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Summary

Summary
Bak and Bax are the central mediators of the intrinsic programmed cell death.
During apoptosis, structural re-organization of Bax and Bak induced by
activated BH3-only proteins allows them to form oligomers to permeabilise the
mitochondrial outer membrane (MOM). Although structural studies have
provided crucial evidence for conformational changes of Bak and Bax in
response to apoptotic signals, the regulation of Bak and Bax in unstimulated cells
remains to be fully deciphered. Voltage-dependent anion channel isoform 2
(VDAC2) has been reported to both negatively and positively regulate proapoptotic activity of Bak. This thesis further clarifies and characterises the BakVDAC2 interaction and possible involvement of VDAC2 in Bax regulation at the
MOM.
The absence of VDAC2 in mouse embryonic fibroblasts (MEFs) prevented
efficient mitochondrial import of Bak leading to less Bak present at the MOM
and a significant population of cytosolic Bak. It was also found that the mislocalised cytosolic Bak in Vdac2-/- MEFs is rapidly degraded via an unknown
mechanism, potentially contributing to the low Bak total level in Vdac2-/- MEFs.
The direct interaction between Bak and VDAC2 was successfully confirmed and
VDAC2 was shown to be a crucial component of the inactive Bak complex. Sitedirected mutagenesis study also revealed that both cytosolic and transmembrane
domains of Bak are essential for modulating the formation of the Bak-VDAC2
complex. Potential components of the Bak-VDAC2 complex were identified
using mass spectrometry.
The ability of VDAC2 to interfere with pro-apoptotic activity of Bax was reexamined and VDAC2 appeared to facilitate the efficient association and
translocation of Bax to mitochondria. Bax associated with VDAC2 within a 440
kDa complex that was independent of Bak. Whether VDAC2 has an inhibitory
effect on Bax after its integration into the MOM requires further investigation.
To further evaluate the obtained results from Vdac2-/- MEFs, VDAC2-deficient
HCT116 cells were successfully generated using TALEN technology. Initial
characterisation supported the important role of VDAC2 in the biogenesis of the
440 kDa Bak and Bax complexes and in regulating Bak expression level within
human cells.
In conclusion, VDAC2 specifically regulates mitochondrial apoptosis through
modulating pro-apoptotic functions of Bak and Bax. The work in this thesis
provides important insights into a critical step of Bak and Bax regulation by nonBcl-2 proteins.
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Chapter One: Introduction
A splendid picture of regulation and activation of
intrinsic programmed cell death
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1.1 Controlled demolition of the cell
Approximately one million cells in an adult human divide into two every second
and therefore to maintain a balanced number of cells, about one million cells
must commit suicide every second (Green et al, 2009). The process by which cells
kill themselves in multicellular organisms in a highly regulated manner is
termed programmed cell death (PCD). PCD is an extremely important
mechanism to remove unhealthy or unwanted cells from healthy individuals and
hence plays an essential role in tissue homeostasis, embryonic development and
immune defense against pathogen invasions.
PCD is divided into 3 different categories with distinct cell morphology and
cellular biochemistry including autophagic cell death, necroptosis and apoptosis.
Autophagic cell death has not yet been clearly defined but is regarded as cell
death that involves the formation of autophagosomes, which are doublemembrane vesicles generated in the cytoplasm to engulf various cellular
components (Tsujimoto & Shimizu, 2005). Although there is accumulating
evidence to support the existence of autophagic cell death (Bursch, 2001; Shimizu
et al, 2004; Yu et al, 2004), whether autophagy can actually function as a cause of
cell death remains to be clarified (Kroemer & Levine, 2008; Ryter et al, 2014;
Tsujimoto & Shimizu, 2005). Necroptosis is a regulated form of necrosis, which
had been, for many decades, thought to be an accidental and uncontrolled
cellular event occurring under overwhelming external stress. Necroptotic cells
display similar morphology to necrotic cells including plasma membrane
rupture, swelling of cellular organelles and lack of nuclear DNA fragmentation
(Kawahara et al, 1998). To date, the receptor interacting protein 3 (RIP3 or
RIPK3) mediated necroptosis signalling pathway through engaging tumour
necrosis factor receptor 1 (TNFR1) has been extensively characterized (Cho et al,
2009; He et al, 2009; Hitomi et al, 2008; Sun et al, 2012; Vandenabeele et al, 2010;
Zhao et al, 2012). This pathway has recently shown to be reliant on the presence
of mixed lineage kinase domain-like (MLKL) but not the mitochondrial protein
phosphatase PGAM5 (Murphy et al, 2013; Sun et al, 2012; Zhao et al, 2012).
2
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The last but most prominent and well-studied form of PCD is apoptosis.
Morphologically, apoptotic cells are featured by cell shrinkage, chromatin
condensation, nuclear fragmentation, cytoplasmic membrane blebbing and
formation of apoptotic bodies (Kerr et al, 1972). Apoptosis is also biochemically
defined by the activation of caspases or cysteine-aspartic acid proteases which
contain cysteine residues in their active sites and cleave their substrate proteins
at aspartic acid residues (Cohen, 1997; McIlwain et al, 2013). These activated
caspases are the driving force for destroying cellular content and ultimately
leading to the demise of the cell. Caspases are synthesized as inactive molecules
in healthy cells and upon apoptotic induction are processed by other caspases
and assemble into hetero-tetramers consisting of two large subunits and two
small subunits (Cohen, 1997; McIlwain et al, 2013). There are two main apoptotic
pathways that can lead to initiation and subsequent activation of the caspase
cascade - namely the intrinsic pathway and extrinsic pathway (Fig. 1.1)
(Czabotar et al, 2014; Youle & Strasser, 2008).
The extrinsic signalling pathway is mediated by the activation of “death
receptors”, which are cell surface receptors that transmit apoptotic signals after
ligation with specific ligands. Central to this pathway is the activation of proteins
belonging to the tumour necrosis factor (TNF) family, such as Fas, TRAIL-R1,
TRAIL-R2

(TNF-related

apoptosis-inducing

ligand

receptors

1

and

2

respectively) and TNF receptor 1 (TNFR1) by death ligands (Ashkenazi & Dixit,
1998). These death receptors all contain a cysteine-rich domain (CRD) for ligand
binding (Bodmer et al, 2002) and a C-terminal death domain (DD) essential for
their apoptosis-inducing function (Tartaglia et al, 1993). The activated Fas and
TRAIL-R1/2 can directly recruit the adaptor proteins FADD (Fas associated
death domain) to their DDs to form death inducing signal complex (DISC) while
TNFR1 requires another adaptor molecule named TRADD (TNFR-associated
death domain) to do so (Ashkenazi & Dixit, 1998) (Fig. 1.1). These
“signalosomes”, probably forming higher-order assemblies as reported for some
other cases (Lin et al, 2010; Park et al, 2007; Wu, 2013), can convert inactive
caspase 8 to its active form and accordingly, caspase 8 commences its job to turn
3
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on the activity of other effector proteases i.e. caspases 3, 6 or 7 to destroy cellular
content (Ashkenazi & Dixit, 1998; Czabotar et al, 2014; Youle & Strasser, 2008)
(Fig. 1.1). It is of interest that in TNFR1 signalling pathway, TRADD is also able
to recruit TRAF2/5 and cIAP (cellular inhibitor of apoptosis) proteins to trigger
activation of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B
cells) for cell survival (Ashkenazi & Dixit, 1998; Chen & Goeddel, 2002).
The intrinsic pathway, on the other hand, leads to the activation of caspase 9 as
an initiator caspase rather than caspase 8 and is induced by intracellular
processes involving mitochondria. This pathway is associated with an interesting
phenomenon termed “mitochondrial outer membrane permeabilisation” or
MOMP (Fig. 1.1) (Tait & Green, 2010). Upon MOMP, inter-membrane space
proteins such as cytochrome c, AIF (apoptosis inducing factor) and Smac (second
mitochondria activator of caspases, also known as DIABLO) are released,
allowing the engagement of these proteins with their partner(s) (Du et al, 2000;
Liu et al, 1996; Verhagen et al, 2000). Cytochrome c, one of the key components
of the mitochondrial electron transport chain, is pivotal for intrinsic apoptosis in
mammalian systems (Jiang & Wang, 2004; Liu et al, 1996). Upon escaping from
mitochondria, cytochrome c interacts with the cytosolic protein, Apaf-1
(Apoptotic protease activating factor 1) and in the presence of dATP/ATP, forms
a heptameric complex termed the “apoptosome” (Kim et al, 2005). The structure
of the apoptosome suggests that pro-caspase 9 is activated at the heart of the
apoptosome where caspase recruitment domains (CARD) are located (Acehan et
al, 2002; Yu et al, 2005). The caspase 9-apoptosome complex then triggers
caspases 3 and 7 leading to the eventual death of the cell.

4
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Figure 1.1: Caspase activation via extrinsic and intrinsic apoptosis: The extrinsic
pathway is induced upon the ligation of death ligands to death receptors at the cell
surface, leading to the recruitment of Fas associated death domain (FADD) directly or
through another adaptor protein TRADD (TNFR-associated death domain) to form death
5

Chapter I: Introduction

inducing signal complex (DISC). This complex then activates pro-caspase-8 which
consequently turns on the activity of caspase-3 and -7. In the intrinsic pathway, cellular
insults stimulate the activation of BH3-only proteins which neutralize anti-apoptotic
members of the Bcl-2 family and activate pro-apoptotic Bak and Bax. Bak and Bax
undergo conformational change and oligomerisation to cause mitochondrial outer
membrane permeabilisation (MOMP). This releases cytochrome c (Cyt c) which in turn
assembles with Apaf-1 to form the apoptosome complex. The apoptosome acts as a
platform for activation of caspase 9 which functions to initiate activity of other
executioner caspasess such as caspase 3 and 7. The signal from the extrinsic pathway can
be fed into the mitochondrial pathway through the cleavage of Bid to form truncated Bid
(tBid) by activated caspase 8.

B cell lymphoma protein 2 (Bcl-2) family - central players
of intrinsic apoptosis
The Bcl-2 gene was first discovered due to its involvement in human B-cell
follicular

lymphomas

where

a

chromosomal

translocation

between

chromosomes fourteen and eighteen – t(14;18) - placed the Bcl-2 gene under the
constitutive promoter and enhancer region of immunoglobulin heavy chain gene
resulting in its excessive transcription (Bakhshi et al, 1985; Cleary et al, 1986;
Tsujimoto et al, 1985). Two years later, Vaux and colleagues (1988) made a
ground-breaking discovery by showing that over-expression of Bcl-2 inhibits cell
death rather than promoting cell proliferation. This paradigm has now become
widely accepted and served as one of the hallmarks in cancer (Hanahan &
Weinberg, 2011). However, Bcl-2 and its siblings, beyond their reputation in
cancer, are vital for controlling cell death during embryonic development, tissue
homeostasis and host defence against pathogens (Czabotar et al, 2014).
The Bcl-2 family consists of anti-apoptotic and pro-apoptotic proteins that are at
odds with each other as they compete to promote or prevent apoptosis. It is the
relationship between these two groups that determines whether cells will
survive or kill themselves. The anti-apoptotic Bcl-2 members such as Bcl-2, Bcl6

Chapter I: Introduction

xL, Mcl-1 or A1 are able to prevent apoptosis as over-expression of these proteins
increases cell survival ability and makes cells less sensitive to apoptotic
induction (Gross et al, 1999). They share four BH domains (BH1-4) and a
transmembrane domain (TM) at their C-terminus, except for A1 which only has
only two domains BH1 and BH2 (Fig. 1.2A) (Czabotar et al, 2014; Youle &
Strasser, 2008). Bcl-xL, Mcl-1 and Bcl-2 are predominantly anchored at the outer
mitochondrial membrane where they interact with pro-apoptotic proteins to
keep them inactive. Interestingly, Bcl-2 is also found at endoplasmic reticulum
(ER) and possibly protects mitochondria through sequestering BH3-only
proteins away from mitochondria or impeding a calcium-mediated death signal
that is released from ER and then transferred to mitochondria (Thomenius &
Distelhorst, 2003).

On the other hand, Bcl-xL and Mcl-1 can localise to other

compartments within mitochondria to positively regulate mitochondrial
bioenergetics, therefore potentially contributing to cell survival independent of
their anti-apoptotic activity as members of the Bcl-2 family (Alavian et al, 2011;
Chen et al, 2011; Perciavalle et al, 2012).
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Figure 1.2: Sequence and structural organisation of Bcl-2 family proteins: (A) Bcl-2
proteins are divided into two categories i.e. the protectors or anti-apoptotic proteins and
the pro-apoptotic proteins which are sub-divided into initiators or BH3-only proteins and
the effectors Bak and Bax. The protectors and effectors both possess four Bcl-2
homology (BH) regions while the initiators only have a BH3 domain responsible for their
interaction with the protectors and/or effectors. Almost all proteins in the family contain
a single transmembrane (TM) domain to localise to intracellular organelles, mainly
mitochondria. Structure of Bcl-xL (B) (PDB: 1MAZ) (Muchmore et al, 1996), Bax (C)
(PDB: 1F16) (Suzuki et al, 2000) and Bak (D) (PDB: 2IMS) (Moldoveanu et al, 2006)
show similar structural organisations in which helix α5 forms a central hydrophobic core
surrounded by other seven amphipathic helices. In Bax, the α9 helix is sequestered by a
groove created by helices α2- α5 and α8. Note that for each presented structure, helices
are colored in rainbow (blue N terminus to red C terminus) and the transmembrane
region is absent.

The pro-apoptotic proteins are sub-divided into the initiators or BH3-only
proteins and the effectors (Fig. 1.2A). BH3-only proteins (e.g. Bad, Bik, Bid, Hrk,
Bim, Bmf, Noxa and Puma) possess a single BH3 domain responsible for
interacting with other pro- and anti-apoptotic proteins and they function in
distinct cellular stress pathways (Aouacheria et al, 2005; Youle & Strasser, 2008).
These proteins are intrinsically disordered except Bid (BH3-interacting domain
death antagonist) which adopts similar fold to Bcl-xL in which the BH3 domain is
hindered to maintain the protein inactive (Fig. 1.2B) (Chou et al, 1999; Hinds et
al, 2007; McDonnell et al, 1999). Upon cleavage of Bid by caspase 8 to form
truncated tBid (Fig. 1.1), the BH3 domain becomes exposed and is able to engage
the hydrophobic groove of Bak and other Bcl-2 pro-survival proteins resulting in
Bak oligomerisation and MOMP (Chou et al, 1999; McDonnell et al, 1999; Wei et
al, 2000). Other mechanisms lead to the activation of BH3-only proteins. For
example, normally the BH3-only protein Bad in its phosphorylated form adheres
to 14-3-3 scaffold proteins, therefore having no activity (Yang et al, 1995; Zha et
al, 1996). Under apoptotic conditions such as growth factor deprivation,
dephosphorylation of Bad converts it into its active conformation where it can
8
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then neutralize the anti-apoptotic function of Bcl-2 and Bcl-xL (Yang et al, 1995;
Zha et al, 1996). Another well-studied BH3-only protein, Bim-L/Bim-EL, is also
capable of sequestering Bcl-2 and Bcl-xL. The difference is that in healthy cells,
these Bims are held inactive in a complex with dynein light chain LC8
(Puthalakath et al, 1999). Upon stimulation by certain factors, the complex is
destabilized releasing Bim where it acts as an apoptosis activator (Puthalakath et
al, 1999).
The ultimate effort of BH3-only proteins in inducing intrinsic cell death
converges at mitochondria where the effectors Bak (Bcl-2 antagonist/killer) and
Bax (Bcl-2 associated X protein) are triggered to undergo conformational changes
and oligomerize to permeabilize the MOM for the release of apoptogenic factors
from the inter-membrane space. Bak and Bax have four conserved BH domains
(BH1-4) and one transmembrane domain for mitochondrial targeting (Fig. 1.2A).
Their 3-dimensional structures resemble those of anti-apoptotic proteins and Bid
(Moldoveanu et al, 2006; Suzuki et al, 2000) (Fig. 1.2C & D). The critical role of
Bak and Bax in manipulating intrinsic apoptosis and mitochondrial dysfunction
is substantiated by the fact that the combined deletion of Bak and Bax renders
cells resistant to multiple apoptotic stimuli (Wei et al, 2001). Almost all Bak-/-Bax-/double knockout (DKO) mice display severe defects and cannot survive through
embryonic stage while single knockouts of Bax or Bak cause some mild defects
and programmed cell death continues normally suggesting that Bak and Bax
have overlapping roles during embryo development and tissue homeostasis
(Lindsten et al, 2000; Takeuchi et al, 2005). Bok (Bcl-2 related ovarian killer) was
identified as a binding partner of Mcl-1 and classified into the same group with
Bak and Bax (Hsu et al, 1997a) but knocking out Bok in a mouse model did not
cause any significant effects on the animals (Ke et al, 2012).

1.2 Relationship between the pro-survival, initiator and
effector Bcl-2 members
Cellular stress induces the activation of BH3-only proteins resulting in Bak/Bax
mediated cell killing. In addition, the binding capacity of different BH3-only
9

Chapter I: Introduction

proteins to the other Bcl-2 family proteins varies from one another within the
group (Chen et al, 2005; Kuwana et al, 2005). But how Bak and Bax become
activated is still controversial. Initially, two different models were proposed
namely the indirect and the direct model (Fig. 1.3). The former emphasizes that
in unstimulated cells the effectors are kept inactive by their interactions with the
pro-survivals and upon apoptotic signalling, this inhibition is neutralized by
activated BH3-only proteins to free Bak and Bax (Fig. 1.3A) (Willis et al, 2005;
Willis et al, 2007). According to this model, BH3-only proteins do not need to
bind to the effectors to cause the activation of Bak and Bax. Instead, after being
released from their pro-survival counterparts, the BH3 groove of Bak and Bax
becomes exposed and these molecules become “primed” to recruit other
“unprimed” Bak conformers to oligomerize and subsequently permeablize the
MOM for cytochrome c release (Willis et al, 2007). Other evidence supporting
this model came from studies using ABT-737, a BH3 mimetic that selectively
targets Bcl-2, Bcl-xL and Bcl-w (Konopleva et al, 2006; Rooswinkel et al, 2012; van
Delft et al, 2006). The indirect model argues that Bid, Bim and Puma are stronger
apoptotic inducers because they are more promiscuous in binding to the prosurvivals (Willis et al, 2007).

10
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Figure 1.3: Models for controlling Bak/Bax activation: (A) The indirect model
suggests that the BH3-only proteins solely act to depress the function of the Bcl-2
pro-survivals (Willis et al, 2005; Willis et al, 2007). As long as all the prosurvivals are neutralized by activated initiators, Bak and Bax are released and
become activated spontaneously or via unknown modification(s) (Willis et al,
2005; Willis et al, 2007). (B) The direct model divides the initiators into two subcategories namely the sensitizers which inhibit the protectors and the activators
which are able to directly activate the effectors (Kim et al, 2006; Kim et al, 2009;
Kuwana et al, 2005; Letai et al, 2002; Wei et al, 2000). In healthy cells, the
activators consisting of tBid, Bim and Puma are sequestered by the pro-survivals
(Kim et al, 2006; Kim et al, 2009; Kuwana et al, 2005; Letai et al, 2002; Wei et al,
2000). Upon initiation of apoptosis, the sensitizers are able to bind to the prosurvivals and displace the activators which subsequently activate Bak and Bax
(Letai et al, 2002). (C) The unified model incorporates features of both the
indirect and direct model (Leber et al, 2007; Llambi et al, 2011). This model
emphasizes that the pro-survivals exert their anti-apoptotic function by
11
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depressing the activators (MODE 1) and/or “primed” Bak and Bax (MODE 2)
(Llambi et al, 2011). Notably, MODE 1 defence has less efficiency in preventing
MOMP than MODE 2 defence does both in vitro and in vivo (Llambi et al, 2011).

On the other hand, the direct model (Fig. 1.3B) proposes the direct Bak and Bax
activation by some BH3-only proteins such as tBid, Bim and Puma termed
“activators” (Kim et al, 2006; Kim et al, 2009; Kuwana et al, 2005; Letai et al, 2002;
Wei et al, 2000). In healthy cells, the activators are guarded by the protectors and
therefore only functional when being dislodged by the “sensitizers” composed of
the rest of other BH3-only members. According to this model, the protectors do
not hold the effectors and the effectors can only be activated directly by the
activators. Indeed, the interaction between the activators and effectors has been
visualized in live cells (Vela et al, 2013) and the structures of the Bid BH3 domain
bound to Bak and Bax have been determined (Czabotar et al, 2013; Moldoveanu
et al, 2013). In addition, the deletion of three proposed activators Bid, Bim and
Puma perturbs Bak and Bax activation and cytochrome c release in T cells in
response to a variety of apoptotic stimuli (Ren et al, 2010). If Bid, Bim and Puma
are the only proteins that activate Bak and Bax, the triple knockout cells should
be as resistant to apoptosis as the Bak-/-Bax-/- DKO cells. However, this is not the
case since it was shown that at least 30% of the T cell population were still
susceptible to apoptotic stimuli (Ren et al, 2010). Nonetheless it remains to be
determined whether or not the same effect occurs across different cell types in
this mouse model.
The most accepted model appears to be the unified model (Fig. 1.3C) that is the
“hybrid” of the indirect and direct model and in agreement with the “embedded
together” model proposed by Andrews and colleagues (Czabotar et al, 2014;
Leber et al, 2007; Llambi et al, 2011). The unified model posits that the Bcl-2 prosurvivals can prevent MOMP through two defensive strategies, by sequestering
either BH3-only activators (MODE 1) or activated effectors (MODE 2) (Llambi et
al, 2011). However, MODE 2 inhibition seems to be more efficient and harder to
12
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be depressed than MODE 1 (Llambi et al, 2011). According to this model, upon
the reception of an apoptotic signal, the direct activators are present but
sequestered by the protectors (MODE 1) (Llambi et al, 2011). At higher stress
level, there are enough direct activators to turn the dormant effectors into their
active forms which are still restrained by the protectors in MODE 2 complexes
(Llambi et al, 2011). At this stage, MOMP does not happen yet. Only when all of
the protectors are occupied by the initiators, including both the activators and
sensitizes/depressors,

free

activators

now

can

further

cause

Bak/Bax

conformational changes to drive MOMP forward (Llambi et al, 2011). It is
possible that the complete activation of Bak and Bax is a feed-forward rather
than global reaction in which a small population of the effectors become fully
activated first and then function to activate other “primed” Bak/Bax molecules
(Gavathiotis et al, 2010; Llambi et al, 2011).

1.3 Activation of Bak and Bax
In healthy cells, Bax predominantly exists as a monomeric protein in the cytosol
as its potential transmembrane domain helix α9 is neatly sequestered in its own
hydrophobic groove (Fig. 1.4A) (Suzuki et al, 2000; Wolter et al, 1997; Zhou &
Chang, 2008). It was also suggested that Bax is shuttled back and forth between
cytosol and mitochondria possibly via an interaction with Bcl-xL and this process
relies on the C terminal segment of Bcl-xL (Edlich et al, 2011; Schellenberg et al,
2013; Todt et al, 2013). Apoptotic conditions can disrupt the equilibrium and
reduce the detachment rate of Bax from mitochondria, allowing accumulation of
Bax on mitochondria and therefore further sensitizing cells to apoptosis
(Schellenberg et al, 2013; Todt et al, 2013). Bak, on the contrary, is a permanent
integral membrane protein of the MOM. This might be due to its more
hydrophobic helix α9 compared to Bax (Leshchiner et al, 2013). In unstimulated
conditions, Bak has been reported to interact with regulators Mcl-1 and Bcl-xL to
keep it inactive (Willis et al, 2005). In contrast, Cheng and colleagues challenged
this observation by showing that Voltage Dependent Anion Channel 2 (VDAC2)
rather than Mcl-1 and Bcl-xL is a negative controller of Bak pro-apoptotic activity
in healthy cells (Cheng et al, 2003; Kim et al, 2006). It is possible that all of the
13
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three proteins might participate in a Bak regulatory network that requires each
of the proteins in different steps that remains to be elucidated because the
current unified model does not include non-Bcl-2 relatives. However, what
became clear is that when cells are triggered to undergo apoptosis, the activation
of BH3-only protein network can cause Bak and Bax conformational changes,
converting these proteins into killers.

Figure 1.4: Bax activation and conformational changes: (A) Structure of full length
monomeric Bax (Suzuki et al, 2000) (PDB: 1F16) with α9 helix sequestered by a
canonical groove formed by helices α2- α5 and α8. There is also a hydrophobic pocket
(rear pocket) created by helices α1 and α6. (B) Model structure of Bax with Bim
SAHB (stabilised α helix of Bcl-2 domains) bound at the rear pocket (Gavathiotis et
al, 2008) (PDB: 2K7W). This binding causes changes in helices α1 and α2 and can
initiate Bax activation and oligomerisation in vitro. (C) Structure of Bid BH3 bound to
∆C21Bax (Czabotar et al, 2013) (PDB: 4BD2). Binding of Bid BH3 peptide to the
canonical groove of Bax results in a dissociation of helices α6, α7 and α8 (latch) from the
14
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core of the Bax molecule (helices α1- α5) and dislodgement of helix 2. (D) A BH3-ingroove Bax homodimer (Czabotar et al, 2013) (PDB: 4BDU) formed by two (α2- α5)
Bax cores. The BH3 domain on helix α2 on one Bax molecule nicely occupies a groove
formed by three helices α3- α5 on another Bax molecule creating a symmetric
homodimer. Note that for each presented structure, helices are colored in rainbow (blue
N terminus to red C terminus).

One of the very first steps of Bax activation is its translocation to the MOM (Kim
et al, 2009; Wolter et al, 1997). In order to do that, the Bax transmembrane
domain normally sequestered within a hydrophobic canonical groove needs to
be dislodged (Fig. 1.4A) (Czabotar et al, 2013; Gavathiotis et al, 2010; Gavathiotis
et al, 2008; Kim et al, 2009). It is suggested that binding of BH3-only direct
activator proteins or peptides to α1/α6 rear pocket (Fig. 1.4B) is able to indirectly
cause helix α9 exposure and subsequent mitochondrial targeting of Bax
(Gavathiotis et al, 2008). Although this hypothesis is supported by NMR studies
from Walensky and colleagues (2010), the precise mechanism of how the
conformational change is transferred from the rear pocket to the canonical cleft
to extrude helix α9 has not been fully described. In addition, there are also
evidence showing the dispensability of the “rear” Bax interaction site for Bax
activation and oligomerization (Okamoto et al, 2013; Peng et al, 2013).
Interestingly, a recent study has suggested that the exposure of the Bax
transmembrane domain can happen in the cytosol before Bax becomes in contact
with mitochondrial membrane and subsequently integrated into the MOM (Gahl
et al, 2014). However, the details of this event have not been described.
On the other hand, the canonical groove has been extensively studied for both
Bak and Bax and believed to be pivotal for their activation (Brouwer et al, 2014;
Czabotar et al, 2013; Dewson et al, 2008; Dewson et al, 2012; Moldoveanu et al,
2013; Moldoveanu et al, 2006; Oh et al, 2010; Peng et al, 2013). The crystal
structure of Bid BH3 bound Bax (Fig. 1.4C) (Czabotar et al, 2013) revealed a
significant structural reorganisation compared to inactive proteins (Fig. 1.4A)
(Moldoveanu et al, 2006; Suzuki et al, 2000) and Bim SAHB bound Bax (Fig. 1.4B)
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(Gavathiotis et al, 2010). Upon binding of Bid BH3 peptide to the canonical
groove, helix α5 and α6 unhinge, dissociating the α6-α8 helices (latch) from the
α1-α5 helices (core) to expose the N terminal helix α1 of the molecule (Czabotar
et al, 2013). This unfolding process is crucial for Bak/Bax activation since
tethering helix α5 and α6 abrogates their pro-apoptotic activity (Brouwer et al,
2014; Czabotar et al, 2013). As a result of unlatching mechanism, α5 and α6 seem
to lie on the MOM surface (Westphal et al, 2014) rather than to be inserted as a
hairpin within the MOM (Annis et al, 2005).

Another consequence of the

“unlatching” mechanism is that the Bak/Bax BH3 domain within helix α2 is
liberated and ready for engagement with another BH3 domain from the effectors
or protectors (Brouwer et al, 2014; Czabotar et al, 2013). If two effector molecules
come together via a BH3:groove, the interaction nucleates oligomerisation (Fig.
1.4D). Indeed, the symmetric dimers of Bak and Bax have been visualized
recently (Brouwer et al, 2014; Czabotar et al, 2013). The transient exposure of the
BH3 groove and the importance of the BH3:groove interaction has previously
been reported for both Bak and Bax by crosslinking studies and site-directed
spin labeling method of electron paramagnetic resonance (EPR) spectroscopy
(Fig. 1.5A) (Dewson et al, 2008; Dewson et al, 2012; Oh et al, 2010). However, in
contrast to the recent Bid BH3 domain bound Bax structure (Czabotar et al,
2013), the interaction of Bid SAHB with Bak (residues 15-186) does not provoke
any significant changes compared to the structure of Bak without any bound
peptides (Moldoveanu et al, 2013; Moldoveanu et al, 2006) suggesting that the
ability of Bid SAHB to somehow activate Bak/Bax might be not the same as
original Bid BH3 peptide.
Another interface that is proposed to be responsible for connecting the
symmetric Bak and/or Bax dimers to form higher ordered oligomers is α6:α6 or
the rear interface seen in the structure of Bim SAHB-Bax (Fig. 1.4D) (Dewson et
al, 2009; Dewson et al, 2008; Dewson et al, 2012; Gavathiotis et al, 2008; Zhang et
al, 2010). It is also envisaged that at least 18 Bak molecules are needed to form
oligomers large enough to release cytochrome c (Dewson et al, 2009). However,
the organisation of larger oligomers as well as the second dimer interface has not
been demonstrated structurally. In addition, if helix α6 has to be unlatched
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during activation (Brouwer et al, 2014; Czabotar et al, 2013) and in-plane inserted
onto the MOM surface (Westphal et al, 2014), the relevance of the α6:α6 interface
during oligomerization needs to be clarified. It is also possible that other yet to
be identified interface(s) besides the α6:α6 interface are required for Bak/Bax
dimers to further oligomerize.

Figure 1.5: Models for Bak/Bax activation and oligomerization: Note that Bax needs
to expose its transmembrane domain to be able to first target to mitochondria. (A) The
BH3:groove symmetric dimer model proposes that transient binding of a direct
activator at the canonical groove of Bak/Bax can trigger the dissociation of the latch from
the core leading to the exposure of BH3 domain (Brouwer et al, 2014; Czabotar et al,
2013; Dewson et al, 2008; Dewson et al, 2012). The activator is then released from the
canonical groove to enable the binding of another BH3 domain from another activated
effector molecule to form a BH3-in-groove dimer (Brouwer et al, 2014; Czabotar et al,
2013; Dewson et al, 2008; Dewson et al, 2012). This dimer subsequently initiates the
oligomerisation process. (B) In the daisy-chain model, the direct activator interacts with
effector molecules at the α1/α6 cleft to cause the extrusion of BH3 domain (Gavathiotis
et al, 2010; Pang et al, 2012). This BH3 domain in turn binds to the α1/α6 cleft of an
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inactive effector molecule, resulting in the exposure of its BH3 domain (Gavathiotis et al,
2010; Pang et al, 2012). This process continues until the oligomers are formed and the
direct activator is freed upon completion (Gavathiotis et al, 2010; Pang et al, 2012).
Although the BH3:groove symmetric dimer model for Bak/Bax oligomerization
has been well accepted, there exists another model termed the “daisy-chain”
model (Fig. 1.5). According to this model, the direct activators bind to the α1/α6
activation site resulting in the extrusion of the BH3 domain of the effectors
(Gavathiotis et al, 2010; Pang et al, 2012). The extruded BH3 domain of one
activated effector molecule is able to interact with another inactive effector
molecule at the α1/α6 activation to propagate the apoptotic signal resulting in
the formation of large oligomers (Gavathiotis et al, 2010; Pang et al, 2012).
Regardless of how Bak/Bax oligomers are formed, the information obtained
from solved structures of the effectors with the bound BH3 peptides from direct
activators Bid and Bim strongly supports the hypothesis that the direct activators
are capable of activating Bak and Bax directly (Brouwer et al, 2014; Czabotar et
al, 2013; Moldoveanu et al, 2013). Interestingly, tethering Bid BH3 peptide to the
Bak canonical groove via a disulphide bond prevents Bak conformational
changes and abolishes the ability of Bak to permeablize the MOM (Moldoveanu
et al, 2013). This observation indicates that the interaction between the effectors
and the activators at the canonical groove seems to be transient and the
activators have to be released in order for further dimerization and
oligomerization to take place (Dai et al, 2011; Moldoveanu et al, 2013). This is
consistent with a hit and run model for Bak/Bax activation by BH3-only direct
activators (Chipuk & Green, 2008; Wei et al, 2000).

1.4 Mitochondrial outer membrane permeabilisation – the
commitment point of apoptosis
One of the most crucial events during apoptosis is the release of cytochrome c
from the intermembrane space which participates in the formation of
apoptosome, a platform for caspase activation. This irreversible step occurs due
to the permeabilisation of the mitochondrial outer membrane downstream of
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Bak and Bax activation. However, the means by which Bak and Bax trigger
MOMP to release a number of apoptosis-promoting factors including
cytochrome c is still controversial. Two models have been proposed and these
are described as following.
1.4.1 Proteinaceous channel
Given the similarities in structures of multi-domain Bcl-2 members such as Bak,
Bax and Bcl-xL to bacterial pore-forming toxins, it was hypothesized that
Bax/Bak can self-assemble into channels (Antonsson et al, 1997; Minn et al, 1997;
Schendel et al, 1997; Schlesinger et al, 1997) thereby allowing the release of proapoptotic proteins such as cytochrome c to induce death (Dewson et al, 2009;
Korsmeyer et al, 2000; Youle & Strasser, 2008). However, such pores have not
been adequately demonstrated nor successfully visualised. Although Bax has
been shown to form an oligomeric channel in liposomes (Antonsson et al, 2000),
anti-apoptotic Bcl-2 members such as Bcl-2 and Bcl-xL are also be able to do so
(Basanez et al, 2001; Minn et al, 1997; Schendel et al, 1997), questioning the
significance of this observation.
More evidence for the existence of an apoptotic channel has arrived from the
identification of mitochondrial apoptosis-inducing channels or MACs (Pavlov et
al,

2001).

Data

from

analysing

MACs

and

Bax

channels

using

electrophysiological techniques as well as immunoprecipitation of oligomeric
Bax signify that Bax forms a part of the channel (Kinnally & Antonsson, 2007).
Other experiments have also determined that the oligomeric rather than
monomeric form of Bax is essential for MAC activity (Kinnally & Antonsson,
2007). The presence of MACs in Bax-/- MEFs but not Bak-/-Bax-/- DKO MEFs
suggests that Bak can replace Bax in such a complex (Kinnally & Antonsson,
2007).
1.4.2 Lipidic pore
This alternative model indicates that the activated Bak and/or Bax may
destablise the lipid bilayer to bend the MOM with positive curvature resulting in
the formation of a lipidic rather than a proteinaceous pore (Basanez et al, 2002;
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Kuwana et al, 2002; Schafer et al, 2009). In vitro pores in these studies can allow
the release of dextrans up to 2000 kDa and cardiolipin is required for the
permeabilisation process (Kuwana et al, 2002; Schafer et al, 2009). Examination of
these pores by cryo electron microscopy (cryo-EM) suggests that they are more
likely to be lipidic pores (Schafer et al, 2009). In addition, the recent BH3-ingroove homodimer of Bak/Bax (Fig. 1.4D) showed the accumulation of aromatic
residues on the exposed sides of helices α4 and α5, which potentially can squeeze
between the head groups of lipid molecules at the MOM to create a positive
curvature for the formation of a lipidic pore (Brouwer et al, 2014; Czabotar et al,
2013; Westphal et al, 2014). While this is an attractive possibility, no such
structure has been demonstrated at the MOM.

1.5 Regulating intrinsic apoptosis by non-Bcl-2 proteins
Although, the intrinsic apoptotic pathway is mainly modulated by Bcl-2 family
members, non-Bcl-2 proteins have also implicated in this process. The most
famous and well characterised molecule is the tumour suppressor p53. Under
normal conditions, p53 concentration is maintained very low within the nucleus
since p53 is targeted for proteasomal degradation by Mdm2, an E3 ubiquitin
protein ligase (Haupt et al, 1997; Kubbutat et al, 1997). Upon stimulation, the
p53-Mdm2 complex is disrupted, leading to the stabilisation and accumulation
of active p53 in the nucleus where it functions as a transcription factor to
transactivate an array of target genes involved in cell cycle arrest, autophagy,
metabolism and apoptosis (Green & Kroemer, 2009). Notably, p53 can
transcriptionally induce genes encoding for Bcl-2 pro-apoptotic proteins
including Bak, Bax, PUMA and Noxa (Miyashita & Reed, 1995; Nakano &
Vousden, 2001; Oda et al, 2000; Schuler et al, 2003). However, p53 has also been
shown to localise in the cytosol and translocate to mitochondria upon UV
radiation where it can trigger Bak/Bax-dependent MOMP (Chipuk et al, 2005;
Chipuk et al, 2004; Leu et al, 2004; Mihara et al, 2003). In unstimulated cells,
cytosolic p53 is proposed to interact with Bcl-xL (Chipuk et al, 2005; Chipuk et al,
2004; Leu et al, 2004; Mihara et al, 2003). Upon DNA damage, nuclear p53
promotes the production of the BH3-only protein Puma which in turn binds to
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Bcl-xL to cause conformational change in Bcl-xL unleashing p53 (Chipuk et al,
2005; Follis et al, 2013). The freed p53 can directly activate Bak and Bax at the
MOM, leading to their oligomerisation and MOMP (Chipuk et al, 2004; Leu et al,
2004; Mihara et al, 2003). It seems that the coordination between nuclear and
cytoplasmic p53 is crucial for Bak/Bax activation provoked by cytoplasmic p53
(Chipuk et al, 2005; Follis et al, 2013; Green & Kroemer, 2009). Indeed, Puma-/cells were resistant to UV-induced apoptosis similar to p53-/- cells and only wildtype Puma but not a

W71APuma

mutant, which prevents the release of p53 from

Bcl-xL, can restore sensitivity of Puma-/- cells to UV treatment (Chipuk et al, 2005;
Follis et al, 2013). However, there is also data to suggest that the pro-apoptotic
function of p53 is independent of its transcription activation function (Caelles et
al, 1994; Chipuk et al, 2003; Haupt et al, 1995; Kakudo et al, 2005) although the
p53 DNA-binding domain is reported to be essential for mediating the Bak-p53
interaction (Pietsch et al, 2008).
Another non-Bcl-2 protein involved in Bak/Bax dependent apoptosis is MTCH2
(Mitochondrial carrier homologue 2 or Met-induced mitochondrial protein 2)
which belongs to mitochondrial carrier (MC) protein family (Grinberg et al, 2005;
Zaltsman et al, 2010). Different from other members of the MC family, which
normally localise to the mitochondrial inner membrane, MTCH2 resides at the
MOM and interacts with tBid upon apoptotic induction with TNFα or Fas
(Grinberg et al, 2005; Zaltsman et al, 2010).

Deletion of Mtch2 in mice is

embryonically lethal and the cells isolated from Mtch2-/- embryos are more
resistant to tBid-induced apoptosis compared to WT (Zaltsman et al, 2010).
Similarly, conditional removal of Mtch2 in mouse embryonic fibroblasts (MEFs)
and specific knockout of Mtch2 in liver significantly decrease the ability of tBid
to target mitochondria, hindering Bax activation and MOMP in Fas-induced
apoptosis (Zaltsman et al, 2010). These data point to a potential function of
MTCH2 as a receptor for tBid at the MOM during early stage of apoptosis
(Zaltsman et al, 2010).
Another class of proteins which are controversially capable of modulating
function of Bcl-2 family is voltage dependent anion channels (VDACs). VDACs
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are the channels necessary for exchanging metabolites across the MOM
(Shoshan-Barmatz et al, 2010). In mammalian cells, they are highly conserved
and exist as three isoforms i.e. VDAC1, 2 and 3 adopting β-barrel structures with
19 β-strands and an N-terminal helix at the central of the barrel. It is unclear as to
how these channels are engaged in apoptosis (Bayrhuber et al, 2008; Hiller et al,
2008; Schredelseker et al, 2014; Ujwal et al, 2008). VDAC1 has been reported as a
pro-apoptotic protein with an ability to oligomerise to release cytochrome c
(Abu-Hamad et al, 2009; Keinan et al, 2010; Zheng et al, 2004). The
oligomerisation sites have been mapped for VDAC1 (Geula et al, 2012) and its N
terminal region has been shown to be important for its apoptotic activity (AbuHamad et al, 2009). However, knockout of Vdac1 in a mouse model did not affect
the intrinsic apoptotic pathway and the mice develop normally (Baines et al,
2007). On the other hand, deletion of Vdac2 in mice results in embryonic lethality
(Cheng et al, 2003). Mouse embryonic fibroblasts (MEFs) isolated from these
embryos considerably enhances Bak activation and oligomerisation making the
cells more sensitive to apoptotic stimuli (Cheng et al, 2003). Similarly effects
were observed upon genetic deletion of Vdac2 in thymus (Ren et al, 2009).
Strikingly, these effects were rescued when Bak was removed in VDAC2deficient thymocytes supporting the idea that the Bak-VDAC2 interaction is
essential for determining thymocyte homeostasis (Ren et al, 2009). Using blue
native gel electrophoresis (BN-PAGE), Lazarou et al (2010) proposed that in
healthy cells, Bak is sequestered in its 440 kDa inactive complex whose formation
is dependent on the presence of VDAC2 and Bak transmembrane anchor.
However, this study did not directly demonstrate an interaction between Bak
and VDAC2 nor address the possibility that additional proteins may participate
in the biogenesis of the inactive Bak complex (Lazarou et al, 2010).
In contrast, others have suggested a pro-apoptotic role of VDAC2 in tBidinduced apoptosis (Roy et al, 2009). According to this study, Bak is
predominantly cytosolic and therefore unable to mediate cytochrome c release
and mitochondrial cell death upon tBid treatment. As a result, Vdac2-/- MEFs are
more resistant to tBid-induced apoptosis. Furthermore, VDAC2 has been
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implicated as a crucial component of Bax-mediated apoptosis machinery in the
absence of Bak (Yamagata et al, 2009). Knockdown of Bak or VDAC2 in Vdac2-/MEFs or Bak-/- MEFs greatly influenced the integration of Bax into the MOM and
subsequent Bax activation and oligomerization preventing these cells to undergo
apoptosis in response to various stimuli (Yamagata et al, 2009).

1.6 Subject of this thesis
Even though considerable amount of research has been conducted to investigate
the regulation and activation of Bak and Bax, the precise molecular mechanisms
behind these events remain to be fully resolved. This thesis aims to further
provide answers for some of the unfilled or debatable pieces of the puzzle in the
Bak and Bax regulation pathways at molecular level.
Chapter 3 emphasizes the role of VDAC2 as a mitochondrial facilitator of Bak. In
the absence of VDAC2, Bak cannot be efficiently targeted to mitochondria
resulting in the presence of cytosolic Bak. In addition, the total Bak expression
level is much lower in VDAC2 deficient cells although it is unclear what is
causing this.
Chapter 4 dissects the interaction between Bak and VDAC2 by showing different
Bak mutants unable to form a high molecular weight complex with VDAC2.
Attempts to identify other components of the Bak-VDAC2 complex using coimmunoprecipitation coupled with mass spectrometric (MS) analysis was also
undertaken. Although a number of interacting proteins were observed further
validation is required to confirm whether these proteins contribute to the
biogenesis of the Bak-VDAC2 complex.
In Chapter 5,

S184LBax,

a Bax mutant that is constitutively localised to the MOM,

was used to investigate the possible interaction between Bax and VDAC2. The
results indicate that VDAC2 is important for mitochondrial targeting of
and the formation of the high molecular weight S184LBax complex.
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Chapter 6 details the generation of VDAC2-deficient human cell line using
transcription activator-like endonucleases (TALENs) and initial characterization
of this cell line to clarify the role of VDAC2 in regulating Bak and Bax.

24

Chapter II: Materials and Methods

Chapter Two
Materials and Methods
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2.1 Chemical Reagents
General laboratory reagents used during the course of this study were purchased
from Amresco, BDH, Calbiochem, Merck, MP Biomedical and Sigma.

2.2 Molecular Biology Techniques
General molecular biology techniques were performed according to Sambrook
and Russell (2001) unless stated otherwise.
2.2.1 cDNA clones
Plasmids containing cDNAs encoding human VDAC1, VDAC2, VDAC3 and
mouse VDAC2 were obtained from OriGene. RFP-Bak and GFP-I81TBak were
generated by Dr Laura Osellame and Boris Reljic (the Ryan lab) respectively.
pGEM4Z-Bak was previously reported (Lazarou et al, 2010) and pGEM4Z-Bax
were created by Gareth P Apswoud (the Ryan lab). GFP-Bax was kindly
provided by Richard Youle (NIH, USA). For targeted gene disruption using
transcription activator-like nucleases (TALENs), pTALEN-VDAC2-L and
pTALEN-VDAC2-R were designed and assembled by Dr David Stroud as
previously described (Stroud et al, 2013).
2.2.2 Polymerase Chain Reaction (PCR)
Lyophilised oligonucleotide primers, generally consisting of 15 – 23 bases
annealing to the start of targeted sequences, a desired restriction enzyme site
upstream for cloning purposes and 4 – 6 additional overhanging bases, were
obtained from Sigma. Oligonucleotides were dissolved in sterile water to a
concentration of 10 ρmol/µL. Standard 50 µL PCRs contained a 1X VentTM
Polymerase Buffer (New England BioLabs), 250 µM dNTPs (Promega), 10 ρmol
of both the forward and reverse primers (Sigma), 10 - 25 ng of template DNA
and 2 U of VentTM DNA Polymerase (New England Biolabs). The reactions and
were carried out in a T100TM Thermal cycler (Bio-Rad). The program setup for
each reaction typically involved a 2 min initial denaturation step at 95ºC,
followed by 30 cycles of a denaturing step at 95ºC (30 sec), an annealing step at
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48 - 60ºC (30 sec) and an extension at 72ºC (1 min), and completed by a final
extension step at 72ºC (3 - 5 min).
2.2.3 PCR site directed mutagenesis
All point mutations were introduced into wild type (WT) cDNAs by PCR using
mutated primers ordered from Sigma (see the list below) and QuickChange II XL
site-directed mutagenesis kit (Agilent) according to manufacturer’s instructions.
The newly synthesized plasmids were separated from the WT template (very
low concentration – 10ng) by DpnI digestion and subsequently transformed into
bacteria as described in section 2.2.7

Table 1: Primer pairs utilised to generate Bax and Bak mutants in this study. DNA
bases that encode for mutated amino acids are highlighted in red.
Mutation
S184LBax

5’
3’
V180S/S184LBax
5’
3’
L63E/S184LBax
5’
3’
W107A/S184LBax 5’
3’
L78EBak
5’
3’
W125ABak
5’
3’
V198ABak
5’
3’
V198SBak
5’
3’

Primer pair
CTCACCGCCCTCCTCACCATCTGGAAG 3’
CCTCACGAGTGGCGGGAGGAGTGGTAG
5’
GTGGCGGGATCCCTCACCGCCTCA
3’
TAGAAACACCGCCCTAGGGAGTGGCGG
5’
AGCGAGTGTGAGAAGCGCATCGGGGAC 3’
TTCGACTCGCTCACACTCTTCGCGTAG
5’
AACTTCAACGCCGGCCGGGTTGTCGCC 3’
CTGCCGTTGAAGTTGCGGCCGGCCCAA
5’
CAGGTGGGACGGCAGGAGGCCATCATC
3’
CCTGCCGTCCTCCGGTAGTAGCCCCTG 5’
GAGAGTGGCATCAATGCCGGCCGTGTG
3’
CCGTAGTTACGGCCGGCACACCACCGA
GTGGTTCTGGGTGTGGCCCTGTTGGGC
3’
GACCCACACCGGGACAACCCGGTCAAA 5’
GTGGTTCTGGGTGTGAGCCTGTTGGGC
3’
GACCCACACTCGGACAACCCGGTCAAA 5’

2.2.4 Agarose gel electrophoresis
Agarose gel electrophoresis was utilised to separate and analyse PCR products
and purified plasmids. DNA gels contained 1% (w/v) of DNA grade agarose
(Scientifix) dissolved in 1X TAE buffer (0.1 M acetic acid, 1 mM EDTA, 40 mM
Tris-Cl, pH 8.0). For visualisation purposes, SYBR safe DNA gel stain
27

Chapter II: Materials and Methods

(Invitrogen) was added to the gel at 1:10,000 dilution. DNA samples were
prepared in the DNA loading buffer (10% [v/v] glycerol, 0.02 mM EDTA, 0.02%
[w/v] bromophenol blue), and loaded alongside with 1 kb PLUS DNA Ladder
markers (Invitrogen). Electrophoresis was undertaken in the presence of 1X TAE
buffer at 100V. The agarose gel was then subsequently imaged using a G:Box
(Syngene). Gel extraction of DNA for digestion or ligation purposes was
performed using the Wizard DNA gel extraction kits (Promega) according to the
manufacturer’s instruction.
2.2.5 Restriction Enzyme digest
PCR products or plasmids were digested in a total volume of 30 or 50 µL
containing DNA sample, 1X restriction enzyme buffer (Promega) and 10 U of
desired restriction enzyme(s) (Promega). Reactions were incubated at 37ºC for 2 16 hrs.
2.2.6 Ligation reactions
Ligation reactions contained isolated PCR product (∼100 ng) and plasmid DNA
(∼50-100 ng), 1X T4 DNA Ligase buffer (Promega), 3 U (1 µL) of T4 DNA Ligase
(Promega) and sterile water up to the final volume of 10 µL. The reactions were
performed at room temperature for a minimum 2 hrs or at 16ºC overnight. The
ligation mixes were then heated up at 65 for 10 min before bacterial
transformation
2.2.7 Bacterial transformation
Typically 5 µL of the ligation mixes or 10 ng of purified plasmid DNA was
added into 100 µL of chemically competent E. coli cells of XL1-Blue strain
(Stratagene). The contents were mixed and incubated on ice for 15 – 30 min.
After that, the cells were heat shocked at 42°C (90 sec), transferred back on ice for
2 min and then incubated with 500 µL of Luria Bertani medium (LB; 1% [w/v]
tryptone, 1% [w/v] NaCl, 0.5% [w/v] yeast extract, pH 7.0) 37°C for 45 min for

recovery. Following this, the cells were plated on appropriate LB selection plates
(LB medium supplemented with 1.5% Agar (Oxoid) and the appropriate
antibiotic) and subsequently incubated overnight at 37°C.
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2.2.8 Plasmid Preparation
High quality and endotoxin free DNA plasmids were purified from E. coli cells
using Wizard DNA columns (Promega), QIAprep Miniprep or QIAprep
Midiprep kits according to the manufacturer’s instructions (Qiagen).
2.2.9 DNA sequencing
Dideoxynucleic acid sequencing was performed by AGRF Sequencing Services
(Melbourne). Sequencing reactions were carried out on 600 - 1000 ng of plasmid
DNA with 6.4 µM of an appropriate oligonucleotide primer.

2.3 Expression and purification of mouse Bak
2.3.1 Induction of mouse Bak in E. coli
pGEX4T-1-mBak∆TM was transformed into XL-1 Blue E. coli cells (Section 2.2.7)
and the transformants were grown in LB medium overnight at 37°C in the
presence of 100 µg/mL ampicillin. This starter culture was then diluted into 2 L
of fresh LB medium supplemented with 100 µg/mL ampicillin and left growing
at 37°C until its OD600 reached 0.6. At this point, a 1 mL sample was obtained as
an un-induced sample. The whole bacterial culture was shifted to RT before
induced with 0.5 mM Isopropyl-beta-D-thiogalactopyranoside (IPTG; ScimaR)
for 24 hrs. Upon completion of the induction, another 1 mL sample was collected
as a total induced sample. The remaining cells were centrifuged at 4,000g, 4°C,
for 15 min, snap-frozen in liquid nitrogen and stored at -80°C. Protein expression
was analysed using SDS-PAGE and Coomassie blue staining.
2.3.2 Purification of GST- mBak∆TM on glutathione agarose
The frozen cell pellet after induction was thawed on ice, resuspended in lysis
buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1mM EDTA and 0.1% TX-100)
supplemented with 300 µg/mL lysozyme and 1 mM phenylmethylsulfonyl
fluoride (PMSF) and incubated at RT for 20 min on a rolling shaker. After that, 5
mM MgCl2, 1.3 mg/mL deoxycholic acid and 6 µg/mL DNAse were added.
Following 30 min incubation at RT, the cell lysate was cleared at 10,000g, 4°C for
20 min. The pellet was lysed again in lysis buffer and a small fraction was kept
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for SDS-PAGE analysis. The supernatant (soluble proteins) was retained for
further purification steps.
Soluble GST-mBak∆TM was purified using glutathione agarose according to
manufacturer’s instructions (GenScript). Briefly, the supernatant was incubated
with glutathione beads at 4°C on a rotary mixer for at least 2 hrs. The beads were
then centrifuged at 600g, 4°C for 2 min and the unbound fraction (supernatant)
was collected for SDS-PAGE analysis. The beads were washed 4 times with ice
cold PBS and the bound proteins were eluted with elution buffer (50 mM Tris-Cl
pH 8, 150 mM NaCl and 10 mM reduced glutathione). The purity of the eluted
proteins was assessed by SDS-PAGE and Coomassie blue staining.
2.3.3 Gel filtration
The eluents obtained after the purification step were pooled and proteins were
concentrated with Amicon Ultra-4 centrifugal filter devices with 30 kDa MW cut
off (Millipore) via centrifugation at 3,000g, 4°C to a suitable volume (200 – 300
µL). The concentrated protein solution was loaded onto a Superdex 200 (10/300)
column (Amersham Biosciences) that had been pre-equilibrated with 20mM TrisCl pH 8, 150 mM NaCl, 10% Glycerol and 1mM Dithiothreitol (DTT) (Sigma).
Fractions corresponding to a peak eluting at 14 mL (~46 kDa) were combined
together and concentrated after being analysed by SDS-PAGE. For antibody
production, the protein solution was subsequently subjected to dialysis against
1xPBS.

2.4 Mammalian cell culture
2.4.1 Cell lines
Tissue culture cell lines utilised included HEK293T cells (human kidney
epithelial cell line, SV40 transformed) (DuBridge et al, 1987) and wild type (WT)
mouse embryonic fibroblasts (MEFs) from Dr John Silke (WEHI) (Vince et al,
2007) . Vdac2-/- MEFs and their isogenic WT were originally provided by William
J. Craigen (Lazarou et al, 2010). Bak-/-, Bax-/-, Bak-/-Bax-/- MEFs and their isogenic
WT were from Prof David Vaux (WEHI). Mfn1-/-, Mfn2-/-, OPA1-/-, Mfn1/2-/- and
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WT MEFs were obtained from ATCCTM, Virginia, USA (Chen et al, 2003; Cipolat
et al, 2004; Harding et al, 2000). Bak-/-, Bax-/-, Bak-/-Bax-/- and WT HCT116 cells
(human colorectal carcinoma cell lines) were a kind gift from Dr Richard Youle,
NIH (Wang & Youle, 2012).
2.4.2 Culturing conditions and cell treatments
Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; GIBCOBRL) containing 5-10% [v/v] foetal calf serum (FCS), 1% [v/v] penicillin/
streptomycin (ThermoTrace) (referred to as complete DMEM) at 37°C under an
atmosphere of 5% CO2 and 95% air. To passage the cells, they were first washed
with Phosphate buffered saline (PBS; 0.8% (w/v) NaCl, 0.02% (w/v) Na2HPO4,
0.024% (w/v) KH2PO4, pH 7.4) followed by the incubation with trypsin solution
(GIBCO-BRL) for few minutes. The cells were then gently resuspended and
transferred into new plate(s) containing complete DMEM. For microscopy, cells
were seeded onto ethanol-sterilised 22 mm x 2 mm coverslips (Crown Scientific).
Before any treatments or analyses, cells were left overnight for attachment and
recovery. For apoptotic induction, cells were incubated with 1 mM Staurosporine
(STS; Sigma) and/or 10 mM Etoposide in DMSO at the final concentration of 1
µM and 10 µM respectively in the presence of the broad range caspase inhibitor
Q-VD.oph (20-50 µM; R&D systems) as described previously (Dewson et al,
2012; Ma et al, 2014). To block protein degradation, 1mM MG132 (Cayman
Chemical) dissolved in DMSO was used at a final concentration of 1 µM for 24
hrs. Control cells were treated with equal volumes of DMSO for the times
indicated.
2.4.3 Stable isotope labelling in cell culture (SILAC)
Isotope labelling was done as previously described (Graumann et al, 2008; Ong
et al, 2002). To label cells, either [12C6,14N7] L-Lysine (146 mg/L) and L-Arginine
(42 mg/L) (“light” form) (Sigma) or their non-radioactive, isotopically labelled
form ([13C6,15N7] L-Lysine (180 mg/L) and L-Arginine (44 mg/L); “heavy” form)
(Novachem) was added into DMEM devoid of these amino acids supplemented
with 1% [v/v] penicillin/ streptomycin (ThermoTrace) and 10% dialysed FCS. In
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addition, 600 (mg/L) of “light” and “heavy” Proline (ThermoFisher) were
respectively included in the “light” and “heavy” medium to prevent the autoconversion of “heavy” Arginine to “heavy” Proline which causes inaccuracy in
SILAC-based Mass Spectrometry (MS) analysis (Bendall et al, 2008). Cells were
passaged at least 6 times in these media and then checked for incorporation
using MS analysis (Section 2.7.3).
2.4.4 Transient transfection
Cells were seeded the day before transfection so that they reached a confluency
of 60 – 80% the following day. For transient transfection, Lipofectamine 2000
reagent or Lipofectamine LTX and Plus reagent were used for human and mouse
cells respectively according to the manufacturer’s instructions (Invitrogen). For
the former, two separate solutions were prepared at room temperature: one
containing 15 µL of Lipofectamine 2000 in 550 µL of incomplete DMEM (lacking
antibiotics and FCS) and the other containing 10 µg of purified plasmid DNA in
550 µL of incomplete DMEM. Following 5 min incubation, the two were
combined together and incubated for 20 min for the DNA-liposome complexes
to form. After that, the mixed solution was added to 6.4 mL of DMEM containing
5% or 10% FCS (minus antibiotics) and overlayed onto the seeded cells. For
Lipofectamine LTX, the DNA-liposome complexes were prepared in a slightly
different manner. Briefly, 10 µg of purified plasmid DNA and 10 µL of Plus
reagent were incubated together at RT in 800 µL of incomplete DMEM. After 10
min , 15 µL of Lipofectamine was added to the mixture and incubated for 25 min
before being overlayed onto the cells. For transfection of 6 well plates containing
ethanol sterilised coverslips, the reaction mixture was scaled down, but the same
procedure was followed.
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2.5 Generation of MEFs expressing 4-hydroxytamoxifen
inducible protein
2.5.1 Generation of stable MEF cell lines using Lentiviral system
The procedure was performed as previously described (Dunning et al, 2007).
Briefly, HEK293T cells were utilised to produce Lentiviral particles. A plate of
cells was transfected with 5 µg pCMV δR8.2 vector (encoding structural genes)
and 2 µg pGAG4 E20 vector (encoding the viral envelope) and 3 µg pF UAS MCS
containing a cDNA of interest. A second plate was transfected with 5 µg pCMV
δR8.2 vector, 2 µg pGAG4 E20 vector and 3 µg pFU Gal4 (expression vector
containing transcription activator). After 24 hrs, the supernatants from the two
plates were isolated and combined at 1:1 ratio before being filtered through a
0.45 µM filter unit (Millipore) attached to the tip of a plastic syringe to remove
any associated HEK293T cells. The obtained solution, which was also
supplemented with hexabromide (5 µg/mL; Sigma) to increase the transduction
efficiency (Hodgson & Solaiman, 1996; Okimoto et al, 2001), was overlayed onto
target cells. Following 24 hr incubation, the virus containing medium was
removed and cells were recovered for another 24 hrs in 10% DMEM before being
selected in 1 µg/mL puromycin (Sigma), and 100 µg/mL hygromycin B (Sigma)
in 10% DMEM for 5-7 days.
2.5.2 Isolation of monoclonal cell populations
To generate cells with uniform expression of transduced proteins, monoclonal
cell populations were isolated. The desired cells were first trypsinised and
resuspended in 5 ml of 10% complete DMEM. The cell concentration was then
determined using a using a haemocytometer by mixing equal volumes of the cell
solution and Trypan blue (Sigma) which only stains dead cells. Cells were then
diluted in 10% complete DMEM so that the final cell concentration was ≤ 1 cell/
200 µL. Then 200 µL of the cell solution was aliquoted into 96 well plates
(NUNC). Single cell populations were subsequently expanded into 6 well plates
and 9 cm plates.
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2.5.3 Induction of transduced proteins
Production of transduced proteins was achieved by the addition of 100 nM 4Hydroxy-Tamoxifen (4HT) dissolved in 100% ethanol (Sigma) to the growth
media. Unless otherwise stated, cells were incubated with 4HT for 24 hrs.
Control cells were also treated with an equal volume of 100% ethanol for the
same period of time.

2.6 Fluorescence Microscopy
2.6.1 Immunofluorescence assay
Immunofluorescence assays were performed as previously described (Harlow &
Lane, 1999). Cells seeded onto coverslips in 6 well plates were treated with 50
mM MitoTracker Red (Invitrogen) and incubated for 20 min at 37°C, 5% CO2.
The cells were fixed with 4% [w/v] paraformaldehyde (BDH chemicals) in
phosphate buffered saline (PBS, pH 7.4) for 10 min at RT. The fixed cells were
then washed three times with PBS to remove paraformaldehyde and
permeabilised in 0.2% [v/v] Triton X-100 in PBS for 5-10 mins. After that, the
cells were incubated with the desired primary antibodies for 1 hr at RT. All
antibodies needed to at their correct dilution in (3% [w/v] BSA, 0.2% [v/v]
Triton X-100 in PBS) before being applied onto the cells. The primary antibodies
used in this study included anti-Tom20 (1:500, Santa Cruz), anti-cytochrome c
(1:500, BD Biosciences), and anti-Flag (1:500, Sigma). The cells were washed three
times with 0.2% [v/v] Triton X-100 in PBS and incubated with appropriate
secondary antibodies.

The secondary antibodies employed were goat anti-

rabbit-FITC conjugate (Sigma), goat anti-rabbit Alexa Fluor 568/647 conjugate
(Sigma) and goat anti-mouse Alexa Fluor 568/647 conjugate (Sigma) at a 1:200
dilution (made up in 3% [w/v] BSA, 0.2% [v/v] Triton X-100 in PBS). To remove
unbound secondary antibodies, cover slips were washed thoroughly with 0.2%
[v/v] Triton X-100 in PBS. Nuclear staining was done by adding 10 µg/mL
Hoechst (Sigma) to the cover slips in 0.2% [v/v] Triton X-100 in PBS for 10 min at
RT. Finally, the cover slips were mounted onto microscope slides in the presence
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of mounting medium (90 % glycerol, 50 mM Tris-Cl, pH 8.0, 2.5% [w/v]
triethylenediamine (DABCO)).
2.6.2 Epi-Fluorescence microscopy
Epi-Fluorescence microscopy was carried out using an Olympus IX8I microscope
with an F-view2 camera and processed using Soft System SIS (Olympus). The
microscope has an MWIBA2 filter to detect GFP or FITC fluorescence, an MF2
filter to detect MitoTracker Red or Alexa Fluor 568, and an MWU filter to capture
UV fluorescence. Images were taken using either the 100X objective lens with oil
immersion

and

were

processed

using

Image

J

(http://rsb.info.gov/ij/index.html).
2.6.3 Confocal microscopy
Confocal microscopy was conducted using a Zeiss Confocal microscope with a
Confocor 3 system containing an Avalanche PhotoDiode (APD) detector. To
obtain green fluorescence an Argon laser (30 mW) was utilised while a DPSS
laser (15 mW) and a HeNe laser (5.0 mW) were used to detect red and far red
fluorescence respectively. Images were taken using either the 100X objective lens
with oil immersion and were processed using Image J or Zeiss software.

2.7 Subcellular Fractionation
2.7.1 Mitochondria isolation from tissue cultured cells
Mitochondria from tissue cultured cells were isolated as previously described
(Johnston et al, 2002). Cells were harvested using a rubber policeman, washed in
5 mL 1X PBS and isolated by centrifugation at 800 g, 4°C for 5 min. The isolated
cell pellet was resuspended in 7 mL of Solution A (20 mM Hepes pH 7.6, 220 mM
Mannitol, 70 mM sucrose, 1 mM EDTA, 0.5 mM PMSF added freshly and 2
mg/mL BSA) and incubated on ice for 10 min to promote cell swelling. Cells
were transferred to a 15 mL glass homogenizer and homogenized with 25-30
strokes using a drill-fitted pestle. The cell lysate was subjected to centrifugation
at 800g at 4°C for 5 min to remove cell and nuclear debris. Subsequently, the
supernatant was subjected to centrifugation at 10,000g at 4°C for 10 min to
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isolate the mitochondria. The mitochondrial pellets were washed with Solution B
(Solution A without BSA) and re-centrifuged at 10,000g at 4°C for 10 min. The
mitochondria were then well resuspended in Solution B and the protein
concentration was determined (Section 2.7.3).
2.7.2 Subcellar fractionation from cultured cells
Membrane and cytosolic fractions were separated as previously described
(Cheng et al, 2003; Roy et al, 2009). Briefly cells were harvested and then
incubated with a buffer containing 0.025% Digitonin (Calbiochem), 20 mM
Hepes/KOH, pH 7.5, 250 mM sucrose, 100 mM KCl, 2.5 mM MgCl2, 1 mM EDTA
with freshly added protease inhibitor cocktail (Roche) for 10 min on ice. At this
Digitonin concentration only plasma membrane was permeablised while
organellar membrane was kept intact. After that the membrane fraction was
obtained by centrifugation at 13,000g, 4°C for 5 min. The supernatant contained
cytosolic proteins.
2.7.3 Protein concentration determination
To measure the concentration of whole cell proteins, Coomassie Brilliant Blue G
method was employed as described previously (Sedmak & Grossberg, 1977). Cell
pellets were lysed in 1% Triton X-100, and subsequently mixed with 0.75 mL 10
mM KPi (6.1 mM K2HPO4 & 3.9 mM KH2PO4) and 1% (w/v) NaCl, pH 7.0, and
0.75 mL coomassie reagent (70% (w/v) perchloric acid, 0.06% (w/v) Coomassie
Brilliant Blue G-250). The absorbance was then measured at 595 nm and total
protein concentrations calculated using a pre-made standard curve of BSA.
Mitochondrial protein concentration was determined according to Clarke (1976).
Briefly, 1 µL of well-resuspended mitochondria was thoroughly mixed with 600
µL of 50 mM Tris-HCl, pH 7.4 and 0.1% [w/v] SDS in a quartz cuvette (Starna
Pty Ltd) upon which the absorbances at 280 nm and 310 nm were measured
using a spectrophotometer. Mitochondrial concentration was determined using
the following formula (Clarke, 1976):
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A280nm - A310nm 600 µL
[protein] =

__________________

1.05

X

__________

(mg/mL)

1 µL

2.8 Co-immunoprecipitation
2.8.1 Antibody coupling to Protein A-sepharose beads
Approximately 250 µL of packed Protein A-sepharose beads (Sigma) were
equilibrated with 9 mL of Borate buffer (200 mM Boric acid, pH 9.0, 200 mM
NaCl) and then incubated with 1 mL of anti-Bak rabbit serum or Pre-immune

serum in 9 mL of Borate buffer at 4°C overnight. The beads were pelleted at
3,000g for 3 min and washed twice with 10 mL of Borate buffer. Anitbodies were
cross-linked to the beads by adding 5 ml of 20 mM dimethyl-pimelimidate
(DMP, Sigma) for 30 min at RT, and then the cross-linking reaction was stopped
by incubating the beads in 10 mL 0.2 M ethanolamine pH 8.0 for 2 hrs. After that,
the beads were washed twice with PBS, cleaned twice with 0.1 M Glycine pH 2.5
and then stored in PBS with 0.01% Sodium Azide at 4°C.
2.8.2 Co-immunoprecipitation
Isolated mitochondria were solubilised in solubilisation buffer made up of 0.5%
[w/v] digitonin, 20mM Bis-Tris pH 7.4, 50 mM Nacl, 10% glycerol for a
minimum of 40 min on ice. Mitochondria were subjected to 16,000g
centrifugation at 4°C for 10 min and the supernatant was applied onto the
desired antibody coupled beads which were pre-equilibrated with 0.2% [w/v]
digitonin, 20 mM Bis-Tris pH 7.4, 50 mM Nacl, 10% glycerol (wash buffer).
Following 3 hr or overnight incubation at 4°C, the beads were washed 3-5 times
with wash buffer and bound proteins were eluted twice with 250 µL of elution
buffer (0.1 M Glycine, pH 2.5, 0.1% TX-100). To remove any associated beads, the
eluents were loaded on spin columns and spun at 5,000g for 3 min.
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For immunoblot analysis (Section 2.13), the eluents were subjected to
trichloroacetic acid (TCA) precipitation (Section 2.11), and tris-tricine SDS gel
electrophoresis analysis (Section 2.12.1).
For SILAC-based experiments, labelled mitochondria were isolated as described
in section 2.7.1 and CoIPs were performed as described herein. In respect to CoIP
with anti-Bak antibody coupled beads, solubilised “light” and “heavy” WT MEF
mitochondria were separately incubated with anti-Bak antibody coupled beads
and pre-immune serum coupled beads as a negative control (Fig. 2.1A). For CoIP
with anti-Flag beads (Sigma), labelled mitochondria from Vdac2-/- MEFs were
used as negative controls in conjunction with the test samples (Fig. 2.1B). The
eluents were then combined in pair (Fig. 2.1) and subjected to trypsin digest
(Section 2.8.3).

Figure 2.1: SILAC-based CoIPs. (A) Isolated mitochondria from “light” and “heavy”
WT MEFs were solubilised in 0.5% digitonin buffer (Section 2.8.3) on ice for at least 30
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min. The insoluble material was then removed by centrifugation at 16,000g, 4°C and the
clear lysates were incubated with either anti-Preimmune antibody or anti-Bak antibody
coupled beads at 4°C for 2 hrs. Following several washing steps, the beads were eluted in
elution buffer (0.1 M Glycine, pH 2.5, 0.1% TX-100) and mixed in pair prior to trypsin
digest (Section 2.8.3). (B) Lysates from “light” and “heavy” mitochondria obtained from
both control cells (Vdac2-/- MEFs) and test cells (Vdac2-/- MEFs expressing FlagVDAC2) were prepared as described in (A). These lysates were subsequently incubated
with commercial anti-Flag agarose at 4°C for 2 hours. Following several washing steps,
the beads were eluted in the elution buffer and mixed in pair prior to trypsin digest
(Section 2.8.3).

2.8.3 In-solution trypsin digest of the eluents
For MS analysis, the eluted proteins from section 2.7.2 were precipitated in 5
volumes of ice cold acetone at -20°C overnight. The samples were then
centrifuged at 4°C and 3,000g for 30 min and washed with 80% ice cold acetone
once. After that, protein pellets were air dried to remove any trace of acetone.
For each sample, the proteins were resuspended in 15 µL in 8 M Urea in 50 mM
Ammonium Bicarbonate (ABC), reduced with 1.65 µL of 50 mM Tris (2carboxyethyl) phosphine (TCEP) (Sigma) for 1 hr at 37°C and incubated with
1.85 µL of 500mM Iodoacetamide (IAA) (Sigma) in the dark at RT to prevent the
formation of disulphide bonds. The reaction was quenched by adding 4.5 µL of
100 mM DTT and diluted in 37.5 µL of 50 mM ABC. Following that, Trypsin
digest were performed overnight at 37°C in the presence of 0.2 µg Trypsin
(Sigma). The produced Tryptic peptides were re-obtained by a centrifugal
evaporator, resuspended in 50 µL of 0.1% TFA (Trifluoroacetic acid), 2% CAN
(Acetonitrile) and loaded onto a C18 stage tip (Sigma) as described previously
(Rappsilber et al, 2007). Following a wash with 0.1% TFA, 2% CAN by a quick
spin, the peptides were eluted with 0.1% TFA, 80% CAN, concentrated again via
centrifugal evaporation and reconstituted in 15 µL 0.1% TFA, 2% CAN.
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2.9 In vitro import and assembly assay
2.9.1 In vitro transcription
DNA templates used for standard transcription reaction were prepared via PCR
using a forward primer incorporating and SP6 polymerase site.
RNA was transcribed from the template PCR products by using the mMESSAGE
mMACHINE kit from Ambion. 0.1-1 µg of cleaned PCR products were added to
the solution containing 2X NTP/CAP (5 µM ATP, 5 µM CTP, 1 µM GTP and 4
µM CAP analog) and 10X SP6 reaction buffer. The reaction mix was incubated at
37°C for 2 hrs. To remove the original DNA template, 1 µL of TURBO DNAse
was added for 15 min at 37°C. After that nuclease-free water and 10 M lithium
chloride (30 µL each) were thoroughly mixed with the reaction solution. The
mixture was then left at -20°C for at least 30 min followed by maximum speed
centrifugation at 4°C for 15 min. The RNA pellet was washed with 70% ethanol
and re-centrifuged (maximum speed and 4°C for 10 min). The pellet was then
air-dried and resuspended in 30 µL of nuclease-free water. This was considered
as the neat RNA solution.
2.9.2 Standard translation reaction
The neat RNA solution was diluted in water (normally 1/2 and 1/5 dilutions) to
a final volume of 5 µL. To the RNA solution 36 µL of the master lysate mix
containing 30 µL Rabbit Reticulocyte lysate (Promega), 2 µL amino acids (minus
Methionine) and 42 µL 35S-labelled Methionine (Perkin Elmer Life Sciences) was
added and incubated for 1 hr at 30°C. The translation reaction was stopped by
adding a 1/4 volume of stop translation buffer (250 mM sucrose, 10mM
Methionine).
2.9.3 Import reaction
In vitro import and assembly reactions were performed as previously described
(Lazarou et al., 2010). Freshly isolated mitochondria (100 µg protein) were used
for each import reaction. Mitochondrial pellets were resuspended in 100 µL of ice
cold import buffer (250 mM sucrose, 5 mM magnesium acetate, 80 mM
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potassium acetate, 20 mM Hepes-KOH pH 7.4 and freshly added 5 mM ATP, 10
mM sodium succinate and 1 mM DTT.

35S-labelled

Methionine or for short

35S-

labelled precursor proteins (Section 2.8.2) were added to the resuspended
mitochondria mixes. After being incubated at 37°C for desired periods of time,
the import reactions were stopped by placing them on ice. At this point, each of
the samples were split (60 µL for BN-PAGE (Section 2.12.2) and 40 µL for SDSPAGE (Section 2.12.1)). The mitochondria were re-isolated by centrifugation at
10,000g for 5 min at 4°C, washed with cold import buffer and re-isolated by
centrifugation. In order to analyse complexes on BN-PAGE, the washed
mitochondria pellets were solublised in Digitonin buffer (0.5 or 1% [w/v]
digitonin, 20 mM Bis-Tris pH 7.4, 50 mM Nacl and 10% glycerol) for 20-30 min.
Finally the samples were clarified by centrifugation at maximum speed for 5 min
at 4°C upon which 1/10th the volume of sample buffer (5% [w/v] Coomassie
brilliant blue G-250, 100 mM Bis-Tris, pH 7.0, 500 mM ε-amino-n-caproic acid)
was added to the clarified supernatant. Samples were typically separated on 413% BN-PAGE gels at 4°C. SDS-PAGE samples were solubilised in Laemmli
buffer and analysed using gradient Tris-Tricine gels (Section 2.12.1).
Radiolabeled proteins were detected by digital autoradiography (Section 2.14).
For western blot analysis, gels were transferred to PVDF membranes.

2.10 Alkaline extraction
Alkaline extractions were performed according to Lazarou et al, (2010). Isolated
mitochondria were resuspended in freshly made 0.1 M Na2CO3 pH 11 and
incubated on ice for 30 min with occasional vortexing. The samples were
centrifuged at 100,000g, 4°C for 30 min in a bench top ultra-centrifuge. The
supernatant fractions were isolated and both supernatant and pellet fractions
were subjected to TCA precipitation (Section 2.11) and analysed by Tris-Tricine
system (Section 2.12.1).

2.11 Trichloroacetic acid (TCA) precipitation
TCA precipitation was performed as previously described (Alconada et al, 1995).
An appropriate volume of 72% TCA was added to samples to make up a final
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concentration of 12% TCA. The samples were left on ice for at least 30 min
followed by centrifugation at 18,000g and 4°C for 30 min. Supernatants were
removed and pellets were washed with ice-cold acetone. Upon 10 min
centrifugation at 18,000g and 4°C for 30 min, the pellets were dried and analysed
by Tris-Tricine electrophoresis system (Section 2.7.1).

2.12 Gel electrophoresis
2.12.1 Tris-Tricine sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)
This system was previously described (Schagger & von Jagow, 1987) with minor
modifications (Ryan et al, 1999). A gradient mixer was utilised to make
separation gels consisting of a 10-16% linear gradient of acrylamide. To
polymerise the acrylamide, tetramethylethylene–diamine (TEMED; Sigma) and
Ammonium persulphate (APS; Crown Scientific) were added before the gels
were poured. Following polymerization a stacking solution (4% acrylamide) was
overlaid on top. The samples were solubilised in Laemmli buffer (50 mM TrisCl pH 6.8, 0.1 M DTT, 2% [w/v] SDS, 10% glycerol and 0.05% [w/v]
Bromophenol Blue) and boiled for 5 min. Proteins were separated at 100 V and
25 mA for for 15 hrs using Tris-Tricine cathode buffer (0.1 M Tris, 0.1 M Tricine
and 0.1% SDS, pH 8.25) and Tris-Tricine anode buffer (0.2 M Tris-Cl, pH 8.9).
2.12.2 Blule native polyacrylamide gel electrophoresis (BN-PAGE)
This technique was applied for studying protein complexes and developed by
Schagger and von Jagow (1991) and subjected to slight modifications (Dekker et
al, 1997). A gradient mixer was utilized to make up 4-16% gradient separation
gels. The 4% and 16% acrylamide solutions were prepared from 49.5%
acrylamide: 1.5% bisacrylamide solution in BN-PAGE gel buffer (66 mM ε-amino
n-caproic acid and 50 mM Bis-Tris pH 7.0). Gels were polymerised by the
addition of APS and TEMED, upon which a 4% acrylamide mix was applied as a
stacker. Once the gels were set, they were loaded with the prepared BN-PAGE
samples (Section 2.12.2). Electrophoresis was performed at 100 V, 20 mA at 4°C
for 15 hrs in the presence of blue BN-PAGE cathode buffer (50 mM Tricine, 15
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mM Bis-Tris pH 7.0 and 0.02% [w/v] Coomasie blue G 250) and BN-PAGE
anode buffer (50 mM Bis-Tris, pH 7.0). For the gels which were later subjected to
Western analysis, the blue cathode buffer was replaced with the clear cathode
buffer (50 mM Tricine, 15 mM Bis-Tris pH 7.0) after the samples had entered the
stacking gel.

2.13 Immunoblot analysis
2.13.1 Western transfer
Western transfers were performed using the semi-dry method (Harlow & Lane,
1999). Proteins were transferred onto 0.45 µm polyvinylidine fluoride filter
(PVDF) activated in 100% [v/v] methanol. Prior to transfer, the membrane, gel
and Whatmann 3MM chromatography paper, were soaked in Western Transfer
Buffer (48 mM Tris, 39 mM Glycine, 1.3 mM SDS, 20% [v/v] methanol). Three
pieces of Whatmann paper were placed on the cathode electrode, followed by
the gel, the PVDF and three further pieces of Whatmann paper. Bubbles were
removed by rolling the assembled stack with a glass tube. Transfer was
performed at 20 V and 400 mA for 2 hrs. Upon completion the PVDF membrane
was stained (0.05% [w/v] Coomassie blue G, 50% [v/v] Methanol and 7% [w/v]
Acetic Acid), then destained (50% [v/v] Methanol and 7% [w/v] Acetic Acid)
and after assessing protein transfer the membrane was totally destained (90%
[v/v] Methanol and 7% [w/v] Acetic Acid).
2.13.2. Immunodecoration and Immunodetection
The membrane was first washed with 0.05% Tween20 (Sigma) in 1X PBS (TweenPBS) and then incubated with 5% blotto (skim milk powder) in 1X PBS at RT for
60 min shaking. After washing with Tween-PBS (3X 5 min), the membrane was
incubated with the desired primary antibody overnight at 4°C. Following
incubation with the primary antibody the membrane was thoroughly washed
with Tween-PBS and then incubated with secondary antibody for 2 hrs at RT
with shaking. The membrane was washed a further three times in Tween-PBS
and visualized using Enhanced Chemiluminesence (ECL) reagents (Amersham)
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and exposed in the Chemi Genius Bio-Imaging gel documentation system
(Syngene).

2.14 Digital autoradiography
After the transfer of gels containing 35S-labelled proteins to PVDF membrane, the
membrane was stained, de-stained (Section 2.13.1) and dried. The dried
membrane was then exposed to a phosphor screen (Amersham Biosciences). The
radioactive signal was detected using Typhoon Trio Imager machine (Amersham
Biosciences).

2.15 Antibodies
Commercial primary antibodies were purchased from different commercial
companies: anti-Bak from Millipore, anti-Bax from Cell Signalling, anti-Cyt c,
anti-Bcl-xL from R&D Systems anti-Opa1 and anti-Drp-1 from BD-Biosciences,
anti-Complex II from Invitrogen, anti-Flag from Sigma, anti-Mcl-1 from
Rockland and anti-Tim23 (Translocase of Mitochondrial Inner Membrane) from
Becton-Dickinson.
Polyclonal antibodies against Bak, NDUFA9 (Complex I subunit), Mfn2
(Mitofusin 2), VDAC1 and hVDAC2 were generated in-house in the MRT lab.
Rat monoclonal antibodies against Bak and Bax were provided by Grant Dewson
(WEHI). Monoclonal Hsc70 and polyclonal anti-mitochondrial Hsp70 were
kindly provided by Prof. Nick Hoogenraad (La Trobe University). Anti-Tom40
(translocase of mitochondrial outer membrane) and anti-Tom22 were obtained
from Masataka Mori (Kumamoto University). Anti-Tom70 was made in-house.
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Chapter Three
The role of VDAC2 in Bak biogenesis
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3.1 Introduction
The vast majority of mitochondrial proteins are nuclear-encoded. Generally they
are synthesized as precursors in the cytosol and post-translationally guided to
mitochondria and are imported into the organelle via a range of mechanisms
(Bolender et al, 2008; Neupert & Herrmann, 2007; Pfanner & Geissler, 2001)
although co-translational import has been shown for some proteins (Ahmed &
Fisher, 2009). The central gate for most proteins to pass through the MOM is the
TOM complex, a multi-subunit translocase of the mitochondrial outer-membrane
(Bolender et al, 2008; Neupert & Herrmann, 2007). The TOM complex is
composed of two receptor subunits Tom20 and Tom70, a pore forming subunit
Tom40, a complex organiser and stabiliser Tom22, and small Tom subunits
Tom5, Tom6, and Tom7 (Dekker et al, 1998; Model & Kuhlbrandt, 2007; Model et
al, 2002; van Wilpe et al, 2000). Upon translocation through the TOM complex,
the signal sequence within a protein dictates how it is sorted to its correct subcompartment and by which specific pathway (Schmidt et al, 2010). For instance,
β-barrel proteins at the MOM such as VDACs or Tom40 with a β-signal at their
C-terminus are inserted into the MOM by the SAM complex (Kutik et al, 2008).
Proteins possessing a classic N-terminal targeting signal characterised by an
amphipathic α-helix (hydrophobic on one face and positively charged on the
other) are directed into the mitochondrial matrix after being passaged through a
multi-subunit translocase of the mitochondrial inner-membrane, the TIM23
complex (Schmidt et al, 2010).
Although various pathways have been identified for different mitochondrial
protein categories, it remains unclear for some including C-tail anchored
proteins (Schmidt et al, 2010). The C-tail anchored (C-TA) proteins at the MOM
can be sub-divided into two groups; one with a single transmembrane segment
and the other with multiple transmembrane segments (Dukanovic & Rapaport,
2011; Otera et al, 2007). While mitochondrial targeting signal for the latter has
not been identified, some of the proteins within this group such as PBR
(peripheral benzodiazepine receptor and Mfn1/2 (mitofusins 1 and 2)) appear to
require Tom70 but not other TOM components (Otera et al, 2007). Proteins that
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belong to the former group, for example, Fis1 (mitochondrial fission protein 1)
(Stojanovski et al, 2004), OMP25 (25kDa outer-membrane protein) (Nemoto & De
Camilli, 1999), small Toms Tom5, Tom6 and Tom7 (Dembowski et al, 2001;
Dietmeier et al, 1997), and pro-apoptotic and anti-apoptotic Bcl-2 proteins (Cory
& Adams, 2002) are typically characterised by the presence of an N-terminal
cytosolic functional domain, a single transmembrane domain followed by a short
basic segment (Kemper et al, 2008; Setoguchi et al, 2006). The mitochondrial
targeting pathway for this protein class has thought to be common but
independent of components of the TOM complex (Horie et al, 2002; Kaufmann et
al, 2003; Kemper et al, 2008; Ross et al, 2009; Setoguchi et al, 2006). However,
factors involved in such a pathway remain to be elucidated. Interestingly, upon
knockdown of VDAC2 with RNA interference (RNAi) in Hela cells,
mitochondrial localisation of exogenously expressed GFP-Bak but not Omp25 or
Bcl-хL was reduced (Setoguchi et al, 2006). Whether or not over-expression of
GFP-Bak in these cells can trigger the cells with higher Bak expression to
undergo cell death, leaving only cells with low GFP-Bak level detectable needs to
be addressed since VDAC2-deficient MEFs seem to be more sensitive to
apoptotic induction compared to WT MEFs (Cheng et al, 2003). In contrast, Roy
and colleagues (2009) found that Vdac2-/- MEFs were more resistant to tBidinduced apoptosis due to the depletion of mitochondrial Bak. According to this
study, VDAC2 seems to function as a pro-apoptotic protein to recruit Bak to the
MOM. The work in this chapter further analysed Vdac2-/- MEFs in order to define
more clearly the function of VDAC2 in the biogenesis of Bak.
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3.2 Generation of polyclonal antibodies against mouse Bak
(mBak)
Due to the lack of a productive antibody against mouse Bak, it was important to
generate an antibody that could be used in this study.
3.2.1. Expression and purification of GST-mBak∆TM
Previously, recombinant human Bak (hBak) lacking the transmembrane domain
was successfully purified using a bacterial expression system and its structure
has been solved (Moldoveanu et al, 2006). Based on these expression constructs,
the cDNA encoding for mBak without its C-terminal domain was cloned into
pGEX4T-1 vector for expression of an N- terminal GST fused protein in E. coli
(Fig. 3.1A). GST can be cleaved from the fusion protein using Thrombin if
required (Fig. 3.1A).
As can be seen in Figure 3.1B, the presence of a protein band around the
expected size for GST-mBak∆TM (45kDa), after the induction (lane 2) indicated
that the fusion protein was successfully expressed. Notably, even though a
relatively high amount of protein was detected in the insoluble fraction (Fig.
3.1B, lane 4), a significant portion was soluble (Fig. 3.1B, lane 3). Further
purification using glutathione beads resulted in the presence of a reasonably
pure fusion protein (Fig. 3.1B, lanes 7 & 8).
The obtained GST-mBak∆TM protein was further purified using size exclusion
chromatography (Fig. 3.1C). Some protein aggregates were eluted in the void
fractions (Fig. 3.1C, A5-A11) while the rest eluted as a single peak (B1-B9, Fig.
3.1C). The fractions from B1 to B9 were analysed by SDS-PAGE and Coomassie
blue staining revealing an expected 45 kDa protein band (Fig. 3.1D), which was
subsequently used as antigen for injection into a rabbit.
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Figure 3.1: Expression and purification of recombinant mouse Bak. (A) Schematic
depicting the GST-Bak construct used for protein expression compared with Bak alone.
(B) SDS-PAGE and coomassie staining of samples corresponding to bacterial lysates
before (0) and after 24h IPTG addition (24) to induce GST-Bak∆TM expression. GSTBak∆TM was purified using glutathione agarose. Samples of the total (T), unbound (UB)
and elutions (E) were also analysed. (C) Absorbance trace (280nm) of the elution
fractions subjected to size exclusion chromatography. (D) The purity of GST-Bak∆TM
from size exclusion chromatography fractions B1-B9 was assessed by SDS-PAGE
analysis and Coomassie blue staining.

3.2.2 Characterisation of the produced anti-mBak antibodies
In order to test whether or not the antibody could recognise endogenous mouse
Bak, whole cell lysates from various MEF cell lines was analysed (Fig. 3.2A). It
was evident that the antibodies could detect a 23 kDa protein corresponding to
the size of full length mBak only in WT and Vdac2-/- MEFs (Fig. 3.2A, lanes 1 & 2)
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but not in Bak-/- or Bak-/- Bax-/- MEFs (Fig. 3.2A, lanes 3 & 4). This result indicates
that the antibodies are specific to Bak.
It was also of interest to determine whether the antibodies could detect a native
form of mouse Bak in its inactive complex on BN-PAGE as shown previously for
endogenous human Bak (Lazarou et al, 2010). Indeed, similar to analysis of
isolated mitochondria from Hela cells, the 440 kDa inactive BakI complex and
other lower Bak complexes were detected in WT MEF mitochondria (Fig. 3.2B,
lane 1). The absence of any corresponding bands on isolated mitochondria from
Bak-/- MEFs again confirmed the specificity of the antibodies (Fig. 3.2B, lane 2).
Upon addition of tBid, which activates Bak, the 440 kDa signal was lost and Bak
instead formed a series of complexes along with a BakII complex which might
represent dimeric Bak (Fig. 3.2B, lane 3).

Figure 3.2: Characterisation of the in-house anti-mBak antibodies. (A) Whole cell
lysate (WCL) from different cell lines WT, Vdac2-/- , Bak-/-, Bak-/- Bax-/- MEFs were
subjected to SDS-PAGE and western blot analysis with anti-mBak antibodies. (B)
Isolated mitochondria from Bak-/-, WT MEFs treated with or without tBid were
solubilised in 1% Digitonin solubilisation buffer and analysed by BN-PAGE and western
blotting using anti-mBak antibodies.
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3.3 The absence of VDAC2 causes a reduction in Bak
expression levels
During the course of this study, what had been consistently observed was that
the total Bak level was somehow significantly reduced in VDAC2 knockout cells
(Fig. 3.3, compare lanes 4-6 to 1-3) while the level of many other mitochondrial
proteins remained unchanged (Fig. 3.3).

Figure 3.3: Protein steady state levels in the absence of VDAC2. Whole cell extracts
from WT and Vdac2-/- MEFs were analysed by SDS-PAGE and western blotting for Bak,
VDAC2, mitochondrial Hsp70, Cyt c, Bcl-хL and Mcl-1.

To ensure that the effect was due to the absence of VDAC2, a Vdac2-/- MEF cell
line that stably expressed Flag-VDAC2 was generated using a lentiviral system
in which a cDNA encoding for Flag-VDAC2 was randomly incorporated into the
cells’ genome (Lazarou et al, 2010). The expression of Flag-VDAC2 was inducible
through addition of 4-hydroxy tamoxifen (4HT) (Fig. 3.4). Flag-VDAC2 was
correctly targeted to mitochondria as assessed by western blotting (Fig. 3.4A,
lane 4) and immunofluorescence (Chapter V). Additionally, carbonate extraction
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experiments revealed that the expressed Flag-VDAC2 was embedded within the
mitochondrial membrane since it was only detected in the pellet fraction (Fig.
3.4A, lane 6) but not in the supernatant fraction (Fig. 3.4A, lane 5). Last but not
least, Flag-VDAC2 was able to assemble into a 440 kDa complex on BN-PAGE
(Fig. 3.4B, lane 2).

Figure 3.4: Regulation of the Bak protein level in Vdac2-/- MEFs. (A) Vdac2-/- MEFs
carrying Flag-mVDAC2 cDNAs were left untreated or treated with 4HT for 24 hrs to
express Flag-mVDAC2. Mitochondria isolated from the un-induced and induced cells
were incubated with Na2CO3 (0.1M, pH 11.5) for 30 min on ice before being subjected to
ultracentrifugation to pellet integral membrane proteins. Total (T), pellet (P) and
supernatant (S) were analysed by SDS-PAGE and western blotting against indicated
antibodies. (B) The mitochondria were also solubilised in solubilisation buffer containing
1% Digitonin followed by BN-PAGE and immunoblot analysis to check for the assembly
of the VDAC2 complex with an anti-Flag antibody. (C) 4HT induction was carried out
for the indicated time points and the whole cell lysate was analysed via SDS-PAGE and
immunoblotting with antibodies against the indicated proteins. (D) The expression of
Flag-VDAC2 was maintained for 48 hrs before the 4HT containing medium was
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removed and the cells were left growing in normal medium without 4HT for specified
time points. Changes in the total Bak level were assessed by SDS-PAGE and western
blotting.

To evaluate whether re-introduction of Flag-VDAC2 in Vdac2-/- MEFs could
rescue the total Bak level, a time course experiment was performed in which cells
were induced for different time points and the Bak level in whole cell lysates was
analysed by SDS-PAGE and western blotting. As can be seen, as the level of FlagVDAC2 increased, the Bak concentration also increased (Fig. 3.4C) and after 48
hrs, the Bak level was similar to that of WT MEFs (Fig. 3.4C, lanes 3 & 4). The
4HT treatment itself did not affect the Bak level in WT or Vdac2-/- MEFs (Fig.
3.4C, lanes 4 & 5).
To further demonstrate the influence VDAC2 has on Bak levels, Vdac2-/- MEFs
were first induced to produce Flag-VDAC2 for 48 hrs before the 4HT was
removed and cells were grown for defined time periods (Fig. 3.4D). For the first
3 days following 4HT removal, Bak levels remained unchanged (Fig. 3.4D, lane
3) but started to decrease on the fourth day (Fig. 3.4D, lane 4) until reaching the
similar level in un-induced cells on the sixth day (Fig. 3.4D, compare lane 1 to 6).
From these results, it can be concluded that VDAC2 regulates cellular Bak
protein levels either directly or indirectly via other unidentified factors.

3.4 Over-expression of VDAC2 in WT MEFs does not
affect the total Bak level
Next, it was assessed whether over-expression of VDAC2 in WT cells can further
increase total Bak levels. WT MEFs expressing 4HT-inducible Flag-VDAC2 was
generated using the Lentiviral system. After 48 hrs of 4HT induction, Bak levels
did not alter even though Flag-VDAC2 was produced in cells (Fig. 3.5A). The
fact that VDAC2 could not increase Bak levels in WT MEFs suggests that Bak is
already maintained at its possible maximum level.
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In healthy cells, Bak is maintained inactive by associating with VDAC2 in a high
molecular weight complex (Cheng et al, 2003; Lazarou et al, 2010; Ross et al,
2009). Extra exogenously expressed VDAC2 also did not increase the inactive
Bak complex in WT MEFs (Fig. 3.5B). The reduced level of Bak assembly after 48
hr expression of VDAC2 was due to a loading issue because the level of
respiratory chain complex I (probed with NDUFA9 antibodies) was also reduced
(Fig. 3.5B, lane 3). It is most likely that the amount of VDAC2 at the MOM is
sufficient to sequester every single Bak molecule within the inactive Bak
complex.

Figure 3.5: Bak levels are not altered in WT MEFs overexpressing Flag-VDAC2.
WT MEFs carrying a cDNA encoding for Flag-VDAC2 were induced with 4HT for 24
hrs and 48 hrs. (A) The total and mitochondrial Bak levels were subsequently analysed
by SDS-PAGE and western blotting with anti-mBak antibodies. (B) The inactive Bak
complex was examined via BN-PAGE and anti-NDUFA9 (detecting complex I) served
as a loading control.
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3.5 VDAC2 is required for efficient targeting of Bak to the
MOM
Since VDAC2 has been reported to involve in recruiting Bak to the mitochondrial
outer membrane (Roy et al, 2009; Setoguchi et al, 2006), the localisation of Bak
was examined in VDAC2 knockout cells using immunofluorescence and
subcellular fractionation (Fig. 3.6A & B). Because over-expression of wild type
Bak in Vdac2-/- MEFs induced cell death and no transfectants could be observed
under microscope (data not shown), a loss-of-function mutant I81TBak (Dewson et
al, 2008), which still associates with VDAC2 (Ma et al, 2013), was utilised. The
overlapping GFP signal and Mito Tracker Red (MTR) signal indicated
mitochondrial localisation of this mutant in VDAC2-deficient cells (Fig. 3.6A). In
addition, there was some apparent cytosolic signal as well. Whether or not this
might have been due to GFP cleavage that is consistently observed in our lab
when transfecting GFP fusion proteins into MEFs was unable to be confirmed
with western blotting as the transfection efficiency in MEFs was low and Vdac2-/MEFs transfected with GFP- I81TBak seemed to express low levels of Bak.
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Figure 3.6: Bak is still capable of targeting to mitochondria in the absence of
VDAC2. (A) GFP-I81TBak, a Bak mutant that is defective in its ability to form oligomers,
was transiently transfected into Vdac2-/- MEFs and analysed by fluorescence microscopy.
Mito Tracker Red (MTR) was used for mitochondria staining. Scale bar: 20 µm. (B) WT
MEFs, Vdac2-/- MEFs, and Vdac2-/- MEFs expressing Flag-VDAC2 were sub-fractionated
and the membrane (M) and cytosol (C) fractions were separated by centrifugation and
analysed by SDS-PAGE followed by immunoblotting with the indicated antibodies.
Total lysate (T) was also included for each of the cell lines. (C) Localisation of prosurvival proteins Bcl-XL and Mcl-1 in WT MEFs and Vdac2-/- MEFs analysed by
subcellular fractionation, SDS-PAGE and immunoblot analysis. Hsc70 and Tom20
served as cytosolic and mitochondrial markers respectively.

A similar result was obtained when the localisation of endogenous Bak was
analysed by subcellular fractionation. Although the total Bak level was lower in
cells not expressing VDAC2 (Fig. 3.6, lane 4), the majority of Bak was still found
in the membrane fraction (Fig. 3.6, lane 5). However, a small portion of Bak was
found in the cytosolic fraction in cells lacking VDAC2 (Fig. 3.6, lane 6)
suggesting that the efficiency of Bak targeting was reduced in this cell line. Reintroduction of Flag-VDAC2 into Vdac2-/- MEFs restored the Bak level in both
total and membrane fraction (Fig. 3.6, lanes 7 & 8) but did not clear cytosolic Bak
(Fig. 3.6, lane 9). It is possible that the existent cytosolic pool of Bak in Vdac2-/MEFs could not be re-directed to mitochondria following the expression of FlagVDAC2. These results challenge the previous observation made by Roy et al
(2009) which showed that in the absence of VDAC2, Bak is predominantly
cytosolic. The observed effect appeared to be specific to Bak since the levels of
pro-survival proteins Bcl-XL and Mcl-1 (Fig 3.3), as well as their localisation, were
not significantly affected in VDAC2-deficient cells (Fig. 3.6C).
The role of VDAC2 in regulating mitochondrial delivery of Bak was further
confirmed with a 4HT removal experiment. After 48 hrs expression of FlagVDAC2, 4HT was removed from the medium and the cells were left untreated
for different time periods. Subcellular fractionation was then conducted to
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determine whether Bak’s location changed upon gradual depletion of VDAC2
(Fig. 3.7).

Figure 3.7: Gradual depletion of VDAC2 in Vdac2-/- MEFs expressing Flag-VDAC2
leads to the accumulation of some Bak in the cytosolic fraction. Vdac2-/- MEFs were
allowed to accumulate Flag-VDAC2 for 48 hrs. Following this, cells were grown in the
absence of 4HT for indicated time points. The cells were subjected to subcellular
fractionation, SDS-PAGE and immunoblot analysis. Hsc70 (cytosolic fraction), and
NDUFA9 and VDAC1 (mitochondria) served as controls.

Consistent with earlier results, Bak levels seemed to be relatively stable.
Significant changes in Bak levels only became apparent after the amount of FlagVDAC2 was strongly decreased at 60 hr time point post 4HT removal (Fig. 3.7,
lanes 4 & 8). Concomitant with that, some Bak was found in the cytosolic fraction
(Fig. 3.7, lane 12 and see “higher contrast” panel). This result is in favour of the
hypothesis that VDAC2 is a mitochondrial import facilitator of Bak at the MOM
(Setoguchi et al, 2006).

3.6 An N-terminal extension in VDAC2 is not required for
VDAC2 to efficiently recruit Bak to the MOM
According to structure of VDAC1 and zebrafish VDAC2 (zfVDAC2), an Nterminal helix is located at the centre of the pore (Bayrhuber et al, 2008;
Schredelseker et al, 2014; Ujwal et al, 2008). Different from VDAC1 and
zfVDAC2, mammalian VDAC2 has an additional 12 amino acids at its N57
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terminus (Fig. 3.8A) that potentially protrudes out of the central pore. It was
hypothesised that this extension may have receptor-like activity to facilitate Bak
targeting to the MOM. To test this, a VDAC2 mutant lacking the N-terminal
extension called ∆N12VDAC2 was stably expressed in Vdac2-/- MEFs using the
lentiviral system and mitochondrial Bak levels were assessed after a time course
treatment with 4HT. Vdac2-/- MEFs expressing full length VDAC2 was used as a
positive control. As expected, full length VDAC2 could rescue mitochondrial Bak
levels when expressed in VDAC2-deficient cells (Fig. 3.8B, lanes 4-6). A similar
result was obtained with the truncated form of VDAC2. The more ∆N12VDAC2
present at mitochondria, the more Bak was targeted to mitochondria (Fig. 3.8B,
lanes 7-9). That the rescued Bak levels in Vdac2-/- MEFs expressing ∆N12VDAC2
were less than those in Vdac2-/- MEFs expressing VDAC2 was due to lower
expression levels of the former compared to those of the latter (Fig. 3.8B,
compare lanes 4-6 to 7-9). 4HT alone did not alter Bak levels at mitochondria in
Vdac2-/- MEFs.

58

Chapter III: The role of VDAC2 in Bak biogenesis

Fig. 3.8: The VDAC2 N-terminal extension is not important for targeting Bak to
mitochondria. (A) Alignment of mouse VDAC1 structure (purple; PDB: 3EMN) (Ujwal et al,
2008) and modelled structure of mouse VDAC2 (green). A 12 amino acid N-terminal extension
of VDAC2 is highlighted in red. (B) Vdac2-/- MEFs and Vdac2-/- MEFs carrying cDNAs encoding
for Flag-VDAC2 or Flag-∆N12VDAC2 were induced with 4HT for different time points.
Mitochondria were isolated from these cell lines and analysed by SDS-PAGE and western
blotting. mtHsp70 served as a loading control.
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3.7 In Vdac2-/- MEFs, cytosolic Bak is unstable and
degraded through a proteasome-independent pathway
3.7.1 In the absence of VDAC2, cytosolic Bak is much less stable than
membrane integrated Bak
Next, the stability of cytosolic and mitochondrial Bak was estimated by treating
Vdac2-/- MEFs with cycloheximide (CHX) which inhibits ribosome activity,
therefore preventing cellular protein synthesis (Obrig et al, 1971). The results
indicated that cytosolic Bak in Vdac2-/- MEFs had a half-life of ~3.5 hrs (Fig. 3.9B,
right graph) and was rapidly degraded after 4 hrs of cycloheximide treatment
(Fig. 3.9A, Cytosol, compare lanes 5 to 7). In contrast, the ratio of cytosolic Bak
and the marker Drp-1 in WT MEFs was unchanged (Fig. 3.9B, right graph; Fig.
3.8A, Cytosol, compare lanes 1 to 4). Although in significantly lower levels,
mitochondrial Bak in Vdac2-/- MEFs had similar stability as in WT MEFs during
the course of cycloheximide treatment (Fig. 3.9A, Membrane; Fig. 3.9B,
Membrane). Thus it does not appear that VDAC2 functions as a Bak stabiliser at
the MOM.
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Figure 3.9: Cytosolic Bak in Vdac2-/- MEFs is less stable than that in WT MEFs. (A)
WT and Vdac2-/- MEFs were treated with CHX for indicated time periods followed by
subcellular fractionation to separate membrane and cytosolic fractions. These fractions
were then subjected SDS-PAGE and western blot analysis with the indicated antibodies.
(B) Protein levels from western blotting (A) were quantified using densitometry. For
each time point, the density ratio of Bak and the corresponding loading control (VDAC1
for membrane fractions and Drp-1 for cytosolic fractions) was calculated. The bar graphs
show the mean of the density ratio. The density ratio at 0 hr time point was set to 1 for
WT membrane and Vdac2-/- cytosol and the density ratio of the others were normalized
accordingly. (mean ± s.e.m., n = 3).
3.7.2 Cytosolic Bak does not appear to be degraded by the ubiquitinproteasome system
To further investigate whether cytosolic Bak in VDAC2-deficient cells is
ubiquitinated and removed by the ubiquitin-proteasome system, Vdac2-/- MEFs
and WT MEFs were first treated with the proteasome inhibitor MG132 (Lee &
Goldberg, 1998) and cytosolic fractions were isolated before subjected to a pulldown assay with anti-mBak antibodies. In both cell lines, MG132 treatment
resulted in the presence of ubiquinated proteins in the cytosol in WT and Vdac2-/MEFs (Fig. 3.10, middle panel, lanes 2 & 4), but no accumulation of Bak in the
cytosol (Fig. 3.10, top panel, compare lanes 1 & 2 and 3 & 4) or in whole cell
lysate (data not shown) was observed. On the contrary, Bax, which has been
shown to be degraded via the proteasome-dependent pathway (Agrawal et al,
2008; Li & Dou, 2000), accumulated in treated samples (Fig. 3.10, bottom panel,
compare lanes 1 & 2 to 3 & 4). Furthermore, although the antibodies could pull
down Bak in the cytosolic fractions, no higher form of Bak was detected upon
MG132 addition even in the absence of VDAC2 (Fig. 3.10, top panel, lanes 5-8;
middle panel, lanes 5-8). The results suggest that degradation of cytosolic Bak in
VDAC2-deficient cells does not utilise the ubiquitin/proteasome machinery but
another, as yet unknown proteolysis system.
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Figure 3.10: Degradation of cytosolic Bak in Vdac2-/- MEFs appears to be
proteasome-independent. WT and Vdac2-/- MEFs were incubated with MG132 for 10
hrs. Cytosolic fractions were then isolated from untreated and treated cells and subjected
to immunoprecipitation using anti-mBak antibodies. The bound proteins were eluted and
analysed by SDS-PAGE and western blotting with indicated antibodies.
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3.9 Discussion
While mechanisms for inserting C-TA proteins into ER have been established,
the import pathway for C-TA proteins at the MOM has not clearly defined
(Borgese & Fasana, 2011; Rabu et al, 2009). However, using Bcl-xL as a model, a
consensus signal (Fig. 3.12) for delivering TA proteins to the MOM such as Bcl-2,
Tom5 and Tom20 has been proposed and basic residues flanking the
transmembrane region of each protein are postulated to be essential in
determining cellular localisation (Kaufmann et al, 2003). It has also shown that
basicity of the residues downstream of the transmembrane domain, termed the
C-terminal segment, is important for targeting Bcl-XL and Bcl-2 to the MOM
(Kaufmann et al, 2003). It seems that mouse Bak carries the proposed signal
while human, monkey and dog Bak proteins do not contain a basic residue just
upstream of the transmembrane domain. Instead, they have an extra basic
residue within their C segment. The overall basicity of the consensus sequence
may be more crucial for targeting C-TA proteins to the MOM since the addition
of basic residues to the C-segment of Bcl-2 was found to increase its
mitochondrial localisation (Kaufmann et al, 2003). It is therefore possible that
lipid composition especially cardiolipin, an anionic lipid of the MOM (Montero
et al, 2010), is important for mitochondria to recognise their C-TA residents.

Figure 3.12: Sequence alignment of the C-termini of Bak from selected species along
with Bcl-хL. The basic residues are highlighted in green. The proposed consensus
targeting signal for mitochondrial TA proteins based on Bcl-хL includes at least two basic
residues (B) at each end of the transmembrane domain (orange box). X denotes any
amino acid.
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VDAC2 as a specific facilitator for Bak import at the MOM
While Bak and Bcl-хL seems to possess a common targeting signal, Bak but not
Bcl-хL appears to require VDAC2 for its optimal import (Fig. 3.13). In the absence
of VDAC2, Bak is still able to target to mitochondria but it is also found in the
cytosol while Bcl-хL and Mcl-1 localisation was unaffected. The presence of
cytosolic Bak in VDAC2-deficient cells was observed previously (Roy et al, 2009).
However, in contrast, our results show that the majority of Bak remained
membrane-integrated rather than cytosolic. The low Bak level in mitochondria
devoid of VDAC2 was not due to instability of membrane Bak suggesting that
VDAC2 does not function to stabilise Bak at the MOM. In addition,
mitochondrial Bak is still available to be activated upon apoptotic stimuli in the
absence of VDAC2. Nevertheless in this situation Bak is not restrained by
VDAC2 rendering the cells more sensitive to apoptotic treatment (Cheng et al,
2003; Lazarou et al, 2010; Ma et al; 2014). Why are VDAC2-deficient cells or
isolated mitochondria resistant to tBid-induced apoptosis (Ma et al, 2014; Roy et
al, 2009)? This may be due to some defect of tBid localisation in Vdac2-/- MEFs
since tBid needs to be integrated into the MOM to be functional (Shamas-Din et
al, 2013; Wei et al, 2000).
The defect of VDAC2-deficient mitochondria to accommodate Bak only occurs in
vivo with endogenous Bak but was not observed in in vitro import and assembly
assay with 35S-labelled Bak (Lazarou et al, 2010). This is due to several reasons. In
in vitro import and assembly assays, isolated mitochondria are normally
saturated with radioactive precursors and the amount of proteins that is actually
imported and gives rise to the signal is relatively small. In addition, the absence
of VDAC2 cannot utterly abrogate Bak mitochondrial localisation. Therefore, in
vitro import and assembly assays are not always an accurate method for
assessing import defect for all proteins.
How VDAC2 modulates Bak mitochondrial targeting process is currently
unknown but the TOM machinery which is responsible for sorting many
mitochondrial proteins does not seem to play a role (Ross et al, 2009; Setoguchi et
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al, 2006). It is tempting to speculate that VDAC2 potentially forms a part of the
import machinery for Bak delivery at the MOM or alternatively, the Bak-VDAC2
interaction is important for preventing dissociation of Bak from mitochondria.
Another possibility is that the deletion of VDAC2 leads to alteration of MOM
lipid composition. Previous studies in yeast support the role of ergosterol in
directing C-TA proteins to the MOM (Kemper et al, 2008; Krumpe et al, 2012).
However, if the MOM lipid content were affected in VDAC2-deficient cells, the
mitochondrial localisation of other C-TA proteins of the MOM would not be the
same in WT and Vdac2-/- MEFs as observed earlier for Bcl-хL and Mcl-1. In
addition, mitochondrial morphology and respiratory chain complexes of Vdac2-/MEFs appear similar to that of WT MEFs ((Ma et al, 2014) & data not shown).
The MOM lipid composition might be of importance for initial binding of
protein precursors to the organelle but the actual insertion process may require
assistance from other MOM proteins either directly via protein-protein
interaction or indirectly via post-translational modifications. Of course, these
factors can vary from one protein to another.
Rapid degradation of cytosolic Bak can potentially be one of the contributing factors
accounting for the low total Bak level in Vdac2-/- MEFs
It was interesting that the total Bak level of Vdac2-/- MEFs was considerably lower
than that of WT MEFs and this could be rescued upon re-introduction of FlagVDAC2 in Vdac2-/- MEFs. As the presence of VDAC2 ensures efficient
mitochondrial import of Bak, a portion of Bak stays in the cytosol in VDAC2deficient cells. It is therefore postulated that the accumulated mis-localised Bak is
rapidly removed from the cytoplasm, potentially contributing to the lower total
Bak level in the absence of VDAC2. Indeed, cyclohexamide treatment
experiments showed that cytosolic Bak of Vdac2-/- MEFs had a shorter half-life
(~3.5 hrs) compared to WT MEFs. Blocking proteasome activity with MG132 did
not accumulate cytosolic Bak in Vdac2-/- MEFs and no ubiquitinated Bak could be
detected indicating that proteasome does not seem to be involved in degradation
of the mis-localised Bak in this cell line. Because the degradation pathway of Bak
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is not yet established, it is impossible to test whether preventing degradation of
the cytosolic Bak in Vdac2-/- MEFs would increase the total Bak level.

Figure 3.13: Regulation of the total and mitochondrial levels of Bak by VDAC2. (A)
In normal cells, VDAC2 is present at the MOM with a sufficient amount to facilitate
mitochondrial Bak import and to retain all imported Bak molecules in their inactive
complex. (B) In the absence of VDAC2, the efficiency of mitochondrial targeting process
of Bak is reduced resulting in the low mitochondrial Bak level and a significant amount
of cytosolic Bak. The mis-localised cytosolic Bak is targeted for degradation potentially
contributing to the low total Bak level in these cells. It is also possible that accumulated
cytosolic Bak somehow gives a negative feedback to the cells to decrease Bak transcript
level in Vdac2-/- MEFs

At this stage, it cannot be excluded that transcriptional regulation might play a
role in the reduction of Bak levels in cells devoid of VDAC2 (Fig. 3.13). In theory,
this is achievable because the presence of significant amounts of cytosolic Bak in
VDAC2-deficient cells may makes the cell

signal that mitochondria are

overloaded with Bak sending a danger signal back to the cells to down-regulate
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Bak transcript levels. To test this hypothesis, first, the Bak transcript levels in WT
and Vdac2-/- MEFs will be examined using real time quantitative reverse
transcriptase PCR (qRT-PCR). Then, it needs to be determined whether overexpression of cytosolic Bak domain, which has been seemingly important for
VDAC2-dependent mitochondrial import of Bak (Setoguchi et al, 2006), in WT
cells can affect the Bak transcript and protein levels.
Bak appears to be at its maximum level in WT cells
In contrast to the up-regulation of Bak upon the re-expression of VDAC2 in
VDAC2-deficient cells, the over-expression of VDAC2 in WT MEFs did not
elevate the total or mitochondrial Bak level. This suggests that: (i) the Bak level
in WT cells has already reached its maximum; and (ii) the physiological amount
of VDAC2 that normal cells maintain is sufficient to sustain a balance between
the synthesis rate and the mitochondrial import rate of Bak, ensuring that
mitochondria are not overloaded with Bak and no Bak can be spilled into the
cytoplasm. The level of the inactive Bak-VDAC2 complex on BN-PAGE also
seems to be constant upon exogenous expression of VDAC2 suggesting that no
more Bak molecules are available at the MOM to associate with these extra
provided VDAC2 molecules. In other words, all Bak molecules are restrained by
VDAC2 at the MOM and this is of extreme importance to maintain
mitochondrial homeostasis in healthy cells.
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Chapter Four
Characterisation of the Bak-VDAC2 complex
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4.1 Introduction
Because Bak is constitutively expressed and anchored to the mitochondrial outer
membrane, it needs to be carefully regulated to prevent spontaneous activations
and apoptosis (Youle & Strasser, 2008). In healthy cells, how Bak is kept inactive
remains unsettled. Huang and colleagues (2005) considered Mcl-1 and Bcl-xL to
be the main Bak restrainers due to two main reasons. Firstly, Bak interacted with
over-expressed Mcl-1 and Bcl-xL but not other Bcl-2 pro-survivals in the presence
of CHAPS, a detergent that retains Bak in its inactive conformation (Dewson et
al, 2008; Willis et al, 2005). Indeed, the Bak:Mcl-1 interaction has been
demonstrated to be essential for inhibiting the pro-apoptotic activity of Bak
(Cuconati et al, 2003; Leu et al, 2004; Willis et al, 2005). Secondly, neutralisation
of Mcl-1 and Bcl-xL with a Noxa mutant that selectively targets Mcl-1 and Bcl-xL
could provoke cell death (Willis et al, 2005). However, the authors have not
addressed whether this mutant can behave like a direct activator of Bak.
Cheng and colleagues (2006) have challenged those observations by showing
that in healthy cells, endogenous Bak could be cross-linked to endogenous
VDAC2 but not to endogenous Mcl-1 or Bcl-xL. In addition, expression of a Bak
mutant that prevents its interaction with Bcl-xL and Mcl-1 did not cause
spontaneous cell death and the mutant was still cross-linked to VDAC2 (Kim et
al, 2006). Notably, deletion of VDAC2 in mice is embryonically lethal and Vdac2-/MEFs are more sensitive to apoptotic stimuli (Cheng et al, 2003). Nevertheless,
Vdac2-/- MEFs did not spontaneously die (Cheng et al, 2003; Lazarou et al, 2010).
This suggests that, in the absence of VDAC2, Bak either still requires activation
by direct activators or Bak in Vdac2-/- MEFs is negatively regulated by other
proteins such as Mcl-1 and Bcl-xL. Consistent with the data from Cheng’s group,
it has been reported that in healthy mitochondria, Bak exists in a 440 kDa
inactive complex that is dependent on the presence of VDAC2 (Lazarou et al,
2010). Exchanging the transmembrane (TM) domain of Bak with that of Fis1
disrupted the formation of the inactive Bak complex indicating that the Bak TM
domain is potentially essential for the biogenesis of the complex (Lazarou et al,
2010). However, it is not clear if (1) VDAC2 is actually an integral component of
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the inactive Bak complex; (2) the Bak TM domain is solely responsible for
mediating the Bak-VDAC2 interaction and (3) whether other proteins are
required to maintain the Bak-VDAC2 interaction. The work in this chapter
addressed these questions by employing different molecular techniques.

4.2 VDAC2 is crucial for the formation of the inactive Bak
complex in vivo
Our previous study using in vitro import and assembly assay of Bak into isolated
mitochondria has suggested an important role of VDAC2 in the assembly of the
440 kDa Bak complex (Lazarou et al, 2010). However due to the lack of a
productive antibody against mouse Bak, the absence of the endogenous Bak
complex in Vdac2-/- MEFs was not confirmed. Also it was not clear from this
study whether the defect in the formation of the 440 kDa Bak complex in Vdac2-/MEFs could be rescued upon re-introduction of VDAC2. The current study had
tried to address these issues.
As can be observed from Figure 4.1A, in healthy WT MEF mitochondria, Bak
assembled into the 440 kDa inactive complex and dissociated upon activation by
truncated Bid (tBid) (BN-PAGE, compare lanes 1 & 2). The appearance of the
inactive Bak complex as a doublet on BN-PAGE was due to the concentration of
Digitonin used (1%) since 0.5% Digitonin was able to maintain the complex as a
singlet (Fig. 4.10A & Thanh Nguyen, honours thesis). The formation of the
inactive Bak complex was abolished in Vdac2-/- MEFs (Fig. 4.1A, BN-PAGE, lane
3) and was rescued upon the expression of Flag-VDAC2 (Fig. 4.1A, BN-PAGE,
lane 5). Successful production of Flag-VDAC2 in Vdac2-/- MEFs was confirmed by
western blot analysis (Fig. 4.1A, SDS-PAGE, lane 5).
When Flag-VDAC2 was depleted in Vdac2-/- MEFs expressing VDAC2 by
removing 4HT (Fig. 4.1B, SDS-PAGE lanes 3-6), the level of the inactive Bak
complex was significantly reduced over time (Fig. 4.1B, BN-PAGE, lanes 3-6) and
was very close to that in the un-induced sample (Fig. 4.1B, BN-PAGE compare
lanes 1 & 6). The presence of a very small amount of the inactive Bak complex in
un-induced samples (BN-PAGE, lane 1) indicated some leaky expression with
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the lentiviral system that has consistently happened with various proteins and
cell lines in the Ryan lab (unpublished observations).

Figure 4.1: VDAC2 is indispensable for the formation of the 440 kDa complex in
mouse embryonic fibroblasts. (A) Isolated mitochondria from WT, Vdac2-/- MEFs and
Vdac2-/- MEFs expressing Flag-VDAC2 were analysed on BN-PAGE and western
blotting using anti-mBak antibodies. In parallel, mitochondria from those cell lines were
also subjected to SDS-PAGE and western blot analysis with the indicated antibodies. (B)
After 72 hr induction with 4HT, Vdac2-/- MEFs expressing Flag-VDAC2 were grown in
4HT-free medium to allow a gradual depletion of Flag-VDAC2. Cells were harvested at
defined time points and membrane fractions were isolated suing subcellular fractionation.
BN-PAGE and SDS-PAGE analyses of these membrane fractions were utilised to
examine the inactive Bak complex and the production of Flag-VDAC2 respectively.
Anti-NDUFA9 (detecting complex I) and anti-VDAC1 served as loading controls for
BN-PAGE and SDS-PAGE respectively. * denotes residual signal of Flag-VDAC2.
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Thus, these results further reinforce the crucial role of VDAC2 in preserving the
inactive Bak complex previously suggested from in vitro import and assembly
assays (Lazarou et al, 2010) and other studies (Cheng et al, 2003; Ma et al, 2013).

4.3 Characterisation of the Bak-VDAC2 interaction
4.3.1 Bak mutations prevent Bak to assemble into its inactive Bak complex
By replacing the Bak TM with the hFis1 TM, Lazarou et al (2010) suggested a
crucial role of the Bak TM in the formation of the inactive Bak complex. This
hypothesis was further supported by a mutagenesis approach. By randomly
mutating conserved residues within the Bak TM, it was found that converting a
Valine residue at position 198 of Bak to Alanine, a smaller hydrophobic amino
acid, reduced the ability of the protein to integrate into its 440 kDa complex (Fig.
4.2A, compare lanes 1 & 2 to 7 & 8) (Ma et al, 2014). The formation of the
complex was further depleted with

V198SBak

mutant (Fig. 4.2A, lanes 4 & 5)

suggesting that this residue lies within the contact site between Bak and VDAC2
and is potentially involved in mediating the Bak-VDAC2 interaction (Ma et al,
2014).

Figure 4.2: Involvement of the Bak transmembrane anchor in the formation of the
inactive Bak complex. Isolated mitochondria from Bak-/-Bax-/- DKO MEFs were
incubated with

35

S-labelled Bak and the indicated Bak mutants for various times.
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Following import, mitochondria were reisolated and subjected to BN-PAGE (A) or SDSPAGE (B). For tBid treatment, mitochondria were resuspended in import buffer and
incubated with tBid for 30 min at 37oC. The detection of 35S-labelled Bak was done via
autoradiography. Lys stands for Lysate which contains the radioactive labelled proteins
used for import. For SDS-PAGE, 20% of the lysate input was analysed. (C) RFPV198S

Bak was transiently transfected into Bak-/-Bax-/- DKO MEFs and visualised by

fluorescence microscopy. Mito Tracker Red (MTR) was used for mitochondrial staining.
Scale bar: 10 µm.

The significant reduction of the inactive Bak complex level in

V198SBak

was not

due to the impairment of mitochondrial localisation of this mutant since it
efficiently bound to mitochondria in an in vitro assay (Fig. 4.2B, compare lanes 6
& 7 to 2 & 3) and also following expression when fused to RFP (red fluorescence
protein) and analysed by fluorescence microscopy (Fig. 4.2C). Additionally,
following import of V198SBak, tBid–treated mitochondria showed a marked loss of
cytochrome c level compared to the untreated ones (Fig. 4.2B, compare lanes 6 &
7 to 8). This effect was specifically attributed to imported

V198SBak

but not

endogenous Bak or Bax as the mitochondria used for this assay were devoid of
Bak and Bax. Therefore, the mutation seemed to retain the pro-apoptotic activity
of Bak in vitro.
It has been found that deletion of helix α8 (∆H8Bak) abolished the formation of
the inactive Bak-VDAC2 complex (Boris Reljic, unpublished data). In addition,
mutations L75E and W122A/G123E/R124A on mouse Bak blocked the ability of
mBak to be cross-linked with VDAC2 (Cheng et al, 2003). These mutations did
not affect mitochondrial localisation of Bak ((Kim et al, 2009); data not shown for
∆H8Bak).

Interestingly, the crystal structure of human Bak revealed that L78 and

W125 corresponding to L75 and W122 on mBak and helix α8 are in close
proximity (Moldoveanu et al, 2006) and potentially create a contact site for
VDAC2 binding (Fig. 4.3A). To test this, L78E and W125A mutations were
generated and the ability of these mutants to assemble into the inactive Bak
complex was monitored via in vitro import and assembly assays. Such assays
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clearly showed the defect of

L78EBak, W125ABak

(Fig. 4.3 lanes 3-6) and

∆H8Bak

(Boris Reljic, unpublished data) in the assembly of the inactive Bak complex.
Thus, the surface near the Bak C-terminus formed by helices α2, α5 and α8,
hereafter referred to as VDAC2-binding groove, is potentially in contact with an
unknown surface on the cytosolic face of VDAC2 molecules.

Figure 4.3: Mutations within the cytosolic domain of Bak disrupt its assembly in the
440 kDa complex. (A) Structure of Bak without its transmembrane domain (PDB:
2IMS) (Moldoveanu et al, 2006) . The helices α1- α7 are coloured in rainbow (blue N
terminus to red C terminus). Helix α8 is coloured in grey and positions of L78 and
W125 are shown in red. (B)

35

S-labelled Bak and the indicated Bak mutants were

incubated with isolated mitochondria from Bak-/-Bax-/- DKO MEFs for varying times.
The import and assembly of Bak were monitored by SDS-PAGE and BN-PAGE
respectively. The detection of 35S-labelled Bak was done via autoradiography. Lys stands
for Lysate which contains the radioactive labelled proteins used for import. For SDSPAGE, 20% of the lysate input was analysed.

Based on the Bak structure (Fig. 4.3A), helix α1 seems to be responsible for
correct positioning of helices α2 and α5. Therefore, deletion of helix α1
potentially results in significant movement of α5 as well as α6, disrupting the
74

Chapter IV: Characterisation of the Bak-VDAC2 complex

VDAC2-binding groove. To test this hypothesis, a Bak construct lacking helix α1
(∆H1Bak) was generated and its ability to integrate into the Bak-VDAC2 complex
was assessed by in vitro import and assembly assays. As a negative control, a Bak
mutant with a deletion of Bak’s N-terminal unstructured region (residues 1-23),
termed

∆NBak,

was used. As expected,

∆NBak

was still able to form the 440 kDa

complex similar to the WT protein (Fig. 4.4, BN-PAGE, compare lanes 4 & 5 to 1
& 2). In contrast, although imported into isolated mitochondria (Fig. 4.4, SDSPAGE, lanes 10 & 11), the formation of such a complex was abolished in

∆H1Bak

(Fig. 4.4, BN-PAGE, lanes 7 & 8) further supporting the proposed hypothesis.

Figure 4.4: The presence of Bak helix α1 is important for maintaining the VDAC2binding groove at the Bak C-terminus.

35

S-labelled Bak,

∆NBak

and

∆H1Bak

were

incubated with freshly isolated mitochondria from Bak-/-Bax-/- DKO MEFs for indicated
75

Chapter IV: Characterisation of the Bak-VDAC2 complex

periods of time. Samples were subjected to SDS-PAGE, BN-PAGE and digital
autoradiography. Typically, 20% of the lysate input labelled as Lys was analysed.

4.3.2 The conformation of VDAC2 appears to be important for assembly
The N-terminal helix of VDAC1 has been reported to modulate structural
stability of VDAC1 (Schneider et al, 2010; Zachariae et al, 2012). Because VDAC1
and VDAC2 are structurally similar (Bayrhuber et al, 2008; Schredelseker et al,
2014; Ujwal et al, 2008), deletion of the VDAC2 N-terminal helix may cause
similar structural effects seen in VDAC1. Therefore, 32 amino acids at the
VDAC2 N-terminus were removed and the assembly ability of

∆N32VDAC2

was

determined via in vitro import and assembly assays. As anticipated, the lack of
these 32 amino acids prevented VDAC2 from integrating into the 440 kDa
complex (Fig. 4.5, BN-PAGE lanes 8 & 9) while the VDAC2 N-terminal extension
deletion mutant behaved like wild type VDAC2 (Fig. 4.5, BN-PAGE, compare
lanes 3 & 4 to 1 & 2). It is possible that the loss of VDAC2 N-terminal 32 amino
acids induced structural changes in VDAC2 resulting in elliptic β barrel shape
and subsequent disruption of VDAC2 complexes.
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Figure 4.5: Removing 32 amino acids at the VDAC2 N-terminus blocks the
assembly of VDAC2 in vitro.
∆N32

35

S-VDAC2 and its truncated variants

∆N12

VDAC2 and

VDAC2 were incubated with freshly isolate mitochondria from WT MEFs for 15 or

30 min at 37oC. Following import, samples were analysed by BN-PAGE and SDS-PAGE
and visualised by digital autoradiography. Lys stands for lysate which contains the
radioactive labelled proteins used for import. For SDS-PAGE, 20% of the lysate input
was analysed.

To further investigate ∆N32VDAC2 mutant and its ability to associate with Bak in
vivo, the lentiviral system was employed in attempt to generate Vdac2-/- MEFs
stably expressing

∆N32VDAC2.

Unfortunately, this mutant seemed to be unstable

and the expression of ∆N32VDAC2 could not be achieved (data not shown).
Next, in order to address whether the sequence differences between VDAC1 and
VDAC2 within their N-terminal central helices confer the interaction of VDAC2
but not VDAC1 to Bak, 32 amino acids at the VDAC2 N-terminus were replaced
with 20 amino acids at the VDAC1 N-terminus (Fig. 4.6A). Such a change was
unlikely to influence the structure of VDAC2 as the presence of the VDAC1 Nterminal helix was able to maintain the structure stability of VDAC1 and
zebrafish VDAC2 with a natural 20 amino acid N-terminal helix had similar
structure to VDAC1 (Schneider et al, 2010; Schredelseker et al, 2014; Zachariae et
al, 2012). The chimeric protein was stably expressed in Vdac2-/- MEFs and the
assembly of the inactive Bak complex was analysed by BN-PAGE. The
expression of the VDAC1Helix-VDAC2 chimera was able to be obtained using
4HT (Fig. 4.6C, anti-Flag panel, lanes 7-9). The presence of this protein could
rescue the defects of the inactive Bak complex and the total Bak level in VDAC2deficient cells similar to that of VDAC2 (Fig. 4.6B & 4.5C, compare lanes 3-5 to 78). This result suggests that the differences at the N-termini of VDAC1 and
VDAC2 are not significantly involved in regulating the total Bak level and the
formation of the VDAC2-dependent Bak inactive complex.
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Figure 4.6: Substitution of VDAC2 N-terminal helix does not affect Bak association.
(A) Schematic presentation of VDAC1-2 chimeric construct. (B) Sequence alignment of
the VDAC1 and VDAC2 N-terminal helices. The different residues between the two are
highlighted in red. Also see Fig. 3.8 (Chapter III) for structure alignment of VDAC1 and
VDAC2. Whole cell samples from WT and Vdac2-/- MEFs expressing Flag-VDAC2 or
Flag-VDAC1-2 for different times were analysed by BN-PAGE (C), SDS-PAGE (D) and
western blotting with the indicated antibodies. * indicates a non-specific band. AntiNDUFA9 and anti-SDHA served as loading controls.
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4.4 Reported Bak binding partners do not appear to be
essential for the formation of the inactive Bak-VDAC2
complex
4.4.1 Mcl-1 and Bcl-xL appear not to be part of the 440 kDa inactive Bak
complex
As Mcl-1 and Bcl-xL have been shown to be guardians of Bak in healthy cells
(Willis et al, 2005), it was assessed whether these pro-survivals assemble into the
VDAC2-Bak complex. Again, in vitro import and assembly assay was employed
to bypass the lack of antibodies against Mcl-1 and Bcl-xL that work on BN-PAGE.
While Bak was integrated into its inactive complex (Fig. 4.7A), such complex was
not observed for imported Mcl-1 and Bcl-xL (Fig. 4.7B and C respectively).
Nevertheless, Mcl-1 did show a weak complex lower than the inactive Bak
complex that may be due to low imported level of radioactive Mcl-1.

Figure 4.7: Mcl-1 and Bcl-xL do not form any complexes similar to the inactive Bak
complex on BN-PAGE. 35S-labelled Bak (A), Mcl-1 (B) and Bcl-xL (C) were incubated
with freshly isolated mitochondria from WT MEFs for indicated time periods. After
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import, mitochondria were subjected to SDS-PAGE, BN-PAGE and subsequent
autoradiography. Lys stands for Lysate which contains the radioactive labelled proteins
used for import. For SDS-PAGE, 20% of the lysate input was analysed.

Next, the complex assembly of I82AN83ABak which does not bind Mcl-1 and Bcl-xL
(Kim et al, 2006) was assessed. As can be seen in Figure 4.8, the profiles of
I82AN83ABak

complexes with and without tBid treatment were identical to those of

wild type Bak in WT (BN-PAGE, compare lanes 1-3 to 7-9) and Vdac2-/- MEFs
(BN-PAGE, compare lanes 4-6 to 10-12) demonstrating that the 440 kDa Bak
complex does not seem to contain Mcl-1 or Bcl-xL. Mitochondrial imports of Bak
and

I82AN83ABak

were also comparable in both cell lines (Fig. 4.8, SDS-PAGE

compare lanes 1 & 2 to 9 & 10 and 5 & 6 to 12 & 13).
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Figure 4.8: Mutations at isoleucine 83 and asparagine 84 of Bak do not block Bak’s
ability to associate with VDAC2. 35S-labeled Bak and

I82AN83A

Bak were incubated with

freshly isolated mitochondria from WT and Vdac2-/- MEFs for indicated time points.
Following import, the samples were left untreated or treated with tBid for 30 min at
37oC. All samples were subjected to BN-PAGE (top panel) and SDS-PAGE (bottom
panel) and digital autoradiography. Lys stands for Lysate which contains the radioactive
labelled proteins used for import. For SDS-PAGE, 20% of the lysate input was analysed.

4.4.2 The formation of the inactive Bak complex is independent of mitofusins
1 & 2 (Mfn1 and Mfn2)
Mfn-2 has been shown to form a 440 kDa complex on BN-PAGE that is
dependent on the presence of Bak and Bax (Brooks et al, 2007; Karbowski et al,
2006). To determine if the formation of the 440 kDa inactive Bak complex relies
on the expression of Mfn1 and Mfn2, membrane fractions isolated from Mfn1-/-,
Mfn2-/- and Mfn1/2-/- MEFs were analysed by BN-PAGE.

Figure 4.9: Bak complexes in the absence of mitofusin proteins on BN-PAGE.
Membrane fractions from indicated cell lines were isolated via subcellular fractionation
and solubilized in 1% Digitonin solubilisation buffer. The formation of Bak complexes
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were examined by BN-PAGE and western blot analysis using anti-mBak antibodies.
Anti-VDAC1 served as a loading control.

The 440 kDa inactive Bak complex remained intact in the absence of Mfn1 and
Mfn2 (Fig. 4.9 compare lanes 2-4 to 1) suggesting that Mfn1 and Mfn2 were not
involved in the biogenesis of this complex. However, the lower Bak complexes
designated α and β seemed to be dependent on the presence of mitofusins
especially complex α was no longer assembled in Mfn1/2-deficient cells (Fig. 4.9,
higher contrast panel, compare lane 4 to the rest). This is indicative of a
possibility that Bak might regulate mitochondrial morphology through its
interaction with mitofusins within the Bak α complex and, to lesser extent, the
Bak β complex.

4.5 VDAC2 is an integral component of the inactive Bak
complex
It is possible that the loss of the inactive Bak complex in VDAC2-deficient cells is
due to inefficient import of Bak in these cells. To exclude this possibility and
further clarify the direct role of VDAC2 in the assembly of the inactive Bak
complex, co-immunoprecipitation approach was utilized. Mitochondria from
Vdac2-/- MEFs expressing Flag-VDAC2 were solubilized in Digitonin-containing
buffer (0.5% (w/v) Digitonin) and the inactive Bak complex was subsequently
purified with anti-Flag beads. The addition of Flag peptides allowed the release
of the inactive Bak complex without disrupting the complex. Mitochondria from
Vdac2-/- MEFs were used as a negative control. As can be seen in Figure 4.10A,
BN-PAGE analysis showed a successful pull-down of the inactive Bak complex
by anti-Flag beads.
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Figure 4.10: Tandem co-immunoprecipiation to isolate the Bak-VDAC2 complex.
Isolated mitochondria from Vdac2-/- MEFs or Vdac2-/- MEFs expressing Flag-VDAC2
were solubilized in 0.5% Digitonin containing buffer and incubated with anti-Flag beads.
The bound complex was eluted with Flag peptides. 10% of the elution fractions were
analysed by BN-PAGE and western blot with anti-mBak antibodies (A) while the rest
were applied onto anti-Bak antibody coupled beads for another round of Co-IP (B). The
eluents from the 2nd Co-IP were subjected to SDS-PAGE and western blotting for
indicated antibodies. Inputs contained 10% of the starting material at the beginning of the
tandem Co-IP.

The eluted Bak complex was subsequently subjected to another Co-IP with antiBak coupled beads. The Bak-VDAC2 interaction was able to survive the second
Co-IP as indicated by the presence of both Bak and VDAC2 in the elution
fraction of mitochondria from Vdac2-/- MEFs expressing Flag-VDAC2 (Fig. 4.10B,
compare lane 4 to 3). Tim23, another mitochondrial protein, was not co-eluted
with Bak and VDAC2 demonstrating the specificity of the Bak-VDAC2
interaction (Fig. 4.10B, lanes 3 & 4). These results emphasize that VDAC2 is a
constituent element of the inactive Bak complex.

4.6 Mass spectrometry (MS) analysis for identification of
novel components of the Bak-VDAC2 complex
As the observed inactive Bak complex on BN-PAGE runs at 440 kDa and
molecular weights of Bak and VDAC2 are approximately 23 kDa and 32 kDa
respectively, it is possible that other proteins may be present. In an effort to
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identify potential novel component of the Bak-VDAC2 complex, Co-IP coupled
MS was performed. Initial attempts to analyse the eluents from the tandem CoIPs as described in section 4.4 were unsuccessful (data not shown). This was
possibly due to long procedure of this approach during which other protein
components were possibly dissociated. We therefore performed MS on the
eluents from Co-IPs with anti-Flag agarose and anti-mBak antibody coupled
beads separately. To quantitatively assess enrichment of identified peptides from
MS analysis of the eluents, stable isotope labelling with amino acids in cell
culture (SILAC) was utilized (Sections 2.4.3 & 2.8.2, Chapter II). For Flag-VDAC2
Co-IPs, Vdac2-/- MEFs (control) and Vdac2-/- MEFs expressing Flag-VDAC2 (test)
were grown in normal medium (light medium) or medium containing [13C6,15N7]
L-Lysine and L-Arginine (heavy medium). Mitochondria were isolated from
these cells and solubilised in 0.5% Digitonin solubilisation buffer before
subjected to Co-IPs following standard procedures. Similarly, for Bak Co-IPs,
light and heavy WT MEF mitochondria were obtained and applied onto anti-preimmune (control) and anti-mBak (test) antibody coupled beads. The eluents from
light control or test and heavy test or control were mixed respectively and
analysed by MS.

Figure 4.11: Mass spectrometry analysis of the Bak-VDAC2 complex. (A) The BakVDAC2 complex was purified from light and heavy WT MEF mitochondria with anti84
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mBak antibodies and subsequently quantified via mass spectrometry. Proteins with
significant enrichment are shown in green, purple and red. (B) Mitochondria were
isolated from Vdac2-/- MEFs and Vdac2-/- MEFs expressing Flag-VDAC2 were grown in
light and heavy medium and utilized for Co-IPs with anti-Flag beads to purify the
VDAC2 complex(es). Subsequent MS was carried out to determine components of the
purified complex(es). Proteins with significant enrichment are labelled in green. Data are
presented as log2 (Ratio heavy/light) on x axis and log2 (Ratio light/heavy) on y axis.
Ratio Heavy/Light for each protein indicates enrichment level of identified peptides from
that protein in the mixture of heavy test eluent and light control eluent. Similarly, Ratio
Light/Heavy for each protein shows enrichment level of identified peptides from that
protein in the mixture of light test eluent and heavy control eluent.

Consistent with western blot data, there were high levels of Bak and VDAC2
peptide enrichment from both Bak Co-IPs and VDAC2 Co-IPs (Fig. 4.11).
Interestingly, other VDAC isoforms VDAC1 and VDAC3 were also found to be
specifically enriched in both cases revealing that these proteins were co-purified
with Bak and VDAC2 and likely to be components of the Bak-VDAC2 complex.
The identified peptides for VDAC1 and VDAC2 were specific to these proteins.
Although further validation is required to determine if VDAC1 and VDAC3 are
also involved in the biogenesis of the Bak-VDAC2 complex, Bak and VDAC2
obviously co-exist in the same complex and seem to directly interact with one
another as shown by cross-linking experiments (Cheng et al, 2003; Kim et al,
2006).
It was evident that there were fewer proteins with lower peptide enrichment
levels identified in the VDAC2 Co-IPs than in the Bak Co-IPs although the same
amount of isolated mitochondria (1 mg) was used for both. This could simply
reflect the ability of Bak to associate with more proteins at the MOM than
VDAC2. However, it is also possible that the level of VDAC2 expression was
lower in Vdac2-/- MEFs expressing Flag-VDAC2 than that in WT MEFs resulting
in lower level of the Bak-VDAC2 complex (Fig. 4.1A; data not shown). Indeed,
when 0.5 mg of WT mitochondria was used for Bak Co-IPs, only Bak, VDAC2,
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VDAC1 and VDAC3 were specifically recognised by MS analysis (data not
shown). VDAC2 Co-IPs with a comparable input of the inactive Bak complex is
required to fully compare the data sets from the Bak and VDAC2 Co-IPs
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4.6 Discussion
VDAC2 is an integral component of the inactive Bak complex
Using in vitro import and assembly assay, Lazarou et al (2010) showed that in
healthy cells Bak is kept inactive in its 440 kDa complex whose formation is
dependent on the presence of VDAC2. This work further confirmed that the
absence of VDAC2 blocked the assembly of the inactive endogenous Bak
complex and the complex formation was restored upon re-introduction of FlagVDAC2 in VDAC2-deficient cells. The disappearance of the inactive Bak
complex in Vdac2-/- MEFs is not due to the secondary effect of lower
mitochondrial Bak level in these cells (Chapter III) but due to the lack of a critical
component within the complex, VDAC2. Indeed, the 440 kDa complex isolated
with anti-Flag beads from mitochondria containing Flag-VDAC2 was recognised
by anti-mBak antibodies. Further purification of this complex with anti-Bak
antibody coupled beads still showed the presence of VDAC2 in the eluent
demonstrating a stable interaction between Bak and VDAC2. Importantly, Bak
and VDAC2 were significantly enriched in MS analyses regardless of which of
the two proteins used as the bait protein. These results highlight the direct role
of VDAC2 in maintaining the inactive Bak complex by directly interacting with
Bak.
VDAC2 conformation is potentially critical for mediating the Bak-VDAC2 interaction
The N-terminal extension of VDAC2 is not required for maintaining the BakVDAC2 interaction (Thanh Nguyen, honours thesis). Replacing VDAC2 Nterminal helix with that of VDAC1 did not prevent Bak integration into its
inactive complex, indicating that the differences within VDAC1 and VDAC2 Nterminal helices are not the key to the formation of the Bak-VDAC2 complex.
Interestingly, deletion of the VDAC2 N-terminal helix (32 amino acids) blocked
the formation of the VDAC2 complex in vitro. However, this may not indicate the
direct interaction between this domain and Bak. It is more likely that removal of
this domain destabilized VDAC2 β barrel structure as reported for VDAC1
(Zachariae et al, 2012), causing conformational change on VDAC2 and therefore,
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promoting the dissociation of VDAC2 from the inactive Bak complex. This,
however, requires further experimental evidence. It will also be interesting to
determine if VDAC2 can actually undergo conformational changes during early
apoptosis to facilitate the release of Bak from VDAC2.
The cytosolic and transmembrane domains of Bak co-ordinate to retain the Bak-VDAC2
interaction
In line with a previous study (Lazarou et al, 2010), this study demonstrated the
involvement of the Bak transmembrane anchor in mediating Bak interaction
with VDAC2. Mutation of a conserved valine within Bak TM (V198) to a
hydrophilic residue greatly reduced Bak-VDAC2 association although the
mutant was still localised to mitochondria and able to release cytochrome c upon
Bak activation by tBid (Ma et al, 2014). In addition, mutations (L78 and W125)
within the cytosolic domain of hBak near its C-terminus were sufficient to
abolish the formation of the Bak-VDAC2 complex suggesting that these residues
might be well in contact with some cytosolic part on VDAC2. The VDAC2interacting surface may also be contributed by residues from helix α8 on Bak
since the removal of this helix prevented Bak to form its 440 kDa complex (Boris
Reljic, unpublished data). Furthermore, destabilising the VDAC2-binding groove
on Bak by eliminating helix α1 was able to disrupt the Bak-VDAC2 association
indicated by the loss of the inactive Bak complex on BN-PAGE. Thus, both
cytosolic and TM domains of Bak are crucial for its association with VDAC2.
Additional proteins might be present within the Bak-VDAC2 complex
The Bak-VDAC2 complex runs at 440 kDa on BN-PAGE while Bak and VDAC2
are only 23 kDa and 30 kDa respectively. Although, it is not known how many
molecules of Bak and VDAC2 are present in the inactive Bak complex, it is
highly possible that additional proteins are involved in the biogenesis of the 440
kDa inactive Bak complex. As Mcl-1 and Bcl-xL have been reported to interact
with Bak (Cuconati et al, 2003; Leu et al, 2004; Willis et al, 2005) and the
association between Bcl-xL and VDACs have also been implicated in several
studies

(Arbel et al, 2012; Huang et al, 2013; Malia & Wagner, 2007), it is
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important to determine if Mcl-1 and Bcl-xL constitute the Bak-VDAC2 complex.
From this work, it appears not to be the case because Mcl-1 and Bcl-xL were not
assembled into any similar size complex to the inactive Bak complex and the
assembly of

I82AN83ABak,

a Bak mutant unable to bind Mcl-1 and Bcl-xL, was

identical to that of wild type Bak. The results from in vitro import and assembly
assays were further clarified with Co-IP and MS analysis. Similarly, Mfn1 and
Mfn2, through which Bak may function to regulate mitochondrial morphology
(Brooks et al, 2007; Karbowski et al, 2006), were dispensable for the formation of
the 440 kDa Bak-VDAC2 complex. While the presence of both mitofusins
appears to be important for the lower Bak complexes α and β, this effect may be
indirect since Mfn1 and Mfn2 were not present in the identified Bak interactome.
Coupling SILAC-based mass spectrometry and co-immunoprecipitation has
been considered a powerful approach for specific identification of novel binding
partners of a protein of interest (Qiu et al, 2013; Schmollinger et al, 2012; TrinkleMulcahy et al, 2008). Using these techniques, VDAC2 was proved to be a
component of the inactive Bak complex while Mcl-1 and Bcl-xL did not seem to
interact with Bak in the conditions that maintained the inactive Bak complex.
This is in agreement with previous evidence that Bak is solely kept inactive by
VDAC2 but not by Mcl-1 and Bcl-xL in healthy cells (Kim et al, 2006). Because
Vdac2-/- MEFs do not undergo apoptosis spontaneously (Cheng et al, 2003;
Lazarou et al, 2010), it is proposed that in the absence of VDAC2 Bak is still
restrained by other regulators, potentially Mcl-1 and Bcl-xL. The fact that Bak has
been shown to interact with VDAC2, Mcl-1 and Bcl-xL in the presence of CHAPS
(Cheng et al, 2003; Cuconati et al, 2003; Willis et al, 2005) indicates that CHAPS
can cause slight changes in conformation of Bak or even of anti-apoptotic Bcl-2
proteins like Mcl-1 and Bcl-xL. In support of this, a recent study reported that
cytosolic domains of Bak and Mcl-1 could only associate in the presence of
CHAPS (Liu & Gehring, 2010). In addition, CHAPS failed to retain the 440 kDa
Bak complex on BN-PAGE (Lazarou et al, 2010).
Notably, MS analyses revealed VDAC1 and VDAC3 as potential specific
constituent elements of the Bak-VDAC2 complex. This might be the reason why
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Vdac1-/-Vdac3-/- MEFs showed increased sensitivity to cell death in some cases
previous reported by Baines et al, (2007). Potential contribution of both VDAC1
and VDAC3 to the maintenance of the Bak-VDAC2 association and to Bakmediated apoptosis requires further investigation. However, as single knockout
of VDAC1 or VDAC3 do not affect intrinsic apoptosis (Baines et al, 2007; Cheng
et al, 2003), it is likely that one can substitute for the other to retain the BakVDAC2 complex.
In addition, several interesting mitochondrial proteins came out in the Bak CoIPs with more than 4 fold enrichment such as Mtch2, MAVS and Tom40. Mtch2
functions as a receptor for tBid recruitment at the MOM and because of that tBidinduce apoptosis is markedly reduced in the absence of Mtch2 (Zaltsman et al,
2010). Surprisingly, Vdac2-/- MEFs have also displayed insensitivity to tBidinduced apoptosis (Ma et al, 2014; Roy et al, 2009). Whether or not the absence of
VDAC2 can cause a defect in Mtch2, subsequently leading to a defect in
mitochondrial localisation of tBid is still an unknown question. MAVS
(mitochondrial anti-viral signalling protein) is another interesting candidate
which has also been regarded as a pro-apoptotic protein required for apoptotic
cell death in virus-infected cells by modulating stability of VDAC1 but not
VDAC2 (Guan et al, 2013; Lei et al, 2009; Yu et al, 2010). Whether VDAC3
stability is regulated by MAVS or overexpression of MAVS can trigger activation
of a crucial pro-apoptotic mediator Bak have not been demonstrated. The
possible explanation for the presence of Tom40 remains elusive given Tom
components have been shown to be dispensable for the formation of the 440 kDa
Bak complex (Ross et al, 2009); however, similar to the other discussed
candidates, the role of each protein in the biogenesis of the inactive Bak complex
needs to be clarified in the future in order to more thoroughly dissect Bak
signalling network.
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Chapter Five
The role of VDAC2 in regulating Bax
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5.1 Introduction
Bax and Bak are crucial mediators of apoptosis that are able to undergo
conformational changes during apoptotic induction to oligomerise for
mitochondrial outer membrane permeabilisation (Dewson et al, 2008; Dewson et
al, 2012; Griffiths et al, 1999; Korsmeyer et al, 2000; Nechushtan et al, 1999).
While Bak permanently resides at the MOM where it is kept inactive, in part, by
VDAC2 (Cheng et al, 2003; Lazarou et al, 2010), Bax is predominantly cytosolic
but thought to travel back and forth between the cytosol and the MOM via its
interaction with Bcl-хL (Edlich et al, 2011; Schellenberg et al, 2013; Todt et al,
2013). However, the precise mechanism for Bax retro-translocation has not yet
been clearly described. The structure of full length Bax revealed that its Cterminal helix is tucked away in the canonical groove of Bax formed by helices
α2- α5 and α8, keeping Bax inactive in the cytosol (Suzuki et al, 2000).
In order for Bax to induce MOMP, Bax needs to be integrated into the MOM
when apoptosis occurs (Kim et al, 2009; Wolter et al, 1997). The membrane
integration of Bax is thought to require the exposure of its helix α9 (Gavathiotis
et al, 2008), which has recently been suggested to occur in the cytosol (Gahl et al,
2014). Different factors have been suggested to act as the mitochondrial receptor
for Bax including cardiolipin, which is a specific anionic phospholipid of
mitochondria, Tom22 and VDAC2 (Bellot et al, 2007; Renault et al, 2012; Ross et
al, 2009; Sani et al, 2009; Yamagata et al, 2009). While the requirement of the
former for membrane insertion and activation of Bax has only been
demonstrated in vitro from one study (Sani et al, 2009), the role of Tom22 and
other components of the TOM complex as a Bax receptor have been controversial
(Bellot et al, 2007; Renault et al, 2012; Ross et al, 2009). VDAC2 has also been
suggested to be involved in Bax translocation, activation and oligomerisation
(Yamagata et al, 2009). In the absence of both Bak and VDAC2, Bax translocation
and activation were greatly reduced, rendering cells more resistant to apoptotic
cell death (Yamagata et al, 2009). It has not been fully understood how VDAC2
promotes Bax integration and activation and how VDAC2 might differently
regulate pro-apoptotic functions of Bak and Bax.
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This chapter has established

S184LBax,

a mutation at Bax C-terminus that

constitutively localises Bax to the MOM, as a model for investigating regulation
of Bax at the MOM and shed the light on determining the mechanism by which
VDAC2 can interfere with the pro-apoptotic activity of Bax.

5.2 The absence of VDAC2 affects the association of Bax to
the MOM during apoptosis
It is hypothesized that the reduction of Bax activation, oligomerisation and
subsequent cell death in the absence of VDAC2 observed by Yamagata et al
(2009) is a consequence of a defect in Bax translocation during apoptosis.
Therefore, Bax association with the MOM in VDAC2-deficient MEFs was
assessed by subcellular fractionation and SDS-PAGE upon stimulation with
various apoptotic inducers. As observed from Figure 5.1, in healthy cells Bax
was mostly cytosolic (lanes 2 & 10) although a small portion was found in the
membrane fraction (lanes 1 & 9). Apoptotic stimuli triggered the accumulation of
Bax at the MOM causing a significant increase in Bax level in membrane
fractions in WT MEFs (Fig. 5.1, compare lanes 3, 5 & 7 to 1). In contrast, the level
of membrane-bound Bax only slightly increased in Vdac2-/- MEFs treated with
apoptotic stimuli (Fig. 5.1, compare lanes 11, 13 & 15 to 9). This happened at
early stages of apoptosis prior to cytochrome c release (Fig. 5.1, Anti-Cytc panel).
These results demonstrate that VDAC2 is somehow involved in the translocation
of Bax to the MOM in response to indicated apoptosis inducers.
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Figure 5.1: Bax translocation in WT and Vdac2-/- MEFs upon apoptotic induction.
Cells were treated with indicated stimuli or DMSO as controls overnight. After being
harvested, the cells were fractionated using Digitonin-containing buffer to separate
membrane (M) and cytosol (C) fractions. Samples were analysed by SDS-PAGE and
western blot with indicated antibodies.

The defect in mitochondrial Bax translocation in Vdac2-/- MEFs seemed to a
common phenomenon for three tested chemicals. Next, it was examined whether
introducing VDAC2 into VDAC2-deficicent cells could rescue this defect. WT,
Vdac2-/- MEFs and Vdac2-/- MEFs expressing VDAC2 were triggered to undergo
apoptosis with etoposide and Bax translocation was assessed by means of
subcellular fractionation and SDS-PAGE analysis (Fig. 5.2). Association of Bax to
the MOM was hindered in Vdac2-/- MEFs similar to the previous result and
rescued by expression of Flag-VDAC2 in these cells (Fig. 5.2, compare lanes 8, 10
& 12). This further supports the role of VDAC2 in determining the efficient
targeting of Bax to the MOM.
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Figure 5.2: Rescuing Bax translocation in VDAC2-deficient cells by expression of
Flag-VDAC2. Vdac2-/- MEFs carrying cDNA encoding for Flag-VDAC2 were induced
to produce Flag-VDAC2 with 4-HT for 48 hrs. These cells along with WT and Vdac2-/MEFs were treated with DMSO (- Etoposide) or 10 µM etoposide for 24 hrs in the
presence of the broad range caspase inhibitor Q-VD.oph. Bax translocation was
determined by subcellular fractionation and subsequent SDS-PAGE and western blot
analysis with indicated antibodies.

Conversion of Serine residue 184 at the Bax C-terminus to Alanine or Valine
renders Bax to be constitutively found at mitochondria - possibly due to a
reduced dissociation rate of these mutants (Nechushtan et al, 1999; Schellenberg
et al, 2013). Because VDAC2 is required for efficient accumulation and
translocation of Bax to the MOM in stimulated cells, the absence of VDAC2 may
prevent mitochondrial localisation of these Bax mutants. To test this possibility,
localisation of GFP- S184LBax were examined under fluorescence microscopy (Fig.
5.3). As expected, GFP-

S184LBax

was targeted to mitochondria in WT MEFs (Fig.

5.3A, top panel). The absence of VDAC2 but not Bak greatly reduced
mitochondrial localisation of GFP-S184LBax rendering the protein predominantly
cytosolic in Vdac2-/- MEFs (Fig. 5.3A, middle and bottom panels). The defect was
rescued when VDAC2 was expressed in these cells (Fig. 5.3B, top panel).
Interestingly, the amount of mitochondrial
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expression level (Fig. 5.3B top panel, compare “cell A” to “cell B”). When the
level of VDAC2 was less, some S184LBax still remained in the cytosol (Fig. 5.3B top
panel, “cell A”). These data emphasizes that the mutation of S184 to a more
hydrophobic residue alone is not sufficient to drive Bax to mitochondria. The
presence of a mitochondrial receptor protein seems to be required to facilitate the
initial association of

S184LBax

to the MOM allowing subsequent efficient

membrane integration of this protein. VDAC2 is proposed here as a
mitochondrial receptor for Bax.
Since Bcl-хL has been implicated in the retro-translocation of Bax between cytosol
and the MOM (Edlich et al, 2011; Schellenberg et al, 2013; Todt et al, 2013), it was
wondered if the over-expression of Bcl-хL could restore correct localisation of
S184LBax.

As can be seen in Figure 5.3B (bottom panel), the presence of over-

expressed

Bcl-хL

was

co-localised

with

GFP-S184LBax

at

mitochondria

demonstrating high affinity of Bcl-хL toward Bax. Nevertheless, the rescue level
at mitochondria was not complete possibly due to the dual localisation of Bcl-хL.

96

Chapter V: The role of VDAC2 in regulating Bax

Figure 5.3: VDAC2 but not Bak is required for mitochondrial localisation of
S184L

Bax. (A) WT, Vdac2-/- and Bak-/- MEFs overnight were transiently transfected with

GFP-S184LBax overnight, stained with mitotracker red (MTR) and fixed with
paraformaldehyde before visualised by fluorescence microscopy. (B) GFP-S184LBax was
transiently transfected into Vdac2-/- MEFs and Vdac2-/- MEFs expressing Flag-VDAC2 or
Flag-Bcl-хL. Cells were fixed with paraformaldehyde and immunostained with antiTom20 and anti-Flag antibodies. Cells were visualized by fluorescence microscopy.
GFP-S184LBax-transfected cells expressing low and high levels of Flag-VDAC2 were
labelled A and B respectively. Scale bar: 20 µm
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In order to confirm this result, WT MEFs and Vdac2-/- MEFs were transfected
with GFP-S184LBax for 24 hrs and cells were subjected to subcellular fractionation,
SDS-PAGE and western blot analysis. As expected, all

S184LBax

was present in

membrane fraction in WT MEFs while half of it stayed in the cytosol in Vdac2-/MEFs (Fig. 5.4, compare lanes 2 & 5 to 8 & 11 respectively). Both endogenous
and exogenous Bcl-хL displayed a dual localisation to the cytosol and
mitochondria consistent with previous reports (Chen et al, 2011; Hsu et al,
1997b). Therefore, it is not surprising that over-expression of Bcl-xL could result
in an increase of both membrane-associated and cytosolic

S184LBax

in both of the

cell lines (Fig. 5.4, lanes 3, 6, 9 & 12). The reduction in cytosolic Bcl-xL levels in
Vdac2-/- MEFs was most likely due to a loading issue (Fig. 5.4, compare lanes 4-6
to 10-12).

Figure 5.4: Localisation of GFP-S184LBax in WT and Vdac2-/- MEFs upon overexpression of Bcl-хL. WT and Vdac2-/- MEFs were transfected with GFP-S184LBax alone
or with GFP-S184LBax and Flag-Bcl-хL. After 24 hrs, cells were subjected to subcellular
fractionation, SDS-PAGE analysis and western blot with indicated antibodies. Untreated
WT Vdac2-/- MEFs were also included as controls.
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5.3 Bax assembles into a high molecular weight complex
that is dependent on the presence of VDAC2 but not Bak
Given that VDAC2 is crucial for Bax to efficiently associate with the MOM and
S184VBax

assembles into a 440 kDa complex that resembles the Bak-VDAC2

complex (Ross et al, 2009), the ability of endogenous Bax to form a similar
complex and the dependency of the formation of such complex on VDAC2 were
assessed. Indeed, endogenous Bax associated with the membrane in a high
molecular weight complex in WT MEFs (Fig. 5.5, lane 1) in agreement with a
recent report (Dewson et al, 2012). The presence of a band at 440 kDa on BNPAGE was not due to the cross-reactivity of the Bax antibody to Bak since the
band was no longer observed in Bax-/- MEFs (Fig. 5.5, lane 3). The formation of
the Bax complex was disrupted in VDAC2-deficient cells and some Bax was seen
at the complex again when VDAC2 was re-expressed in these cells (Fig. 5.5, lanes
4 & 5). The inactive Bak complex behaved in a similar pattern as described
earlier (Chapter IV). The low levels of re-assembled Bax and Bak may be due to
the low expression level of VDAC2 in Vdac2-/- MEFs as compared to that in WT
MEFs (Fig 5.5, lane 5). In addition, the appearance of the Bak-VDAC2 complex in
Bax-/- MEFs indicates (Fig. 5.5, lane 3) that the Bak complex and the Bax complex
seemed to be independent of one another. Interestingly, in the absence of both
Bak and Bax, VDAC2 still assembled into at the 440 kDa complex (Fig. 5.5, lane
2) suggesting that VDAC2 may perform different functions at the MOM via
utilizing different complexes.
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Fig 5.5: Endogenous Bax assembles into a high molecular weight complex that relies
on the presence of VDAC2. 100 µg of whole cell samples from WT, Bak-/- Bax-/- , Bax-/-,
Vdac2-/- MEFs and Vdac2-/- MEFs expressing Flag-VDAC2 were solubilized in 1%
Digitonin solubilisation buffer and analysed by BN-PAGE and western blot with antiBak, anti-Bax antibodies. Anti-VDAC2 and anti-SDHA (detecting complex II) served as
loading controls.

To further check if

S184LBax

behaves like endogenous Bax in respect to its

complex formation, in vitro import and assembly assay of

S184LBax

into isolated

mitochondria from WT, Vdac2-/- MEFs and Vdac2-/- MEFs expressing Flag-VDAC2
was performed. Similar to endogenous Bax, the formation of

S184LBax

depended

on the presence of VDAC2 (Fig. 5.6). The 440 kDa Bax complex was disrupted
upon the addition of tBid, an active BH3 only protein that can directly activate
Bak and Bax (Fig. 5.6, lanes 4 & 10). This suggested that S184LBax must be released
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from its VDAC2-dependent complex upon its activation. Yet, although VDAC2
is required for Bax to efficiently target mitochondria, VDAC2 may actually have
an inhibitory function on mitochondrial Bax at early stages.

Figure 5.6: The formation of the 440 kDa
Radioactive labelled

S184L

Bax complex is reliant on VDAC2.

S184L

Bax was incubated with freshly isolated WT, Vdac2-/- MEFs

and Vdac2-/- MEFs expressing Flag-VDAC2 mitochondria for various times. Where
indicated, tBid treatment was performed at 37oC for 30 min. Import and assembly of
S184L

Bax was analysed by SDS-PAGE and BN-PAGE. Gels were visualized by

autoradiography.

As our result (Fig. 5.5) and others (Dewson et al, 2012) have indicated that the
VDAC2-dependent Bak complex and Bax complex are not the same, the ability of
S184LBax

to form its 440 kDa complex in the absence of Bak was tested. As

anticipated, the assembly of the S184LBax complex still occurred regardless of Bak
expression (Fig. 5.7, lanes 6 & 7) and did not seem to affect the Bak-VDAC2
association in WT MEFs (Fig. 5.7, bottom panel, lanes 2 & 3).
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Fig 5.7: The assembly of

S184L

Bax is not affected by the absence of Bak. Radioactive

labelled S184LBax was incubated with freshly isolated WT or Bak-/- MEF mitochondria for
various times. Where indicated, tBid treatment was performed at 37oC for 15 min.
Samples were then subjected to BN-PAGE and proteins were transferred onto a PVDF
membrane. The membrane was visualized by autoradiography (upper panel) and
subsequently immunoblotted with anti-mBak antibodies (lower panel).

5.4 The formation of the 440 kDa

S184LBax

complex is

contingent on both Bax cytosolic and transmembrane
domains
The fact that both endogenous Bax and S184LBax require VDAC2 for their efficient
association with the MOM and high molecular weight complex formation
indicates that

S184LBax

can be used as a model to dissect the regulation of Bax

during early apoptosis when Bax has translocated to the MOM but is not yet
activated. Therefore, S184LBax is employed for further investigation.
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Figure 5.8: Sequence alignment of Bak and Bax. Both Bax and Bak possess nine
helices (α1-α9) with significant sequence similarities. The highlighted residues which are
important for the formation of the Bak-VDAC2 complex are conserved between Bak and
Bax.

The requirement of VDAC2 for mitochondrial targeting of S184LBax suggested the
involvement of Bax C-terminal transmembrane region in associating with
VDAC2. In addition, Bax and Bak share significant similarities in their sequence
and structure (Fig. 5.8) and a V198S mutation in Bak greatly impaired its ability
to assemble into the Bak-VDAC2 complex (Chapter IV). It was therefore
examined whether the same mutation in S184LBax (V180S) could interfere with the
formation of the 440 kDa S184LBax complex. Indeed, the assembly of V180S/S184LBax
was considerably affected compared to

S184LBax

(Fig. 5.9, BN-PAGE, compare

lanes 3 & 4 to 1 & 2) supporting the idea that the Bax transmembrane domain is
important for mediating Bax-VDAC2 association. The V180S mutation did not
seem to affect association of

S184LBax

to mitochondria (Fig. 5.9, SDS-PAGE,

compare lanes 6 & 7 to 1 & 2).
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Figure 5.9: The transmembrane domain of

S184LBax

is involved in the biogenesis

of the VDAC2-dependent 440 kDa Bax complex. The ability of
S184LBax

and

V180S/S184LBax

to assemble into the

S184LBax

35

S-labelled

complex was assessed by

in vitro import and assembly assay with isolated mitochondria from Bak-/-Bax-/MEFs. For tBid treatment, mitochondria were resuspended in import buffer and
incubated with tBid for 30 min at 37oC. The detection of 35S-labelled Bax was done via
autoradiography. Lys stands for Lysate which contains the radioactive labelled proteins
used for import. For SDS-PAGE, 20% of the lysate input was analysed.

Point mutations (L75E & W125A) in the cytosolic domain of Bak were shown to
be critical for the assembly of the inactive Bak complex (Chapter IV) and these
residues are conserved between Bak and Bax (Fig. 5.8). Thus the role of the
corresponding residues on Bax (L63 & W107) in the biogenesis of the

S184LBax

complex was evaluated. Similar to Bak, mutations L63E and W107A in

S184LBax

prevented its integration into the 440 complex (Fig. 5.10, BN-PAGE, lanes 3-6)
without influencing the ability of

S184LBax

to bind mitochondria (Fig. 5.10, SDS-

PAGE, compare lanes 5 & 6 and 8 & 9 to 2 & 3). The result indicates that the
VDAC2-binding groove seems to be conserved between Bak and Bax.
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Figure 5.10: Mutations within the cytosolic domain of Bax disrupt its intergration in
the 440 kDa Bax complex. (A) Structure of full length Bax (PDB: 1F16) (Suzuki et al,
2000) with nine α helices coloured in rainbow (blue N terminus to red C terminus). L63,
W107 and V180 are labelled in purple shown in red. (B)
indicated

35

S-labelled

S184L

Bax and the

S184L

Bax mutants were incubated with isolated mitochondria from Bak-/-Bax-/-

DKO MEFs for varying times. The import and assembly of Bak were monitored by SDSPAGE and BN-PAGE respectively.
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5.5 Discussion
VDAC2 is crucial for optimal mitochondrial association and accumulation of Bax
Bak and Bax are both important for mediating apoptosis and thought to be
functionally redundant in some aspects (Lindsten et al, 2000; Takeuchi et al,
2005). However, as far as neurons are concerned, they do not seem to express
Bak, making Bax the central apoptosis mediator in this cell type (Deckwerth et al,
1996; Jakobson et al, 2013; Jakobson et al, 2012). Therefore, understanding how
Bax is regulated is extremely useful for therapeutic targeting of its apoptotic
function. Several reports have implicated the role of Bcl-хL in maintaining
cytosol-mitochondria dynamic equilibrium of Bax (Edlich et al, 2011;
Schellenberg et al, 2013; Todt et al, 2013). However, these studies all overexpressed Bcl-хL and the fact that over-expression of both Bcl-хL and Bax seemed
to stabilize each other at mitochondria (Schellenberg et al, 2013) suggesting that
they appeared to have high binding affinity toward one another in an overexpression situation. Indeed, it was shown here that

S184LBax

co-localised with

Bcl-хL when over-expressed in Vdac2-/- MEFs. It remains to be determined
whether Bax association and trans-localisation are affected upon genetic loss of
endogenous Bcl- хL. Nevertheless, the work in this chapter emphasises the
potential role of VDAC2 in regulating Bax association and accumulation at the
MOM during apoptosis. The absence of VDAC2 reduced the amount of Bax
translocated to the MOM upon reception of apoptotic stimuli. This defect was
due to the loss of VDAC2 because re-expression of VDAC2 to a lower level than
endogenous VDAC2 level in VDAC2-deficient cells was able to efficiently target
Bax to the MOM during apoptosis. More importantly, the defect was not the
secondary effect of impairment of mitochondrial localisation and expression of
Bcl-хL. In addition,

S184LBax

was capable of targeting to mitochondria only when

VDAC2 was present. The constitutive mitochondrial localisation of

S184LBax

is

potentially determined by its lower disassociation rate compared to that of Bax
(Schellenberg et al, 2013). It is possible that this process is controlled by VDAC2.
As the result, the disassociation of

S184LBax

is not restrained in the absence of

VDAC2, promoting the cytosolic localisation of S184LBax. Whether this hypothesis
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reflects what happens in physiological conditions in vivo remains to be
elucidated. It is also important to keep in mind that though S184LBax can serve as
a useful model for investigating Bax function at the MOM, confirming obtained
results with endogenous Bax using appropriate approaches has to be always
considered.
The formation of the Bax-VDAC2 complex at the MOM is dependent on both cytosolic
and transmembrane domains of Bax
Both

S184LBax

and endogenous Bax require VDAC2 to assemble into the 440 kDa

complexes. Using in vitro import and assembly assays, it was uncovered that the
formation of the Bax complex is mediated by both transmembrane domain and
cytosolic domain. When helix α9 is in the canonical groove in inactive Bax
(Suzuki et al, 2000), Leu63 is buried inside the Bax cytosolic domain and unlikely
to involve in associating of fully inactive Bax with VDAC2. However, upon
dislodgment of helix α9 which happens in

S184LBax,

Leu63 possibly becomes

available (Czabotar et al, 2013) to interact with VDAC2. The results point to the
conservation of the VDAC2-binding groove between Bak and Bax. Although it
has not been demonstrated in this study, the Bax-VDAC2 interaction appears to
be direct (Yamagata et al, 2009). Whether additional proteins may participate in
the biogenesis of the Bax-VDAC2 complex remains unknown. Future studies will
employ S184LBax as a model and similar approaches utilized for identifying novel
components of the Bak-VDAC2 complex (Chapter IV) in order to understand
how Bax is regulated within its 440 kDa complex. Nonetheless, it appears that
Bak is not part of the 440 kDa Bax complex (Dewson et al, 2012) and the BakVDAC2 complex does not contain Bax (Chapter IV).
The presence of VDAC2 at the MOM is potentially important for inhibiting proapoptotic function of membrane-integrated Bax
It was believed that VDAC2 is essential for the pro-apoptotic activity of Bax to
modulate apoptosis (Yamagata et al, 2009). VDAC2 is required for efficient
mitochondrial association and accumulation of Bax in the initial stages of
apoptosis. Therefore, in the absence of VDAC2 this process is impaired, leading
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to reduced activation and oligomerisation of Bax (Yamagata et al, 2009). Given
that the Bax-VDAC2 complex was only disrupted upon activation of Bax by tBid
and expression of S184LBax did not cause spontaneous cell death (Kim et al, 2009),
it suggests that the presence of VDAC2 may be a defence mechanism by
inhibiting downstream activation of mitochondrial Bax. In that sense, under low
stress conditions Bax is triggered to accumulate at the MOM but it is possibly
trapped inactive in the Bax-VDAC2 complex. If the stress signals persist and gets
stronger, the BH3 only proteins will be activated, dissociating Bax from the BaxVDAC2 complex to be further activated and undergoing conformational changes
and oligomerization to execute MOMP (Schellenberg et al, 2013). While it is
possible that VDAC2 may have an inhibitory effect on membrane-inserted Bax,
more experimental data are required to specifically define the role of VDAC2 in
regulating the pro-apoptotic activity of Bax.
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Chapter Six
Generation and initial characterization of ∆VDAC2
HCT116 cells
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6.1 Introduction
Using VDAC2-deficient mouse embryonic fibroblasts (MEFs), various groups
have generated conflicting data toward the role of VDAC2 in manipulating proapoptotic functions of Bak and Bax (Cheng et al, 2003; Kim et al, 2009; Lazarou et
al, 2010; Ren et al, 2009; Roy et al, 2009; Yamagata et al, 2009). Although some
aspects have been more closely evaluated in this study with Vdac2-/- MEFs, it is
also important to determine whether the VDAC2-dependent regulation of Bak
and Bax seen in mouse cells is also applicable to human cells. This is an
important

question

that

is

sometimes

forgotten

because

many

have

automatically assumed the evolutionary conservation of signalling pathways
between mice and humans. In addition, the so-called “isogenic” wild type MEF
control cells used are actually not isogenic. They were isolated from wild type
mice of the same litter that the knockout was generated (Dougan et al, 2011; Ren
et al, 2009; Zaltsman et al, 2010). Therefore, the control cells and the knockout
cells might have distinct genotypes with distinct protein expression profiles.
Genome modification of cultured cells has enabled researchers to re-examine
their results in different human cell models. Several methods such as zinc-finger
nuclease (ZFN), transcription activator-like endonuclease (TALEN) and
clustered regularly interspaced short palindromic repeats (CRISPR)-Cas
technologies have been developed for genome editing (Mali et al, 2013; Sanjana
et al, 2012; Urnov et al, 2010). All of the three techniques involve nucleaseinduced double-strand DNA breaks at a targeted point within a gene of interest,
triggering DNA repair via non-homologous end joining resulting in out-of-frame
deletions or insertions (Mali et al, 2013; Sanjana et al, 2012; Urnov et al, 2010). We
have successfully employed TALEN gene editing approach to generate tissue
cultured cell lines lacking specific mitochondrial proteins for functional studies
(Richter et al, 2014; Stroud et al, 2013). Taking advantage of this, a human colon
cancer cell line HCT116 lacking VDAC2 expression was produced via TALENs
in an effort to further clarify the role of human VDAC2 in regulating proapoptotic functions of Bak and Bax at the MOM.
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6.2

Generation

of

VDAC2-deficient

HCT116

cells

(∆VDAC2 HCT116) using TALENs
According to UniProt, human VDAC2 (P45880) has three isoforms. It was
therefore decided to target the common exon of three isoforms (Fig. 6.1A). The
targeted site contained a NdeI restriction site which enabled screening of
disrupted cells by genomic PCR and restriction digest. TALEN binding sites are
indicated in Fig. 6.1A (grey boxes) and the TALEN binding pair was generated
as described previously (Stroud et al, 2013). The plasmids encoding the TALEN
binding pair were transiently co-transfected with a GFP-expressing plasmid into
HCT116 cells. The transfected cells were sorted into single cells using GFP as a
marker. The single cells were expanded and their VDAC2 expression was
analysed by SDS-PAGE and western blotting. As can be seen in Fig. 6.1B, clones
4 & 12 did not express VDAC2 (Fig. 6.1B, compare lanes 5 & 14 to the rest).
Restriction digest of PCR products amplifying the region containing the targeted
site using genomic DNAs from WT and clones 4 & 12 revealed a loss of the NdeI
site in the targeted site of the Vdac2 gene in clones 4 & 12 indicating that the
Vdac2 gene was disrupted in these clones (Fig. 6.1C, compare lanes 4 & 6 to 2).
The disruption was further confirmed by sequencing. In clone 4, different
deletions in both alleles resulted in stop codons (Fig. 6.1D). As a result, the
maximum translated VDAC2 product is predicted to be 30 amino acids long.
Clone 12 had one allele with one base deletion and the other with 7 base deletion
and one A to T mutation. Both of the changes caused frame-shifts in the amino
acid sequence of VDAC2, potentially rendering VDAC2 unable to be targeted to
mitochondria and subsequently degraded. These two clones were selected for
further analyses.
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Figure 6.1: targeted gene disruption of VDAC2 in a HCT116 cell line. (A) Schematic
showing the targeted region on the Vdac2 gene. NdeI restriction site and the binding
positions of the TALEN pair are highlighted in green box and grey boxes respectively.
(B) SDS-PAGE and western blot analysis of whole cell lysate from WT control cells and
various single cell clones. Anti-mtHsp70 served as a loading control. (C) Genomic PCR
on genomic DNAs isolated from WT HCT116 and clones 4 & 12 were performed to
amplify the region containing the TALEN targeted site. PCR products were left untreated
or treated with NdeI at 37oC for 1 hr and subsequently analysed by DNA gel
electrophoresis. (D) Schematic showing genetic changes within the Vdac2 gene by
sequencing analysis in clones 4 & 12 compared to WT. * indicates a stop codon.

6.3 Initial characterisation of ∆VDAC2 HCT116 cells
6.3.1 VDAC2 is crucial for the formation of the 440 kDa Bak and Bax
complexes in HCT116 cells
The crucial role of VDAC2 in the biogenesis of the 440 kDa Bak and Bax
complexes have been demonstrated for MEFs (Chapters IV & V and Lazarou et
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al, 2010). In HeLa cells, Bak and

S184VBax

also integrate into 440 kDa complexes

(Lazarou et al, 2010; Ross et al, 2009). Similarly, these complexes were observed
in WT HCT (Fig. 6.2). Such complexes were no longer existent in VDAC2deficient HCT116 cells (Fig. 6.2) indicating that the formation of the 440 kDa Bak
and Bax complexes is dependent on VDAC2 in this human cell model. The loss
of VDAC2 expression in clones 4 & 12 was confirmed again by the absence of
VDAC2 complexes on BN-PAGE (Fig. 6.2, right panel). The presence of a signal
at 440 kDa with anti-Bax anitbodies was not due to their cross-reactivity to Bak
as the signal was absent in Bax-/- HCT116 cells (Fig. 6.2, left panel).

Figure 6.2: Bak and Bax require VDAC2 to assemble into their 440 kDa complexes.
Membrane fractions were isolated from WT, ∆VDAC2 and Bax-/- HCT cells and
subjected to BN-PAGE and western blot with indicated antibodies. * indicates nonspecific bands.
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6.3.2 The absence of VDAC2 in HCT116 causes the depletion of total and
mitochondrial Bak levels
Since VDAC2 was implicated in regulating the total and mitochondrial Bak
levels in MEFs (Chapter III), these effects were re-examined using the generated
VDAC2-deficient HCT116 clones. In an agreement with the results obtained
from MEFs, the total levels of Bak in WT HCT116 cells were much higher than
those in both ∆VDAC2 clones 4 and 12 (Fig. 6.3A, compare lanes 4-6 and 7-9 to 13). Other mitochondrial proteins such as mtHsp70, SDHA and Cyt c remained
unaffected in ∆VDAC2 HCT116 indicating that the absence of VDAC2 in
HCT116 had a specific impact on the total Bak level.
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Figure 6.3: The total and mitochondrial Bak levels are significantly affected in
VDAC2-depleted HCT116 cells. (A) Steady state levels of some mitochondrial proteins
in WT and VDAC2 deficient HCT116 cells. Whole cell lysates from the indicated cell
lines were subjected to SDS-PAGE and immunoblotted for defined antibodies. (B)
Mitochondria from WT and ∆VDAC2 clones 4 & 12 were isolated and analysed via
SDS-PAGE and western blotting with indicated antibodies. * indicates a potential crossreactive band.
Next, the mitochondrial Bak levels in ∆VDAC2 clones 4 and 12 were assessed by
SDS-PAGE using isolated mitochondria. Similar to the total Bak levels, the
amount of Bak targeted to mitochondria was greatly reduced in the absence of
VDAC2 while the levels of mtHsp70 were the same in WT and VDAC2-deficient
cells (Fig. 6.3B, compare lanes 4-6 and 7-9 to the rest). The effect was so severe
that the Bak signal was only seen when 80 µg of mitochondria was loaded (Fig.
6.3B, compare lanes 6 to 4 & 5 and 9 to 7 & 8). The presence of a band at similar
size to the VDAC2 bands on SDS-PAGE in mitochondria isolated from both WT
and ∆VDAC2 cells (Fig 6.3B, middle panel) suggests that the antibody may be
slightly cross-reactive with the VDAC3 isoform (data not shown).
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6.4 Discussion
Using mouse embryonic fibroblasts, VDAC2 has been shown to be a critical
component of the 440kDa Bak complex, therefore maintaining Bak inactive at the
MOM (Chapter IV) (Lazarou et al, 2010). Additionally, VDAC2 appears to be
specifically involved in mitochondrial delivering of Bak and Bax, which might
present a pro-apoptotic function of VDAC2 (Chapter V). The underlining
mechanisms for seemingly opposing functions of VDAC2 at the MOM remain a
mystery. It has been also obscure if the dual function of VDAC2 is also found in
human cells. This study attempted to address this question by disrupting the
VDAC2 gene in HCT116 cells using TALEN technology. HCT116 cell line was
chosen due to two reasons: (i) these cells are diploid similar to normal human
cells; and (ii) the availability of Bak-/- and Bax-/- HCT116 cell lines (Wang & Youle,
2012) also allows the future disruption of the VDAC2 gene in these cells,
enabling separate assessment of the role of VDAC2 in mediating Bak- and Baxdependent apoptotis. Herein, it is reported for the first time of a VDAC2deficient human cell line. The TALEN pair successfully targeted a specified
region on the Vdac2 gene, leading to the deletions of one or more bases resulting
in the production of truncated or modified translation products that were not
recognised by an anti-hVDAC2 antibody.
Initial characterisation of two different ∆VDAC2 HCT116 clones indicated that
they behaved identically and in a consistent way with Vdac2-/- MEFs. The
absence of VDAC2 in the HCT116 cell line prevented the formation of the 440
kDa Bak and Bax complex suggesting the co-existence of VDAC2 and either Bak
or Bax within such complexes. While it becomes clear that Bak and Bax do not
require one another in associating with VDAC2 (Chapter IV; (Dewson et al,
2012)), whether additional proteins participating in the biogenesis of the
VDAC2-dependent Bak or Bax complexes have not been successfully identified.
However, in line with the evidence from Vdac2-/- MEFs, the loss of VDAC2 in
HCT116 provoked the reduction of the total and mitochondrial Bak levels.
Potentially this effect is a consequence of less efficient mitochondrial targeting of
Bak in ∆VDAC2 HCT116 in support of a previous suggestion that VDAC2 is
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important for mitochondrial localisation of Bak in HeLa cells (Setoguchi et al,
2006).
Although the ∆VDAC2 HCT116 cell lines have not been fully characterized, they
promise to provide clarifications for many controversial aspects toward
understanding the contribution of VDAC2 to Bak/Bax-dependent apoptosis.
Gene editing approaches including TALEN technology appear to be useful
techniques to help unravel cellular functions of different classes of mitochondrial
proteins.
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Bcl-2 family members create a complex regulatory network for intrinsic
apoptosis and have crucial roles in embryonic development, tissue homeostasis
and a controlled immune system. Genetic deletion of Bcl-2 pro-survivals in mice
has detrimental impacts on the animals. For example, Bcl-xL is essential for
survival of immature neurons and haematopoietic cells as genetic ablation of
Bcl2l1 gene, which encodes for Bcl-xL, causes embryonic lethality owing to
neuronal degeneration and defective foetal erythropoiesis (Motoyama et al,
1995). The loss of Bcl-2 does not seem to affect embryogenesis but results in fatal
polycystic kidney disease and thymus and spleen attrition owing to massive cell
death of renal epithelial progenitor cells and mature lymphoid cells respectively
(Veis et al, 1993). The depletion of pro-apoptotic effectors Bak and Bax gives rise
to mice with webbed feet and enlarged lymph nodes and spleens (Lindsten et al,
2000). Most Bak-/-Bax-/- mice die perinatally for unexplained reasons but if they
survive, they are likely to develop fatal systemic autoimmune disease (Lindsten
et al, 2000; Mason et al, 2013). Because of the presence of a large number of BH3only proteins with possible overlapping functions between some of them, the
loss of a single BH3-only protein does not normally cause severe effects on
animals with Bim being an exception. Ablation of Bim provokes multiple defects
including disruption of haematopoietic homeostasis, thymocyte negative
selection and immune response shutdown following infection due to
accumulation of lymphoid and myeloid cells, of autoreactive thymocytes and of
activated T cells respectively (Bouillet et al, 1999; Bouillet et al, 2002; Hildeman et
al, 2002; Hughes et al, 2008; Pellegrini et al, 2003).
In humans, altered expression of Bcl-2 proteins is related to several pathological
conditions. For instance, overexpression of Bcl-2 due to t(14;18) chromosomal
translocation is common in 90% of follicular centre B cell lymphomas (Tsujimoto
et al, 1984), while amplification of Bcl-xL and Mcl-1 occurs in various tumours
(Beroukhim et al, 2010). In addition, deletion of the Bim gene is detected in 17%
of mantle cell B lymphomas (Zantl et al, 2007). Because of pivotal functions of
Bcl-2 family members in modulating intrinsic apoptosis in different cell types, a
complete understanding how these proteins regulate each other and how they
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are regulated by other non-Bcl-2 proteins will provide precious opportunities for
therapeutic targeting of Bcl-2 relatives in different pathological conditions.
At the beginning of this study, VDAC2 was shown to inhibit mitochondrial
apoptosis by keeping Bak inactive in a 440 kDa complex, whose formation is
contingent on the presence of VDAC2 (Cheng et al, 2003; Lazarou et al, 2010).
The interaction between Bak and VDAC2 has also been reported to be crucial for
maintaining thymocyte homeostasis (Ren et al, 2009). However, the precise
mechanisms of Bak regulation by VDAC2 are not clear. The work presented in
this thesis confirmed the crucial role of VDAC2 in the biogenesis of the
endogenous inactive Bak complex. VDAC2 is an integral component of such a
complex shown by co-immunoprecipitation and mass spectrometry. In addition,
Bak binds to VDAC2 via both its transmembrane domain and cytosolic domain.
The transmembrane domain of Bak has been indicated to mediate the BakVDAC2 association (Lazarou et al, 2010) but involved amino acid residues have
never been identified. Herein, a mutation within the Bak transmembrane domain
(V198S) was demonstrated to affect the binding of Bak to VDAC2 without
interfering with mitochondrial localisation and pro-apoptotic function of Bak
(Ma et al, 2014). The VDAC2-interacting groove of Bak most likely resides near
the beginning of its transmembrane anchor, created by helices α2, α5 and α8.
Different Bak mutants (L75E, W125A & ∆H8) within this region disrupted the
assembly of the Bak-VDAC2 complex (Ma et al, 2014). These results suggest that
conformational changes of the Bak cytosolic domain, which are believed to be
essential for Bak oligomerisation, can potentially provoke the release of Bak from
VDAC2.
Mammalian VDAC1 and zebrafish VDAC2 both adopt β barrel structures with
19 β strands and a central helix (Bayrhuber et al, 2008; Schredelseker et al, 2014;
Ujwal et al, 2008). As mammalian VDAC2 has an extra 12 amino acid extension
at its N-terminus, it was earlier hypothesised that this N-terminal extension may
project out of the β barrel pore and be involved in interacting with Bak.
However,

∆N12VDAC2

was still able to assemble into its complex with Bak

(Thanh Nguyen, honours thesis). Replacing the N-terminal helix of VDAC2 with
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that of VDAC1 also did not affect the biogenesis of the inactive Bak complex
indicating that the ability of VDAC2 but not VDAC1 to directly interact with Bak
is not due to the differences within their N-terminal helices. What is interesting
is that complete removal of the VDAC2 N-terminal helix blocked its complex
assembly. In this case, it is likely that the truncated protein has its structure
destabilised, adopting a distorted conformation as reported for VDAC1
(Zachariae et al, 2012) and subsequently disrupting its complex formation. It is
not understood how VDAC2 might actually change its conformation in vivo
when cellular environment changes such as during apoptosis.
As a high molecular weight complex, the Bak-VDAC2 complex was postulated
to involve additional proteins. Known binding partners of Bak, including the
pro-survivals Bcl-хL and Mcl-1 which act as main guardians of Bak in healthy
cells (Willis et al, 2005), do not appear to constitute the inactive Bak complex.
This is consistent with a previous report that Bak in unstimulated cells is not
restrained by Bcl-хL and Mcl-1 (Cheng et al, 2003; Kim et al, 2006). It is possible
that VDAC2 creates the first checkpoint in healthy cells where Bak is inactively
maintained and Bcl-хL and Mcl-1 may be important following the dissociation of
Bak from VDAC2 (Fig. 7.1B) (Lazarou et al, 2010). This remains to be tested by
using Vdac2-/- cells or Bak mutants that are unable to bind efficiently to VDAC2.
VDAC1 and VDAC3 were identified to be the most enriched proteins of the
isolated Bak-VDAC2 complex suggesting potential role of these proteins in the
formation of the Bak-VDAC2 complex. Whether VDAC1 and VDAC3 together
directly participate in maintaining the Bak-VDAC2 interaction is not clear at this
stage but each protein does not appear to do so as cell death in Vdac1-/- or Vdac3-/MEFs is similar to that in WT cells (Baines et al, 2007). However, since VDACs
have been proposed to have ability to form dimers and multimers (Bayrhuber et
al, 2008; Hoogenboom et al, 2007; Mannella, 1982; Schredelseker et al, 2014;
Ujwal et al, 2008), it is possible that VDAC1 and VDAC3 may associate with
VDAC2 in a similar fashion within the Bak-VDAC2 complex.
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Figure 7.1: Proposed stepwise regulation models of Bax (A) and Bak (B). In healthy
cells, Bax is shuttled between the cytosol and mitochondria via its interaction with
VDAC2. Bcl-хL may also involve in this process but the mechanisms for possible
VDAC2 and Bcl-хL co-operation remain to be determined. Bak, on the contrary, is
permanently anchored to the MOM and held in check within its inactive complex with
VDAC2. Under low stress conditions, Bax can be triggered to translocate to the MOM
where Bax may be restrained by VDAC2. If the stress signals increase, Bak/Bax
conformational changes can be triggered by low level of activated BH3-only proteins to
release Bak/Bax from VDAC2. Alternatively, Bcl-хS may bind VDAC2 and displace
Bak/Bax from the Bax-VDAC2 complex as being reported for Bak (Plotz et al, 2012).
Freed Bak/Bax at this stage can still be kept in check by pro-survival proteins (Bcl- хL
and Bcl-2 for Bax (Oltvai et al, 1993; Yang et al, 1995) and Bcl-хL and Mcl-1 for Bak
(Willis et al, 2005)). It is unclear if the initially activated BH3-only proteins can provoke
conformational changes of VDAC2 to liberate Bak or of the anti-apoptotic proteins
facilitating these proteins to steal Bak/Bax from VDAC2.

If the stress signals are

continuously amplified beyond threshold, Bak/Bax are released from the anti-apoptotic
proteins and become fully activated to oligomerise and permeablise the MOM to release
cytochrome c.
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As opposed to its inhibitory function, VDAC2 has been proposed to recruit Bak
to the MOM (Roy et al, 2009). Without VDAC2, the mitochondrial localisation of
Bak is abrogated, resulting in the insensitivity of Vdac2-/- MEFs to tBid-induced
apoptosis (Roy et al, 2009). This work clarified that the presence of VDAC2 is not
absolutely required for Bak mitochondrial targeting but crucial for optimal
import of Bak to the MOM. The absence of VDAC2 resulted in low total Bak
levels but clearly the majority of Bak was still found at mitochondria. Therefore,
the resistance of Vdac2-/- MEFs to tBid-induced apoptosis is not due to the
unavailability of Bak at the MOM but likely due to the inefficient activation of
Bak by tBid. The effect appears to be unique to tBid since Vdac2-/- MEFs are more
prone to undergo apoptosis in response to other cytotoxic reagents ((Baines et al,
2007; Cheng et al, 2003; Ma et al, 2014) & Thanh Nguyen, honours thesis). This is
indicative of some defect in the tBid-driven apoptotic pathway in Vdac2-/- MEFs
that necessitates more thorough investigation. In addition, that cytosolic Bak in
VDAC2-null cells seemed to be rapidly degraded, potentially accounting for the
lower total Bak level in these cells. Nevertheless, it is not excluded that cytosolic
Bak somehow gives a negative feedback to the cells to reduce Bak transcript
levels and this possibility is currently under investigation in the Ryan lab.
VDAC2 has also been demonstrated to be involved in Bax-mediated apoptosis
(Yamagata et al, 2009). Indeed, it was shown in chapter V of this thesis that Bax
or its constitutive mitochondrial mutant S184LBax resides within a high molecular
weight complex that is reliant on VDAC2. In VDAC2-deficient cells,
mitochondrial association and accumulation of Bax was significantly reduced
upon apoptotic treatment and

S184LBax

was no longer localised to the MOM

pointing to the role of VDAC2 in facilitating efficient import of Bax to the MOM.
The

Bax-VDAC2

complex

might

be

responsible

for

determining

association/disassociation rates and for cytosol-mitochondria shuttling of Bax in
healthy cells. While this function has been attributed to Bcl-хL, the data was
obtained using over-expressed Bcl-хL (Edlich et al, 2011; Schellenberg et al, 2013;
Todt et al, 2013). Given that over-expression of Bcl-хL in Vdac2-/- MEFs could
partially rescue mitochondrial localisation of
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somehow influence association/disassociation rates of Bax. How VDAC2 and
Bcl-хL cooperate to control Bax retro-translocation will be a subject of future
investigations (Fig. 7.1A). However, as in healthy cells the formation of the Bax
complex as well as mitochondrial localisation of

S184LBax,

Bax shuttling is not

likely to be dependent upon Bak. The situation may be different when cells
undergo apoptosis. The fact that Bax association and oligomerization are
considerably reduced in VDAC2-deficient cells and further reduced upon
depletion of Bak in these cells implies that to some certain extent, Bak can replace
VDAC2 function in Vdac2-/- cells in assisting Bax to target mitochondria (Ma et al,
2014; Yamagata et al, 2009).
There is also a need to unravel the role of VDAC2 in regulating Bax activity. At a
glance, it seems that VDAC2 functions as a pro-apoptotic protein as it promotes
mitochondrial association and translocation of Bax. However, it is possible that
the presence of VDAC2 as a potential receptor of Bax at the MOM is to ensure
that Bax is destined for the right place for additional regulation before it can be
fully activated. Indeed, the insertion of Bax within the MOM does not necessarily
result in cell death until further apoptotic signals continue (Kim et al, 2009).
S184LBax

did not spontaneously induce apoptosis when expressed in cells (Kim et

al, 2009), implying that mitochondrially integrated Bax is still kept inactive at the
MOM possibly by VDAC2 (Fig. 7.1A). In addition, the

S184LBax-VDAC2

complex

was only disrupted upon activation Bak by activated BH3 only protein tBid.
As indicated from this work, the

S184LBax

mutant can be utilized for teasing out

the mechanisms of Bax regulation at the MOM. Given the structure and sequence
similarities between Bak and Bax (Czabotar et al, 2013; Moldoveanu et al, 2006;
Suzuki et al, 2000), amino acid residues that were shown to mediate the BakVDAC2 interaction were correspondingly mutated in

S184LBax.

All mutations

(V180S, L65E & W105A) significantly affected the formation of the

S184LBax-

VDAC2 complex underlining the importance of both the transmembrane and
cytosolic domains of Bax in maintaining the association with VDAC2. Thus the
VDAC2-binding groove is most likely conserved between Bak and Bax.
However, as S184LBax mutant has potential to behave differently to the wild type
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protein, it is always important to verify results obtained from

S184LBax

with

endogenous Bax.
The generation of a VDAC2 deficient human cell line through TALEN editing
enables us to further validate and clearly define the role of VDAC2 in regulating
Bak and Bax. Initial characterisation of two ∆VDAC2 HCT116 clones supported
the results obtained from Vdac2-/- MEFs where the absence of VDAC2
significantly decreases Bak levels and blocks the formation of the 440 kDa Bak
and Bax complexes. Other observed defects of Vdac2-/- MEFs will need to be
examined in ∆VDAC2 HCT116 cells and complementation experiments will be
important to determine if the defects can be rescued upon expression of VDAC2
in ∆VDAC2 HCT116 cells.
While there are other aspects to be elucidated, this study has certainly provided
a clearer picture toward understanding the regulation of Bak and Bax by
VDAC2.

Hopefully, further investigations will provide greater details into

molecular nature of the Bak-VDAC2 and Bax-VDAC2 regulations, creating novel
avenues for therapeutic target of Bak and/or Bax in diseases with abnormal
apoptosis such as cancers, autoimmune disease and neurodegenerative diseases.
Such strategies, in conjunction with others (Brouwer et al, 2014; Czabotar et al,
2013), may potentially not only improve efficiency of current antagonists of Bcl-2
pro-survivals such as ABT-737 and ABT-263 but also minimise their cytotoxicity
to platelets (Lessene et al, 2008). In addition, it is also important to evaluate the
significance of the Bak-VDAC2 and Bax-VDAC2 interactions in different cell
types in mice. This can be done by generating mice carrying Bak, Bax or VDAC2
mutations that destabilize the Bak-VDAC2 or Bax-VDAC2 complexes using
genome editing techniques such as TALENs or CRISPRs or conditionally
knocking out Vdac2 in different mouse tissues. Knowledge from such studies
will enormously extend our understanding on relevant physiological roles of
VDAC2 in controlling pro-apoptotic functions of Bak and Bax.
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