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Summary

Summary

Programmed cell death in the nematode C. elegans is the equivalent process to
human apoptosis. Studying this process in the model organism has led to a
great amount of knowledge about the details of pathway steps and proteins that
are involved. While the system in the worm appears trivial with only four
regulating proteins, in mammalian cells at least twenty proteins are already
involved in the initiation of apoptosis. In this study we set out to investigate
worm cell death proteins in vivo and in vitro. Although many things are already
known, it has never been shown before, where and when the only worm
caspase CED-3 is expressed in vivo. In the first part of our study we initially
wanted to analyze the localization and in vivo expression pattern of CED-3 in C.
elegans worm embryos. Although we employed several commercially available
and self-generated anti-CED-3 antibodies, we were not able to achieve CED-3
staining in worm cells. However, during these experiments we found
reorganization of the mitochondrial network by the expression of CED-9 in HelLa

cells.

Bcl-2 family proteins play central roles in apoptosis by regulating the release of
mitochondrial intermembrane space proteins such as cytochrome c. Death
promoting Bcl-2 family members, such as Bax, can promote cytochrome c¢
release and fragmentation of the mitochondrial network, whereas apoptosis-
inhibitory members, such as Bcl-2 and Bcl-xL, can antagonize these events. It
remains unclear whether CED-9, the worm Bcl-2 relative, can regulate
mitochondrial fission/fusion dynamics or the release of proteins from the
mitochondrial intermembrane space. In the second part of this thesis we
investigated the role of the apoptosis-inhibitor protein family. We show that
CED-9 interacts with Mitofusin-2/fuzzy onions and can promote mitochondrial
clustering and dramatic reorganization of mitochondrial networks. Consistent
with its ability to neutralize CED-9 function, EGL-1 antagonized CED-9-
dependent remodeling of the mitochondrial network. However, CED-9 failed to
inhibit mitochondrial cytochrome c release or apoptosis induced by diverse

triggers in mammalian cells. Our data suggest that the ability to regulate



Summary

mitochondrial fission/fusion dynamics is an evolutionarily conserved property of

the Bcl-2 family.

Bax and Bak promote apoptosis by perturbing the permeability of the
mitochondrial outer membrane and facilitating the release of cytochrome ¢ by a
mechanism that is still poorly defined. During apoptosis, Bax and Bak also
promote fragmentation of the mitochondrial network, possibly by activating the
mitochondrial fission machinery. It has been proposed that Bax/Bak-induced
mitochondrial fission may be required for release of cytochrome ¢ from the
mitochondrial intermembrane space. The third chapter of this thesis
demonstrates that Bcl-xL, as well as other members of the apoptosis-inhibitory
subset of the Bcl-2 family, antagonized Bax and/or Bak-induced cytochrome ¢
release but failed to block mitochondrial fragmentation associated with
activation of these proteins. These data suggest that Bax/Bak-initiated
remodeling of mitochondrial networks and cytochrome c release are separable

events.
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1 Introduction

1.1 Cell suicide

During the lifetime of an organism, cells divide and differentiate in a regulated
manner to fulfill certain tasks. In the same way that mechanisms exist to control
the development of cells and organs, there must be a corresponding
mechanism to allow the elimination of excess or damaged cells. The process
controlling the elimination of cells is referred to as programmed cell death or, as
Kerr et al. termed it, apoptosis (Kerr et al., 1972). Apoptosis or programmed
cell death is a cell fate occurring in all multicellular organisms. During
embryonic development for example there is a balance between cell division
and removal. In order to sculpt the hands and feet of a human embryo removal
of excess cells, forming the interdigital skin, between the fingers and toes has to
occur. The process underlying this removal of cells is apoptosis (Jacobson et
al., 1997). Figure 1.1 demonstrates how the loss of a particular protein involved
in apoptosis leads to a defect in cell removal and incomplete development of a
mouse embryo (Yoshida et al., 1998).

Apoptosis is not only important during development or in developing
tissues it is also involved in cell turnover in adult tissues. Normal homeostasis
of the human body is maintained by apoptosis, i.e. senescent cells or cells that
are required only transiently are removed and replaced by newly generated
ones (Jacobson et al., 1997). The astonishing aspect about apoptosis is that
cells in the process of apoptosis can be recognized by distinct morphological
changes, which is easily observed under the microscope. These elements
include nuclear condensation, blebbing of the plasma membrane and break up
of the cell into apoptotic bodies (Kerr et al., 1972) (Figure 1.2). Another
important aspect of apoptosis is the preservation of the plasma membrane
integrity, which guarantees the silent removal of dying cells by other cells
through phagocytosis (by macrophages) without causing damage to their
neighboring cells. Phagocytosis of the apoptotic bodies of dying cells
guarantees that no intracellular components escape into the environment,
which would cause an unwanted inflammatory response in mammalian systems
(Raff, 1998).
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Apaf-1-
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Yoshida et al., 1998

Figure 1.1: Knockout of apoptosis proteins in vivo
Hind limbs of wildtype and knockout mouse embryos.
Loss of Apaf-1 leads to the delayed removal of interdigital
webs in Apaf-1 knockout embryos.
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Figure 1.2: Morphology of dying cells in culture

Hela cells were treated with actinomycin D (5uM) and observed for 10
hours. This RNA-synthesis inhibitor induces apoptosis in human cells. At
the beginning of the treatment, cells are streched out and attached to the
plate. After 10 hours of treatment, cells show a characteristic apoptotic
morphology, including rounding up of the cell, shrinkage, plasma
membrane blebbing and fragmentation into apoptotic bodies.
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A very important reason for understanding apoptosis in all its molecular
detail becomes evident if the cell death machinery ceases to function. Cells
that have either lost the ability to initiate programmed cell death, or gained the
ability to circumvent it can be the cause for diseases. Cancer development and
neurodegenerative diseases can result as a consequence of disrupted
apoptosis. Therefore, understanding the precise mechanisms behind this
process are crucial to develop new therapies for human diseases in which

apoptosis plays a role.

1.2 Apoptosis and Necrosis

Many environmental influences and agents can damage cells. For example
heat, chemicals or physical injury to a tissue can lead to a deregulated, passive
mode of cell death referred to as necrosis. In humans, necrosis results in the
activation of an immune response. This happens because the plasma
membrane of cells bursts and cytoplasmic contents are spilled into the
surrounding. Cells of the immune system become deployed and infiltrate the
affected tissue, thereby excreting inflammatory cytokines and amplifying the
immune response (Raff, 1998).

The active form of cell death, apoptosis, is the focus of this study.
Apoptosis is controlled by genetical and biochemical processes, which have
been evolutionarily conserved from the nematode Caenorhabditis elegans (C.
elegans) to man. For the regulation of apoptosis a battery of proteins have
been identified that are involved. The execution of apoptosis relies on a family
of proteases called caspases (cystein-aspartate specific proteases). While only
one caspase is necessary in C. elegans (described in paragraph 1.6), more
than 12 caspases have been identified to date in humans that are instrumental

for different apoptotic pathways (Figure 1.3).

1.2.1 Caspases: the executioners of apoptosis

The human caspases can be seperated into two groups, based on the length of
their N-terminal prodomains and their function. The first group are the initiator
caspases, which are upstream in the apoptosis process (e.g. caspase-2, -8 and
—-9). They contain long prodomains, which include domains required for protein-

protein interactions. Caspase-9 for example contains a CARD domain
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Figure 1.3: Schematic representation of caspases

Human caspases consist of a prodomain, which can include a CARD
(caspase recruitment domain), or a DED (death effector domain). The
prodomain is followed by a large and a small subunit. Caspases-1, -4, -5
and -12 have been implicated in inflammatory responses,

caspases-2, -3, -6, -7, -8, -9 and -10 are mediators of apoptosis.
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(caspase recruitment domain), while caspase-8 and —10 contain a DED (death
effector domain) (Nicholson, 1999) (Figure 1.3). Examples of activation
mechanisms are described in detail below for caspase-8 and caspase-9, which
are acting in two distinct apoptotic pathways. The main function of initiator
caspases is to activate downstream effector caspases, which occurs through
proteolytic cleavage of the latter. Effector caspases are seen as the main
substrates for initiator caspases, and they contain conserved caspase cleavage
sites (between their large and small subunit) for the proteolytic processing by
initiator caspases. This region was found to be important for their activation, but
also for a positive feedback loop to accelerate apoptosis (Earnshaw et al.,
1999). The effector caspases (caspases -3, -6 and —7) contain short
prodomains and exhibit the second group of caspases. They are the
executioners of the cell death process and cleave downstream target proteins.
The destruction of cellular substrate proteins then leads to the dismantling and
death of the cell (Fischer et al., 2003). Such substrates include structural
proteins of the cytoskeleton like actin and tubulin, which lead to the
reorganization and break down of the cell once they are cleaved. More
examples for substrates are the nuclear protein responsible for DNA repair
PARP (poly ADP-ribose polymerase), as well as signaling kinases like Raf-1
that are cleaved by caspases. Another context in which caspases play a role is
inflammation. This process employs the caspases-1, -4, -5 and -12, which are
also long, CARD-containing proteases (Earnshaw et al., 1999; Creagh and
Martin, 2003) (Figure 1.3).

1.2.2 Activation of caspases

Caspases are synthesized and exist in the cell as inactive zymogens, which
require proteolytic processing in order to be activated (Martin and Green, 1995;
Earnshaw et al., 1999). The general structure of a caspase is comprised of the
prodomain followed by a large subunit and a small subunit. In order to become
activated, caspases are first proteolytically processed between their large and
small subunit, followed by a further step in which the prodomain is removed
(Earnshaw et al., 1999). The processed enzyme then undergoes a
conformational change and hetero-dimerizes its large and small subunit to

reveal the active site pocket. In a final step, hetero-dimerization of two
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processed caspase-chains occurs and reveals the tetrameric active caspase
(Shi, 2002) (Figure 1.4). The active site of the protease is located on the C-
terminus of the large subunit. This active site consists of a penta-peptide and
contains the catalytic cysteine residue (QACRG), which is conserved
throughout the caspase family (Cohen et al., 1997). Both subunits of a caspase
contribute residues for the formation of the substrate-binding pocket comprised
of four loops (S4-S3-S2-S1). This cleft binds precisely to four specific residues
on a substrate molecule (target tetra-peptide: P4-P3-P2-P1). All known
caspases possess an absolute specificity for cleavage after an aspartic acid
residue at position P1 of the substrate target sequence (Thornberry et al.,
1997). As well as this absolute requirement for aspartic acid on P1, caspases
show lose specificity for P2, prefer glutamic acid at P3 and have variable
preferences for P4 (Thornberry et al., 1997; Nicholson, 1999). Caspase

activation occurs in different pathways, which are described below.

1.3 Apoptotic pathways
There are two main ways for a cell to die by apoptosis, which are referred to as
the extrinsic pathway, dependent on signals from outside the cell, and the

intrinsic pathway, dependent on signals from within the cell.

1.3.1 The extrinsic pathway: Death receptor mediated caspase
activation
The extrinsic pathway involves receptors that are anchored into the plasma
membrane with domains facing the extra-cellular matrix and domains reaching
into the cytoplasm (Figure 1.5). These receptors, namely Fas- (fibroblast
associated), or TNF- (tumor necrosis factor) receptor, belong to the TNF-
receptor super-family (Schmitz et al., 2000). They are characterized by the
presence of cystein rich domains in the extra-cellular matrix part of the receptor
(Ashkenazi and Dixit, 1998).

Activation of the receptor-mediated apoptotic pathway occurs via binding
of their respective ligand (FasL=Fas ligand, or TNFa=tumor necrosis factor a)
onto the extra-cellular matrix receptor domain. When for example FasL binds

its receptor, the receptor trimerizes and the intracellular part of the receptor,
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Figure 1.4: General structure of caspases

A) Domain structure of a pro-caspase: indicated are the prodomain and the
large and small subunit. Caspases are synthesized as inactive zymogens
and processed for activation. The processing sites (Asp= aspartic acid) are
indicated where cleavage occurs for caspase maturation.

B) Structure of an active caspase: The active caspase is a heterodimer
consisting of two large and two small subunits, the prodomain is removed.
After processing, the caspase single chain precursor changes its
conformation to expose the active site for substrate binding and cleavage.
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containing death domains (DD), clusters to recruit the adaptor protein FADD
(Fas-associated protein with death domain) with which it builds the so-called
DISC (death inducing signaling complex) (Kischkel et al., 1995). This leads to
the further recruitment and binding of multiple caspase-8 molecules to FADD,
resulting in caspase-8 activation via auto-processing between several caspase-
8 molecules (Muzio et al., 1996; Medema et al., 1997). The mode of action
downstream of caspase-8 activation depends on the cell type. In so-called type
| cells, active caspase-8 directly targets the effector caspase pro-caspase-3 in
order to activate it by proteolytical processing (Peter and Krammer, 2003). In
contrast, in type Il cells, caspase-8 first targets the pro-apoptotic molecule Bid
and cleaves it. Truncated Bid (tBid) translocates to mitochondria and stimulates
cytochrome c release via activation of Bax/Bak oligomerization. Cytochrome ¢
release results in the formation of the apoptosome where caspase-9 is activated
and only then leads to downstream activation of the effector caspase-3
(Kuwana et al., 2002). The release of cytochrome ¢ and downstream caspase

activation is described below.

1.3.2 The intrinsic pathway: Caspase activation via mitochondria

Stimuli that trigger the intrinsic apoptosis pathway are factors like UV-light or
drugs, which can cause cell stress. This in turn can lead to DNA damage,
which induces the up-regulation of the molecule p53 in the cytoplasm of the cell
and activates Bax (Chipuk et al., 2004). Molecules acting as cell damage
sensors, including p53 and the BH3-only proteins, transmit signals to
mitochondria, which act as a platform for the integration of the intrinsic death
pathway. In response to these damage signals, the molecules Bax and Bak are
activated and result in the permeability of the mitochondrial outer membrane to
cause cytochrome c release (Figure 1.5). Once released into the cytoplasm,
cytochrome c together with dATP, binds to Apaf-1 (apoptosis protease-
activating factor-1) a protein required for the activation of caspase-9. Apaf-1 is
comprised of three domains, the CARD for interaction with the CARD of
caspase-9, the nucleotide-binding domain (NBD) for oligomerization and the
WD40 repeat region (Adrain et al., 1999). Cytochrome c binds to the WD40
repeat region, thereby inducing a conformational change and unmasking the

CARD of Apaf-1. The reorganized activating protein oligomerizes and binds to
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The left hand side represents the receptor mediated pathway for caspase
activation. On the right hand side the intrinsic pathway that acts through
mitochondria to activate caspases is displayed. Both pathways result in
activation of a caspase cascade, substrate proteolysis and cellular
collapse. For details see text.
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caspase-9. It was found that seven molecules of Apaf-1 oligomerize and recruit
caspase-9 (Acehan et al., 2002). The resulting complex forms a structure that
resembles a wheel and is referred to as the apoptosome (Yu et al., 2006,
Adrain et al., 2006). In this high molecular weight protein complex multiple
caspase-9 molecules come into close proximity and auto-activate each other by
proteolytical processing (Salvesen and Dixit, 1999). Once the initiator caspase
(caspase-9) is active, a well-defined caspase cascade occurs to induce
downstream effector caspase activation of caspase-3 and caspase-7, which
cause the dismantling of the cell (Slee et al., 1999) (Figure 1.5).

The focus of this study belonged to the mitochondrial apoptosis pathway,

which is explained in the next section.

1.4 The role of mitochondria in apoptosis

1.4.1 Mitochondria in healthy cells

As described above, mitochondria play a central role in apoptotic processes in
mammalian cells in both the extrinsic and the intrinsic apoptotic pathway. In
healthy cells, these organelles guarantee the supply of energy through the
production of ATP. Structurally, mitochondria are special organelles, because
they are comprised of two membranes, an outer and an inner membrane. Both
membranes harbor important proteins for the formation of channels,
components of the electron transport chain and for oxidative phosphorylation
(Figure 1.6). Over ninety percent of mitochondrial proteins are encoded in the
nucleus and synthesized in the cytoplasm. Therefore, transport proteins are
required to import proteins into the mitochondrion. TOM (transporter of the
outer membrane) and TIM (transporter of the inner membrane) molecules,
located in the respective membrane, can interact and form a channel when a
protein has to be transported into the organelle (Bauer et al., 2000).

The inner mitochondrial membrane is constructed in large invaginations
reaching into the matrix of the organelle, which are called the cristae.
Components of the electron transport chain, which is crucial for ATP production,
are localized to the inner-mitochondrial membrane. This electron transport
chain functions by transferring electrons in a step-by-step manner from complex

| (NADH dehydrogenase) to complex |l (succinate dehydrogenase) to complex
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Figure 1. 6: Composition of the mitochondrial membrane

The double membrane of the mitochondria contains many proteins with various
functions for their physiological role. The translocator of the outer and inner
membrane (TOM and TIM, light blue) import proteins into the mitochondria.
Components of the electron transport chain (Complex 1-4, in yellow) transport
electrons from one to another and supply the energy potential to produce ATP.
VDAC (voltage dependent anion channel) and ANT (adenin nucleotide translocator)
are yet another transport channel for small molecules and nucleotides, which might
play a role in cell death by forming the PT (permeability transition) pore. OMM
(outer mitochondrial membrane), IMM (inner mitochondrial membrane).
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Il (ubiquinol-cytochrome c- reductase) to complex IV (cytochrome c-
oxidoreductase). The molecule that delivers electrons from complex Il to
complex IV is cytochrome ¢, a small and mobile intermembrane space protein,
which also plays a crucial role during the initiation phase of the mitochondrial
apoptosis pathway. Complex IV uses the received electrons to generate water
from oxygen and protons. During this electron transport the substrates of each
of the complexes (I-IV) export protons from the matrix into the intermembrane
space, thereby fueling a charge gradient across the inner membrane. This
charge gradient was dubbed the mitochondrial transmembrane potential (Aym)
and is a hallmark for the function of mitochondria (Newmeyer and Ferguson-
Miller, 2003). The membrane potential is used by complex V for production of
energy. Complex V (or ATP synthase) is a multisubunit protein, which drives
ATP synthesis via oxidative phosphorylation of ADP. ATP is exported from the
mitochondrial matrix, and again, the potential is used to import ADP. Exchange
of ADP/ATP is secured through the integral membrane molecules VDAC
(voltage dependent anion channel) on the outer mitochondrial membrane and
ANT (adenine nucleotide transporter) on the inner mitochondrial membrane
(Zamzami and Kroemer, 2001). VDAC normally allows the passage of
molecules of around 5 kDa across the outer membrane, supporting the
exchange of respiratory chain substrates. In contrast, ANT only permits
molecules smaller than 1.5 kDa (like ADP/ATP) to pass through the inner
membrane, securing the maintenance of the inner membrane potential which is
crucial for oxidative phosphorylation (Zamzami and Kroemer, 2001) (Figure
1.6).

1.4.2 Mitochondria in dying cells

As described in 1.3.2, release of cytochrome cis a crucial step leading to
caspase activation. In fact it is the point of no return, after which cells will surely
die. Other mitochondrial intermembrane space proteins are co-released in this
process, for example Smac (second mitochondrial derived activator of
caspases) and Omi/HtrA2, which also have roles in cell death, but are not
described here. Permeabilization of the mitochondrial membrane must precede
the release of cytochrome c¢, but the precise mechanism mediating this

permeabilization has not been fully understood so far. Indeed, over the past
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decades a huge controversy has built up in the literature and several
hypotheses as to how mitochondrial membrane permeabilization occurs, have
emerged.

One model of permeabilization of the outer membrane is its rupture
through expansion of the inner membrane, by diffusion of water and solutes
smaller than 1,5 kDa in size into the matrix. As a consequence of the physical
rupture of the outer membrane, proteins harbored in the inter-membrane space,
including pro-apoptotic proteins, are released (Martinou and Green, 2001).
Oxidative stress or low ATP concentration have been proposed to cause this
effect.

Another mechanism was postulated in studies investigating the formation
of a pore for release of mitochondrial components. Interaction of VDAC with
ANT and Cyclophilin D in the matrix of mitochondria was suggested as the
components of the so-called permeability transition (PT) pore. Formation of this
pore was thought to lead to the loss of mitochondrial membrane potential, which
is seen during apoptosis. Once again this was thought to result in the release
of cytochrome ¢ and other inter-mitochondrial membrane space proteins, and
subsequently in cell death (Zamzami et al., 1995). However, Goldstein et al.
observed the release of cytochrome ¢ from the mitochondrial inter-membrane
space despite the preservation of a mitochondrial membrane potential,
indicating that it was independent of its loss (Goldstein et al., 2000). In addition,
it was found that caspase activation was required to cleave complexes of the
electron transport chain in order to lose membrane potential, indicating a
downstream effect of apoptosis (Ricci et al., 2003). These observations were
finally confirmed when animals were used that lacked either the inner
membrane protein ANT (Kokoszka et al., 2004) or the matrix protein cyclophilin
D (Nakagawa et al., 2005; Baines et al., 2005). It was reported that apoptosis
and cytochrome c release occurs normally and cells die without delay in such
knockout cells, suggesting that those proteins are not important for the death of
a cell, and contradicting the theory that the PT pore was responsible for the

permeabilization of mitochondria.

So how is mitochondrial permeabilization initiated? A group of proteins, the pro-

apoptotic Bcl-2 family members, are now known to be essential and can carry
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out channel formation and permeabilization of the mitochondrial membrane.

These proteins and their function are described in the next paragraph.

1.5 Bcl-2 family proteins: control of the mitochondrial apoptosis

pathway

More than twenty Bcl-2 family members have been found in mammals to date
(Figure 1.7). They are divided into two groups, according to their function and
structural composition. The first group contains the multi-domain anti-apoptotic
proteins, which contain four BH (Bcl-2 homology) domains and in some cases
also a hydrophobic transmembrane domain. The most studied anti-apoptotic
molecules are Bcl-2, Bel-xL, Mcl-1 and A1. The second group of Bcl-2 family
proteins is the group of the pro-apoptotic molecules, which is further divided into
two sub-groups. Bax, Bak and Bok belong to the multi-domain pro-apoptotic
proteins and the last group is defined by only containing one BH domain, the
pro-apoptotic BH3-only sub-group (Puthalakath and Strasser, 2002; Danial and
Korsmeyer, 2004) (Figure 1.7). Functions of the Bcl-2 family proteins are

described below.

1.5.1 Apoptosis activation by Bcl-2 family members

The pro-apoptotic members of the Bcl-2 family Bax and Bak, are involved in
mitochondrial outer membrane permeabilization (MOMP). The group of Stan
Korsmeyer showed that knockout mice, lacking Bax and Bak proteins, are
resistant to basically the majority of all apoptotic stimuli (Lindsten et al., 2000,
Wei et al., 2001). However, the precise mechanism of mitochondrial
permeabilization through Bax and Bak has remained obscure and has been the
focus of much research to date. Different models have been suggested, by
which for example Bax can induce mitochondrial outer membrane
permeabilization.

Firstly, it was hypothesized that Bax interacts with the mitochondrial
channel proteins ANT and VDAC to promote opening of the PT pore and allow
water to diffuse into the mitochondrial matrix (Figure 1.6). Subsequent swelling
and rupture of the outer membrane was thought to lead to the release of

cytochrome c, similar to the model described above (Marzo et al., 1998;
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Figure 1.7: Classification of the family of Bcl-2 proteins

The Bcl-2 family of proteins contains pro- and anti- apoptotic members. As
shown, all proteins contain at least one BH-domain (Bcl-2 homology). The
anti-apoptotic proteins possess all four BH-domains, whereas multi-domain
pro-apoptotic proteins lack he BH4 domain. The C-terminal membrane anchor
of some members is hydrophobic and tethers them to the mitochondria.

The molecular weight of the proteins is given on the right, as in
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Shimizu et al., 1999). However, this was contradicted by showing that Bax-
induced apoptosis could not be blocked by substances inhibiting the PT pore
like cyclosporine A (Eskes et al.,, 1998). In addition, physical interaction of Bax
with PT pore forming proteins could not be demonstrated (Martinou and Green,
2001). Eskes et al. tested further PT pore inhibiting substances like bongkrekic
acid and ADP. These compounds also failed to inhibit Bax-induced release of
cytochrome ¢ from isolated mitochondria and were only capable of inhibiting
release of cytochrome ¢ induced by the known PT pore opener Ca** (Eskes et
al., 1998).

A second model for channel formation in the mitochondrial outer
membrane derived from studies based on structural analysis. It was revealed
that Bax shows striking structural homology to bacterial toxins that form pores in
their target cells, suggesting that Bax could be capable of forming similar pores
into the mitochondrial membrane (Muchmore et al., 1996; Antonsson et al.,
1997; Schlesinger et al., 1997). Furthermore, it was observed that the inactive
form of Bax is localized to the cytosol and has its C-terminal tail hemmed in a
hydrophobic cleft, which is formed by its BH-domains. After activation, Bax
releases its C-terminal transmembrane domain, translocates to mitochondria
and inserts into the outer membrane (Nechushtan et al., 1999; Suzuki et al.,
2000). However, insertion of monomeric Bax in the outer membrane of
mitochondria was insufficient for cytochrome c¢ release, therefore, it was
suggested that Bax must oligomerize to form channels (Antonsson et al., 2000
and 2001). Evidence for this hypothesis came from in vitro assays, where
artificial liposome membranes were generated and oligomeric Bax indeed
formed channels to release fluorescent-labeled cytochrome c after inserting into
the artificial membrane (Saito et al., 2000; Epand et al., 2002). In addition, a
recent in vitro study, using an artificial Bax/Bak channel blocker, supported the
idea that the channel is required during apoptosis for the release of cytochrome
¢ (Hetz et al., 2005). As mentioned above, in order for Bax to induce
cytochrome c release it must be activated. One way in which Bax can be
activated is through interaction with the BH3-only proteins. Studies on those
small pro-apoptotic members of the Bcl-2 family revealed interactions between

multi-domain proteins Bax and Bak, and BH3-only domain molecules, leading to
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activation of the Bax/Bak channel and are described in more detail in the next
paragraph (Desagher et al., 1999; Wei et al., 2000).

The BH3-only proteins have been categorized into direct (Bid and Bim) and
indirect (Puma, Noxa, Bmf, Bad, Hrk and Bik) activators of Bax and Bak
(Kuwana et al., 2005). These small pro-apoptotic molecules are regulated by a
variety of mechanisms and factors that cause cell stress, thereby BH3-only
proteins act as sensors for apoptotic stimuli. For example Puma and Noxa are
under controlled by p53, which transcriptionally up-regulates these proteins
after DNA damage (Oda et al., 2000; Nakano et al., 2001). Bad is regulated by
the status of its phosphorylation in response to growth or survival factors (Zha
et al., 1996). Bim is kept in check by its sequestration to cytoskeletal structures
and released to induce apoptosis in response to many stimuli (Puthalakath et
al., 1999). Another member, Bid, must be proteolytically processed by
caspase-8 for its activation as described in 1.3.1 (Desagher et al., 1999; Wei et
al., 2000).

Thus, in response to an apoptotic stimulus, the direct activators Bid and
Bim shuttle to Bax and/or Bak and induce the necessary conformational change
for their activation and translocation to the mitochondrion. All other BH3-only
proteins were classified as indirect or de-repressor proteins, releasing Bax or
Bak from the inhibitory effect of anti-apoptotic Bcl-2 family members (Kuwana et
al., 2005). Since it has proven difficult to directly show multimeric Bax-channel
formation in vivo and in vitro, it is still unclear how exactly Bax and other
multidomain pro-apoptotic proteins induce cytochrome c release; further studies

are required to elucidate this.

1.5.2 Inhibition of apoptosis by Bcl-2 family members
The first protein found to be an inhibitor of apoptosis was Bcl-2, which was
discovered in a B-cell ymphoma. This type of cancer is characterized by a
chromosome translocation [t(14;18)] resulting in a fusion of the Bcl-2 gene with
an immunoglobulin heavy chain promoter (Tsujimoto et al., 1984).

The localization of Bcl-2 to the mitochondrial membrane through its C-
terminal transmembrane domain gave one clou that fueled the idea that the Bcl-

2 family might control the mitochondrial apoptosis pathway (Hockenbery et al.,
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1990). Additionally, the BH1-BH4 domain containing anti-apoptotic members
(Bcl-2, Bcel-xL, Bcl-w, Mcl-1, A1 and Bcl-B) (Figure 1.7), have a secondary
structure akin to viral survival factors (v-Bcl-2). Using the alpha helices of BH
domain 1-3 a hydrophobic pocket is formed, which can accommodate a BH3
domain of a pro-apoptotic member and thereby sequester and inactivate it
(Muchmore et al., 1996). This suggested that Bcl-2 directly prevents the action
of the Bax/Bak channel by sequestering them through their BH3 domains.
Furthermore, studies searching for interactions of pro- and anti-apoptotic
proteins were undertaken and revealed direct interaction of Bax and Bcl-2
(Oltvai et al., 1993) or Bax and Bcl-xL (Sedlak et al., 1995).

To date the exact mechanism of apoptosis inhibition by the anti-apoptotic
proteins remains elusive. For example it was shown that the pan-caspase
inhibitor zZVADfmk blocked Bax-induced cell death but not cytochrome ¢
release. In contrast, over-expression of Bcl-xL blocked both cell death and
cytochrome c release (Finucane et al., 1999). Experiments in cell-free systems
where Bcl-2 was over-expressed, showed similar results. Caspase inhibition
and Bcl-2 over-expression could block apoptosis, but cytochrome c release was
only blocked by Bcl-2 (Kluck et al., 1997). These findings confirmed an
upstream role for Bcl-2 family members and their function in regulating
cytochrome c release in the mitochondrial pathway of apoptosis.

Theories on the action of the Bcl-2 family members have been reviewed
in many places (Borner, 2003; Newmeyer and Ferguson-Miller, 2003; Danial
and Korsmeyer, 2004; Green and Kroemer, 2004). On the one hand it is
speculated, that simply the ratio of pro-apoptotic Bax and Bak versus anti-
apoptotic molecules on mitochondrial membranes might set the threshold for
apoptosis. On the other hand, Chen et al. described recently how certain anti-
apoptotic proteins exhibit high affinities to specific BH3-only proteins (Chen et
al., 2005). This suggests that anti-apoptotic proteins control the activation of
Bax and Bak by fishing out their activating molecules, the BH3-only proteins. In
fact, both functions of the anti-apoptotic proteins seem to be required for the
inhibition of apoptosis. However, regulation might lie on the side of the BH3-
only molecules, which could act via inactivation of anti-apoptotic Bcl-2 family

members, and the activation of the oligomerization of Bax and/or Bak to form a
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cytochrome c releasing channel (Green, 2006). The exact hierarchy remains to

be examined.

All these studies showed that control of apoptosis is a complex venture and
requires activation of pro-apoptotic proteins as well as inhibition of anti-
apoptotic proteins. The key components seem to be the Bcl-2 family proteins,
but their precise interactions for regulation are complex, and to date not fully

understood. Therefore, they need to be defined in more detail.

1.6 Cell death in the worm Caenorhabditis elegans

In 1974 Sydney Brenner and colleagues described programmed cell death
during development in the model organism C. elegans. The group discovered
that all cell death in C. elegans appeared to be invariant and developmentally
programmed. Therefore, this model system was used to dissect the genetic
control underlying the process of programmed cell death.

One nematode normally consists of 1090 somatic cells of which 131 cells
undergo cell death during the embryonic development of the animal. This
happens in a reproducible pattern in each C. elegans embryo with the same
131 cells dying (Sulston and Horvitz, 1977). The short generation time (3 days
at 20°C) and a large brood size of around 300 progeny facilitated the genetic
analysis of the worm. Genes encoding proteins involved in the regulation of cell
death were found by genetic screening of mutants with defects in cell death.
Four key players (CED-3, CED-4, CED-9 and EGL-1) were discovered to be

essential for the regulation of the cell death program (Figure 1.8).

The worm caspase CED-3 (CED for cell death defective) is the effector protein
and the most downstream component of the genetic pathway. Ellis and Horvitz
isolated mutants of CED-3 together with CED-4 mutants (Ellis and Horvitz,
1986). Ced-3 and ced-4 mutant embryos contained extra cells that were
normally destined to die. Cloning of the ced-3 gene revealed that it was similar
to the mammalian Interleukin-1-beta (IL-1p) -converting enzyme (ICE),
responsible for the proteolytic maturation of IL-1f (Yuan et al., 1993). These

two enzymes (CED-3 and ICE) became the founding members of the family of
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Programmed cell death

Figure 1.8: Programmed cell death in C. elegans

Genetic screens and subsequent analysis have established the
regulatory pathway of cell death in the worm. The most upstream
component is the BH3-only molecule EGL-1, which is transcriptionally
upregulated. EGL-1 binds to CED-9, thereby inactivating its inhibitory
function, resulting in the release of CED-4. Activation of the CED-3
caspase occurs due to the interaction of CED-4 with this protease.
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caspases at the time. Like the mammalian cell death proteases, CED-3
contains a N-terminal CARD domain for interaction with other CARD containing
molecules and an active site cystein in the penta-peptide region QACRG
(Figure 1.4). Although CED-3 resembles caspase-1 structurally, it is
functionally more similar to human caspase-3, because it shares more substrate
specificity with this protease (Xue et al.,, 1996). Like the human caspases,
CED-3 is thought to be synthesized by the cell as an inactive zymogen and
requires activation to unleash its protease activity. Once activated, CED-3 (like
caspase-3) targets downstream substrates and leads to the dismantling of the
cell through substrate cleavage (Taylor et al., 2007).

Activation of CED-3 occurs in a similar manner as activation of human
caspases. Binding of CED-3 to the protein CED-4 is required for its activation.
CED-4 is also essential for programmed cell death in the worm and is a
homolog of the human protein Apaf-1 (Yuan et al., 1992). Like Apaf-1, CED-4,
contains a CARD on its N-terminus, which is necessary for binding to the
caspase CED-3. In fact, direct physical interaction was found to occur and to
be required for the activation of CED-3 caspase (Chinnaiyan et al., 1997a;
Irmler et al., 1997). As mentioned above, the model of CED-3 activation
resembles the activation of caspase-9 by Apaf-1 through the apoptosome and
is therefore also referred to as the worm-apoptosome. In contrast to the human
apoptosome only four CED-4 molecules (compared to seven Apaf-1 molecules)
form the platform for CED-3 binding and activation (Shi, 2002; Adrain et al.,
2006). A CED-4 hetero-tetramer interacts with pro-CED-3. Precursor CED-3
proteins come into close proximity and activate each other through auto-
processing (Seshagiri and Miller, 1997; Chinnaiyan et al., 1997b; Yan et al.,
2005). Despite its significant similarity to Apaf-1, CED-4 activation of CED-3
does not require the binding of cytochrome c (Seshagiri and Miller, 1997;
Chinnaiyan et al., 1997b). Therefore, involvement of cytochrome cin the
nematode death pathway has not been demonstrated so far and may not be

important.

The only antagonist of programmed cell death in the worm is the Bcl-2
homologous protein CED-9. The first CED-9 mutant identified (ced-9 (n1950))
revealed an identical phenotype to CED-3 or CED-4 mutants with 13 extra cells
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present in the anterior pharynx, indicating that cell death was abolished
(Hengartner et al., 1992). Examinations of additional organs in this strain
revealed surviving cells that were normally destined to die. Thus this mutant
was determined to be a gain-of-function (gf) allele of CED-9 (Hengartner et al.,
1992). Further studies led to the mapping and cloning of the ced-9 gene, and
mutants were discovered that failed to block cell death. A loss-of-function (/f)
mutant, (ced-9 (n1653ts)) displayed multiple defects. First generation
heterozygote /f mutant animals were missing neuronal cells, necessary for
movement or egg laying. Additionally, embryos from loss-of-function animals
died during embryogenesis, which underpinned an important role for CED-9 in
the development and survival of C. elegans (Hengartner and Horvitz, 1994).
Mechanistically, CED-9 functions through sequestration of CED-4 and thus
prevents CED-4 from forming the CED-3 activating apoptosome. Analysis of
the interaction of the two proteins by structure crystallizations showed that CED-
9 binds to an asymmetric dimer of CED-4, but is only in direct contact with one
of the two CED-4 molecules (Yan et al., 2005). This mechanism is described in

more detail in the next paragraph.

The fourth protein to be discovered with a pivotal role in worm cell death was
EGL-1 (EGL=egg laying defective). This small (106 amino acids) protein
contains a BH3-only domain and belongs to the pro-apoptotic family of proteins
(Conradt and Horvitz, 1998). EGL-1 is a transcriptionally up-regulated protein,
which binds to CED-9 (Jagasia et al., 2005). Structural studies revealed the
binding pocket for EGL-1 on CED-9, which was distinct from the binding site of
CED-4 (Yan et al., 2004). This study revealed that the two proteins (CED-4 and
EGL-1) were not competing for the same binding site on the inhibitor protein
CED-9. When EGL-1 binds to CED-9, the latter protein changes its
conformation drastically rendering it incapable of binding to CED-4. By this
EGL-1 leads to the release of CED-4 from CED-9 and triggers CED-3
dependent cell death (del Peso et al., 1998; Yan et al., 2004). Recently a
further BH3-only protein was discovered in the worm, CED-13. This protein has
been proposed to be important for damage-induced death in the germline of the
worm. However, no mutant phenotypes have been found to play a role in the

developing C. elegans embryo (Schumacher et al., 2005).
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1.7 Mechanism of death inhibition by CED-9

Bcl-2 is the human homolog of CED-9 and inhibits apoptosis in mammalian
cells. To determine the inhibitory mechanism, studies were undertaken to
examine whether Bcl-2 could block cell death in C. elegans. The generation of
transgenic worms expressing heat shock inducible Bcl-2 (hs-Bcl-2) revealed
that over-expression of Bcl-2 could in fact inhibit the death of cells normally
destined to die (Vaux et al., 1992). Furthermore, despite a relatively low
sequence similarity of less than 30 percent, Bcl-2 was able to substitute for
CED-9 and rescue loss-of-function ced-9 mutant animals (Hengartner and
Horvitz, 1994). However, the putative model of programmed cell death
inhibition is different from worm to man. Although both proteins are localized to
mitochondria by a C-terminal transmembrane domain, the mode of cell death
inhibition in the worm is through sequestration of the caspase activating protein
CED-4, and not, as in mammalian cells, through inhibition of the release of pro-
apoptotic molecules from mitochondria such as cytochrome c (Figure 1.9).

Another approach to elucidate CED-9 protein function and the pathway
of cell death, involved the controlled expression of the genes ced-3, ced-4 and
ced-9 under a promoter specific to touch sensory neurons (Shaham and
Horvitz, 1996). In a CED-4 deficient strain the over-expression of CED-3 was
sufficient to kill cells. In contrast, the inverse experiment of CED-4 over-
expression in a ced-3 If strain did not kill. These findings demonstrated the
requirement of CED-3 for all cell death. Interestingly, prevention of the CED-3
killing activity by CED-9 (in the CED-4 deficient animals) was dependent on
CED-4. CED-9 could not block CED-3 over-expression in the absence of
functional CED-4 protein (Shaham and Horvitz, 1996). These in vitro studies
indicated a pathway, in which CED-9 acts upstream of CED-4 to inhibit it from
binding to, and thereby activating CED-3.

Following these in vivo investigations, the molecular mechanism
mediating C. elegans programmed cell death was revealed by biochemical
assays. CED-9 interacted strongly with CED-4 in a yeast-two-hybrid assay
(Spector et al., 1997). To perform co-immunoprecipitation experiments, CED-9
was heterologously expressed in human cells and interactions were found
between CED-9 and CED-4, but not CED-3 (Chinnaiyan et al., 1997a; Wu et al.,
1997b). Finally, mimicking the cell death pathway in human cells by co-
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Figure 1.9: Cell death regulation by the Bcl-2 family of proteins

In C. elegans the mitochondrial pathway of programmed cell death is regulated by
the sequestration of CED-4 by CED-9 on the mitochondrial outer membrane. This
prevents CED-4 from binding and activating CED-3. EGL-1 can bind to CED-9 and
displace CED-4, which leads to the activation of the cell death machinery.

In human cells, cytochrome c release from mitochondria is required for cell death
activation. Bcl-2 family members block the oligomerization of Bax and Bak, thereby
blocking cytochorome c release. BH3-only proteins can overrule the blocking and
induce apoptosis by binding to Bcl-2 or Bel-xL.
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expression of the core proteins confirmed the proposed model of inhibition of
death. While CED-3 and CED-4 induced apoptosis in different cell lines,
addition of CED-9 was able to block this (Wu et al., 1997b; Yang et al., 1998;
Hisahara et al., 1998).

Recently, an explanation for the gain-of-function mechanism of the CED-
9 (G169E) mutant protein was found, when structural analysis showed the
physical alterations in the protein. The EGL-1 binding groove of CED-9,
consisting of the BH1, BH2 and BH3 domain, is altered in this mutant. The
amino acid glycin 169, a residue within the BH1-domain, is substituted with
glutamic acid, which results in the protrusion of the side chain of this amino
acid. This bulky extension inhibits the integration of EGL-1 into the groove of
CED-9 (Yan et al., 2004).

Attempts to immunolocalize the cell death machinery in worm embryos have
proven to be problematic. However, one study from Chen et al. suggests that
CED-9 localizes to mitochondria of C. elegans embryos, which is supported by
the presence of a transmembrane domain on the C- terminus of the protein
(Chen et al., 2000). In addition CED-4 was sequestered by CED-9 to
mitochondria and translocated to the nuclear periphery after cell death induction
(Chen et al., 2000). Despite these pieces of evidence it remains a puzzle why
CED-9 and many Bcl-2 family proteins are localized to the mitochondrion, and
whether mitochondria play a role in the nematode cell death pathway. There is
evidence to suggest that, in human cells Bcl-2 and other anti-apoptotic proteins
protect cells from dying by regulating the release of cytochrome ¢ from the
mitochondrial intermembrane space. However, this has not been shown to be
the case for CED-9. So the question is, whether CED-9 plays another role in

the cell due to its anchorage in the mitochondrial membrane.

1.8 Mitochondrial fusion and fission

Mitochondria are dynamic organelles that form an interconnected network
throughout the mammalian cell. In contrast to textbook illustrations of small
round shaped structures, mitochondria in live cells usually exist as a tubular,
dynamic network. Movement of mitochondria from one end of the cell to the

other is important for several reasons. For example, in order to secure the
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energy supply of the whole cell, mitochondria move along the cytoskeletal
scaffold and deliver ATP. Another very important reason for the dynamic nature
of mitochondria comes into focus during cell division. In order to furnish the
future daughter cell with an equal amount of mitochondria they are required to
divide and disperse into the two halves of a dividing cell (Yaffe 1999).

The dynamics of mitochondria are orchestrated by two groups of
proteins, one that controls fusion, and another that controls division (or fission)
of mitochondrial membranes (Figure 1.10). Proteins inducing fusion of the
organelles are the mitofusins-1 and -2 (Mfn-1 and Mfn-2), which are located on
the outer mitochondrial membrane. A third fusiogenic protein is Opa-1, which
spans the inner mitochondrial membrane (Figure 1.11). The group responsible
for mitochondrial fission is comprised of the protein Drp-1 (dynamin related
protein-1) and Fis-1 (human Fis-1). With the exception of Fis-1, these fission or
fusion proteins belong to a family of large GTPases with diverse physiological
functions. Mutations in the protein Mfn-2, for example, cause Charcot-Marie-
Tooth type 2A, a neuropathy that is characterized by the loss of myelinated
axons of the peripheral nervous system (Zuechner et al., 2004). Mutations in
the Opa-1 gene are the prevalent causes for the atrophy of the optic nerve and
can lead to childhood blindness (autosomal dominant optic atrophy) (Delettre et
al., 2000). The fusion protein Opa-1 was named after the phenotype of the

disease it is causing.

1.8.1 Mitochondrial fusion

Mitochondrial fusion is required to balance fission events and thereby maintain
mitochondrial function. The first protein identified, which is responsible for
fusion of mitochondrial structures, was found in sterile Drosophila melanogastor
mutant males (Hales and Fuller, 1997). It was called fuzzy onions (fzo)
according to the mitochondrial phenotype it caused in the sperm of male flies
that resembled sliced onions. Mutations in fzo led to a failure of mitochondria to
fuse to a “Nebenkern” and they aggregated beside the nucleus in the early
sperm. Homologous proteins in Yeast (FZO), C. elegans (Fzo related protein-1)
and mammals (Mfn-1 and —2) have been identified, which revealed evolutionary
conserved domains also indicating a functional conservation of the protein

(Mozdy and Shaw, 2003). Sequence analysis showed that the Fzo protein and
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Figure 1.10: Mitochondrial fission and fusion

Fission and fusion events of mitochondria must be balanced. This role is taken on by
Drp-1 and Fis-1, which control the scission of the organelle and Mfn-1, Mfn-2 and Opa-
1, which control the fusion. If fission is blocked in cells, mitochondria elongate into
long tubules doubling the size of normal mitochondria. If fusion is blocked,
mitochondria disintegrate into small fragment. arrow indicates interaction g
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its homologues are large GTPases, belonging to the same super-family of
dynamin related GTPases as Drp-1 (Praefcke and McMahon, 2004). The
difference to Drp-1 lies in the protein structure, which in contrast to the
mitofusins does not contain a hydrophobic transmembrane domain in the C-
terminus. Structural analysis of the proteins showed that Mfn-1 and Mfn-2 span
the outer mitochondrial membrane twice, with the N- and C-terminal part
exposed to the cytoplasm (Santel and Fuller, 2001). A small, 2-3 amino acid
linker region separates the C-terminal bipartite transmembrane domain and two
conserved heptad repeat (HR) regions flank the transmembrane domain (Figure
1.11). Those HR domains form anti-parallel coiled coils, which mediate fusion
of mitochondria by tethering opposing mitofusins on two adjacent organelles
(Koshiba et al., 2004).

Interestingly, transient over-expression of Mfn-1 and Mfn-2 in mammalian
cells resulted in a phenotype strongly differing from the normal tubular
mitochondrial network. Mitochondria in those cells showed a collapsed network
with organelles clustering around the nucleus in a bulky, bony appearance.
Although the N-terminal GTPase domain of mitofusins was required for proper
mitochondrial fusion events, the clustered phenotype was achieved even when
the GTPase domain was mutated. Point mutations or deletions in the GTP
binding region still showed collapsed mitochondria (Santel and Fuller, 2001). In
contrast, truncations of the C-terminus and mutations in the loop linking the
transmembrane domains, abolished mitochondrial localization and stopped the
formation of mitochondrial clusters of Mfn-1 and Mfn-2 mutants (Rojo et al.,
2002; Santel et al., 2003). In addition the HR domains revealed to be
necessary for mitochondrial tethering and clustering, because fusion was
abolished after disrupting the helical structure of the coils with an amino acid
substitution to proline (Koshiba et al., 2004).

Light was shed on the essential role of mitofusins for steady state
mitochondrial dynamics, when the proteins were deleted in mice. Knockout of
either Mfn-1 or Mfn-2 led to embryonic lethality, and demonstrated the
importance of mitochondrial fusion during development. In addition, MEFs
(mouse embryonic fibroblasts), derived from knockout embryos contained

fragmented mitochondria. After reintroduction of either Mfn-1 or Mfn-2 into
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Figure 1.11: Overview of fission and fusion proteins

Most proteins required for mitochondrial dynamics are dynamin-related large GTPases
except for Fis-1. They are separated into two groups that are promoting fission or
fusion. The fission proteins are Drp-1 and Fis-1, and the fusion proteins are Mfn-1,
Mfn-2 and Opa-1. The latter ones contain a transmembrane domain (TM) for
anchoring into the mitochondrial membrane. Fission and fusion proteins are
evolutionarily conserved and can also be found in C. elegans (Drp-1 and FzoRP-1
[fuzzy onion related protein-1]). GTPase (GTP hydrolysis domain), HR (heptad repeat
region), TM (transmembrane domain).
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knockout MEFs restored fusion and mitochondrial function, again underscoring

the importance of these proteins (Chen et al., 2003) (Figure 1.12).

Recently a role for mitochondrial fusion proteins in the mechanism of apoptosis
has been suggested. For example, Sugioka et al. over-expressed the rat
homolog of mitofusins (Fzo-1) in HelLa cells, and observed that the fusion
protein reduced apoptosis induced by etoposide most likely through the
inhibition of the oligomerization of Bax (Sugioka et al., 2004). In addition, a
dominant active form of Mfn-2 (which showed increased GTP binding) could
block Bax activation and its translocation to regions of fusion clusters. This
suggested that the dominant active form of Mfn-2 is acting as a direct inhibitor
of Bax oligomerization and subsequent cytochrome c release (Neuspiel et al.,
2005). Furthermore silencing of endogenous mitofusins and Opa-1 in rat and
human cells resulted in a sensitization of those cells to drug induced cell death

and cytochrome c release (Lee et al., 2004; Sugioka et al., 2004).

The third member of the large GTPase super-family Opa-1 was suggested to be
responsible for the fusion events of the inner mitochondrial membrane (Olichon
et al., 2003). Cipolat and co-workers reported that Opa-1 requires Mfn-1 to
mediate fusion of the inner mitochondrial membrane, because when it was
over-expressed in Mfn-1 knockout MEFs it failed to restore tubular shaped,
elongated mitochondria. This was not observed in Mfn-2 knockout cells, where
endogenous Mfn-1 was still present and interacted with Opa-1 to fuse
mitochondria (Cipolat et al., 2004). Further studies in cultured cells gave clues
about the mechanism of Opa-1 action in the pathology of optic atrophy. By
silencing Opa-1 in HelLa cells with siRNA, a dramatic fragmentation of
mitochondria was observed. This fragmentation was proposed to lead to
subsequent loss of cytochrome ¢ and apoptosis of the affected cell. A similar
mechanism was therefore suggested for the loss of the neurons in the
phenotype of childhood blindness (Olichon et al., 2003; Griparic et al., 2004).
Further underscoring a role of Opa-1 in apoptosis was the finding by Frezza et
al. (2006) where it was claimed that over-expression of Opa-1 protects cells
from undergoing apoptosis by preventing cytochrome c release (Frezza et al.,

2006). In this study Opa-1 was shown to control the tightness of the cristae
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Chen et al., 2003

Figure 1.12: Mitochondrial phenotype in healthy and Mfn-1 mutant cells

A) Mouse embryonic fibroblasts (MEF) of wild type animals are shown. In healthy
cells mitochondria build a tubular network throughout the cell. MEFs were
transfected with a YFP protein targeted to the mitochondria. B) is an enlargement
of A).

C) MEFs from Mfn-1 knockout animals were observed for mitochondrial
morphology by transfection with mitoYFP. Mutant mitochondria lack the ability to
fuse and therefore display a fragmented mitochondrial phenotype. D) is an
enlargement of C).
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junctions of the mitochondrial inner membrane. Since the bulk concentration of
cytochrome c is stored in the cristae structure, by controlling their gate, Opa-1
could suppress its release when over-expressed. However, the group could not
find evidence of Opa-1 interfering with Bax and Bak to block apoptosis like the

anti-apoptotic proteins do.

Taken together, the above observations have been instrumental for the
suggestion that mitochondrial fusion proteins are involved and necessary in the
regulation of apoptosis. This adds another level of the regulation of the intrinsic
mitochondrial pathway and the control of cytochrome c release that is

fundamental for the initiation of apoptosis.

1.8.2 Mitochondrial fission

First clues about the role of Drp-1 in mitochondrial fission came from the over-
expression of a dominant negative mutant of Drp-1 (Drp-1K38A) in COS-7 cells.
Drp-1 is related to dynamin a membrane trafficking protein that assembles a
spiral constriction site to cut off vesicles from the plasma membrane during
endocytosis. The mutation in Drp-1K38A mapped to the conserved GTP
binding domain and caused a dramatic redistribution of the mitochondrial
network into large perinuclear aggregates (Smirnova et al., 1998).

A Drp-1 homolog was found in C. elegans with more than sixty percent
homology to human Drp-1. Labrousse et al. (1999) showed that silencing of
DRP-1 in the nematode with siRNA led to embryonic lethality (Labrousse et al.,
1999). This death was suggested to be due to the missorting of mitochondria in
the maternal gonads when DRP-1 was absent. Furthermore, over-expression
of DRP-1 in transgenic animals showed enhanced function of the protein
resulting in spherical shaped, fragmented mitochondria. In addition, localization
studies found DRP-1 on constriction sites of mitochondrial division in muscle
cells. This led to the suggestion that DRP-1 functions as a scission protein
(Labrousse et al., 1999).

In order to recruit Drp-1 to fission sites on mitochondria, Fis-1 was suggested to
act as receptor. Clues for this interaction emerged from studies undertaken in

yeast cells where Dlp-1 (the yeast homolog of Drp-1) recruitment to the
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mitochondria depended on yeast Fis-1p (Mozdy et al., 2000). Through its
transmembrane domain Fis-1 is localized to the mitochondrial outer membrane
where it recruits Drp-1. Furthermore, Drp-1 and Fis-1 interacted by co-
immunoprecipitation and Fis-1, which further underlined Fis-1 as a recruitment
factor for Drp-1 (James et al., 2003; Yoon et al., 2003). A role for Fis-1 during
apoptosis has been suggested and is described more detailed in the next

section.

As for the mitochondrial fusion proteins, fission proteins have lately been
suggested to be involved in the regulation of apoptosis. Resulting mitochondrial
fragmentation is believed to be crucial during apoptosis to regulate cytochrome

c release.

1.8.3 The role of mitochondrial fission in apoptosis

Changes of mitochondrial distribution in mammalian cells during apoptosis were
described by several groups (De Vos et al., 1998; Desagher and Martinou,
2000). The group around De Vos had treated L929 cells with
TNFa , and Martinou and colleagues had over-expressed Bax in HelLa cells and
observed that the mitochondrial network clustered at the nuclear periphery after
induction of apoptosis. The group suggested a cooperative effect of
mitochondrial fragmentation for the induction of cell death.

This hypothesis was further investigated to explore the potential role of
mitochondrial shaping proteins during apoptosis. Over-expression studies of
Drp-1 in the mammalian system sensitized cells to apoptotic stimuli like
staurosporin (Frank et al., 2001) or Bax and Bak (Arnoult et al., 2005), which
suggested that mitochondrial fragmentation, induced by the over-expression of
a fission protein was sufficient to induce cell death. Strikingly, when the
dominant negative form of Drp-1 (Drp-1K38A) was over-expressed in
mammalian cells, it protected cells from apoptosis and cytochrome c release in
the presence of different apoptotic stimuli. This led to the conclusion that Drp-1
must play an important role in apoptosis (Frank et al., 2001; Arnoult et al.,
2005). However, the sensitization for death of mammalian cells through Drp-1
though seemed to be very stimulus dependent in those studies. Because when

calcium was used to induce apoptosis, experiments in which Drp-1 was over-
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expressed revealed that the presence of Drp-1 actually blocked cell death. In
this study it was speculated, that the cells became protected by the
fragmentation and distribution of small mitochondria throughout the cell, thereby
diluting the deadly effect of calcium signaling (Szabadkai et al., 2004).

Like Dlp-1, Fis-1p was first identified in Yeast where their deletion
caused a malfunction in mitochondrial division (Mozdy et al., 2000). Fis-1
(human fission protein-1) is an additional mitochondrial scission protein that
resembles Drp-1 functionally. Indeed, Fis-1 revealed an even stronger function
in mitochondrial fragmentation than Drp-1. Over-expression of Fis-1 alone
(without addition of apoptotic stimuli) clearly led to fragmentation of
mitochondria and the release of cytochrome c, resulting in cell death (James et
al., 2003; Yoon et al., 2003). Moreover, silencing of Drp-1 and Fis-1 by siRNA
not only enhanced fusion of mitochondria, but blocked apoptosis induced by a
variety of agents. These findings again suggested a requirement for

mitochondrial fission during apoptosis (Lee et al., 2004).

Recently the role of DRP-1 in C. elegans development was investigated
(Jagasia et al., 2005). Jagasia and coworkers generated heat-shock inducible
drp-1 transgenic animals and mitochondria were observed in developing
embryos. Visualization of mitochondria, by rhodamine red staining, revealed
that high levels of DRP-1 resulted in mitochondrial fragmentation. Furthermore,
higher numbers of dying cells were observed, suggesting that DRP-1 might be
sufficient to induce death in developing worm embryos. This effect was blocked
when DPR-1 was over-expressed in a gain-of-function CED-9 (ced-9n1950)
mutant background, indicating a DRP-1 function in parallel or downstream of
CED-9, and introduces the possibility of a role of CED-9 protein in mitochondrial

fission or fusion (Jagasia et al., 2005).

1.8.4 Aims

In this study we initially explored the expression patterns of the worm cell death
regulators CED-9, CED-4 and CED-3 in C. elegans embryos as well as upon
over-expression in human HelLa cells. During these studies we noticed that
worm CED-9 was localized to mitochondria when over-expressed in human

cells and remodeled these organelles to produce highly fused mitochondrial
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networks. Despite this, CED-9 had no effect on either apoptosis or cytochrome
c release. These data challenge the emerging view that mitochondrial fission
promotes cytochrome c¢ release during apoptosis. Furthermore, our
observations also suggested that worm CED-9 may have a hitherto
unrecognized role as a regulator of mitochondrial fission or fusion. To explore
this further, we then investigated whether members of the human Bcl-2 family
might have a similar role as regulators of mitochondrial fission and fusion. Our
subsequent investigations revealed that Bcl-2 family proteins can drive both,
mitochondrial fusion as well as fission, but these effects could be uncoupled
from their role as regulators of both, cytochrome c release and apoptosis.
Thus, we propose that the CED-9/Bcl-2 family play a previously unappreciated
role as regulators of mitochondrial morphogenesis. The latter role of the Bcl-2
family may be a primordial role as our data indicate that mitochondrial fission

and fusion plays only a minor, if any, role in the regulation of apoptosis.
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2.1 Materials

2.1.1 Reagents and chemicals

Unless otherwise stated, chemicals were purchased from SIGMA (Ireland), and

enzymes from NEB (New England Biolabs, UK).

2.1.2 Antibodies

The following lists give details and sources of the antibodies used in this study.

Primary Antibodies

Source

anti-HA (12C5)

ROCHE, Ireland

anti-Myc (9E10)

ROCHE, Ireland

anti-His (BMG-His-1)

ROCHE, Ireland

anti-FLAG (M2)

SIGMA, Ireland

anti-Bcl-2 (7) BD Bioscience, UK
anti-Bcl-xL (4) BD Bioscience, UK
anti-Bax (3) BD Bioscience, UK

anti-Mcl-1 (22)

BD Bioscience, UK

anti-Bid (polyclonal)

BD Bioscience, UK

anti-Cytochrome c¢ (6H2.B4)

BD Bioscience, UK

anti-actin (clone4)

ICN Biomedicals, UK

anti-tubullin (DM1A)

ICN Biomedicals, UK

Secondary Antibodies

Source

anti-mouse Alexaflour°488

Molecular Probes, USA

anti-mouse Texas Red

Molecular Probes, USA

anti-rabbit Alexaflour°488

Molecular Probes, USA

anti-rabbit Texas Red

Molecular Probes, USA

Goat anti-mouse-HRP

JACKSON ImmunoResearch

Laboratories Inc, USA

Goat anti-rabbit-HRP

JACKSON ImmunoResearch
Laboratories Inc, USA

Further antibodies that were used are mentioned or listed in the specific section.
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2.1.3 List of plasmid constructs and sources

In the course of this study various plasmids were used, as listed below.

Caenorhabditis elegans genes

Construct

Source

pcDNA3-CED-3

generated in the Laboratory

pcDNA3-CED-3C358A

generated in the Laboratory

pcDNA3-HA-CED-9

Dr. Gabriel Nunez

pcDNA3-HA-CED-9ATM

Dr. Gabriel Nunez

pcDNA3-HA-CED-9G169E

generated in the Laboratory

pcDNA3-HA-CED-9Y 149N

generated in the Laboratory

pcDNA3-Myc-CED-4

Dr. Gabriel Nunez

pcDNA3-FLAG-EGL-1

generated in the Laboratory

pcDNA3-FLAG-FzoRP-1

generated in the Laboratory

Homo sapiens genes

Construct

Source

pCB6-Myc-Mfn-1

Dr. Richard Youle

pCB6-Myc-Mfn-2

Dr. Richard Youle

pCMVtag5a-Myc-Opa-1

Dr. Luca Scorrano

pcDNA3-FLAG-Drp-1

generated in the Laboratory

pcDNA3-HA-Drp-1K38A

generated in the Laboratory

pCl-His-Fis-1 Dr. Jean-Claude Martinou
pcDNA3-Bax generated in the Laboratory
pcDNA3-Bak generated in the Laboratory
pcDNA3-Bcl-2 Dr. Christoph Borner
pcDNA3-Bcl-x, Dr. Christoph Borner
pcDNA3-Mcl-1 generated in the Laboratory
pcDNA3-A1 generated in the Laboratory
pcDNA3- Bcl-w generated in the Laboratory
pcDNA3-Bcl-B generated in the Laboratory
pcDNAS3-Bid generated in the Laboratory
pcDNA3-Bim generated in the Laboratory

pcDNA3-Puma

generated in the Laboratory

pcDNA3-Myc-Nac

generated in the Laboratory
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2.2 Methods

2.2.1 Preparation of Competent bacteria

To obtain competent bacteria for plasmid-DNA transformation, the Escherichia
coli (E. coli) strain DH5a was typically prepared by the Inoue method (Inoue et
al.,, 1990). Therefore, bacteria were streaked onto LB agar plates (Luria
Bertani, 0.5 % Yeast extract, 1 % tryptone, 1 % NaCl, 1.5 % agar, pH 7.0) and
grown over night at 37°C. A single well-defined colony was picked to inoculate
a starter culture in 3 ml liquid LB medium (0.5 % Yeast extract, 1 % tryptone, 1
% NaCl, pH 7.0). The next day, the overnight culture was diluted into 50 ml
of SOB medium (2 % tryptone (BD), 0.5 % yeast extract (BD), 10 mM NacCl,
2.5 mM KCI, 10 mM MgClI2, 10 mM MgSO4) to give an ODegy of 0.1. The
Culture was grown at rocm temperature to an ODego of 0.4 - 0.6, and cells were
then harvested by centrifugation at 2,500 g for 10 minutes at 4°C. After
resuspension in 20 mi of transformation buffer (10 mM Pipes, 55 mM MnCl;, 15
mM CaCl,, 250 mM KCI, pH 6.7), cells were incubated for 10 minutes on ice.
Centrifugation was repeated and cells resuspended in a further 4 ml of
transformation buffer. DMSO was added to a final concentration at 7 % and
the cells incubated for 10 minutes on ice. Cells were then divided into 100

ul aliquots and frozen at —70 °C.

2.2.2 Transformation of bacteria

For the transformation of DH5a, 50 ul cells were thawed on ice and incubated
with 1 ul of the desired plasmid-DNA for 30 min. Transformation occurred by
heat shock treatment of the cells for 40 sec. at 42°C. Incubation on ice (2 min.)
was followed by addition of 450 ul LB and cells were allowed to recover at 37°C
(220 rpm) for one hour. Bacteria (50 ul) were then plated on LB agar plates
with antibiotics (100 ug/ml ampicillin or 50 ug/ml kanamycin), and incubated

over night at 37°C.
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2.2.3 DNA purification and manipulation

2.2.3.1 Isolation of plasmid-DNA

(1) Mini- preparation

A well-defined colony of transformed bacteria with the desired plasmid was
picked to inoculate a 3 ml LB starter culture, containing the necessary antibiotic
(100 ug/ml ampicillin or 50 ug/ml kanamycin). After over night growth (37°C,
280 rpm), 1,5 ml culture was harvested (20000 g, 1 min.), the supernatant
removed and the bacterial pellet was resuspended in 100 ul buffer P1 (10 mM
EDTA, 50 mM Tris-HCI pH 8.0). For cell lysis 200 ul buffer P2 (0.2 M NaOH, 1
% SDS) was added, the tube was inverted carefully 6 times, and the pellet was
incubated for 1 min. on ice. Finally 200 ul buffer P3 (3 M KAc pH 5.5) was
added and the DNA precipitated. This was enhanced by thorough inversion of
the sample and incubation on ice for 5 min. To separate the DNA from cell
debris, the sample was spun down at 20000g for 10 min. The supernatant,
containing the DNA was then transferred to a fresh tube with 0,7 volumes of
isopropanol, mixed and incubated at room temperature for 20 min. The DNA
was pelleted by centrifugation at 20000g for 15 min. and then washed with 1 ml
of ice-cold 70 % ethanol and spun again. The DNA-pellet was air dried and
dissolved in a 1:1 mixture of ddH,O and TE (10 mM Tris-HCI pH8.0, 1 mM
EDTA). Analysis of DNA was performed by agarose gel electrophoresis.

(1) Midi- preparation

High yield plasmid-DNA was achieved by midi-preparation. Therefore, a single
colony was picked to inoculate a 3 ml starter culture. After over night growth,
the culture was used to setup a main culture in LB, supplemented with the
required antibiotic. 500 ul of starter culture was diluted in 50 ml LB and grown
until at 37°C, 280 rpm. Cells were harvested the next day by centrifugation at
6000 g (15 min., 4°C). For the preparation of highly purified DNA for transient
transfections, the QUIAGEN midi kit was used and the protocol was followed as

recommended by the manufacturer.
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2.2.4 Agarose gel electrophoresis

To analyse DNA vyield produced in bacteria or for use in restriction reactions,
agarose gel electrophoresis was performed. A 0.6 % agarose matrix was
therefore dissolved in 100 ml 1X TAE (50X: 0,04 M Tris, 0,06 M EDTA, 57 ml
acetic acid) and cooked in a microwave. After cooling the liquid gel was poured
into a gel-casting rig (BioRad) and allowed to solidify. Typically 5 ul of DNA-
sample was diluted with 5 ul ddH,O and 2 ul 6X loading dye (40 % sucrose, 2 g
bromphenol blue), and the mixture loaded onto the gel. Samples were run at a
constant voltage (74 Volts) alongside a ladder of marker DNA fragments of
known sizes, and then stained with ethidium bromide. Visualization of the
obtained DNA was done by UV light on a BioRad Gel Doc 2000 system.

2.2.5 Quantification of DNA

A spectrophotometer (BioRad) was used to quantify DNA concentrations.
Samples were diluted 1:50 in TE (10 mM Tris-HCI pH8.0, 1 mM EDTA) and the
OD measured. A triplicate reading at ODgs0280 Was measured in a quartz

cuvette and the concentration calculated.

2.2.6 Polymerase chain reaction (PCR)

For the construction of plasmid clones, primers were produced by SIGMA-
Genosys Ltd. UK after our instructions, and dissolved with TE (10 mM Tris-HCI
pH8.0, 1 mM EDTA) to a final concentration of 100 uM. To amplify the desired
gene, standard PCR procedure was performed. All reactions were assembled

in a 50 ul reaction as below.

Component Volume in pl | Final concentration
Template (ng/ul) X 100- 200 ng

Taq buffer (Quiagen, UK) 5 1X

Forward primer (100 uM) X 100- 200 nM
Reverse primer (100 uM) X 100- 200 nM

dNTPs (ROCHE, Germany) 4 2.5 mM

Taqg polymerase (Quiagen, UK) 0.5 2.5 units

ddH;0 up to 50 ul
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PCR reaction conditions were the follwing:

« 94°C for 5 min. initial DNA denaturation

« 94°C for 1 min. denaturation

« 60- 70°C for 1 min. primer annealing 30 cycles
« 72°C for 1 min. elongation

« 72°C for 10 min. final elongation

Resulting PCR products were analysed by agarose gel electrophoresis (as in

2.2.4) and stained with ethidium bromide as described above.

2.2.7 Construction and cloning of plasmid-DNA

2.2.7.1 Restriction

Appropriate restriction sites were included during the construction of primers for
PCR. Resulting PCR-products therefore carried specific sites that could be
used to insert the DNA into a vector. Typically a 20 ul reaction was setup,
containing 4 ug of vector-DNA or 1- 2 ug PCR-product. The specific buffer for a
certain enzyme was diluted 1:10 and 0,5 ul (1-2 U) enzyme was added in a final
volume of 20 ul in ddH,O. Reactions were left over night to allow a complete

digest of DNA.

2.2.7.2 Gene clean

(I) Gene cleaning from solution

Gene cleaning was used after restriction reaction with enzymes to
generate ultra-pure DNA for cloning. To purify nucleic acids from
solution, 3 x volumes of 6 M Nal were added to the DNA followed by 5 pl/ug
(DNA) silica (100 mg/ml suspension in 3 M Nal). The suspension was
incubated under rotation at room temperature for 10 min. to allow DNA to
bind to the silica. The silica-bound DNA was pelleted for 5 seconds at
20000 g and washed 3 times in 500 ul volumes of wash buffer (10 mM Tris-
HCI, pH 7,5, 50 mM NaCl, 2,5 mM EDTA, 50 % ethanol). The silica pellet was
air-dried for 5 minutes and DNA eluted into 0,5 X TE.
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(Il) Gene cleaning from gels

To purify DNA from agarose gels, DNA was stained with ethidium bromide and
the DNA-band was excised on a UV-lamp. Three volumes of 5 M Nal were
added and the sample was mixed and shaken until the gel was dissolved. A
silica-matrix was added and the procedure followed as described above. To
estimate the resulting amount of vector and PCR- product, an agarose gel
electrophoresis was performed and used as a read out for the DNA-

concentrations.

2.2.7.3 Ligation

For best ligation results, the linearised vector and the digested DNA-fragment
were combined at a 1:3 molar ratio, analyzed by the agarose ge! (see above).
In a 10 ul reaction the appropriate DNA amounts were mixed with T4-DNA
ligase and its recommended buffer as instructed by the manufacturer (typically
1:10). Ligation reactions were incubated for 1-4 hours at 16°C and a 3 ul

sample transformed into competent bacteria (see above).

2.2.8 Mammalian cell culture methods

2.2.8.1 Cell culture

All cell cultures used in this study were kept either in RPMI (GIBCO)
supplemented with 5 % FCS and 1 % L-Glutamine (HeLa, MCF-7, MEF) or in
DMEM (GIBCO) with 10 % FCS and 1 % L-Glutamine (HEK293T, COS-7,
CHO). Cells were grown and incubated at 37°C and 5 % CO,. For the
passaging of cells they were typically incubated at 37°C in 1,5 ml Trypsin-EDTA
(0,25 % Trypsin, 1 mM EDTA in Hank'’s salt solution) (GIBCO) for 5 min. To
inactivate the Trypsin, cells were then harvested with fresh medium and

pelleted at 400 g for 10 min, before the transfer onto fresh tissue culture plates.

2.2.8.2 Transfection by Genejuice
For the uptake of plasmid-DNA by cultured cells (i.e. HelLa, plated at 2 x 10°
cells per well on the day before), the DNA porter Genejuice (NOVAGEN) was

used, and the instructions were followed as recommended by the manufacturer.
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2.2.8.3 Calcium phosphate precipitation

Cells on 10 cm plates were transfected with plasmids according to the standard
calcium phosphate precipitation method. Routinely HEK293T cells were
seeded at a density of 2 x 10° cells/10cm plate 24 hours prior to transfection.
Precipitates were prepared by mixing the appropriate amount of DNA made up
to 200 ul with sterile 0,5 X TE (5 mM Tris-HCI pH 8.0, 0.5 mM EDTA) and 50 ul
sterile CaCl, was added. The DNA/CaCl, mixture was added slowly and drop-
wise to 250 ul 2 X HBS (280 mM NaCl, 10 mM KCI, 1.5 mM Na;HPO4, 12 mM
dextrose, 50 mM HEPES pH 7.15). After a 30 min incubation period the DNA-
complexes were added to the cells and left on over night. Following
transfection, cells were typically lysed on ice for 15 min in 600 ul SDS-buffer or
lysis buffer (60 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 % Nonidet P-40, 0.1 %
SDS, 0.5 % sodium deoxycholate.

2.2.9 Immunostaining

Cells grown on a coverslip at a density of 1 x 10° cells per well were used for
immunostaining. Typically 24 hours after plating, cells were transiently
transfected for a further 24 hours. After sufficient protein-expression time, cells
were fixed by incubation for 10 min. in 3 % paraformaldehyde in PBS (8 g NaCl,
14,4 g Na;HPO4, 2 g KCI, 2,4 g KH2POq4, pH 7,2). The fixed cells were washed
three times in 1 X PBS, pH 7.2 and permeabilized for 15 min. in 0.15 % Triton
X-100 in PBS. Cells were blocked for 30 min. in 2 % BSA in PBS and probed
with a 1:100- 1:500 dilution of primary antibody for 1 h at room temperature.
The cells were once again washed three times 10 min. in 2 % BSA in PBS,
followed by probing for 45 min with a 1:1000- 1:1500 dilution of fluorescence
conjugated secondary antibody. Cells were then washed three times in 1 X
PBS, pH 7.2 and stained for further 10 min. with 20 uM Hoechst33358 in PBS.
For microscope analysis, the coverslips with stained cells were mounted in
Slowfade Light Antifade mounting medium (Molecular Probes) before

visualization.
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2.2.10 Apoptosis induction

Different cell lines were plated and transfected with various plasmids along with
a GFP reporter (pPAAV-EGFP) as described above. To induce apoptosis, 24
hours after transfection, cells were treated with varying amounts of Actinomycin
D, Daunorubicin, TPCK, DCI and TNFa/CHX for 6-18 hours. GFP-expressing
cells were scored for apoptotic morphology at different time points and at least

300 cells counted in each treatment.

2.2.11 Co-immunoprecipitation

Usually 24 hours after transfection, cell lysates were prepared by resuspending
the cells in 600 ul IP lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 %
NP-40) containing 100 uM PMSF, 10 ug/mi leupeptin, 2 ug/ml aprotinin.
Lysates were cleared by centrifugation at 20000g at 4°C for 15 min. Lysates
were transferred to new eppendorf tubes and incubated with 1 ug of monoclonal
antibody and 30 ul of a 50 % slurry of protein A/G agarose beads (Santa Cruz
Biotechnology, Inc). The tubes were rotated continuously at 4°C for 4- 6 hours.
The resulting IP complexes were washed three times in IP lysis buffer (50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 0.1 % NP-40), and Immunoprecipitates were

then analysed by immunoblotting as described below.

2.2.12 FRAP analysis of mitochondrial fusion

Flourescence recovery after photobleaching (FRAP) was utilized to investigate
the mitochondrial fusion activity. Hela cells (2 X 10° cells/well) growing on
coverslips were transfected and subsequently stained with 50 nM
MitoTrackerCMXRos® for 30 min. at 37°C. Analysis took place on an Olympus
confocal microscope. Cells displaying different phenotypes (checked by co-
expression of 100ng of the reporter pEFMitoGFP) were chosen for FRAP. The
cell of question was then prescanned five times on a region of interest (ROI) at
a low laser power (3%) with the 543nm HeNe- laser. The ROI of each cell,
covering approximately 2 uM, was then photobleached for a millisecond with 3
lasers at 100% laser power and observed over time. The recovery of the

bleached area in the ROl was observed over a period of 140 seconds for each
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cell with the same 543nm HeNe-laser from the pre-scan, and pictures taken

every five seconds.

2.2.12 Analysis of proteins

2.2.12.1 SDS- PAGE

Standard SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out
as described by Sambrook and Maniatis (1989). 8- 15 % polyacrylamide gels
were prepared as described. The most common gel cast was 12 %, with 15 %
gels used for the electrophoresis of smaller sized proteins (<20 kDa) and 8 %
gels used for the electrophoresis of larger proteins (>50 kDa). Protein samples
were prepared for electrophoresis by denaturing at 90°C for 7 min, typically in
the presence of 2 X SDS loading buffer (100 mM Tris-HCI pH 6.8, 4 % SDS, 0.2
% bromophenol blue, 20 % glycerol). The initial voltage applied to the gel was
55 V to drive the protein samples through the stacking gel and then this was
increased to 75 V to drive the samples through the resolving gel. The running
buffer composition was 25 mM Tris-HCI pH 8.3, 250 mM glycine and 0.1 %
SDS.

2.2.11.2 Western Blot

(I) Protein transfer onto membranes

Following SDS-PAGE, proteins were transferred onto a 0.2 pm nitrocellulose
membrane (Schleicher and Schuell, Germany). Four sheets of 3MM blotting
paper (Whatman, UK) were cut to the same size as the scotch-brite pads used
in the transfer cassette. The cassette was assembled with four pieces of
Whatman paper placed inside two scotch-brite pads and this cassette was then
immersed in Transblot Buffer (39 mM glycine, 48 mM Tris-HCI pH 8.3, 0.037 %
SDS, 20 % methanol). The membrane was then soaked for 5 min. in Transblot
buffer. The cassette was opened and the membrane was placed onto one side
of the cassette, stacked with two pieces of Whatman paper on top of one
scotch-brite pad. The gel was then carefully placed on top of the membrane,
ensuring no air bubbles were trapped in the process. The remaining two pieces
of Whatman paper and the final scotch-brite pad were placed on top of the gel

and the cassette was reassembled and placed in a transfer cassette and
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covered with Transblot buffer. The described assembled transfer sandwich was
left for the proteins to transfer onto the membrane overnight at a constant

current of 35 mA.

(Il) Immunoblotting of proteins

The next day, the nitrocellulose membrane was initially blocked in blocking
solution (1 mM Tris-HCI pH 8.0, 15 mM NaCl, 0.005% Tween, 5 % non- fat
dried milk) for 30 min. The primary antibody was added to the blot, and then
incubated for 2 hours under constant rotation in a heat-sealed bag at room
temperature. The primary antibody was typically diluted 1:1000 in 5 ml blocking
solution. The membranes were then washed at least three times in TBST (1
mM Tris-HCI pH 8.0, 15 mM NaCi, 0.005 % Tween) for 10 min. each time. The
secondary antibody was also diluted 1:1000 in blocking solution. The
membranes were washed once more in TBST three times for 10 min before

protein detection.

() Immunodetection of proteins

Proteins were detected by briefly pipetting both sides of the membrane with
equal volumes of Supersignal West Pico Stable Peroxide and
Luminol/Enhancer solutions (Pierce, UK) to provide chemiluminescent
substrate. The membrane was then transferred to an exposure cassette,
covered in saran wrap, and images obtained by exposing the membrane to
autoradiography film (Hyperfilm, Amersham Biosciences, UK). On occasions
where it was difficult to obtain a signal using these conditions, the Supersignal

West Dura reagent (Pierce, UK) was used to improve the signal.

2.2.12 C. elegans based methods

2.2.12.1 Cultivation of worms

Different worm strains (see list below) were obtained from the C. elegans
Genetics Centre (CGC, USA). Worms were cultured at 20°C in NGM (3 g/l
NaCl, 16g/l Bacto-agar, 2,5 g/l Bacto-peptone, 5 ug/ml cholesterol, 1 mM
MgSOs4, 1 mM CaCly, 25 mM KPO,, pH6,0). To supply a food source for the

animals, NGM-plates were priory seeded and incubated with the E. coli strain
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OP50. To seed the NGM- plates with OP50, bacteria were streaked onto a LB-
plate and grown over night at 37°C. A starter culture of 3 ml LB-medium was
inoculated the next day and 24 hours later bacteria had grown to a confluent
culture. 100 ul were dispersed on a NGM plate, and again the bacteria were
allowed to grow to a lawn overnight.

Worms were cultured by transferring (with a spatula) chunks containing worms
from saturated plates onto a freshly seeded NGM-plate with OP50. This
procedure was repeated every time worms had cleared the bacterial-lawn on

the plate and therefore populations kept at a exponential growth rate.

2.2.12.2 Isolation of worm embryos; hypochlorite treatment

For the isolation of C. elegans embryos, worms of mixed stages from 2- 3 NGM
plates were collected with M9 buffer (3 g/l KH,PO4, 6 g/l Na;HPO4, 5 g/l NaCl, 1
mM MgSQ,) in a red cap tube and spun down at 200 g for 5 min. The
supernatant was aspirated to a small volume to transfer the worms into smaller,
fresh tubes. Another spin at 200 g for 5 min. condensed the worm pellet and
the supernatant was taken off to leave a 50- 100 pl pellet. A hypochlorite buffer
(750 pl ddH20, 500 pul 5 M NaOH, 250 pl 10 % NaOCI) was always freshly
mixed and seven times of the sample volume added to the worms. During a
period of 10 min. the worm pellet was frequently mixed on a vortex. Every time
a sample (2 ul) was taken and observed under the microscope. The reaction
was stopped immediately in 20 ml ddH,O, when the bodies of the adult worms
started to dissolve and released the embryonic eggs. The isolated embryos
were spun down at 1000 g for 5 min., and the supernatant with the corpses was
aspirated to leave a small volume. This was then transferred to a fresh tube
and spun down again to obtain a 100 pl embryo pellet, which was washed in M9
buffer. A sample of 2 yl was used to count the number of isolated embryos per

micro-liter on the microscope.

2.2.12.3 Immunostaining of nematode embryos
To obtain a mixed stage sample of embryos, consisting of 1 cell to almost a L1
larval stage embryos, freshly isolated eggs (as described above) were

immediately fixed in 3 % paraformaldehyde (in M9) for at least 10 min.
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Samples were then washed 3 times for 10 min. in M9 in order to avoid
interference of the fixative with the staining. The C. elegans embryo is covered
in a chitinous eggshell. These structures must be broken open to ensure
penetration of antibody during the staining. Thus, the “batch method” or the
“freeze crack method” were engaged for staining cytoskeleton components or
intracellular structures, respectively. Both methods are described in detail

below.

(1) Batch method

Permeabilization of the embryos by the batch method was done by taking the
whole embryonic preparation (see above) and adding 1 ml of M9+T (3 g/l
KH2POy4, 6 g/l NazHPOy4, 5 g/l NaCl, 1 mM MgSOy, 0.5 % TX-100). The sample
was quickly frozen in liquid nitrogen (30 sec.) and immediately thawed under
running water. To secure cracking of the eggshell, this step was repeated three
times. Finally the embryos were vortexed 30 sec., spun down (200 g, 1 min.)
and the broken shells removed with the supernatant. A further incubation step
in M9+T was undertaken for 15 min. at room temperature on a tabletop rotator.
A drop of water was placed onto a glass slide and a sample of 10- 50 ul of
embryos was added. Eggs were allowed to settle onto the slide for a few

minutes, which was observed under a microscope.

(Il) Freeze crack

Another method to open the embryonic eggshell is to physically crack it open.
This method is only useful if no cytoskeletal components of the worm are
stained. Embryos isolated from the worms as above were spotted on a glass
slide covered with poly-L-lysin. The excess liquid was wicked off with whatman
paper and the sample left to settle down for a few minutes. A coverslip was
placed over the sample as shown in the picture below and again excess liquid
was wicked off until the embryos got slightly squeezed, which was observed on

a microscope at 4 X magnification.

<4— glass slide

coverslip
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Glass slides were then placed carefully in a Styrofoam box filled with liquid
nitrogen and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>