3 domains and WW
sequences (Kay et al., 2000). AIF is translated as a 67 kDa precursor protein targeted to
the mitochondria by its mitochondrial localization sequence (MLS) present at the N-
terminus. After mitochondrial import, AIF is inserted in the mitochondrial inner
membrane facing the inter membrane space and mitochondrial processing peptidases
(MPP) cleave the MLS, forming the 62 kDa isoform. AIF has a weak NADH
oxidoreductase activity, which can be separated from its apoptotic function (Daugas et
al., 2000a; Loeffler et al., 2001; Miramar et al., 2001). During apoptosis, AIF is detached
from the mitochondrial inner membrane by proteolytic processing (Arnoult et al., 2002,
Otera et al., 2005; Munoz-Pinedo et al., 2006) and the 57 kDa form of the protein is
released to the cytosol following permeabilization of the outer-membrane. Calpains have

recently been implicated in the mechanism of AIF release during apoptosis.



Figure 4. AIF domains. AIF consists of MLS (mitochondrial localization signal),
putative transmembrane (TM) domain, FAD binding domains and NADH binding
domain. After mitochondrial import, AIF precursor (67kDa) is inserted in the inner-
membrane and the mitochondrial localization sequence (MLS) is cleaved by
mitochondrial membrane peptidases (MMP), forming the 62kDa isoform. During cell
death, mitochondrial AIF may be cleaved at a.a. 103 and the processed form (57kDa) is

then released from the mitochondria.
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This family of proteins are non-caspase cysteine proteases activated by Ca*" and mostly
located in the cytoplasm (Chan and Mattson, 1999; Takano et al., 2005; Lankiewicz et
al.,, 2000). More specifically, Calpain I has been suggested to induce AIF cleavage
between residues 101-102 in isolated mitochondria incubated with activated pro-
apoptotic form of Bid (t-Bid) and in an injury model of oxygen and glucose deprivation
(Polster et al., 2005; Cao et al., 2007). Other proteins, such as PARP-1, have been
implicated in AIF release (Komjati et al., 2004; Yu et al., 2002). Although the exact
mechanism of this release is not clear, it is probable that more than one protein is
involved in AIF cleavage, since the kinetics of AIF release vary depending on the cell

type and apoptotic stimulus (Munoz-Pinedo et al., 2006).

1.3.1. Pro-apoptotic function of AIF

Subsequent to the induction of apoptosis, mitochondria release several proteins to
the cytoplasm due to disruption of its outer membrane. Upon mitochondrial release, AIF
translocates to the nucleus, where it induces large scale DNA fragmentation and
chromatin condensation (Cregan et al., 2004; Krantic et al., 2007). Even though AIF can
bind directly to DNA in a sequence-independent manner, it alone can not induce DNA
fragmentation and chromatin condensation (Mate et al., 2002; Ye et al., 2002; Vahsen et
al., 2006; Susin et al., 1999). Therefore, it requires other factors to carry out his
apoptogenic activity in the nucleus. CypA, a peptidyl-prolyl cis—trans isomerase
(chaperone) localized to the cytosol and the nucleus, has been previously shown to
interact with AIF in the nucleus under apoptotic conditions (Cande et al., 2004).

Mutagenesis of the CypA-binding domain on AIF significantly reduces the apoptogenic

11



activity of the protein, demonstrating a potential cooperation between AIF and CypA to
complete apoptosis once it binds to DNA. Another potential partner for AIF’s
apoptogenic activity in the nucleus is EndoG, a mitochondrial protein released during
apoptosis that possesses caspase-independent DNase activity (Li et al., 2001; Parrish et
al., 2001; Widlak et al., 2001). In C. elegans, WAH-1 and CSP-6 (homologues of AIF
and EndoG respectively) physically interact to promote DNA fragmentation (Wang et al.,
2002). Although the exact mechanism of AIF apoptogenic activity remains unclear, it is
evident that AIF has a pro-apoptotic function in the nucleus. Studies in Harlequin (Hq)
mice, which possess a mutation in intron 1 of AIF gene such that its expression is
drastically reduced to only 20% (Klein et al., 2002), show a protection against cell death
after oxygen and glucose deprivation as well as excitotoxicity in vitro and in vivo
(Cheung et al., 2005; Wang et al., 2004). This supports a role for AIF as a pro-apoptotic
factor. Furthermore, an in vitro study on cortical neurons performed by our group has
shown that a major part of AIF’s pro-apoptotic function is mediated in the nucleus.
Expression of AIF tagged with a nuclear export sequence (NES) in AIF and Apaf-1 null
neurons, inhibiting AIF from remaining inside the nucleus, fails to mediate caspase-
independent cell death (Cheung et al., 2006). Hence, AIF functions as a pro-apoptotic
factor mediating caspase-independent apoptosis after its translocation to the cell nucleus
by causing DNA fragmentation and chromatin condensation through a potential

interaction with CypA and EndoG.
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1.3.2. Pro-survival function of AIF

The physiological significance of AIF is highlighted in various mouse models;
whole body knockout of the AIF gene, for example, is lethal for the developing embryo,
which die at E12.5 (Joza et al., 2005; Brown et al., 2006). Telencephalon-specific loss of
AIF is also embryonic lethal, due to elevated apoptosis and drastic cell loss (Cheung et
al., 2006). Harlequin (Hq) mice, which exhibit approximately 80% knock-down of AIF
levels due to a mutation in intron 1, further validate that AIF is more than a pro-apoptotic
protein. The dramatic reduction of AIF levels in Hq mice results in cerebellar and retinal
degradation by three months of age (Klein et al., 2002; El Ghouzzi et al., 2007).
Interestingly, Hq mice are also more sensitive to oxidative stress and have defective
oxidative phosphorylation due to decreased levels of complex I of the ETC (Klein et al.,
2002; Cheung et al., 2006; Vahsen et al., 2004). Some studies have also correlated the
loss of AIF to an increase in ROS production (Klein et al., 2002; Apostolova et al., 2006;
van Empel et al., 2005), reinforcing the importance of AIF in maintenance of cell
survival through its physiological role inside the mitochondria. Our group has shown that
in vitro, AlF-deficient neurons have reduced survival compared to wild-type neurons due
to severe mitochondrial defects, such as fragmented mitochondria, dilated cristae and
reduced expression of complex I (Cheung et al., 2006). All the aforementioned models
suggest that AIF is a multi-functional protein that can work differently depending on the
state of the cell. Under steady-state conditions, AIF is an inner membrane mitochondrial
protein essential for proper mitochondrial structure and function. Under apoptotic
conditions, nuclear AIF initiates caspase-independent apoptosis. However, the exact

mechanism by which AIF is maintaining neuronal survival still needs to be determined. A

13



striking defect in AlIF-deficient neurons is the fragmented state of the mitochondria and
the aberrant cristae structure (Cheung et al. 2006). Such abnormalities could suggest a
novel role for AIF in the regulation of mitochondrial structure. In the following section, |
will explain how mitochondrial structure is regulated and how this can impact on several

functions of the organelle.

1.4. Mitochondrial dynamics

Mitochondria are dynamic organelles that move around in the cell, constantly
dividing and fusing with other mitochondria. Over the last decade, the study of
mitochondrial dynamics has generated much interest and we now know the impact it has
on the cellular organism. There is a delicate balance between mitochondrial fission and
fusion and disruption of this balance can be detrimental to the cell. For example, reducing
the amount of fusion events by down-regulating members of the fusion machinery can
lead to a decrease in metabolic activity and sensitization of the cell to apoptotic stimuli
(Suen et al., 2008; Chen et al., 2005(b)). On the other hand, reducing the amount of
fission events can limit the movement of the mitochondria within the cell, which can be
deleterious for neuronal cells in particular since proper localization of the mitochondria
are critical for dendritic development (Li et al., 2004). Neuronal cells are unique cell type
in that their long axons can reach up to 1.5 meters in the human adult. In this setting,
mitochondrial fission is an asset for efficient trafficking of mitochondria to areas with
higher energy demands (Li et al., 2004; Chang et al., 2006).

Many mitochondrial activities can be influenced by mitochondrial dynamics,

including apoptotic signalling. Increased mitochondrial fission correlates with increased
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sensitization to apoptosis and facilitation of cytochrome C release (Frank et al., 2001; Lee
et al., 2004). Furthermore, loss of the pro-fission protein Drpl has a negative impact on
the progression of apoptosis, blocking both developmental- and age-induced cell death
(Soubannier and McBride, 2009). On the contrary, various studies have demonstrated that
during apoptosis mitochondrial fusion is inhibited (Karbowski et al., 2004). Enhancing
mitochondrial fusion by expressing pro-fusion proteins or by blocking fission can delay
the death of the cell (Jahani-Asl et al., 2007; Estaquier and Arnoult, 2007). In this section,
I will describe the major proteins implicated in the regulation of mitochondrial fission

and fusion and how they can affect mitochondrial structure.

1.4.1. Mitochondrial fission

Mitochondrial fission is the separation of a long mitochondrion into two smaller
subunits. This event, in balance with fusion events, regulates the shape and size of the
mitochondrial network. Even though mitochondrial fission has been associated with
apoptosis, it is an important event implicated in vital cellular activity such as cell
division, calcium regulation and development (McBride et al., 2006; Chen and Chan,
2005). In mammals, the key proteins mediating mitochondrial fission are hFisl and Drpl
(Figure 5) (Hoppins et al., 2007; Okamoto and Shaw, 2005). hFisl is a mitochondrial
protein anchored to the outer membrane with its N-teminus localized to the cytosol. This
protein clearly affects mitochondrial fission: overexpression of hFisl results in
fragmentation of the mitochondrial network and reduced levels of hFisl result in
elongation (James et al., 2003; Stojanovski et al., 2004). Nevertheless, the precise

function of hFis! in the fission process is yet to be determined.
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Figure 5. Mitochondrial fission. (A) hFisl, located on the outer-membrane may recruit
Drpl at the site of fission. (B) When multiple proteins of Dmn! are recruited to the future
site of scission, they homo-oligomerize and form spirals around the mitochondria. (C)

Constriction of the spiral enables the mitochondria to divide.
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Drpl is a dynamin-related GTPase localized to the cytoplasm. Similarly to hFisl,
blocking Drpl activity results in mitochondrial elongation, which supports an active role
of this protein in the fission process (Santel and Fuller, 2001). To induce fission, Drpl
relocates from the cytoplasm to the mitochondria and assembles in punctate structure,
which will often become the fission site (Ingerman et al., 2005). The exact mechanism of
mitochondrial fission in mammals still needs to be clarified, but studies performed in
yeast have provided important clues on this process. In yeast, Fisl functions to recruit the
fission complex composed of Mdvl and Caf4, which are the adaptors for Dmnl
(homologue of Drpl) to the mitochondria (Tieu and Nunnari, 2000; Griffin et al., 2005;
Zhang and Chan, 2007). When multiple Dmn1 proteins are recruited to the future site of
fission, they homo-oligomerize and form spirals around the mitochondria. It is thought
that constriction of the spiral enables the mitochondria to divide in two (Abraham and
Shaham, 2004; Roux et al., 2006). In mammals, no homologues of Mdv1 and Caf4 have
yet been identified; hence Drpl may either interact directly with hFis! or through other

adaptor proteins to mediate fission.

1.4.2. Mitochondrial fusion

Mitochondrial fusion refers to the event where two individual mitochondria will
converge their outer and inner membrane to form a single mitochondrion. This ongoing
event is important for many cellular aspects including development, mitochondrial
metabolism and cell survival (McBride et al.,, 2006; Chan, 2006a). In mammalian

organisms, the proteins mediating mitochondrial fusion include the dynamin related
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Figure 6. Mitochondrial fusion. Mitochondrial fusion requires the fusion of the outer-
membrane and the inner-membrane. Through homo- and heterotypic interactions, Mfnl
and Mfn2 regulate the fusion of the outer membrane (OM). Opal interacts with Mfnl to

perform inner-membrane (IM) fusion.
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GTPase Mitofusin 1 (Mfnl), Mitofusin 2 (Mfn2) and Optic Atrophy 1 (Opal) (Figure 6).
Minl and Mfn2 are homologous proteins, both located on the outer membrane of the
mitochondrion (Rojo et al., 2002). Even though both proteins are very similar, they have
distinct functions in the cell (Cipolat et al., 2004; Ishihara et al., 2004; Chen et al., 2003).
They are inserted into the mitochondrial outer membrane with their N- and C-termini
located in the cytosol. They mediate fusion of the outer membrane from two adjacent
mitochondria through homotypic and heterotypic interactions with their heptad repeats
(coiled-coil formation domains) (Hoppins et al., 2007; Koshiba et al., 2004). Both Mfnl
and Mfn2 are vital to the organism since knockout mice of either one do not survive to
birth. Cells derived from those embryos exhibit highly fragmented mitochondria with
severe respiration defects and loss of their mtDNA (Chen et al., 2003). Specific deletion
of Mfn2 in neuronal tissue leads to severe neurodegeneration, which underlies the
importance of mitochondrial fusion in neurons (Chen et al., 2007).

Complete fusion of two mitochondria requires them to merge both the outer and
inner mitochondrial membranes. Similar to outer membrane fusion, inner membrane
fusion also relies on a dynamin related GTPase, more specifically on Optic atrophy 1
(Opal) which is inserted in the inner membrane facing the inter membrane space (Cipolat
et al., 2004; Meeusen et al., 2006). Loss of Opal can also be deleterious for neuronal
tissue, causing the degeneration of retinal ganglion cells leading to blindness in
autosomal dominant optic atrophy disease (Delettre et al., 2000). Morphologically, Opal-
deficient cells have fragmented mitochondria, involving this protein in the mechanism of
mitochondrial fusion (Griparic et al., 2004; Olichon et al., 2003). Opal is transcribed as §

different mRNA splice variants, which give rise to the long isoforms (L-Opal) of the
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Figure 7. Opal mRNA variants and processing. Opal is transcribed as 8 distinct
mRNA variants that vary from alternative splicing of exon 4, 4b and Sb, forming the long
isoform (L-Opal). L-Opal is targeted to the mitochondria by its mitochondrial
localization sequence (MLS) and is inserted in the inner-membrane with its
transmembrane domain (TM). After mitochondrial import, MLS is cleaved by
mitochondrial processing peptidases (MPP). Each mRNA variant can further be
processed at S1 and S2, creating the short soluble form (S-Opal). In the figure, the grey

box represents the rest of Opal protein.
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protein that are anchored to the mitochondrial inner-membrane (Figure 7). Following
mitochondrial import, these isoforms can be further processed by proteases such as
PARL, YmelL and Paraplegin (Cipolat et al., 2006; Griparic et al., 2007; Song et al.,
2007, Ishihara et al., 2006), to generate short soluble isoforms (S-Opal), which are no
longer attached to the mitochondria. Each long isoform possesses either one or two
cleavage sites (Figure 7, S1 and S2), depending on the mRNA variant. Therefore, Opal is
a very complex protein that can be resolved in at least 5 bands on a Western blot. The 2
heaviest bands are thought to be a mixture of long isoforms and the shorter bands
represent the processed isoforms (Ishihara et al. 2006). Both L-Opal and S-Opal are
required to mediate outer membrane fusion (Song et al., 2007). Although the exact
mechanism of Opal-mediated OM fusion remains to be determined, there is strong
evidence that its fusion activity requires cooperation with Mifnl (Cipolat et al. 2004).
Apart from mediating OM fusion, Opal is also implicated in the formation and regulation
of the cristae structure. In yeast, the Opal homologue Mgml is required for proper
formation of the cristac and assembly of ATP synthase (Amutha et al., 2004). The
importance of Opal was also assessed by dowregulating levels of the protein, resulting in
disruption of cristae morphology (Meeusen et al., 2006; Olichon et al., 2003; Frezza et
al., 2006). Opal was further proposed to control cristae structure by forming high
molecular weight oligomers of L-Opal and S-Opal at the base of the cristae to maintain
the cristae junctions in a “closed” conformation (Frezza et al., 2006). Opaloligomers
have also been implicated in apoptotic signaling, by controlling the release of cytochrome

C from the intra cristae space. In the following section, I will explain how modulation of
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the cristae structure is important for proper mitochondrial function and how Opal

oligomerization can affect cristae structure during apoptotic signaling.

1.5. Cristae structure

The topology of the mitochondrial inner membrane and cristae is not random but
rather controlled by several proteins. Some of the pioneering experiments investigating
mitochondrial cristae structure were performed by Hackenbrock in the 1960s. He was the
first to correlate the metabolic state of mitochondria to the shape of the cristae
(Hackenbrock, 1966). Over the years, it has become clear that the shape of the
mitochondrial cristae is directly implicated in various functions of the mitochondria. If
the cristae shape is different depending on the metabolic state of the cell, it is also
remodelled during apoptosis signalling, linking the cristae structure to the two major
roles of the mitochondria in the cell. In the following section, I will briefly describe the
impact of cristae structure on mitochondrial metabolism and explain how cristae are

remodelled during apoptosis and its significance for the apoptotic signalling.

1.5.1. Relevance of cristae structure for metabolism

The topology of the mitochondrial inner membrane is a typical physical aspect of
the mitochondria. The invagination of this membrane inside the matrix compartment is
known as cristae and it is connected to the inner boundary membrane via tight tubular
junctions called cristae junctions (Frey and Mannella, 2000b). The two distinct
mitochondrial morphological states, known as condensed and orthodox, correspond to the

variation in the structure of the cristae (Figure 8 A) (Hackenbrock, 1966). The condensed

22



Figure 8. Cristae remodelling during metabolic change and apoptosis. (A) From
Mannella, 2006. Mitochondria cristae change conformation according to the amount of
ADP and substrate. State III represents the cirstae structure under high ADP (condensed)
and State IV under low ADP (orthodox). (B) Model of cristae remodelling proposed by
Frezza et al. 2006. Opal oligomers are disrupted during t-Bid induced apoptosis, leading

to remodelling of the cristae and release of cyt C.
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state corresponds to large and wide cristac that occupy a large volume within the
mitochondria, condensing the matrix. On the other hand, the orthodox mitochondria have
a less dense matrix with compact cristae. Hackenbrock was the first to observe that
mitochondria can switch from condensed to orthodox state depending on the availability
of ADP. Mitochondria incubated with high amounts of ADP have dilated cristae,
corresponding to the condensed state. Conversely, the orthodox state correlates with low
levels of ADP. It was proposed by Mannella (2006) that “dilated” cristae enhances the
diffusion rate of ADP when it is present in excess. However, since ADP is a substrate for
the formation of ATP, computer simulations performed by Moraru and colleagues
demonstrated that it can be depleted in dilated cristae (condensed state). Lower amounts
of ADP and the dilated shape of the cristae limit the diffusion of the molecule, resulting
in a predicted drop in ATP production (Mannella, 2006a; Mannella et al., 2001a). This
observation led to the current model, suggested by (Mannella, 2006b), in which
mitochondria change to the orthodox state to reduce the size of the cristae thereby
increasing the diffusion of ADP, to sustain normal ATP production. How this whole
process is regulated and which proteins are implicated is still unclear. However, it is
evident that the topology of the cristae is important for mitochondrial respiration and

ATP production.

1.5.2. Relevance of cristae structure during apoptosis

Cytochrome C is a bi functional protein indispensable for mitochondrial
respiration. More that 80% of this protein is retained inside the mitochondrial cristae,

probably to increase the availability of this electron transport chain substrate to enhance
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ATP production. The cristae compartment connects to the inner membrane through a
tight tubular structure called the cristae junction (Frey and Mannella, 2000a). During
apoptosis, cytochrome C has a different function, which is to activate the caspase
cascade. It was observed by Scorrano et al. (2002) that the cristae, more specifically the
cristae junction, are remodelled during apoptosis (Figure 8B). This remodelling allows
the diffusion of cytochrome C to the intermembrane space and increases the amount of
cytochrome C released to the cytosol after permeabilization of the outer membrane,
resulting in a robust activation of the caspase cascade (Scorrano et al., 2002; Frezza et al.,
2006). Cristac remodelling has been observed in a variety of cell types after induction of
apoptosis, underlying its importance for apoptotic signalling (Scorrano et al., 2002;
Germain et al., 2005). There is evidence that this event might be regulated by the inner
membrane GTPase Opal (Cipolat et al. 2006, Frezza et al. 2006). Reducing the levels of
Opal using siRNA results in dilated cristae junctions, implicating this protein in the
control of the cristae junction (Griparic et al. 2004). A combination of long- and short-
Opal forms high molecular weight oligomers essential to maintain the cristae junction
“closed”. After treatment with t-Bid, those oligomers are degraded, which correlates with
the mobilization of cytochrome C to the cytoplasm and enhancement of the caspase
cascade. Overexpression of Opal or a disassembly-resistant mutant form of the protein
(Q297V) results in significant protection against cytochrome C release and cell death
(Frezza et al., 2006; Yamaguchi et al., 2008). It is highly probable that Opal is not the
sole protein involved in cristac remodelling during apoptosis. Other proteins implicated
in the maintenance of cristae structure such as Mitofilins and ATP synthase subunit e/g

could also be implicated in this process (Paumard et al., 2002; Arselin et al., 2004; John
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et al., 2005). Nevertheless, Opal oligomerization remains the checkpoint for cristae

remodelling and mobilization of cytochrome C during cell death.

1.6. Structural and functional defects of AIF-deficient mitochondria

In the mitochondria, AIF also sustains cell survival by affecting mitochondrial
metabolism and structure (Klein et al., 2002; Cheung et al., 2006; Vahsen et al., 2004).
The importance of proper mitochondrial dynamics and cristae structure on mitochondrial
function, as well as the direct impact it has on apoptotic signalling as been described
above.

Our group was the first to suggest a potential role of AIF as a protein involved in
maintaining mitochondrial structure, as AlF-deficient mitochondria exhibit severe
fragmentation (Cheung et al. 2006). Electron microscopy of such mitochondria revealed a
more profound structural defect, with balloon-shaped cristac and enlarged cristae
junction. Re-introduction of a mitochondria-anchored form of AIF (N-AIF) is sufficient
to completely rescue the defects caused by AIF deficiency, strengthening the idea of AIF
as a structural protein. However, how AIF controls mitochondria structure is yet to be
determined. One probability is that it mediate fusion similar to the mitofusins, blocking
fission by modulating hFis1/Drp1 activity or implicated in the maintenance of the internal
structure of the mitochondria. In the following section, I will explain the response of AIF-
deficient mitochondria to different fusion-inducing conditions and describe a novel
finding where AIF could functionally interact with the inner-mitochondrial membrane

protein Opal to achieve its pro-survival activity.
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1.6.1. Mitochondrial defects of AIF”" are not rescued by Mfn2 and dnDrpl

AIF” neurons have fragmented mitochondria with dilated cristae, suggesting a
role for AIF in maintaining mitochondrial structure. To test whether AIF modulates
mitochondrial fission and fusion, two approches were taken : fusion was increased by
overexpressing Mfn2 and fission was inhibited by expressing the dominant negative form
of Drpl (dnDrpl) (Frank et al, 2001). In wild type cortical neurons, enhancing
mitochondrial fusion or inhibiting fission results in increased mitochondrial length
(Figure 9 B-C). However, these effects were not observed in AIF™ neurons, in which the
mitochondria remain fragmented (Figure 9 D-F, O). Further analysis of mitochondrial
structure revealed that cristae were still dilated even in the presence of Mfn2 or dnDrpl
(Figure 9 G-J). Thus, promoting mitochondrial fusion or inhibiting fission cannot rescue
mitochondrial structural defects (Figure 9 O). Similarly, metabolic defects of AIF"
neurons were not rescued by overexpression of Mfn2 or dnDrpl, ATP production and
oxygen consumption remaining impaired (Figure 9 K-M). Interestingly, overexpression
of Mfn2 or dnDrpl could not reduce superoxide levels of AIF” back to control levels,
but it was still reduced compared to AIF” with GFP (Figure 9 N). This could be a result
of the fusion-independent role of Mfn2 in controlling metabolism, and inhibiting fission
could mimic this effect (Pich et al., 2005; Bach et al., 2003). Finally, increased fusion or
inhibited fission could not rescue survival of AIF” neurons. All this evidence

demonstrate that AIF does not promote cell survival
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Figure 9. Mfn2 and dnDrpl can not rescue the mitochondrial structure and
metabolism defects of AIF-/- neurons. (A-F) Representative images of mitochondria by
cytochrome c¢ staining from wild-type and AIF-/- neurons infected with Mfn2, dnDrpl
and GFP control. (G-J) TEM images of wild-type neurons with GFP and AIF-/-
expressing Mfn2, dnDrpl and GFP control. (K) Quantitative analysis of cell death of
control neurons expressing GFP and AIF-/- expressing Mfn2, dnDrpl and GFP control
(n=3). (L) Measurement of ATP production of AIF-/- neurons expressing Mfn2, dnDrpl
and GFP control compared to wild-type expressing GFP (n=3). (M) Measurement of
Oxygen consumption of wild-type neurons expressing GFP and AIF-/- expressing Mfn2,
dnDrpl and GFP control (n=3). (N) Analysis of mitochondrial ROS production in wild-
type and AIF-/- neurons expressing Mfn2, dnDrpl and GFP control (n=3). (O)
Quantitative analysis of control and AIF”" neurons expressing Mfn2, dnDrp1, and GFP
control with the indicated mitochondrial shape (n=3). * p<0.05 compared to control +

GFP (from Cheung E., Pilon-Larose K. et al.)

28



GFP dnDrp1

Mfn2

control

Aif *

K Ocontrol + GF P L Ocontrol + GFP ] co_n:rol + GFP
@ pif * + GFP 1200 - ® Ajf4 + GFP :2.-’%1‘.3.}::2
BAIf* + Mfn2 |Afs+ Mfn2 A14oo - B Aif*+ dnbrp1
100 1 ®Aif*+ dnDrpi 1000 W Aif* + dnDrp1 31200
L]
s 80 3 800 §1ooo 1
— —_ Q.
s % 600 g
2 -4 2
c 40 =400 c
=2 ]
n il
20 200 Ky
0 0
1 2 3 4
24 36 48 60 72 1 2 3 4 Days in vitro
Time (hrs) Days in vitro
N (o]
30 ; Geontrol 100 ., Ocontrol + GFP
 Aif* + B pjps+ GFP
; P 80 - * B pjpa+ Min2
£ 20 ; 3 B g+ dnDrp1
% . % 60 -
5 g
S L £40
2 10 §
s & 20 |
-
*
*
] T v 0
GFP Mfn2 dnDrp1 normal  fragmented intermediate efongated  clump

Mitochondrial shape




by modulating mitochondrial fusion or fission, since over-expression of neither Mfn2 nor

dnDrpl could rescue cell survival, mitochondrial structure and function.

1.6.2. Opal rescues the defects of AIF-deficient mitochondria

AIF deficient cells exhibit severe mitochondrial defects and impaired survival. It
seems unlikely that AIF ensures mitochondrial integrity and cell survival by modulating
mitochondrial fusion or fission. Therefore, it would be possible that AIF sustains
neuronal survival by maintaining mitochondrial structure. It could functionally interact
with a protein responsible for regulating mitochondrial architecture and in the absence of
AIF, this protein’s function would be impaired, resulting in the structural defects
observed. Opal would be an interesting candidate since it promotes fusion by interacting
with Mfnl and is responsible for maintaining inner membrane structure by forming
oligomers with its long (L-Opal) and its soluble short (S-Opal) forms (Cipolat et al.,
2004, Meeusen et al., 2006). Loss of Opal induces defects similar to AIF deficiency.
Indeed, Opal” cells have fragmented mitochondria with dilated cristae as well as
respiration defects leading to cell death (Chen et al., 2005, Griparic et al., 2004). These
similarities between AIF and Opal suggest that they may be involved in a common
pathway to regulate mitochondrial function. Over-expression of Opal in AIF” cells can
rescue mitochondria structure (Figure 10 A-G, L). Also, mitochondria in AIF” neurons
expressing Opal have tighter and more organized cristae (Figure 10 E-G). Hence, it
seems that Opal on its own has the potential to rescue structural defects of AIF deficient
neurons (Figure 10 L). Correspondingly, Opal over-expression could also rescue oxygen

consumption, ATP production and cell survival in AIF” neurons (Figure 10 H, I and K).
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Figure 10. Opal rescues AIF-/- mitochondrial and metabolic defects. (A-D)
Representative images of mitochondria by cytochrome ¢ staining from wild-type and
AIF-/- neurons infected with Opal and GFP control. (F-H) TEM images of wild-type
neurons expressing GFP and AIF-/- neurons expressing Opal or GFP control. (I)
Measurement of ATP production of AIF-/- neurons expressing Opal and GFP control
compared to wild-type expressing GFP (n=3). (J) Measurement of Oxygen consumption
of wild-type neurons expressing GFP and AIF-/- expressing Opal and GFP control (n=3).
(K) Analysis of mitochondrial ROS production in wild-type and AIF-/- neurons
expressing Opal and GFP control (n=3). (L) Quantitative analysis of cell death of control
neurons expressing GFP and AIF-/- expressing Opal and GFP control (n=3). (M)
Quantitative analysis of control and AIF”" neurons expressing Opal and GFP control
with the indicated mitochondrial shape (n=3). * p<0.05 compared to control + GFP (from

Cheung E., Pilon-Larose K., et al.)

30



1200

1000

— 800
s

L]

= 600
=
<, 400

200

Survival (%)

100 -

80

60

40

20

Opa1

= —

GFP
- -
- —

Aif* '

control + GFP _ Aif*+GFP__ ___ Aif*+Opaf
i W T T P

Ocontrol + GFP Ocontrol + GFP
|Aif++ GFP 1400 4 ;::;i: g:; 30 1 * Ocontrol
DAjfe + Opa1 1200 4 . o0 Aif»
s 3
— ] ]
. = 1000 N 320
E’ 800 - W H
N , 3 600 - . . s “
© 10 -
Q =
8 400 z
© 200 - I I I
0 4 [} T y
2 3 4 1 2 3 4 GFP Opai
Days in vitro Days in vitro
Ocontrol + GFP L 100 * Ocontrol + GFP
mAir*+ GFP rl» ® Aifs+ GFP
O Aif++ Opa1 " 80 - o Aif*+ Opat
@
o 60 -
. o
* o
N € 40 1
[T
5
a 20
* *
L | - o T — y 4*:13_1
36 48 60 72 normal fragmented intermediate elongated clump

Time {hrs) Mitochondrial shape




Importantly, superoxide levels are significantly reduced by overexpressing Opal,
suggesting that the increase in ROS observed in AIF” cells is due to the loss of Opal
activity in these cells (Figure 10 J). Therefore, this functional interaction between AIF

and Opal suggests that AIF pro-survival function is to maintain mitochondrial structure.

1.6.3. Opal acts downstream of AIF

Overexpression of Opal can rescue defects of AIF” cells, suggesting that Opal
works downstream of AIF. Conversely, if AIF acted upstream of Opal, overexpression of
AIF in Opal™ neurons would be nonfunctional. Knockdown of Opal in neurons results
in impaired cell survival. N-AIF, a mitochondria-anchored variant of AIF that is
permanently tethered to the mitochondria inner-membrane, was demonstrated to promote
cells survival in AlF-deficient cells and delay apoptosis in wild-type neurons (Cheung et
al. 2006). Expression of this AIF variant in the Opal knockdown neurons could not
rescue cell survival (Figure 11). Hence, this suggests that AIF acts upstream of Opal

within the same pathway to promote cell survival by controlling mitochondrial structure.
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Figure 11. Opal is downstream of AIF. (A) Quantitative analysis of cell death of wild-
type neurons expressing N-AIF and GFP control and wild-type neurons with a knock-

down of Opal expressing N-AIF or GFP control (n=5).
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1.7. Rationale

Mitochondria are vital organelles in the cell. Apart from their central role as an
energy producer, mitochondria are also relaying stations for apoptosis signalling. Several
mitochondrial proteins have both pro-survival and pro-death functions, such as
cytochrome C and Apoptosis Inducing Factor. AIF was first described as a pro-apoptotic
protein but it became increasingly clear that this protein also play a pro-survival role
inside the mitochondria, as it is required to maintain proper mitochondrial structure and
function. As discussed above, mitochondria are crucial for both ATP production and cell
death signalling. AIF deficient mitochondria are highly fragmented, with defective cristae
and impaired metabolism. Such abnormalities cannot be rescued by enhancing fusion or
by blocking fission, demonstrating a profound structural defect in the absence of AIF in
the mitochondria. The mitochondrial GTPase Opal can rescue both metabolic and
structural defects of AIF deficient mitochondria. Furthermore, it seems that Opal acts
downstream of AIF in a common pathway. However, the exact mechanism by which AIF

maintains mitochondria structure and metabolism through Opal is yet to be determined.

1.8. Statement of hypothesis and objectives
Since in the absence of AIF mitochondria exhibit severe structural and metabolic
defects that can be rescued by overexpression of Opal, we hypothesize that AIF acts

upstream of Opal in a common pathway to regulate mitochondrial structure and function

by modulating Opal activity via physical interaction. To test this hypothesis we set up

the following objectives:



Objective #1: Confirm that AIF acts upstream of Opal in a common pathway to
regulate mitochondrial structure and function

Given our preliminary results suggesting that AIF functions upstream of Opal, we
will use primary cortical neurons in which Opal will be knocked down by siRNA
technology to analyze the protective potential of Opal and AIF after induction of
apoptosis. Cytochrome c release and nuclear morphogenesis will be used as a measure of

cell death after the treatment.

Objective #2: Assess wh