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SUMMARY
Mitochondria are central cellular organelles ubiquitously found in eukaryotes.
They play a crucial role in healthy as well as in damaged cells by regulating vital
processes such as the production of adenosine triphosphate and mediating cell death.
Mitochondrial

energy

generation

is

carried

out

by

the

oxidative

phosphorylation system. This system consists of five multi protein enzyme complexes.
Complex I is the first complex within this system and consists of 44 different subunits.
The protein NDUFA13 is a nuclear encoded subunit of complex I. Previous studies
indicated that it may not only play a role in complex I biogenesis but also in regulating
cell death. This study further clarifies and characterizes both the contribution of
NDUFA13 in complex I biogenesis and its implication in cell death. The absence of
NDUFA13 in cultured human cells demonstrated a destabilization of complex I and the
degradation of complex I subunits including the mitochondrial encoded subunit ND1.
Furthermore the loss of NDUFA13 led to an increase in mitochondrial reactive oxygen
species production, reduced mitochondrial membrane potential and reduced cell
viability. Nevertheless the absence of NDUFA13 also led to a decreased susceptibility
to the cell death-inducing agent Staurosporine.
Bak is one of the key mediators of mitochondrial regulated cell death
(apoptosis).

During

apoptosis,

activated

Bak

forms

oligomers

leading

to

permeabilization of the mitochondrial outer membrane and release of cytochrome c.
Voltage dependent anion channel isoform 2 (VDAC2) has been indicated to associate
with Bak and thereby to contribute to its regulation. This work further characterizes the
regulation of Bak and its interaction to VDAC2. The ability of a cytosol fraction enriched
in proteins that delay Bak activation represents a possible novel feature in the
regulative network of Bak. Structural characterisation of the human VDAC2 isoform
represents another base to study the interaction of Bak and VDAC2 further.
In summary, the work in this thesis provides important insights into critical
steps of complex I biogenesis by NDUFA13 and the regulation of Bak-induced
apoptosis.
X

----------------------------------------------------------------------------------- Statement of authorship

STATEMENT OF AUTHORSHIP
Except where reference is made in the text of the thesis, this thesis contains no
material published elsewhere or extracted in whole or in part from a thesis submitted
for the award of any other degree or diploma. No other person’s work has been used
without due acknowledgement in the main text of the thesis. This thesis has not been
submitted for the award of any degree or diploma in any other tertiary institution.

Boris Reljic

17/02/2015

XI

-------------------------------------------------------------------------------------------------------- Chapter I

CHAPTER I
INTRODUCTION
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1.0 THE ROLE OF MITOCHONDRIAL ENERGY GENERATION
Mitochondria are ubiquitous cellular organelles found in eukaryotes. The origin
of mitochondria is now widely accepted as being endosymbiotic in nature. Early
prokaryotic protobacteria (or even early eukaryotic) cells are believed to have been
incorporated by endocytosis into eukaryotes, but escaped degradation and digestion
and instead evolved into the energy producing cell organelle now known as
mitochondria (Gabaldon, 2014; Gray, 2014). Due to their double-membraned
organization, mitochondria consist of five compartments distinct by composition and
function: the outer membrane (MOM), the intermembrane space (IMS), the inner
membrane (MIM), the cristae and the matrix (Henze & Martin, 2003; McBride et al,
2006). Mitochondria play an essential role in healthy as well as in damaged cells, being
a central regulatory element in cellular bioenergetics, major metabolic activities as well
as heme and steroid biosynthesis. Dysregulation of mitochondrial activities can lead to
a variety of effects in the cell and the whole organism itself. In fact mitochondria are
the major producer of energy in the form of adenosine triphosphate (ATP) and are
often referred to as the “powerhouse” of the cell. Additionally mitochondria are a
crucial mediator of cell death (Borutaite, 2010). Apoptosis or programmed cell death is
essential for embryonic development as well as cellular homeostasis and many other
mechanisms in multi cellular organisms.

1.1 OXIDATIVE PHOSPHORYLATION
The process of oxidative phosphorylation (OXPHOS) is the metabolic pathway
in which mitochondria generate ATP in cells (Figure 1). Five large MIM-embedded
protein complexes form the OXPHOS system: Nicotinamide adenine dinucleotide
(NADH):ubiquinone oxidoreductase known as complex I, succinate:ubiquinone
oxidoreductase or complex II, ubiquinol:cytochrome c oxidoreductase or complex III,
cytochrome-c oxidase or complex IV and finally F0F1-ATP-synthase or complex V.
Complexes I, III, IV and V consist of multiple nuclear or mitochondrial DNA-encoded
subunits, whereas complex II exclusively consists of nuclear encoded subunits.
Nevertheless all nDNA-encoded subunits require not only import into the
2
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mitochondrial inner membrane but also assembly with the other subunits into the
functional complexes. Moreover the assembly of all complexes is guided by assembly
factors that are not part of the final assembled complex but are at one stage necessary
for correct assembly. The OXPHOS system can be grouped into the electron
transporting group, consisting of complexes I-IV, which is responsible for generating
the proton gradient across the mitochondrial inner membrane, and complex V, which
is alone responsible for generating ATP by utilizing the generated proton gradient
(Distelmaier et al, 2009a; Distelmaier et al, 2009b; Koopman et al, 2013; Koopman et al,
2012).
One entry point for the electron transport is the oxidization of NADH to NAD+
by complex I, which then donates the released electrons through the help of a chain of
iron-sulphur (Fe-S) clusters to the electron carrier coenzyme Q10 (CoQ10 or ubiquinone).
During that process H+ is transported across the mitochondrial inner membrane due to
conformational changes within complex I (Baradaran et al, 2013; Efremov & Sazanov,
2011a; Efremov & Sazanov, 2011b; Sazanov et al, 2013; Xu & Moller, 2011). The
heterotetrameric complex II oxidizes flavin adenine dinucleotide FADH2 to FAD and
also transfers the released electrons similar to complex I by Fe-S clusters to CoQ10 but
does not transfer protons across the membrane into the intermembrane space. Its
assembly is assisted by two different assembly factors. Complex II is the sole protein
complex of the OXPHOS system that is not only part of the OXPHOS system but also
participates in the citric acid cycle where it catalyzes the oxidation of succinate to
fumarate leading to the reduction of CoQ10 thus linking both systems together
(Anderson et al, 2014; Rutter et al, 2010).
The electrons from CoQ10 generated by complex I and II are then transferred to
the third complex of the OXPHOS system. Complex III consists of 11 subunits and
requires at least 3 different assembly factors for correct assembly (Tucker et al, 2013). It
catalyzes the reduction of iron bound to cytochrome c via the oxidation of CoQ10.
During this process further protons are transferred into the mitochondrial
intermembrane space (Smith et al, 2012). The fourth enzyme of the OXPHOS system,
complex IV, consists of 14 subunits with at least 18 different assembly factors
3
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(Koopman et al, 2013; Mimaki et al, 2012). Copper centers within the enzyme receive
electrons from cytochrome c and mediate the transfer onto molecular oxygen (O2)
leading to the reduction of O2 to water and further pumping protons into the
intermembrane space (Mick et al, 2011). The result of these linked reactions is the
creation of a proton motive force (PMF) consisting of an electric charge (∆Ψm) as well
as pH gradient (∆pHm), where the matrix side is more negatively charged and has a
higher pH compared to the intermembrane space (Mailloux & Harper, 2012). The final
complex of the OXPHOS systems, complex V, is built up of 19 different subunits and so
far four different assembly factors have been identified. The assembled complex V is
comprised of two distinct modules, F0 and F1 (together F0 F1). These interlocking motorlike modules use the generated PMF via a mechanical rotational mechanism thus
transforming the electrochemical potential for adding inorganic phosphate onto ADP
to form ATP (Jonckheere et al, 2012; Okuno et al, 2011; Watanabe et al, 2012). Under
certain conditions when there is a greater need for the generation of proton gradients,
complex V can also function in what is known as a reverse mode, which is utilizing the
energy released from ATP hydrolysis to transport protons against the electrochemical
gradient into the intermembrane space (Chinopoulos & Adam-Vizi, 2010; Doczi et al,
2011). Beside the generation of the vast majority of the cellular energy form of ATP, the
membrane potential is also necessary for other processes of mitochondrial biogenesis
such as mitochondrial fission and fusion, protein import into the mitochondrial matrix
and the interchange of metabolites as well as ions from and to the cytosol (Becker et al,
2012; Garlid et al, 2003; Garlid & Paucek, 2003; Kaasik et al, 2007; Klingenberg, 2008;
Koopman et al, 2010; O'Rourke, 2007; Palmieri, 2008). For these reasons a proper
electrochemical proton gradient is essential for the maintenance of mitochondrial
integrity and many other aspects of mitochondrial function (apoptosis, innate
immunity, redox control, calcium homeostasis and several biosynthetic processes). In
addition, some energy of the electrochemical proton gradient is used for
thermogenesis (Arnoult et al, 2011; Mammucari et al, 2011; Wang & Youle, 2009).
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Figure 1: The OXPHOS system.
(A) The mitochondrial OXPHOS system consists of five multi-subunit complexes (complex I–V) and
resides in the mitochondrial inner membrane. Complex I oxidizes NADH whereas complex II FADH2
respectively, then the released electrons are transported to complex III by coenzyme Q10 (CoQ10).
Electrons are then transported to complex IV via cytochrome C (Cyt C) and donated to molecular oxygen
(O2). Complex I to complex IV form the electron transport chain (ETC). The generated energy originated
from the electron transport chain is then used to pump H+ along the ETC from the mitochondrial matrix
into the intermembrane space leading to formation of a proton gradient, with an inside-negative
mitochondrial membrane potential and increased pH in the matrix. Complex V utilizes the backflow of
H+ to drive the production of ATP. (B) The subunits of complex I, III, IV and V are encoded by the
mitochondrial (mtDNA) and nuclear DNA (nDNA), whereas complex II exclusively consists of nDNAencoded subunits. The formation of the individual complexes is mediated by nDNA-encoded assembly
factors (Koopman et al, 2013).

1.2 MACROMOLECULAR ORGANIZATION OF THE OXPHOS SYSTEM
Initially it was believed that the individual complexes of the OXPHOS system
are somewhat randomly and equally distributed across the mitochondrial inner
membrane. However recent studies indicated that complex I assembly and its stability
depends on the interaction with other members of the OXPHOS system (Schagger et
al, 2004). Furthermore, complex III seems to be required to maintain complex I
integrity and a deficiency of complex IV diminishes complex I activity (Acin-Perez et al,
2004; Suthammarak et al, 2009). Interestingly, analysis of human patient cell lines
expressing truncated or mutated complex IV subunits also showed profound effects
not only on complex IV but also on other complexes of the OXPHOS system, leading to
their rapid clearance by mitochondrial quality control systems (Alston et al, 2012;
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Hornig-Do et al, 2012). These studies among others suggest that the complexes
instead of being individuals randomly distributed rather form a stable super-complex
structure termed the “respirasome” (Dudkina et al, 2010a; Dudkina et al, 2010b;
Sanchez et al, 2013; Winge, 2012). The present view of the super-complex is that it
consists of complexes I, III and IV, with a varying stoichiometry such as I-III2-IV, I-III2, III2IV and I-III2-IV3-4 depending on tissue and cell type. Additional even higher levels of
organization are possible. The organization into super-complexes may represent a
presupposition for effective transport of electrons along the individual complexes of
the OXPHOS system (Althoff et al, 2011; Boekema & Braun, 2007; Schagger & Pfeiffer,
2001; Wittig & Schagger, 2009a; Wittig & Schagger, 2009b). Although complex II has
been believed to interact with complex III as part of a protein complex (Chen et al,
2008) no further evidence has emerged supporting this theory.
Complex V has not been shown to be part of the “respirasome”. This may due
to the fact that complex V is not part of the actual electron transport chain and does
not require physical interactions with the other OXPHOS complexes: instead complex
V seems to form higher oligomeric structures by itself. These structures were originally
identified by electron microscopy (Allen et al, 1989) and were later isolated using
native gel electrophoresis (Krause et al, 2005; Wittig et al, 2006a; Wittig et al, 2006b;
Wittig & Schagger, 2005). Although the monomeric form of complex V is able to
facilitate ATP production, complex V oligomers are believed to be made of dimeric
building units and possibly support the maintenance of the mitochondria cristae
structure in the matrix, as destabilization of the complex V dimer affects cristae
formation in yeast (Paumard et al, 2002a; Paumard et al, 2002b). Recently, using cryoelectron tomography, rows of complex V dimers were observed along the curved
cristae edges, an organization that is highly conserved in different species (Davies et al,
2011; Dudkina et al, 2010a; Dudkina et al, 2010b; Wittig & Schagger, 2009a; Wittig &
Schagger, 2009b). The biogenesis of the respirasome is still under debate. Current
studies indicate that the formation of super-complexes is facilitated by assembly
intermediates of complex I (Schagger et al, 2004). These intermediates may present
platforms for complex III and IV as assembly initiation points which later leads to the
6
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incorporation and combination of the fully assembled complexes into supercomplexes. Super-complexes isolated from mitochondria and analyzed via native gel
electrophoresis are capable of respiring as measured by transferring electrons from
NDAH to O2. In addition to the described components, CoQ10 as well as cytochrome c
may be associated with super-complexes. As they represent vital components of the
electron transport chain it would make sense to functionally compartmentalize these
components to the rest of the electron transport complexes. The mechanism is yet to
be fully understood (Acin-Perez et al, 2008; Benard et al, 2008; Moran et al, 2012;
Moreno-Lastres et al, 2012).
Recently, assembly factors for the “respirasome” have been identified. These
assembly factors act in a similar manner as the assembly factors of the individual
complexes, as they assist in assembly and stability. The first protein to be identified
was Hypoxia Inducible Domain Family, Member 2A (HIGD2A), which proved to be
important for super-complex assembly and stability in mammals (Chen et al, 2012;
Strogolova et al, 2012; Vukotic et al, 2012). The yeast homologue is respiratory supercomplex factor 1 (Rcf1), and was also shown to promote complex III/IV super-complex
formation (Shoubridge, 2012). “Respirasomes” may not be the only macromolecular
OXPHOS structure as evidence suggests complex V, the mitochondrial phosphate
carrier, and the adenine nucleotide translocator form what is termed “ATPasomes” in
the mitochondrial inner membrane (Saks et al, 2010). These structures would
concentrate the biochemical-linked processes of importing ADP and inorganic
phosphate into the mitochondria as well as ATP synthesis and its export. Whether
ATPasomes and respirasomes physically interact in vivo remains to be seen (Saks et al,
2010; Wittig & Schagger, 2009b). As more and more evidence emerges that the
OXPHOS system is highly organized, though in a thus far not fully understood manner,
further macromolecular structures may yet be discovered.

1.3 REGULATION OF THE OXPHOS SYSTEM
Due to the dual genetic control of nuclear and mitochondrial encoded genes,
the OXPHOS system is highly regulated by a variety of cellular processes. For example,
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OXPHOS gene expression is controlled by the action of a range of transcriptional
activators (Scarpulla, 2012; Scarpulla et al, 2012). In turn, the expression of these
transcriptional activators is regulated by other factors such as temperature, nutrient
availability and metabolic status (Handschin & Spiegelman, 2006; Scarpulla, 2008).
Furthermore, post-translational modifications of the OXPHOS proteins include
phosphorylation of complexes I-V (Carlucci et al, 2008; Hebert-Chatelain et al, 2012;
Helling et al, 2012; Kane & Van Eyk, 2009; Koopman et al, 2010; Pagliarini & Dixon, 2006;
Papa et al, 2012; Yadava et al, 2008), acetylation of complexes I, II and V (Guan & Xiong,
2011) and glycosylation of complexes I, II and V (Burnham-Marusich & Berninsone,
2012). Additionally, recent studies indicate that mitochondrial protein synthesis is also
regulated by the phosphorylation and acetylation of mitochondrial ribosomal proteins
as well as translation factors (Koc & Koc, 2012). Also complex IV activity and its nDNAencoded subunits may be regulated by various biomolecules such as ATP/ADP, fatty
acids and cardiolipids (Arnold, 2012). The activity of the OXPHOS complexes is also
controlled by different second messenger systems (Boneh, 2006; Pagliarini & Dixon,
2006; Papa & De Rasmo, 2013). In particular, the cyclic adenosine monophosphate
(cAMP)/ Protein kinase A (PKA) pathway is involved in the regulation of complex I
activity, as the cAMP-dependent phosphorylation of subunits has been described in
isolated bovine heart mitochondria (Technikova-Dobrova et al, 1994). More recently,
other phosphorylation factors were detected that play an important role in regulating
complex I and reactive oxygen species (ROS) balance in mitochondria (Papa & De
Rasmo, 2013). For example, the import and assembly of a number of complex I
subunits is promoted by PKA-mediated phosphorylation and in turn inhibited by
phosphatases (De Rasmo et al, 2008). Additional important second messengers are
Ca2+, ceramide and ROS. The uncoupling of the ETC from complex V is also a means of
regulating OXPHOS. Uncoupling proteins (UCP) may mediate the backflow of H+ into
the mitochondrial intermembrane space leading to bypass of complex V and the
generation of heat (Divakaruni & Brand, 2011). For example, studies on members of the
UCP family indicate a higher expression level within the central nervous system (CNS)
(Andrews et al, 2005). There, UCPs may act as a sensor for free ROS and fatty acids
8
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thereby regulating mitochondrial biogenesis, Ca2+ flux, ROS production as well as local
temperature and therefore directly affecting neurotransmission, synaptic plasticity and
neurodegenerative processes (Andrews et al, 2005; Koopman et al, 2013). ROS-induced
UCP activation has also been suggested to reduce ROS generation and damage from
the ETC, thus providing a negative feedback loop for mitochondrial ROS production
(Mailloux & Harper, 2012). Other regulatory factors for the OXPHOS system include
protein import, assembly and protein homeostasis but also metabolite regulation as
well as substrate availability. Every point within these regulatory mechanisms if
disturbed can lead to diverse disorders (Koopman et al, 2013).

1.4 REACTIVE OXYGEN SPECIES PRODUCTION
Mitochondria are one of the major sources of reactive oxygen species (ROS)
within the cell (Figure 2). The amount of mitochondrial ROS generated is highly
variable and cell type dependent (Adam-Vizi & Chinopoulos, 2006; Brown & Borutaite,
2012). Free ROS are highly reactive and potent oxidizing agents which can not only
modify and damage proteins, lipids and nuclear and mitochondrial DNA, but also
exercise signalling functions (Murphy, 2009). The three main species of ROS, although
it can vary substantially, are the superoxide anion (O2.-), hydrogen peroxide (H2O2) and
the hydroxyl radical (OH.-). They are formed upon incomplete reduction of O2
throughout the ETC mainly at complex I and III but also at complex II (Adam-Vizi &
Chinopoulos, 2006; Koopman et al, 2010; Pryde & Hirst, 2011; Treberg et al, 2011).
Recent studies conducted with rat skeletal muscle mitochondria indicate that if
complex I and III are inhibited and succinate concentration is low, complex II can also
generate ROS at higher rates (Quinlan et al, 2012). Whether these observations reflect
physiological conditions remains uncertain (Correia et al, 2012; Court & Coleman,
2012). Under normal conditions, the generation but also the degeneration of
mitochondrial ROS as well as ROS generated by other sources are controlled and kept
in balance by different cellular mechanisms. Dysregulation leading to increased ROS
production has been implicated in a number of biological processes such as apoptosis,
aging, neurodegeneration but also in mitochondrial related diseases as well as cancer
9
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(Koopman et al, 2013; Kourtis & Tavernarakis, 2011). The main generation sites within
complex I for ROS are the CoQ10- and the flavin-binding sites. In complex III the
ubiquinol (Q0 site) binding site is the main generation point. Complex I releases ROS
exclusively into the mitochondrial matrix. In contrast complex III can release ROS into
the matrix but also the mitochondrial intermembrane space (Muller et al, 2004;
Quinlan et al, 2011). Most studies on the generation of ROS were conducted utilizing
ETC blocking agents. In what manner the individual ROS generation sites contribute to
the generation of endogenous ROS e.g. in the absence of ETC inhibitors and under
physiological conditions is still under debate, but it is expected that this significantly
varies with cell and tissue type, substrate availability and energy and O2 demand
(Brand, 2010; Brand et al, 2002; Koopman et al, 2012).

Figure 2: ROS generation by OXPHOS.
The generation of mitochondrial ROS mainly takes place at complex I and complex III of the OXPHOS
system. There, leakage of electrons leads to incomplete reduction of molecular oxygen to form
superoxide (O2.-). The superoxide is quickly turned over into hydrogen peroxide (H2O2) by two enzymes:
manganese superoxide dismutase (MnSOD) in the mitochondrial matrix and copper/zinc superoxide
dismutase (Cu/ZnSOD) in the mitochondrial intermembrane space. The generated hydrogen peroxide is
further reduced to H2O by glutathione peroxidase (GPX). Both superoxide and hydrogen peroxide
generated in this process are considered as mitochondrial ROS. High levels of mitochondrial ROS
activate apoptosis/autophagy pathways capable of inducing cell death (Koopman et al, 2013).

To counter balance the damaging effect of ROS, cells have evolved a set of ROSremoving

mechanisms
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glutathione peroxidase (GPX), thioredoxin reductase (TRXR) and metabolites (e.g.,
glutathione, vitamin C, vitamin E, carotenoids, and flavonoids) (Aon et al, 2012;
Koopman et al, 2010; Miriyala et al, 2012; Xu et al, 2014). Also, evidence suggests that
complex IV biogenesis involves several ROS and/or redox-regulated steps (Bourens et
al, 2013; Koopman et al, 2013). Besides being damaging by-products, ROS also act as
important signalling molecules, perhaps specifically affecting and altering
mitochondrial function (Distelmaier et al, 2012; Koopman et al, 2010; Murphy, 2009;
Murphy et al, 2011; Thannickal & Fanburg, 2000). ROS signalling pathways are
implicated in cell proliferation, survival, differentiation and metabolism (mediated by
apoptosis signal-regulated kinase 1 (ASK1), phosphoinositide-3-kinase (PI3K), protein
tyrosine phosphatase (PTP) and Src homology 2 domain-containing (Shc)), antioxidant
and anti-inflammatory responses (thioredoxin, (TRX)), redox-factor 1 (Ref1) and NF-E2related factor 2 (Nrf2)), iron homeostasis (IRP) and DNA-damage responses (ataxiatelangiectasia mutated (ATM) (Ray et al, 2012). Furthermore, an increase in ROS levels,
can induce self-inactivation by oxidising OXPHOS subunits resulting in decreased
electron transport (Collins et al, 2012). ROS levels above a certain threshold are also
linked to a controlled removal of dysfunctional mitochondria by mitophagy (Gomes &
Scorrano, 2013; Lee et al, 2012; Rugarli & Langer, 2012), thereby limiting damage and
greater consequences on a cellular level of mitochondrial dysfunction and increased
ROS production. Recent studies suggest further mechanisms to regulate mitochondrial
ROS levels in particular during ischaemia-reperfusion injuries (Chouchani et al, 2013;
Chouchani et al, 2014). In the event of reperfusion, ischaemic succinate is believed to
accumulation from complex II working in a reversal fashion. The succinate is generated
by fumarate overflow from purine nucleotide breakdown and partial reversal of the
malate/aspartate shuttle. The accumulated succinate is rapidly re-oxidized by complex
II, leading to an extensive ROS generation by reverse electron transport at complex I.
(Chouchani et al, 2013; Chouchani et al, 2014)
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1.5 THE ROLE OF MITOCHONDRIA IN CELL DEATH
Besides energy generation, mitochondria are also crucial mediators for
apoptosis and necrosis, both processes of cell death (Borutaite, 2010; Chan et al, 2014).
Apoptosis or programmed cell death is essential for embryonic development as well as
cellular homeostasis and many other mechanisms in multi cellular organisms. There
are two known apoptotic pathways: the extrinsic (or death receptor) pathway and the
intrinsic (or mitochondrial) pathway. Both pathways lead ultimately to the activation of
cysteine-aspartic proteases or cysteine-dependent aspartate-directed proteases
(caspases).

1.6 THE EXTRINSIC APOPTOTIC PATHWAY – DEATH RECEPTOR PROTEINS
The extrinsic pathway is facilitated by the activation of cell surface receptor
proteins termed “death receptors”. These receptors (e.g. Fas, TNF-related apoptosisinducing ligand receptors 1 and 2 (TRAIL-R1/2) and TNF receptor 1/2 (TNFR1/2) are key
to the extrinsic pathway and belong to the protein family of the tumor necrosis factor
receptor (TNFR) (Ashkenazi & Dixit, 1998). After binding by death ligands these
receptors become activated and facilitate apoptosis. The receptors are structurally
related and contain a cysteine-rich domain (CRD), which is essential for ligand binding,
and a so called “death domain” (DD) at the C-terminus, which in turn is essential for
inducing apoptosis (Bodmer et al, 2002; Tartaglia et al, 1993). Activated Fas and TRAILR1/2 directly recruit an adaptor protein, Fas associated death domain (FADD) to their
death domain and form the death inducing signal complex (DISC). In contrast TNFR1/2
does not facilitate apoptosis through FADD but instead binds a different protein,
TNFR-associated death domain (TRADD) (Ashkenazi & Dixit, 1998). Once activated
these multi-protein complexes activate inactive initiator (apical) caspase-8, which in
turn activates other effector (executioner) caspases-3, 6 or 7 to proceed with the
proteolytic degradation of cell proteins and the death of the cell (Ashkenazi & Dixit,
1998; Lin et al, 2010; Wu, 2013; Youle & Strasser, 2008).
Interestingly, components of the extrinsic pathway may also act in a prosurvival fashion. Under some circumstances TRADD can bind TNF receptor-associated
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factor 2 (TRAF2) and cellular inhibitor of apoptosis (cIAP). These proteins may trigger
the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
and hence promote cell survival (Ashkenazi & Dixit, 1998; Chen & Goeddel, 2002).

Figure 3: Schematic overview of the intrinsic apoptotic pathway.
The intrinsic (or mitochondrial) pathway of apoptosis can be induced by a broad range of cellular
stresses, and triggers the activation of pro-apoptotic BH3-only proteins. The activated BH3-only proteins
might then directly or indirectly via the binding of anti-apoptotic Bcl-2 proteins activate BCL2Associated X Protein (Bax) and BCL2-Antagonist/Killer 1 (Bak). Whichever mechanism might be true
activated Bax and Bak oligomerize in the mitochondrial outer membrane and form pores. That in turn
leads to the release of cytochrome c and other proteins (e.g. Second mitochondria activator of caspases
(Smac)/ Direct IAP binding protein with low pI (DIABLO), OMI) from the intermembrane space into the
cytosol. Together with the mediator protein Apaf-1, cytochrome c activates and binds pro-caspase-9 to
form the apoptosome, which in turn leads to the activation of caspase-3 and finally cell death. Activation
of caspase-8 by the extrinsic (or death receptor) pathway and the subsequent proteolytic cleavage of
the BH3-only protein BH3 interacting-domain death agonist (tBid) connects the two pathways in some
cells, known as Type 2 cells, as tBid interacts with Bax and Bak (Kaufmann et al, 2012; Kelly & Strasser,
2011; Westphal et al, 2011; Youle & Strasser, 2008).
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1.7 THE INTRINSIC APOPTOTIC PATHWAY – BCL-2 LIKE PROTEINS
The intrinsic or mitochondrial apoptotic pathway can be triggered by a variety
of cell death stimuli mainly causing DNA damage through UV radiation, DNA
intercalating reagents or serum starvation (Figure 3). A crucial step in the control of
this pathway is the permeabilization of the mitochondrial outer membrane (MOM) and
the release of cytochrome c and other proteins into the cytosol. Once those proteins
are released, a rapid activation of caspases occurs which then leads to the degradation
of cellular structures as well as the release of secondary pro-apoptotic proteins from
the permeabilized inner mitochondrial membrane such as Second mitochondria
activator of caspases (Smac)/ Direct IAP binding protein with low pI (DIABLO) (Jacotot
et al, 1999; Susin et al, 1999b). This process is tightly regulated through two main
groups of Bcl-2 homologous proteins (Figure 4). The first group consists of proapoptotic proteins that can be again subdivided into two sub-groups. The first subgroup contains the main pro-apoptotic key players Bax and Bak (and Bcl-2-related
ovarian killer protein (Bok)). They contain four BH domains and play a critical role in
mitochondrial outer membrane permeabilization (MOMP) (Cory & Adams, 2002;
Kvansakul et al, 2008; Westphal et al, 2011; Westphal et al, 2014b). The second subgroup, so called BH3-only proteins, consists of proteins that share only one BH motif
(such as Bcl2-associated agonist of cell death (Bad), BH3 interacting-domain death
agonist (Bid), Bcl-2-interacting killer (Bik), Bcl-2 interacting mediator of cell death (Bim),
Bcl2 modifying factor (Bmf), Phorbol-12-myristate-13-acetate-induced protein 1 (Noxa)
and p53 up-regulated modulator of apoptosis (Puma)). They do not act directly as proapoptotic proteins but rather facilitate the activation of the main pro-apoptotic
proteins via a similar mechanism. They either bind to anti-apoptotic Bcl-2 proteins,
inhibiting their function or bind directly to one of the main pro-apoptotic proteins
leading to its activation (Kroemer & Blomgren, 2007; Kroemer et al, 2007).
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Figure 4: Schematic of structural features of the Bcl-2 protein family.
The Bcl-2 family proteins can be divided by their role in apoptosis into an anti-apoptotic and a proapoptotic group. They share domains of homology first described in the protein Bcl-2, which are called
BH-domains. Additionally a transmembrane (TM) domain is located at the C-terminus mediating
insertion into the mitochondrial outer membrane. The homogeneous group of anti-apoptotic proteins
share four BH and one TM domain and mainly consists of α-helices. The pro-apoptotic proteins in turn
are heterogeneous and can be subdivided into two sub-groups. The first sub-group so called BH3-only
proteins contains one BH domain and a TM domain. The structures of those proteins are not yet fully
understood and are considered to be intrinsically unstructured. The second sub-group is the effector
protein group. They consist of three ‘classical’ BH domains and a recently described fourth BH domain as
well as a TM domain. Similar to the anti-apoptotic proteins the structure of the effector proteins is αhelical (Kelly & Strasser, 2011; Westphal et al, 2011; Youle & Strasser, 2008).

The second main group of proteins regulating the process of mitochondrial
related apoptosis consists of anti-apoptotic Bcl-2 homologs such as Bcl-2, Bcl-xL, Bcl-w,
Mcl-1 and A1, which structurally share four BH motifs. The mechanism of how these
anti-apoptotic proteins suppress apoptosis remains unclear, but it is proposed that
they interact with the pro-apoptotic proteins thus keeping them in their inactive form
(Youle & Strasser, 2008).

1.8 REGULATION OF EFFECTOR PROTEINS BAX AND BAK
Regardless which one of the mentioned mechanisms takes place, the ultimate
result is the permeabilization of the mitochondrial outer membrane and the release of
intermembrane space proteins, mainly cytochrome c but also other proteins including
apoptosis inducing factor (AIF), Smac/DIABLO and HtrA Serine Peptidase 2 (HtrA2)/Omi
(Jacotot et al, 1999; Susin et al, 1999b) . Once cytochrome c is released into the cytosol
it binds to the apoptosis activating factor-1 (Apaf-1) triggering the formation of the
“apoptosome”, a heptameric ring like multi protein complex. The apoptosome then
recruits and binds to pro-caspase-9 leading to its activation (Yang et al, 1997). This in
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turn allows the activation of caspase-3 (Figure 5) and the cleavage of numerous
substrates as well as the activation of DNases marking the point of no return for the
initiation of apoptosis of the cell (Nechushtan et al, 2001). As mentioned previously,
the ultimate result of activation of Bax or Bak leads to apoptosis and to the death of
the cell. Therefore the correct regulation of the activation of Bax and Bak plays a critical
role for the cell and the entire organism. A common result of dysregulation of Bax/Bak
is the development and progression of various cancers (Han et al, 2004).
Although recent studies elucidated many parts of the course of events
involving regulation and activation of Bax/Bak, the molecular mechanisms underlying
them remain incompletely understood. So far three models have been discussed in the
literature. The first model, termed the “direct activation model” (Kim et al, 2009; Kim et
al, 2006; Kuwana et al, 2005; Letai et al, 2002; Wei et al, 2000), proposes two subsets of
BH3-only proteins. The first set acts as an activator whereas the second one acts as a
sensitizer (Chen & Chan, 2005; Kelly & Strasser, 2011; Kuwana et al, 2005). According to
this model Bim, caspase activated Bid (tBid) and maybe other proteins can bind
directly to Bax and/or Bak activating them and thereby initiating apoptosis. That
characterizes them as activator proteins. Interestingly it was shown that those proteins
can also bind to anti-apoptotic Bcl-2 proteins such as Bcl-2 and/or Bcl-xL thus keeping
them at bay (Cheng et al, 2001; Kelly & Strasser, 2011; Letai et al, 2002). Sensitizer BH3only proteins in turn binding to the anti-apoptotic Bcl-2 proteins can therefore
promote apoptosis by liberating the activator BH3-only proteins to activate Bax and
Bak (Chipuk & Green, 2008; Green & Chipuk, 2008; Kuwana et al, 2005). In accordance
with the second model, the “indirect activation model” (Chen et al, 2005; Kuwana et al,
2005), Bax/Bak are not activated by direct interactions through pro-apoptotic BH3-only
proteins. Rather Bax and Bak are bound to anti-apoptotic proteins. While bound by
those anti-apoptotic proteins, Bax and Bak can either remain blocked (Bcl-xL, VDAC2)
or be directed to the proteasome for degradation (Mcl-1) (Cheng et al, 2003; Leber et
al, 2007). Upon an apoptotic stimulus, the anti-apoptotic proteins are bound by BH3only proteins leaving Bax and Bak free to be activated (Chipuk & Green, 2008; Green &
Chipuk, 2008; Kuwana et al, 2005). The third model for Bax/Bak activation includes
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aspects of both previous models as well as the significance of the environment at
which the protein interactions of Bax/Bak with other binding partners can occur.
According to this ‘embedding together’ model (Leber et al, 2007; Llambi et al, 2011)
Bax and Bak undergo numerous conformational changes prior to the ultimate
conformation that enables them to be inserted into the mitochondrial outer
membrane (Leber et al, 2007; Wang & Youle, 2009). Those conformational changes are
regulated via numerous BH3-only proteins but additionally by interactions with lipids
of the mitochondrial outer membrane (Goncalves et al, 2008; Lutter et al, 2000).

Figure 5: Schematic overview of the activation models of Bax and Bak.
In the “direct activation model” an “activator” BH3-only protein can bind to and activate Bax or Bak. The
activation of Bax leads to its integration in the mitochondrial outer membrane and its oligomerization.
As Bak is already located at the outer membrane, it oligomerizes directly. Membrane permeabilization is
inhibited by anti-apoptotic proteins (e.g. Bcl-xL) binding to the “activator” protein. Once bound to antiapoptotic proteins the “activator” protein can no longer bind to or activate Bax and Bak. “Sensitizer”
BH3-only proteins in turn compete with “activator” proteins for binding to anti-apoptotic proteins. A
“sensitizer” protein with a higher affinity for anti-apoptotic proteins than the “activator” protein can
then displace it from the anti-apoptotic protein. That allows the “activator” protein to bind to Bax and
Bak again. In the “indirect activation model” anti-apoptotic proteins such as Bcl-xL or Mcl-1 bind to and
inhibit activation of Bax and Bak. BH3-only proteins initiate membrane permeabilization by displacing
Bax or Bak from the anti-apoptotic proteins by direct binding. Bax and Bak are activated and insert into
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the membrane and/or oligomerize. Binding of BH3-only proteins inhibits anti-apoptotic proteins by
various mechanisms: e.g. Bcl-xL by sequestration or Mcl-1 by initiating degradation. Additionally
different mechanisms may occur at the same time. As a result initiation of membrane permeabilization
requires inactivating all of the relevant anti-apoptotic proteins by pro-apoptotic proteins. The
“embedding together model” combines aspects of both previously described models. BH3-only proteins
and anti-apoptotic proteins interact with Bax and Bak both in the cytoplasm and/or at the membrane
with different affinities which can in turn modulate the equilibrium - e.g. the affinity of BH3-only
proteins for Bax and Bak is higher when bound to membranes compared to non-membrane bound BH3only proteins (Mode 1). Therefore proteins shifting the BH3-only proteins away from the mitochondrial
outer membrane can also shift the equilibrium of activated Bax and Bak (Mode 2) (Chipuk & Green, 2008;
Green & Chipuk, 2008; Leber et al, 2007; Westphal et al, 2014b).

It is known that the permeabilization of the mitochondrial outer membrane
requires major structural and conformational changes within Bax and Bak from an
inactive form to an active one, followed by its homo-oligomerization. But currently, no
structural data of either Bax or Bak in their activated or oligomerized forms are
available (Westphal et al, 2014a; Westphal et al, 2014b). Recent studies suggest that
the oligomerization of both proteins involves two interaction sites. A BH3:groove
interaction site which is important for the formation of symmetric dimers and a α6: α6
interaction site which links the dimers to form high order oligomers (Brouwer et al,
2014; Czabotar et al, 2014).
Both inactive Bax and Bak show tertiary structures similar to Mcl-1 and other
anti-apoptotic Bcl-2 proteins. Bax consists of nine helices whereas Bak has eight helices
and forms a globular protein. The central helix α5 is very hydrophobic but surrounded
by seven amphipathic helices (α1- α4, α6- α8), which protect it from the aqueous
phase. Bak contains a hydrophobic carboxy-terminus that acts as a transmembrane
domain anchoring it in the MOM. The α9 carboxy-terminal helix of Bax acts similarly as
a transmembrane domain, but only after major conformational changes. While Bax is
inactive that α9 helix is buried in Bax´s own hydrophilic groove, enabling Bax to stay in
the cytosol. Because of the absence of helix α9 in Bak and the narrower groove
another blocking mechanism has been proposed (Brouwer et al, 2014; Moldoveanu et
al, 2006; Westphal et al, 2011). Beside the transmembrane domain, two more
functionally important hydrophobic regions can be found within Bax and Bak: (1) the
recently described BH4 sequence motif in the α1 helix and (2) a region in the α2 helix
of the BH3 motif. The BH4 sequence interacts via hydrophobic and aromatic residues
with helices α2, α5 and α6 strengthening the integrity of the tertiary structure whereas
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the hydrophobic and aromatic residues in α2 are important for interactions with other
Bcl-2 family proteins (Brouwer et al, 2014).
Although the molecular details of the mechanism of the conformational
rearrangement upon activation of Bax and Bak are still not fully understood it seems
clear that the N-terminal BH3 domain is being exposed. That exposed domain can then
in turn bind to a hydrophobic groove of another activated monomer. Subsequently
those Bax/Bak homo dimers may link together via the mentioned α6: α6 interface to
form higher order homo oligomers (Dewson & Kluck, 2009; Dewson et al, 2009;
Dewson et al, 2008). Although the exposure of the BH3 domain in Bax/Bak allows the
formation of homo dimers, it also opens the possibility of interactions with the groove
of anti-apoptotic Bcl-2 proteins that share the similar structural features.
Heterodimerization with anti-apoptotic proteins keeps Bax/Bak inactive and the
interaction has to be lost to allow higher order oligomerization of Bax and Bak. This
binding of Bax and Bak to anti-apoptotic Bcl-2 proteins might be one major
mechanism those proteins use to prevent apoptosis (Fletcher et al, 2008; Willis &
Adams, 2005; Willis et al, 2005). While activation of Bax and Bak might be similar in
some aspects, the detailed molecular mechanism is different as Bax is found as an
auto-inhibited monomer in the cytosol whereas Bak is an integral protein in the MOM
(Fox et al, 2011; Rostovtseva et al, 2004; Suzuki et al, 2000; Wei et al, 2001). The
activation of Bax is triggered by BH3-only proteins such as tBid, BIM or PUMA and leads
to the described N-terminal conformational change and the exposure of the α1 helix,
which then leads to the C-terminal exposure of the transmembrane helix α9 (Kim et al,
2009). Unlike Bax, Bak is inserted into the MOM prior to its activation. Bak has been
shown to interact with the voltage dependent anion channel 2 (VDAC2) via its
transmembrane anchor (Lazarou et al, 2010). That interaction might also be important
for the recruitment of newly synthesized Bak to the mitochondria during apoptosis
(Ma et al, 2014). It seems obvious that the association of Bak with VDAC2 inhibits
and/or regulates the activation of Bak (Lazarou et al, 2010; Roy et al, 2009). Once
activated, Bak undergoes the mentioned conformational changes which lead first to
homo-dimerization and then to homo-oligomerization.
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Additionally, recent studies showed that Bak is tightly regulated by
phosphorylation and dephosphorylation events. It has been known since 1999 that
Bak is a phosphor-protein but no distinct phosphorylation site had been identified
(Griffiths et al, 2001). Recently Fox and colleagues (2011) were able to identify those
phosphorylation

sites

and

suggested

that

both

threonine

and

tyrosine

dephosphorylations occur during the activation progress. They further propose that
the initial activation of Bak includes dephosphorylation of tyrosine and is carried out
by a non-receptor protein tyrosine phosphatase. This dephosphorylation then allows
the N-terminal conformational changes required for Bak oligomerization finally
leading to the progression of apoptosis. Whether the phosphorylation is required
remains under debate (Tran et al, 2013).

1.9 PERMEABILIZATION OF THE OUTER MEMBRANE OF MITOCHONDRIA
The pivotal proteins for the permeabilization of the outer membrane of
mitochondria are considered to be Bax and Bak, which are tightly regulated by the
other Bcl-2 homolog proteins. bax-/- and bak-/- ´knock-out´ cells lacking either of these
two proteins show a similar susceptibility to apoptotic mitochondria-related stimuli
and undergo normal apoptosis, whereas bax/bak-/- ´double knock-out´ cells displayed
a strong resistance to those stimuli (Wei et al, 2001). Although Bax and Bak are equally
important in the permeabilization of the mitochondrial outer membrane, there are
significant differences between their mechanisms of activation.
Bak is an integral protein of the mitochondrial outer membrane and under
normal (non-apoptotic) conditions it is thought to bind anti-apoptotic proteins such as
Bcl-xL or Mcl-1 keeping it inactivated (Willis & Adams, 2005; Willis et al, 2005).
Furthermore studies have shown that Bak is kept inactive via an interaction with the
mitochondrial outer membrane protein voltage dependent anion channel 2 (VDAC2)
(Lazarou et al, 2010; Roy et al, 2009; Ruiz-Vela et al, 2005). It was shown that upon
activation Bak undergoes conformational changes and forms homo- and/or heterooligomers involving Bax or BH3-only proteins in the mitochondrial outer membrane
(Dewson & Kluck, 2009; Dewson et al, 2009; Griffiths et al, 2001). Unlike Bak, Bax under
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normal (non-apoptotic) conditions is localized in the cytosol as a monomer. Following
apoptotic insults, Bax undergoes translocation to mitochondria where it is inserted
into the outer membrane and assembled into high-molecular weight-complexes
resulting in the permeabilization of the latter (Desagher et al, 1999; Hsu & Youle, 1998;
Nechushtan et al, 2001).
The mechanism by which Bax and Bak permeabilize the mitochondrial outer
membrane remains to be elucidated. So far three mechanisms are hypothesized. The
first hypothesis suggests that upon activation, Bax/Bak interact with already existing
pores/channels such as the permeability transition pore (PTP) in the outer
mitochondrial membrane, altering their functions and forming multi-protein
complexes (Kinnally & Antonsson, 2007; Kroemer & Blomgren, 2007; Kroemer et al,
2007). The idea is that the permeabilization of the mitochondrial outer membrane
begins with the opening of the PTP which is located at the contact side of inner and
outer mitochondrial membrane. Even though the precise components have not yet
been clearly identified it has been proposed to consist of a voltage dependent anion
channel (VDAC) and a hexokinase at the outer membrane, the adenine nucleotide
translocase (ANT) in the inner membrane and the peptidyl-prolyl isomerase cyclophilin
D (CypD) in the matrix. Once the apoptotic signal has been transmitted, the PTP opens
causing a swelling of the mitochondrial matrix, the disruption of the mitochondrial
membrane potential as well as the outer membrane itself and the non-selective
release of intermembrane space proteins (Kroemer et al, 2007; Wang & Youle, 2009). In
contrast to the PTP, Bax has been shown to be able, in cooperation with Bid and lipids,
to form large channels in the MOM in a cell free system. Those mitochondrial
apoptosis-inducing channels (MACs) allow a non-selective flow through of IMS
proteins. Similar to the PTP the precise compartments have not yet been clearly
identified (Kelly & Strasser, 2011; Kinnally & Antonsson, 2007).
It has been previously shown (Breckenridge & Xue, 2004; Scorrano et al, 2002)
that Bax/Bak can form ion-conducting channels in artificial lipid membranes
(liposomes) leading to the second hypothesis that Bax/Bak themselves oligomerize
and form channels in the mitochondrial outer membrane. Whether those channels
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consist only of either Bax or Bak oligomers or if other proteins participate in forming
these channels remains unclear. It is also not clear whether apoptotic proteins such as
cytochrome c would be able to pass from the intermembrane space into the cytosol
through those channels. Recent structural analyses of Bax and Bak activation clarified
some of the issues and led to the hypothesis of two different modes of action. The first
mode (BH3:groove symmetric dimer model) hypothesis that transient binding of a
direct activator at the canonical groove of Bax/Bak can cause the dissociation of a latch
domain from the core of Bax/Bak leading to the exposure of BH3 domain (Brouwer et
al, 2014; Czabotar et al, 2013; Dewson et al, 2009; Dewson et al, 2012; Ferrer et al,
2012). The activator is then in turn released from the canonical groove to permit the
binding of another BH3 domain from another activated Bax/Bak molecule to form a
BH3-in-groove dimer (Brouwer et al, 2014; Czabotar et al, 2013; Dewson et al, 2009;
Dewson et al, 2012; Ferrer et al, 2012) . This dimer subsequently starts the
oligomerization process. In the second model (daisy-chain model), a direct activator
molecule interacts with Bax/Bak at a 2nd groove opposite of the canonical groove to
cause the extrusion of BH3 domain (Gavathiotis et al, 2010; Pang et al, 2013). This BH3
domain in turn binds to the groove of an inactive effector molecule, resulting in the
exposure of its BH3 domain (Gavathiotis et al, 2010; Pang et al, 2013). This process
continues until the oligomers are formed and the direct activator is freed after
completion (Gavathiotis et al, 2010; Pang et al, 2013). Despite the ability of Bax/Bak to
form pores in artificial membranes, the lack of convincing data visualizing the
existence of those pores in vivo and the fact that also other Bcl-2 proteins such as antiapoptotic Bcl-2 and Bcl-xL have been shown to form pores in liposomes (Schendel &
Reed, 2000) leaves this hypothesis highly controversial. The common use of various
lipids and detergents which created an artificial environment might have led to a
distorted view of the true mechanism.
The third hypothesis regarding how Bax and Bak facilitate the permeabilization
of the mitochondrial outer membrane is also based on oligomerization and insertion
of both proteins into the mitochondrial outer membrane upon activation. But instead
of forming channels themselves they interact with the lipids in the membrane causing
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bending and destabilization of the membrane, thereby leading to the release of
intermembrane space proteins (Basanez, 2002; Basanez et al, 1999; Basanez et al, 2002;
Tait & Green, 2010a; Tait & Green, 2010b). Such membrane tears and holes have been
visualized when pure active Bak has been added to liposomes (Landeta et al, 2011)

1.10 REGULATION OF APOPTOSIS BY DYSFUNCTIONAL OXPHOS
The OXPHOS system, in particular abnormal function of the complexes, and
cellular apoptosis are interconnected on multiple contact points, even though it is not
clear if OXPHOS deficiency is the cause or the result of apoptotic induction. One
contact point is the increase in ROS production caused by dysfunctional OXPHOS,
specifically complex I but also complex III (Chomova & Racay, 2010).
ROS-induced oxidative stress can have direct effects under different conditions
on numerous proteins and pathways involved in cell death - e.g.: oxidative inactivation
of protein phosphatases (PTEN and PP2A) and activation of transcription factors (AP-1
and NF-κB) (Wallace, 2005) but also on p38 mitogen-activated protein kinase (MAPK),
extracellular signal-regulated kinase (ERK) and Akt pathways (Torres, 2003). For
instance, ROS in particular H2O2 can activate c-Jun N-terminal kinase (JNK) and induce
apoptosis (Gotoh & Cooper, 1998; Saitoh et al, 1998). It seems that constant exposure
to H2O2 triggers activation of the JNK pathway, which in turn activates another kinase,
apoptosis signal-regulating kinase 1 (ASK1). Saitoh and colleagues also showed that
the activity of ASK1 may be blocked through the binding of reduced thioredoxin, a
small redox protein (Duan et al, 2014; Saitoh et al, 1998). In the event of oxidative
stress, the redox-centre of thioredoxin, which consists of two cysteines, is oxidized and
forms an intramolecular disulphide bond. The blocked, oxidized thioredoxin leads to
the dissociation of ASK1, followed by its oligomerization and later its activation (Fujino
et al, 2007; Saitoh et al, 1998). Strikingly, TNF-α induced apoptosis has been
demonstrated to require increased mitochondrial ROS production (presumably only in
Type 2 cells) (Imoto et al, 2006) but also active ASK1 (Ichijo et al, 1997; Imoto et al,
2006). Overexpression of either manganese superoxide dismutase/SOD2 (MnSOD) or
uncoupling protein-1, (UCP1) was not only able to reduce ASK1 activity and apoptosis
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but also partially inhibited TNF-α induced JNK activation (Imoto et al, 2006) further
indicating that mitochondrial ROS levels are a major transmitter for inducing apoptosis
in Type 2 cells.
As discussed earlier, initiation of the intrinsic apoptosis pathway leads to the
release of pro-apoptotic factors from the mitochondrial intermembrane space into the
cytosol, including cytochrome c, to facilitate caspase activity (Mayer & Oberbauer,
2003; Zamzami & Kroemer, 2001). Cytochrome c is anchored to the outer surface of the
mitochondrial inner membrane by electrostatic and hydrophobic interactions with
cardiolipin, which makes up about 20% of the total lipid composition of the inner
mitochondrial membrane (Perier et al, 2005; Ramonet et al, 2013). Mitochondrial ROS,
most likely H2O2, is also involved in the release of cytochrome c. If cardiolipin is directly
exposed to relatively high concentrations of ROS in stressed mitochondria the four
unsaturated fatty acyl chains of cardiolipin can be oxidized by a peroxidase function of
the cardiolipin–cytochrome c complex. Once oxidized cytochrome c separates from
the complex to be released from the mitochondrial inner membrane into the cytosol
through Bax/Bak pores in the outer membrane (Kagan & Srivastava, 2005; Kagan et al,
2005). The oxidized cardiolipin additionally acts as a mitochondrial anchor point to the
C-terminal cleavage product of the pro-apoptotic BH3 only protein, Bid (tBid), which
promotes pore formation in the outer membrane by Bax/Bak (Lutter et al, 2000). Even
further, the additionally generated cardiolipin hydroperoxides stimulate the
permeabilization of the outer membrane, which promotes the release of other
intermembrane space proteins such as Smac/Diablo.
Another protein of the intrinsic apoptotic pathway that may be involved in
regulation of mitochondrial ROS levels is the anti-apoptotic protein Bcl-2. Pervaiz and
colleagues demonstrated that Bcl-2 may act in two fashions. On one side Bcl-2 may
increasingly interact with the GTPase-Rac1 at the mitochondria as well as interact with
a complex IV subunit COX Vα and promote its localization to the mitochondria (Chen &
Pervaiz, 2007; Chen & Pervaiz, 2010; Velaithan et al, 2011). This may potentially
influence their individual, functional complex assembly at the mitochondria and
therefore leading to an increase in mitochondrial respiration as well as mitochondrial
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ROS production thus promoting a mild pro-oxidative environment necessary for
cellular signalling. On the other hand, under oxidative stress Bcl-2 has been shown to
reduce its interaction with and localization of COX Vα to the mitochondria, therefore
decreasing mitochondrial respiration and ROS production (Chen & Pervaiz, 2007; Chen
& Pervaiz, 2010; Velaithan et al, 2011). Bcl-2 has also been shown to interact with and
localize the antioxidant glutathione to the mitochondria, further preventing excessive
ROS by strengthening the Mn- and Cu/ZnSOD pathway (Zimmermann et al, 2007).
Although recent studies indicate that Bcl-2 overexpression may regulate
mitochondrial ROS generation, nevertheless the molecular mechanism by which Bcl-2
detects these different mitochondrial levels and alters mitochondrial metabolism still
remains elusive (Chong et al, 2014). To date, multiple reports have described the
functional relevance of the post-translational modifications of Bcl-2. These
modifications include ubiquitination, S-nitrosylation, carbonylation, phosphorylation
as well as proteolytic cleavage. Interestingly, phosphorylation of Bcl-2 was previously
reported to inhibit apoptosis via increasing the stability of Bcl-2 as well as by reducing
intracellular ROS (Deng et al, 2004; Kutuk & Letai, 2008; Mai et al, 2003). Furthermore
hydrogen peroxide (H2O2) supposedly induces dimerization of Bax through direct
formation of disulphide bonds that promotes its translocation from the cytoplasm to
the mitochondrial outer membrane (D'Alessio et al, 2005). As described ROS-induced
oxidative stress can have profound and direct effects on Bcl-2 family member proteins
but nevertheless most likely ROS alters the function of Bcl-2 family members by
regulating the kinases that phosphorylate them, although the molecular details are
still under debate (Wu & Bratton, 2013).
Complex I subunits have also been proposed to be directly involved in cell
death signalling (Ricci et al, 2004) . For example, the complex I subunit NDUFS1 may be
involved in apoptosis since Ricci et al demonstrated that this subunit is a substrate for
caspase cleavage (Ricci et al, 2004). Luo and colleagues also suggested that the
transmembrane glycoprotein CD147, which is associated with human malignant
melanoma, may interact with the complex I subunit NDUFS6 (Luo et al, 2014). Perhaps
most evidence for an involvement in apoptosis are studies on the complex I subunit
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NDUFA13 which was initially identified as the cell death-associated “Genes associated
with retinoid-IFN-induced mortality 19 protein” (Grim-19) (Angell et al, 2000;
Chidambaram et al, 2000; Fearnley et al, 2001; Kalakonda et al, 2014; Palmieri et al,
2001). NDUFA13 expression is stimulated by the cell-death regulators interferon-β
(IFN) and retinoic acid (RA), and enhances cell death (Angell et al, 2000).
Interestingly, studies demonstrated that the accumulation of, and exposure to,
exogenous ROS, generated through chemical compounds multiplies apoptotic
signalling, and therefore may act as a potential tumor suppressor by eliminating
abnormal or damaged cells (Wang & Yi, 2008). The link between the two biochemical
processes not only underlines the importance of the mitochondria but also
demonstrates the fundamental biological principle of interconnected pathways.
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1.11 SUBJECT OF THIS THESIS
Although a significant body of research has addressed mitochondria, parts of
their complex biology such as energy generation and the regulation of apoptosis, and
in particular the link between these two processes, are not well understood.
This thesis addresses both mitochondrial functions in two parts. Part I deals
with the multifaceted role of NDUFA13. Not only was NDUFA13 described as a possible
regulator of apoptosis but also as a vital subunit of complex I of the OXPHOS system.
Chapter 3 details the generation of a NDUFA13-deficient human cell line using
transcription activator-like endonucleases (TALENs), and the initial characterization of
this cell line including extensive analysis by blue-native PAGE coupled with mass
spectrometry (MS) to clarify the role of NDUFA13 in complex I biogenesis and OXPHOS
super-complex formation. Chapter 4 extends the analysis of the NDUFA13-deficient
cell line to dissect the possible role of NDUFA13 as a mediator of apoptosis. This
includes cell proliferation and cell death assays analyzed via FACS. It also investigates
the state of mitochondrial membrane potential, the generation of ROS, the
mitochondrial morphology and steady state levels of selected proteins in the absence
of NDUFA13.
The second part of this thesis addresses the intricate interaction between Bak
and VDAC2, which plays a crucial role in the regulation of mitochondrial induced
apoptosis. In Chapter 5, attempts to identify other, possibly novel cytosolic regulators
and/or components of the Bak-VDAC2 complex are described. An extended
biochemical purification method to purify active cytosol fractions of mouse organs, as
well as a novel assay to test the obtained fractions for their ability to delay Bak
activation, has been developed. Additionally mass spectrometric (MS) analysis was
undertaken. Although numerous proteins were identified, further validation is
required to confirm whether these proteins contribute to the Bak-VDAC2 complex.
Chapter 6 describes the purification and attempts to crystallize human VDAC2 to
clarify its structural characteristics that lead to its specific interaction with Bak.
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CHAPTER II
MATERIALS AND METHODS
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2.0 CHEMICAL REAGENTS
General laboratory reagents used during the course of this study were
purchased from Amresco, BDH, Calbiochem, Merck, MP Biomedical and Sigma.

2.1 MOLECULAR BIOLOGY TECHNIQUES
General molecular biology techniques were performed according to Sambrook
and Russell (2001) unless stated otherwise.

2.1.1 cDNA CLONES
A plasmids containing the cDNAs encoding human NDUFA13 was obtained
from Image clone consortium.

2.1.2 CLONINIG
Polymerase Chain Reaction (PCR)
Lyophilised oligonucleotide primers, generally consisting of 15-25 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 and made to 10 µM in dH2O and stored at -20°C. A standard 50 µL PCR
contained a VentTM Polymerase buffer (New England BioLabs), 2.5 mM dNTPs
(Promega), 10 µM of both the forward and reverse primers (Sigma), 10 ng of template
DNA and 2 U of VentTM DNA Polymerase (New England Biolabs). The reactions 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 98°C, followed by 30 cycles of a
denaturing step at 95°C (30 sec), an annealing step at 48-60°C (30 sec) and an
extension at 72°C (1 min), and completed by a final extension step at 72°C (3-5 min).

Genomic PCR
Crude gDNA was isolated by solubilising cells (100 µg total protein) in 100 µL
SDS/proteinase K lysis buffer containing 67 mM Tris-HCl (pH 8.8), 16.6 mM ammonium
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sulphate, 5 mM β-mercaptoethanol, 6.7 mM MgCl2, 6.7 µM EDTA, 1.7 µM SDS, 20
µg/mL proteinase K and incubating for 1 hour at 37°C, followed by 10 min at 80°C
(Sambrook & Maniatis, 2003). Standard 25 µL PCRs of HEK293T wild-type and

∆NDUFA13 gDNA were comprised of 50 ng gDNA, Herculase II reaction buffer (Agilent),
2.5 mM of each dNTP, 10 µM of forward primer for cloning into pGEM-4Z (Promega), 10
µM of reverse primer for cloning into pGEM-4Z and 0.25 µL Herculase II DNA
polymerase (Agilent). A standard 100 µL PCR of NDUFA13 cDNA comprised of 50 ng
template pGEM-4Z-NDUFA13, ThermoPol buffer (New England BioLabs), 2.5 mM of
each dNTP, 10 µM of M13 forward primer, 10 µM of M13 reverse primer and 1 µL Vent
DNA polymerase (2000 U/mL; New England BioLabs). Cycle parameters were set to an
initial denaturation at 94°C for 2 min, followed by 34 repeats of 94°C for 1 min, 50°C for
1 min and 72°C for 1.5 min, with extension terminating at 72°C for 5 min. All PCRs were
carried out using the BioRad T100 Thermal Cycler.

PCR Colony Screen for TALEN assembly verification
For all PCR colony screens, at least six independent transformant colonies were
suspended in dH2O. For TALEN assembly verification, the 25 µL PCR comprised of 1 µL
of cell suspension, ThermoPol buffer, 2.5 mM of each dNTP, 10 µM oSQT34 forward
primer, 10 µM oSQT35 reverse primer and 0.1 µL Taq DNA polymerase (5000 U/mL;
New England BioLabs). For verification of TALEN-induced ∆NDUFA13 sequence
mutations in the gDNA of HEK293T cells, 25 µL PCRs were performed using the same
reagents, except with 10 µM M13 forward primer and 10 µM M13 reverse primer. Cycle
parameters were set to an initial 3 min at 98°C, followed by 30 repeats of 95°C for 30
sec, 52°C for 30 sec and 72°C for 2.5 min, terminating at 72°C for 5 min. All PCR
amplicons were purified using the Wizard® SV Gel and PCR Clean-Up System
(Promega), according to the manufacturer’s instructions, and stored at -20°C. Positive
transformants

were

inoculated

in

LB

containing

100

µg/mL

carbenicillin

(PhytoTechnology Laboratories) or 50 µg/mL ampicillin (Amresco) and grown
overnight at 37°C for further analyses.
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2.1.3 PLASMID DNA ISOLATION
High quality and endotoxin free DNA plasmids were purified from E. coli cells
using the Wizard® Pure SV Miniprep DNA Purification System (Promega) or Pure Yield™
Plasmid Midiprep System (Promega) according to the manufacturer’s instructions, and
stored at -20°C. DNA concentrations were determined using the NanoDrop 2000
(Thermo Scientific) by measuring the absorbance at 260 nm.

2.1.4 RESTRICTION ENZYME DIGESTION AND DNA EXTRACTION
All restriction enzyme digestions were performed in a total volume of 40 µL
comprising of 1-5 μg DNA sample (purified PCR products or plasmid DNA), appropriate
restriction enzyme buffer (Promega) and 1 µL of the desired restriction enzyme(s) (10
U/µL; Promega). All reactions were incubated for at least 1 h at 37°C. 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). All digested samples resolved on a gel containing 1-1.5% [w/v] agarose
dissolved in TAE buffer (0.1 M acetic acid, 1 mM EDTA, 40 mM Tris-HCl (pH 8.0)
containing 0.05 µg/mL SYBR Safe (Invitrogen) at 100 V for 30 min. Digestion products
were visualized using the G:Box gel documentation system (SynGene) and excised
from the gel using a sterile surgical blade. DNA was liberated from the gel using the
Wizard® SV Gel and PCR Clean-Up System (Promega), according to the manufacturer’s
instructions, and stored at -20°C.

2.1.5 LIGATION REACTIONS
All ligation reactions were performed in a total volume of 10 µL, comprising 150
fM of the digested insert, 50 fM of the digested plasmid, quick ligation buffer and 1 µL
of T4 DNA ligase (400 U/µL; New England BioLabs). All reactions were incubated for at
least 15 min at 37°C. Selected ligation products were confirmed by sequencing.
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2.1.6 BACTERIAL TRANSFORMATION
Typically, 5 µL of ligation product 10 ng of purified plasmid DNA was incubated
with 100 µL of competent XL-1 Blue E. coli cells on ice for 15 min. Cells were heat
shocked at 42°C for 90 sec, and directly returned to ice for 5 min. To each sample, 500
µL of LB containing no antibiotic was added and incubated for 1 h in a 37°C shaking
incubator. A 250 µL sample was taken and aseptically spread onto LB agar plates
containing 100 µg/mL carbenicillin or 50 µg/mL ampicillin and cultured overnight at
37°C.

2.1.7 DNA SEQUENCING
All DNA sequencing was performed at the Australian Genome Research Facility
(AGRF), Melbourne. Samples were made to a total volume of 12 µL containing 6001000 ng plasmid DNA and 9.6 pmol of the appropriate primer.

2.1.8. PREPARATION OF GLYCEROL STOCKS
For long term storage of E. coli strains, overnight cultures were resuspended in
LB containing 15% [v/v] glycerol, mixed, snap frozen in liquid nitrogen and stored at 80°C.

2.2 TALEN DESIGN, ASSEMBLY AND VERIFICATION
Unique TALEN binding sites within the first coding exon and the immediate
flanking regions of human NDUFA13 (NC_000019.10, 19516210-19528204) were
identified using the ZiFiT Targeter software (Sander et al, 2010; Sander et al, 2007).
TALEN pairs were selected targeting the DNA sequence encoding the second
methionine in the first coding exon of NDUFA13. The TAL effector binding pairs
NDUFA13-Left were assembled via the FLASH method according to (Reyon et al, 2012),
and ligated into JDS expression vectors (Addgene), yielding pTALEN-NDUFA13-L and R respectively. TALEN assembly verification was performed via PCR colony screening;
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with plasmid DNA from positive transformants sequenced using the oSQT1, oSQT3
and oJ52980 primers in 6 independent sequencing reactions.

2.3 EXPRESSION, PURIFICATION REFOLDING OF HUMAN VDAC2
Expression, purification and refolding were conducted according to (Bayrhuber
et al, 2008; Meins et al, 2008; Ujwal & Abramson, 2012; Ujwal et al, 2008; Zeth et al,
2008).

2.3.1 BACTERIAL EXPRESSION OF HUMAN VDAC2 IN E.coli
pET10N-VDAC2 Plasmid DNA (Truscott et al, 2001) was transformed into
chemically competent C43 E. coli cells (Miroux & Walker, 1996) and the transformants
were grown in 100 mL LB medium overnight at 30°C in the presence of 100 µg/mL
ampicillin. The culture was then diluted into 10 L of fresh LB medium supplemented
with 100 µg/mL ampicillin and left growing at 37°C until its OD600 reached 0.6. The
whole bacterial culture was shifted to at 22°C before induced with 0.5 mM isopropylbeta-D-thiogalactopyranoside (IPTG; Sigma) for 24 h. Cells were centrifuged at 4,000 x
g, 4°C, for 15 min upon completion of induction, resuspended in PBS and snap-frozen
in liquid nitrogen and stored at -80°C. Protein expression was analysed using SDSPAGE and Coomassie blue staining.

2.3.2 PURIFICATION OF HUMAN VDAC2
The frozen cell pellets after induction were thawed on ice and resuspended in
PBS buffer. The cell slurry was then lysed at 4°C via two passages (at 27 kPa) using a TS
Series Benchtop cell disruptor (Constant Systems Ltd.). The soluble and insoluble parts
of the lysate were recovered by centrifugation at 20,000 x g, 4°C for 30 min. The pellet
(insoluble proteins, inclusion bodies) was retained for further purification steps.
Inclusion bodies were washed with PBS and solubilized in 50 mM Tris-HCl (pH 8.0), 8 M
urea, 1 mM dithiothreitol (DTT). The resuspended pellet was clarified by centrifugation
at 20,000 x g, 16°C for 30 min. The obtained supernatant was then used for
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immobilized metal ion affinity chromatography (IMAC). Typically, 3 mL of settled CoNTA agarose beads (QIAGEN) were equilibrated with five bed volumes (CV) 50 mM TrisHCl (pH 8.0), 8 M urea, 1 mM DTT. The supernatant was applied to the Co-NTA agarose
beads under gravity flow; non-specifically bound proteins were washed from the
beads with five CV of buffer containing 50 mM Tris-HCl (pH 8.0), 8 M urea, 1 mM DTT,
10 mM imidazole. His10-tagged VDAC2 was specifically eluted with 6 x 2 x CV buffer
containing 50 mM Tris-HCl (pH 8.0), 8 M urea, 1 mM DTT, 25-500 mM imidazole. The
purity of the eluted fractions was analyzed using SDS-PAGE and Coomassie blue
staining. VDAC2 containing fractions were combined and dialyzed extensively
(overnight) at 4°C against PBS. Precipitated proteins were centrifuged at 20,000 x g,
16°C for 15 min and resuspended in typically 15 mL of 50 mM Tris-HCl (pH 8.0), 8 M
urea, 1 mM DTT, followed by application to a Superdex200® column in 50 mM Tris-HCl
(pH 8.0), 8 M urea, 1 mM DTT connected to an ÄKTA™ 900 UPC basic chromatography
system fitted with an ÄKTA™ Frac-900 collector (GE Healthcare). Protein elution was
monitored in real-time by absorbance at 280 nm. The purity of the eluted fractions was
analyzed using SDS-PAGE and Coomassie blue staining. VDAC2 containing fractions
were combined and dialyzed extensively (overnight) at 4°C against PBS. Precipitated
proteins were centrifuged at 20,000 x g, 16°C for 15 min and resuspended in normally 1
mL of 50 mM Tris-HCl (pH 8.0), 6 M guanidinium hydrochloride, 1 mM DTT.

2.3.3 REFOLDING OF HUMAN VDAC2
Typically 1 mL of purified human VDAC2 solubilized in 50 mM Tris-HCl (pH 8.0),
6 M guanidinium hydrochloride, 1 mM DTT was drop wise diluted into 14 mL of a 1%
[w/v] lauryldimethylamine N-oxide (LDAO), 50 mM Tris-HCl (pH 8.0), 1 mM DTT and
gently stirred overnight at 4°C. The refolded protein solution was then centrifuged at
100,000 x g, 4°C for 1 h to remove aggregated VDAC2 species and applied to a
Superdex200® column in 0.1% LDAO, 50 mM Tris-HCl (pH 8.0), 1 mM Tris(2carboxyethyl)phosphine

(TCEP)

connected

to

an

ÄKTA™

900

UPC

basic

chromatography system fitted with an ÄKTA™ Frac-900 collector (GE Healthcare).
Protein elution was monitored in real-time by absorbance at 280 nm. The purity of the
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eluted fractions was analyzed using SDS-PAGE and Coomassie blue staining. Elution
peaks containing VDAC2 were combined and concentrated using Amicon Ultra 50,000
MWCO centrifugal filters to a final concentration of 8.1 mg/mL.

2.3.4 CALIBRATION OF SIZE EXCLUSION COLUMNS
For the determination of the molecular weight (Mw), size exclusion was
conducted in comparison of the gel phase distribution coefficient (Kav) of the protein
of interest, with the values obtained for several known calibration proteins. The
molecular weight of an unknown protein can then be determined from the calibration
curve plotted of Kav versus log Mw from the calibration proteins.
Ve-Vo

Kav=Vc-Vo

Calculation of Kav. Vo = column void volume, Ve = elution volume, and Vc = geometric
column volume.

The calibration was conducted with a combination of a high molecular
standard and a low molecular standard kit (GE Healthcare) and according to the
manufacturer’s instructions.

2.4 CRYSTALLIZATION OF HUMAN VDAC2
Crystallization procedures for human VDAC2 were adopted from Bayrhuber et
al, 2008; Meins et al, 2008; Ujwal & Abramson, 2012; Ujwal et al, 2008; Zeth et al, 2008.

2.4.1 GENERATION OF BICELLES
Bicelles were generated according to Ujwal & Abramson, 2012. In short, 1 mL of
bicelles containing of 35% 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (Sigma,
DMPC):

3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate

(Sigma, CHAPSO) mixture at a 2.8:1 molar ratio were generated by weighing out 0.26 g
DMPC (Mr 677.9 g/mol), 0.09 g CHAPSO (Mr 630.9 g/mol) and dH2O to a final volume of
1 ml. The mixture was then dissolved by repeatedly cycling through warming the
mixture to ~40°C using a BioRad ThermoMixer, vortexing for ~1 min followed by
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cooling the mixture on ice and vortexing. Bicelle formation was indicated by the
changes in phase behaviour of the DMPC:CHAPSO formulation. Upon completion, the
mixture has formed a clear gel at or above room temperature and a viscous liquid on
ice. The bicelle mixture was either directly used for crystallization trials or stored at 20°C for long-term storage (Ujwal & Abramson, 2012).

2.4.2 INCORPORATION OF HUMAN VDAC2 INTO BICELLES
For the incorporation of human VDAC2 into the bicelles, frozen DMPC:CHAPSO
bicelles were thawed and brought to room temperature. The mixture was placed on
ice until liquefied and briefly vortexed to re-establish a homogenous bicelle phase.
Bicelles were placed on ice and mixed with purified and refolded VDAC2 to a final
protein concentration of 6 mg/mL and 8% bicelles. The protein/bicelles mixture was
then gently mixed by pipetting the content up and down before subjecting them to
crystallization trials.

2.4.3 MEMPLUS® MATRIX SCREENING
All MemPlus® screening as well as optimization screens with indicated
variations, were carried in house at 18°C using the hanging-drop vapour diffusion
method in 24-well plates (EasyXtal DG-Tool, Qiagen). Drops were manually set up by
combining 1 μL protein with 1 μL crystallant over 500 μL reservoir solutions.

2.5 MAMMALIAN CELL CULTURE
2.5.1 CELL LINES
Tissue culture cell lines utilized included HEK293T cells (human kidney
epithelial cell line, SV40 transformed) and HEK293T cells having NDUFA9 gene knockout (∆NDUFA9) (DuBridge et al, 1987; Stroud et al, 2013), HeLa (Rahbari et al, 2009;
Scherer et al, 1953) and mouse embryonic fibroblasts (MEFs) Vdac2-/- and their isogenic
wild type (Lazarou et al, 2010; Vince et al, 2007).
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2.5.2 CULTURING CONDITIONS
Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; GIBCO-BRL)
containing 5-10% [v/v] fetal 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 1 min. The cells were
then gently resuspended and transferred into new plate(s) containing complete
DMEM.

2.5.3 CELL TREATMENT FOR MICROSCOPY
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.

2.5.4 CELL DEATH ASSAY VIA FLUORESCENCE ACTIVATED CELL SORTING
Cell death assay procedures were adopted from (Hwang et al, 2010; Krystyniak
et al, 2006; Puthalakath et al, 2007). Cells were maintained in complete DMEM with
10% [v/v] FCS and seeded 24 h prior to experiment at 10,000 cells per well in 24 well
plates and incubated overnight at 37°C, 5% CO2. The medium was replaced and cells
were treated for the indicated time points with the indicated concentrations of
staurosporine and etoposide (Sigma). Stock concentrations were made of 1 mM
Staurosporine and/or 10 mM Etoposide (Sigma) in DMSO. Control cells were treated
with equal volumes of DMSO for the times indicated. To assess cell death, cells were
harvested by trypsin, washed once with FACS buffer (KDSBSS (150 mM NaCl, 3.7 mM
KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 7.4 mM HEPES-NaOH, 1.2 mM KH2PO4, 0.8 mM
K2HPO4) + 2% FCS + 10 mM Na-azide), spun at 1500 x g for 5 min and stained with
1:5000 Annexin V-FITC/FACS buffer (made in-house by Puthalakath lab) in FACS Buffer
for 30 min on ice in the dark. Cells were washed with FACS buffer again, stained with
propidium Iodide (PI, Sigma, final concentration 1 µg/mL) and apoptotic cell death
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analyzed with a BD FACS Canto II using green (FL1) and red (FL2) channels. Data
analysis was done using WEAZEL v3.0 software (WEHI Melbourne).

2.5.5 MEMBRANE POTENTIAL AND ROS DETERMINATION VIA FACS
Mitochondrial membrane potential and mitochondrial reactive oxygen species
determination were conducted according to (Dingley et al, 2012) with the indicated
adaptations. Typically, cells were maintained in complete DMEM with 10% [v/v] FCS
and seeded 24 h prior to experiment at 10,000 cells per well in 24 well plates and
incubated over-night at 37°C in 5% CO2. Cells were either treated with 5 µM rotenone,
20 µM antimycin A or a combination for 6 h. Cells were then either stained with 5 nM
MitoSOX™ or 100 nM tetramethyl rhodamine methyl ester (both Lifetechnologies,
TMRM) for 30 min in the dark and analyzed via a BD FACS Canto II. Data was collected
and analyzed using FlowJo and Prism.

2.5.6 SRB CELL PROLIFERATION ASSAY
Cell proliferation assays were adopted from Vichai and Kirtikara, 2006. Typically,
cells were maintained in complete DMEM with 10% [v/v] FCS and seeded 24 h prior to
experiment at 500 cells in 100 µL per well in 96 well plates and incubated overnight at
37°C, 5% CO2. Separate plates were used for different time points. The experiment was
normally conducted over the period of 7 days, with 4-5 wells per cell line per plate
used. Starting from day 0 and continued over the indicated successive days, plates
were removed; cells were then fixed by adding 50 µL of 50% [v/v] TCA and incubating
at 4°C for at least 1 h. After TCA fixation, plates were thoroughly washed with distilled
water to ensure no media remained in the plate. Plates were inverted and air dried
thoroughly. Once all the plates have been fixed and dried, 100 µL of SRB dye (0.4%
[w/v] Sulforhodamine B dissolved in 1% [v/v] acetic acid) was added to each well and
incubated for 30 min at room temperature. Plates were thoroughly washed with
distilled water to ensure no dye remained in the plate. Plates were washed again
thoroughly with 1% [v/v] acetic acid to remove unbound dye. Plates were then
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inverted on absorbent paper and allowed to air dry thoroughly. The remaining SRB dye
was solubilized by adding 100 µL of 10 mM Tris (pH 10.5) and shaking the plates on an
orbital shaker for 5 min. The optical densities were read at 550 nm on a microplate
reader. Data was analyzed using Prism (Vichai & Kirtikara, 2006).

2.5.7 STABLE ISOTOPE LABELLING IN CELL CULTURE (SILAC)
Isotope labelling was conducted 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% [v/v] dialysed FCS. In addition, 600
mg/L of “light” and “heavy” Proline (ThermoFisher) were respectively included in the
“light” and “heavy” medium to prevent the auto-conversion 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.

2.5.8 TRANSIENT TRANSFECTION OF MAMMALIAN CELLS
All transfections were performed using HEK293T cells of ~80% confluency. Prior
to transfection and per 10 cm plate of cells, 800 µL of incomplete DMEM (Invitrogen)
was incubated with 1 µL of Lipofectamine 2000® (Invitrogen) for 5 min at room
temperature. To this, 10 µg of plasmid DNA mixed with 800 µL incomplete DMEM was
added and incubated for 20 min at room temperature. To this mix, 6.4 mL of
incomplete DMEM with 10% [v/v] FCS and 50 µg/mL uridine was added and gently
dispensed over PBS-washed HEK293T or ∆NDUFA13 cells, and incubated overnight at
37°C in 95% air and 5% CO2. All transfected and non-transfected cells for all
experiments, unless otherwise stated, were cultured using complete DMEM
supplemented with 10% [v/v] FCS, 50 µg/ mL uridine, 110 mg/L sodium pyruvate, 100
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U/mL penicillin (Life Technologies), 100 µg/mL streptomycin (Life Technologies), and
with either 4.5 g/L D-glucose or 5 mM galactose at 37°C under 95% air and 5% CO2.

2.5.9 TRANSFECTION OFCLONAL HEK293T CELLS FOR TALEN MEDIATED GENE
DISRUPTION
HEK293T cells were transfected with pTALEN-NDUFA13-L, pTALEN-NDUFA13-R
and pEGFP-N1 (Clontech) at 9:9:1 amount respectively (Stroud et al, 2013). Prior to
sorting, the cell population was centrifuged at 1,200 x g at room temperature for 5
min. The cell pellet was resuspended in PBS, 5 mM EDTA and 5% [v/v] FCS, and filtered
to remove clumped cells. Individual transfected cells were isolated via fluorescenceactivated cell sorting (FACS) using the BDFACSAria™III sorter (BD Biosciences), gated on
an ~103-105 GFP fluorescence intensity (relative to non-transfected cells) for selection.

2.5.10 mtDNA-ENCODED SUBUNITS LABELLING AND CHASE ASSAY
Pulse labelling of mtDNA-encoded subunits with [35S]-methionine/cysteine was
performed according to Lazarou et al, 2007 and Lazarou et al, 2009. Prior to labelling,
HEK293T and ∆NDUFA13 cells of ~80% confluency were incubated with DMEM with
10% [v/v] FCS, 50 µg/mL uridine, 50 µg/mL chloramphenicol (CAP, Sigma) for at least
12 hours. All incubations were at 37°C under 95% air and 5% CO2. Cells were washed in
PBS, and incubated in methionine free DMEM for 10 min at 37°C, followed by 15 min
incubation in methionine free DMEM with 5% [v/v] dialysed FCS and 100 μg/mL
cycloheximide (CHX, Sigma) at 37°C. [35S]-methionine/cysteine (Perkin Elmer) was
added into the media (1µL per mL of media, specific activity: less then 1000 Ci/mmol,
concentration 11 mCi/mL), and cells were incubated for 2 h at 37°C. Cold methionine
was added to the media in a final concentration of 0.1 mM, and cells were incubated
for a further 15 min. Cells were washed in PBS and either harvested or incubated in
DMEM with 10% [v/v] FCS, 50 μg/mL uridine, for 3 and 24 h chase times, with isolated
mitochondria analyzed by BN-, SDS- and 2D-BN-SDS-PAGE. Dried PVDF membranes
were left in a Phosphor-Imager cassette (at least overnight) before being developed
using the Typhoon Tri PhosphorImager.
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2.6 FLUORESCENCE MICROSCOPY
2.6.1 IMMUNOFLUORESCENCE MICROSCOPY
Immunofluorescence microscopy was performed as previously described with
adaptation indicated by Harlow and Lane, 1999. Seeded cells were treated with 50 nM
MitoTracker Red (Invitrogen) and incubated for 20 min at 37°C, 5% CO2. The cells were
then fixed with 4% [w/v] paraformaldehyde (BDH chemicals) in PBS or ice cold
methanol/acetone for 10 min at room temperature. The fixed cells were then washed
three times with PBS to remove the fixation solution and permeabilized in 0.2% [v/v]
Triton X-100 in PBS for 5-10 min. Cells were then incubated with the desired primary
antibodies for 60 min at room temperature. All antibodies diluted to their correct
working 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). 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) 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 5 min at room temperature. Finally, the cover slips
were mounted onto microscope slides in the presence of mounting medium
consisting of 90% glycerol, 50 mM Tris-HCl (pH 8.0), 2.5% [w/v] triethylenediamine
(DABCO).

2.6.2 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
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respectively. Images were taken using either the 100 x objective lens with oil
immersion and were processed using Image J or Zeiss software.

2.7 MITOCHONDRIAL ISOLATION FROM TISSUE CULTURE CELLS
Mitochondria from tissue culture cells were isolated as previously described
(Stojanovski et al, 2003). Cells were harvested using a rubber policeman, washed in 5
mL PBS and isolated by centrifugation at 800 x g, 4°C for 5 min. The isolated cell pellet
was resuspended in typically 5 mL of Solution A (20 mM Hepes-KOH (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 15 min to promote cell swelling. Cells were transferred to a 15
mL glass homogenizer and homogenized with 20 strokes using a drill-fitted pestle. The
cell lysate was subjected to centrifugation at 800 x g at 4°C for 5 min to remove cell
and nuclear debris. Subsequently, the supernatant was subjected to centrifugation at
10,000 x g at 4°C for 20 min to isolate the mitochondria. The mitochondrial pellets
were washed with sucrose storage buffer containing 10 mM Hepes-KOH (pH 7.6), 500
mM sucrose and re-centrifuged at 16,000 x g at 4°C for 5 min. Mitochondria were then
resuspended in sucrose storage buffer and the protein concentration was determined.

2.8 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% [v/v] Triton X-100, and subsequently mixed with 0.75 mL 10
mM KPi buffer (6.1 mM K2HPO4 and 3.9 mM KH2PO4, pH 7.0) and 1% [w/v] NaCl 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. The method and
formula to determine mitochondrial protein concentration was adopted from (Clarke,
1976). Normally, 1 µL of resuspended mitochondria was mixed with 600 µL of 50 mM
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Tris-HCl (pH 7.4) and 0.1% [w/v] SDS in a quartz cuvette (Starna Pty Ltd) upon which
the absorbance at 280 nm and 310 nm were measured using a spectrophotometer.

2.9 MASS-SPECTROMETRY
The LC-MALDI TOF/TOF Analyses was performed in collaboration with Dr. Pierre
Faou.
2.9.1 SAMPLE PREPARATION
Samples were resuspended in 100 μL of 8 M urea, 10 mM DTT, 100 mM Tris-HCl
(pH 8.3) and incubated for 5 h at room temperature. After reduction, samples were
alkylated in the dark for 1 h by addition of 4 μL of 1 M iodoacetamide and the reaction
stopped by 4 μL of 1 M DTT for 1 h in the dark. The urea was then diluted by addition
of 1 mL water and samples digested with 1 μg trypsin over night at 37°C. The volume
of the sample was then reduced to 150 μL in a vacuum centrifuge. Peptides were
purified/concentrated by C18 Zip-Tip (Millipore) according to manufacturer’s protocol
and resuspended in 10 μL of 2% [v/v] acetonitrile (ACN), 0.1 % [v/v] trifluoroacetic acid
(TFA).

2.9.2 LC-MALDI LIQUID CHROMATOGRAPHY MATRIX ASSISTED LASER
DESORPTION IONIZATION
Peptides were separated on an UltiMate nano-LC system (Dionex) equipped
with a Dionex Pepmap C18 trapping column (5 μm, 100 Å, 300 μm x 1 mm) and a
Vydac Everest (Grace Pty. Ltd) C18 analytical column (5 μm, 300 Å, 150 μm×15 cm).
Eluant A was 0.05% [v/v] TFA, 5% [v/v] ACN, in water. Eluant B was 0.05% [v/v] TFA,
80% [v/v] ACN in water. The peptides eluted using a 2 steps segment gradient from 5–
16% eluant B over 2 min and then 16–55% eluant B over 62 min at a rate of 1250
nL/min). The column effluent was directed to a MALDI-plate spotter (Proteineer fc,
Bruker Daltonics) where fractions were collected every 10 sec on a 384 positions
AnchorChip plate with 800 μm anchorsize. For each fraction, 2.4 μL of the matrix
solution (4 mg/mL α-cyano-4-hydroxycinnamic acid dissolved in 90% [v/v] ACN
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containing 0.1% [v/v] TFA and 10 mM ammonium dihydrogenphosphate) was added
to the column eluent. The target plate was analyzed with an Ultraflex III MALDI
TOF/TOF (Bruker Daltonics). All spectra acquisition was performed automatically with
FlexControl version 3.3 and WARP-LC version 1.2 software. All mass spectra were
obtained in positive reflector mode measuring from 900 to 4000 Da. Reflector voltage
was set to 26 kV. All MS spectra were produced from ten sets of 50 laser shots using
random movement. Calibration of the instrument was performed externally using a
peptide standard mixture (Bruker Daltonics). MS/MS analysis was carried in LIFT mode:
accelerated at 8 kV and LIFT voltage at 19 kV. MS/MS spectra were produced from 2000
laser shots using random movement. All MS spectra analyzes was conducted by Dr.
Pierre Faou. MS peak lists were generated by FlexAnalysis version 3.3, using SNAP
algorithm with S/N threshold 3, quality factor threshold 30 and SNAP average
composition averaging. The peak list was filtered to remove common contaminants as
(matrix and keratin peaks). Selection of parent precursors was determined by using
WARP-LC software. The compounds separated by less than six fractions were
considered the same and were selected as parent precursors if the SN was >4. The
MSMS peak list was also generated by using the SNAP algorithm after the spectra were
smoothed with use of the Savitsky-Golay algorithm (width 0.05 m/z) and baseline
subtraction with the TopHat algorithm.

2.9.3 LC-MALDI DATA-ANALYSIS
Conducted in collaboration with Dr. Pierre Faou, La Trobe University. All
tandem-ms searches were performed against Human sequences from the Swissprot
database (March 2014 release), all sequences from the cRAP database of common
contaminants (version 1.0 http://www.thegpm.org/crap/) were also included. LCMALDI data were analysed using the following pipeline. Raw data was first converted
to mzML using msconvert (version 3.0.4323 Chambers:2012du) with vendor peak
picking enabled, and using the MS2Denoise function with default parameters. The
resulting files were then searched against the protein database described above using
the Mascot (version 2.4.0) search engine with precursor mass tolerance set to 80 ppm,
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fragment mass tolerance at 0.4 Da and allowed charges set to 1+ only. All searches
allowed for N-terminal acetylation and methionine oxidation as variable modifications.

2.10 IN VITRO IMPORT AND ASSEMBLY ASSAY
General in vitro import and assembly assays were conducted as previously
described (Lazarou et al, 2010; Ryan et al, 2001; Stojanovski et al, 2003)

2.10.1 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 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 2 x NTP/CAP
(5 µM ATP, 5 µM CTP, 1 µM GTP and 4 µM CAP analog) and 10 x SP6 reaction buffer.
The reaction mix was incubated at 37°C for 2 h. 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 centrifugation at
20,000 x g, 4°C for 15 min. The RNA pellet was washed with 70% [v/v] ethanol and recentrifuged at 20,000 x g, 4°C for 15 min. The pellet was then air-dried and
resuspended in 30 µL of nuclease-free water and stored at -80°C

2.10.2 STANDARD TRANSLATION REACTION
The frozen RNA solution was thawed and diluted in nuclease-free water
(normally 1/2 and 1/5 dilutions) to a final volume of 5 µL. Master lysate mix containing
30 µL rabbit reticulocyte lysate (Promega), 2 µL amino acids (minus methionine) and 2
µL [35S]-labelled methionine (1µL per mL of media, specific activity: less then 1000
Ci/mmol, concentration 11 mCi/mL, Perkin Elmer Life Sciences) was added to the RNA
solution and incubated for 1 h at 30°C. The translation reaction was stopped by adding
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a 1/4 volume of stop translation buffer containing 250 mM sucrose, 10 mM
methionine.

2.10.3 IN VITRO IMPORT INTO ISOLATED MITOCHONDRIA
In vitro import and assembly reactions were performed as previously described
(Stojanovski et al, 2003). Freshly isolated mitochondria (typically100 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 potassium
acetate, 20 mM Hepes-KOH (pH 7.4) and freshly added 5 mM ATP, 10 mM sodium
succinate and 1 mM DTT. Radiolabelled precursor proteins were added to the
resuspended mitochondria mixes. After incubation of the mixture for desired period
time at 37°C, the import reactions were stopped by placing them on ice. At this point,
each of the samples were split - with 60 µL for BN-PAGE and 40 µL for SDS-PAGE The
mitochondria were re-isolated by centrifugation at 10,000 x g for 5 min at 4°C, washed
with cold import buffer and re-isolated by centrifugation. In order to analyze
complexes on BN-PAGE, the washed mitochondria pellets were solubilized in digitonin
buffer (0.5 or 1% [w/v] digitonin, 20 mM Bis-Tris-HCl (pH 7.4), 50 mM NaCl and 10%
[v/v] glycerol) for 30 min. The samples were clarified by centrifugation at 16,000 x g for
5 min at 4°C upon which 1/10th of 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 4-13% BNPAGE gels at 4°C. SDS-PAGE samples were solubilized in Laemmli buffer and analyzed
using gradient Tris-tricine gels. Radiolabeled proteins were detected by digital
autoradiography. For western blot analysis, gels were transferred to PVDF membranes.

2.11 TRICHLORACETIC ACID PRECIPITATION
Trichloroacetic acid (TCA) precipitation was performed as previously described
(Alconada et al, 1995). An appropriate volume of 72% [w/v] TCA was added to samples
to make up a final concentration of 12% [w/v] TCA. The samples were stored -80°C for
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at least 30 min followed by centrifugation at 18,000 x g and 4°C for 30 min.
Supernatants were removed and pellets were washed with ice-cold acetone. Upon 15
min centrifugation at 18,000 x g and 4°C for 30 min, the pellets were dried,
resuspended in 100 mM NaOH, 1% [v/v] SDS analyzed by SDS-PAGE.

2.12 POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE)
2.12.1 TRIS-TRICINE-SDS-PAGE
This system was previously described by others (Ryan et al, 1999; Schagger &
von Jagow, 1987). A gradient mixer was utilized to make separation gels consisting of a
10-16%

linear

gradient

of

acrylamide.

To

polymerize

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 solubilized in
Laemmli buffer (50 mM Tris-HCl (pH 6.8), 0.1 M DTT, 2% [w/v] SDS, 10% [v/v] glycerol
and 0.05% [w/v] Bromophenol Blue) and incubated at 95°C for 5 min. Proteins were
separated at 100 V and 25 mA for 15 h 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-HCl (pH 8.9)).

2.12.2 BLUE NATIVE POLYACRYLAMIDE GEL ELECTROPHORESIS (BN-PAGE)
This technique was previously described by others (Dekker et al, 1997;
Schagger & von Jagow, 1991). 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 polymerized by the addition of
APS and TEMED, upon which a 4% acrylamide mix was applied as a stacker.
Thyroglobulin (669 kDa; Sigma), ferritin (440 kDa; Sigma) and BSA (134 and 66 kDa;
Roche) were used as markers. Electrophoresis was performed at 100 V, 20 mA
(Electrophoresis Power Supply EPS601 unit) at 4°C for 15 h in the presence of BN-PAGE
cathode buffer (50 mM tricine, 15 mM Bis-Tris (pH 7.0) and 0.02% [w/v] Coomassie blue
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G 250) and BN-PAGE anode buffer (50 mM Bis-Tris (pH 7.0)) . The blue cathode buffer
was replaced with a clear cathode buffer (50 mM tricine, 15 mM Bis-Tris (pH 7.0)) after
the samples had entered the stacking gel if gels were later subjected to Western
analysis.

2.12.3 TWO DIMENSIONAL BN-SDS-PAGE (2D-BN-SDS-PAGE)
This technique was previously described by others (Lazarou et al, 2007; Lazarou
et al, 2009). The first dimension of BN-PAGE was performed as described previously
with selected gel lanes frozen at -80°C until use. For the second dimension, a thawed
gel lane was polymerized into the tris-tricine SDS-PAGE stacker gel and electrophoresis
performed as described before.

2.12.4. IN-GEL ACTIVITY ASSAY
The activity assay was performed according was previously described (Zerbetto
et al, 1997). Normally 100 µg per lane of isolated mitochondria were solubilized with
either digitonin or Triton X-100 and subjected to BN-PAGE. Following BN-PAGE, the gel
was incubated in 2 mM Tris-HCl (pH 7.4), 0.1 mg/mL NADH (Sigma) and 2.5 mg/mL
nitrotetrazolium blue (Sigma) for 20 min at room temperature, with the violet complex
I product imaged by scanning. The gel was fixed in 50% [v/v] methanol and 10% [v/v]
acetic acid for 10 min, with gels preserved in 10% [v/v] acetic acid, shaking at room
temperature.

2.13 IMMUNOBLOT-ANALYISIS
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
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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 h. Upon completion the
PVDF membrane was stained with 0.05% [w/v] Coomassie blue G, 50% [v/v] methanol
and 7% [w/v] acetic acid, then de-stained with 50% [v/v] methanol and 7% [w/v] acetic
acid. After assessing protein transfer the membrane was totally de-stained with 90%
[v/v] methanol and 7% [w/v] acetic acid.

2.13.2. IMMUNODECORATION AND IMMUNODETECTION
PVDF membrane was first washed with 0.05% [v/v] Tween 20 (Sigma) in PBS
and then incubated with 5% [w/v] skim milk powder in 0.05% [v/v] Tween 20 in PBS at
room temperature for 60 min shaking. The membrane was washed 3 x 10 min with
0.05% [v/v] Tween 20 in PBS and then incubated with the desired primary antibody
overnight at 4°C. Following incubation with the primary antibody the membrane was
thoroughly washed with 3 x 10 min with 0.05% [v/v] Tween 20 in PBS and then
incubated with secondary antibody for 2 h at room temperature with shaking. The
membrane was washed again with 3 x 10 min with 0.05% [v/v] Tween 20 in PBS and
visualized using Enhanced Chemiluminesence (ECL) reagents (Amersham) and
exposed in the Chemi Genius Bio-Imaging gel documentation system (Syngene).

2.13.3 DIGITAL AUTORADIOGRAPHY
After the transfer of gels containing [35S]-labelled proteins to PVDF membrane,
the membrane was stained, de-stained 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).

2.14 ANTIBODIES
Commercial primary antibodies were purchased from different commercial
companies: anti-Cyt c, anti-Bcl-xL from R&D Systems anti-Opa1 and anti-Drp-1 from
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BD-Biosciences, anti-SDHA anti-CORE1, anti-COX1, anti-COX4, anti-NDUFS3, anti-ATP-V
from Invitrogen, anti-Mcl-1 from Rockland and anti-Tim23 from Becton-Dickinson.,
anti-NDUFA13, anti-NDUFS2 from Abcam (1 µg/mL), anti-ND1, anti-TOM20 from Santa
Cruz (1:1000), anti-LC3 from cell signalling and anti-MnSOD from Millipore (1:1000).
The primary antibodies against Bak, Mfn2, hVDAC2, ACAD9, B17.2L, CIA30, ESCIT,
NDUFA9, NDUFB6, NDUFS5 were generated in-house by MTR lab, La Trobe University
(1:500). Monoclonal anti-Hsc70 and polyclonal anti-mitochondrial Hsp70 were kindly
provided by Prof. Nick Hoogenraad (La Trobe University). Anti-Tom40 was obtained
from Masataka Mori (Kumamoto University). Anti-mouse or anti-rabbit horseradishperoxidase-conjugated antibodies (Sigma) were used as secondary antibodies.

2.15 PREPARATION OF MOUSE ORGAN CYTOSOL
Balb/c mice (Eicher et al, 1980) were euthanized and their organs removed.
Organs were washed with solution B (20 mM Hepes-KOH (pH 7.6), 220 mM mannitol,
70 mM sucrose, 1 mM EDTA, 0.5 mM PMSF, 1 mM DTT). Organs were then cut into
small pieces and homogenized with solution B in a 1 g to 1 mL ratio. The homogenate
was subjected to centrifugation at 800 x g at 4°C for 5 min to remove cell debris. The
supernatant was again subjected to centrifugation at 100,000 x g at 4°C for 60 min to
remove any insoluble components. The supernatant was then snap frozen with liquid
nitrogen and stored at - 80°C until later use.

2.15.1 PURIFICATION OF MOUSE ORGAN CYTOSOL FRACTIONS WITH ION
EXCHANGE CHROMATOGRAPHY (IEX)
The frozen mouse organ supernatant was thawed on ice then used for ionexchange chromatography (IEX). Typically, 5 mL of settled DEAE sepharose beads
(QIAGEN) were equilibrated with five-column volumes (CV) solution B (20 mM HepesKOH (pH 7.6), 220 mM Mannitol, 70 mM sucrose, 1 mM EDTA, 0.5 mM PMSF, 1 mM DTT)
under gravity flow. Mouse organ supernatant was then applied under gravity flow.
Non-specific bound proteins were washed with 3 x CV solution B containing 50 mM
KCl followed by the elution of bound proteins with 3 x CV containing100 mM KCl, 3 x
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CV containing 250 mM KCl, 3 x CV containing 500 mM KCl and 3 x CV containing 1 M
KCl. All fractions were concentrated using Amicon Ultra 30,000 MWCO centrifugal
filters to a final concentration of 20 mg/mL. The fractions were snap frozen with liquid
nitrogen and stored at - 80°C until later use.

2.15.2 PURIFICATION OF MOUSE ORGAN CYTOSOL FRACTIONS WITH SIZE
EXCLUSION CROMATOGRAPHY
The frozen mouse organ supernatant was thawed on ice then used for size
exclusion chromatography. The supernatant was centrifuged at 20,000 x g, 4°C for 15
min followed by application to a Superdex200® or Sephacryl S-100® column in solution
B (20 mM Hepes-KOH (pH 7.6), 220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 0.5 mM
PMSF, 1 mM DTT) connected to an ÄKTA™ 900 UPC basic chromatography system
fitted with an ÄKTA™ Frac-900 collector (GE Healthcare). Protein elution was monitored
in real-time by absorbance at 280 nm. The content of the eluted fractions were
analyzed using SDS-PAGE and Coomassie blue staining. All fractions were
concentrated using Amicon Ultra 30,000 MWCO centrifugal filters to a final
concentration of 20 mg/mL. The fractions were snap frozen with liquid nitrogen and
stored at - 80°C until later use.

2.15.3 AMMONIUM SULFATE PRECIPITATION OF MOUSE ORGAN CYTOSOL
Ammonium sulphate (Sigma) precipitation was performed as previously
described with adaptation indicated (Duong-Ly & Gabelli, 2014; Habeeb & Francis,
1976). The frozen mouse organ supernatant was thawed on ice then used for
ammonium sulphate precipitation. Saturated ammonium sulphate solution was dropwise added to cytosol supernatant until the desired concentration was reached. The
proteins/ammonium sulphate mixture was gently mixed and left on ice for 30 min. The
mixture was centrifuged at 20,000 x g, 4°C for 15 min and the precipitant resuspended
in desired volume of solution B (20 mM Hepes-KOH (pH 7.6), 220 mM mannitol, 70 mM
sucrose, 1 mM EDTA, 0.5 mM PMSF, 1 mM DTT).
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2.15.4 PURIFICATION OF MOUSE ORGAN CYTOSOL FRACTIONS WITH ATPSEPHAROSE
The purification of the mouse organ cytosol using ATP-sepharose was adopted
from (Davies et al, 1994; Kim et al, 1997). Wash and elution steps were carried out by
centrifugation of the sample at 100 x g for 3-5 min at 4°C. Normally 500 µL of prepurified cytosol was incubated on ice for 60 min with 50 µL of settled and washed ATP
sepharose beads. Non-specifically bound proteins were washed from the beads with
five CV of buffer containing 20 mM Hepes-KOH (pH 7.6), 220 mM mannitol, 70 mM
sucrose followed by washing with five CV of buffer containing 20 mM Hepes-KOH (pH
7.6), 220 mM mannitol, 70 mM sucrose and 500 mM NaCl and five CV of buffer
containing 20 mM Hepes-KOH (pH 7.6), 220 mM mannitol, 70 mM sucrose, 5 mM GTP.
Specifically bound proteins were eluted with five CV buffer containing 20 mM HepesKOH (pH 7.6), 220 mM mannitol, 70 mM sucrose and 5 mM ATP.

2.15.5 APYRASE TREATMENT OF RABBIT RETICULOCYTE LYSATE AND MOUSE
ORGAN CYTOSOL
In order to deplete any residual ATP, apyrase was added in 1 U per 50 µL
cytosol/lysate and incubated on ice for 60 min before conducting further experiments.
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CHAPTER III
THE IMPORTANCE OF ACCESSORY SUBUNIT NDUFA13 IN COMPLEX I
BIOGENESIS
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INTRODUCTION
1.0 THE RESPIRATORY CHAIN COMPLEX I
Complex I (NADH:ubiquinone oxidoreductase) of the mitochondrial respiratory
chain (or oxidative phosphorylation (OXPHOS) machinery) is crucial for survival in
many aerobic organisms. It is the entry point of generating the proton gradient across
the mitochondrial inner membrane but also a significant source of superoxide free
radicals (Dhanasekaran et al, 2005). By oxidizing NADH and the reduction of
ubiquinone to ubiquinol two electrons are transferred via complex I. The oxidation of
NADH and reduction of ubiquinone is coupled to the translocation of protons across
the inner mitochondrial membrane. The electrons are transferred along the OXPHOS
machinery and ultimately oxygen is reduced to water (Chance & Williams, 1956; Zhang
et al, 1990). The created proton-motive finally drives the phosphorylation of ADP to
ATP (Crofts, 2004; Murphy, 2009).
Complex I is the largest multi-protein complex of the respiratory chain and the
fully assembled holo-enzyme is about 1 MDa in size. This complex features an L-shape
like structure composed of a hydrophobic arm embedded in the mitochondrial
membrane and a hydrophilic peripheral arm protruding into the matrix (Friedrich &
Bottcher, 2004). In humans, complex I consists of 44 different subunits encoded by
both nuclear DNA (nDNA) and mitochondrial DNA (mtDNA) giving it a dual genetic
control. Seven mtDNA encoded subunits and seven nDNA encoded subunits are
conserved in prokaryotic complexes I, and constitute the catalytic cores of the
membrane and peripheral domain, respectively. The remaining 30 subunits are termed
supernumerary (or accessory) subunits and are not required for catalysis but most
likely play a role in the stability of complex I (Figure 6). It should also be noted that
complex I further exists in higher ordered super-complexes with complexes III and IV.
The role of these assemblies is not clear although involvement in substrate
channelling, complex stability and appropriate membrane positioning have been
postulated (Althoff et al, 2011; Schagger et al, 2004)
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Figure 6: Model of mammalian (Bos taurus) complex I.
Depicted is the modelled structure of bos taurus complex I embedded in the inner mitochondrial
membrane. The core subunits are indicated in light colours (indicated), whereas accessory subunits are
in red colours (Vinothkumar et al, 2014).

A functional dissection of the L-shaped holo-complex lead to three conserved
functional compartments. Each compartment is essential for transporting protons
across the mitochondrial membrane (Zhang et al, 1990). In short, the N-module binds
NADH, oxidizes it and captures electrons from this process. The Q-module transfers the
generated electron to ubiquinone, whereas the P-module binds ubiquinone and
pumps the proton across the mitochondrial inner membrane into the intermembrane
space (Figure 7) (Lazarou et al, 2009; Sazanov, 2007) Figure 7: Model depicting the
organisation of complex I.
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Figure 7: Model depicting the organisation of complex I.
Complex I forms an L-shaped structure in the inner membrane with a membrane domain (~ 180 Å) and a
large peripheral domain (~ 190 Å) protruding into the matrix at an angle of 100°. It consists of three
conserved functional modules: the NADH dehydrogenase module (N-Module), the electron transfer
module (Q-Module) both are located within the peripheral domain and the proton translocation module
(P-Module) in the membrane domain. Using of mild chaotropic agents, complex I can also be dissected
into sub-complexes Iα, Iλ, Iβ and Iγ. The subunit composition of these sub-complexes are shown on the
right(Carroll et al, 2003; Hirst et al, 2003; Lazarou et al, 2009; Mimaki et al, 2012) .

Additionally, structural studies with Bos taurus (bovine) heart mitochondria
showed that holo-complex I can be separated into two domains, a hydrophobic
membrane and a larger hydrophilic peripheral domain, each consisting two subcomplexes (a total of four). Each sub-complex can be distinguished according to its
dissociation and separation by mild chaotropic salts and detergents: Sub-complex Iα
and Iλ, Iβ and Iγ (Carroll et al, 2003; Sazanov & Walker, 2000; Vinothkumar et al, 2014)
(Figure 7). Sub-complex Iα, which contains the seven hydrophilic core subunits plus
core subunit ND6 and 18-19 supernumerary subunits. Sub-complex Iλ, which contains
the same subunits as Iα but lacks 8-9 supernumerary subunits as well as ND6. Subcomplex Iβ, comprises core subunits ND4 and ND5 and 12–13 supernumerary
subunits, represents one part of the membrane domain and sub-complex Iλ,
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consisting of the remaining hydrophobic core subunits ND1, ND2, ND3, ND4L and
NDUFC1 forms the second part of the membrane domain (Figure 7).
The assembly of complex I has been studied by a number of groups and in the
last decade, 14 additional assembly factor proteins have been identified to facilitate
this process. The individual subunits of complex I are firstly incorporated into the inner
mitochondrial membrane in a series of successive intermediates, followed by assembly
of the matrix domain finally leading to the entirely assembled complex I (Figure 8)
(Mimaki et al, 2012; Stroud et al, 2013). Some newly-imported subunits may also
undergo dynamic exchange with their assembled forms (Lazarou et al, 2007; Lazarou
et al, 2009; Vogel et al, 2007).

Figure 8: Human complex I assembly model.
At the beginning of the assembly of human complex I, the core subunits NDUFS2 and NDUFS3 together
form a small hydrophilic assembly complex. By incorporating hydrophilic subunits such as NDUFS7,
NDUFS8 and as well as NDUFA9 the complex growths and later joins with a small membrane complex
containing mtDNA-encoded subunit ND1. Together they form a stable ~400 kDa assembly intermediate.
This ~400 kDa complex joins with a ~460 kDa membrane complex consisting of ND3, ND6, ND2, ND4L
and NDUFB6. Together they form a ~650 kDa complex that also includes NDUFB8 and NDUFA13.
Another assembly intermediate of ~830 kDa is then formed by joining the ~650 kDa complex with an
additional membrane complex including ND4, ND5 and most likely NDUFC2. At this stage subunits
NDUFV1/2/3 and NDUFS1/4/6 and NDUFA12 assembly into a hydrophilic complex containing the NADH:
dehydrogenase module (N-module). The N-module joins with the ~830 kDa complex as well as
remaining subunits (such as the intermembrane space subunits NDUFA8 and NDUFS5), to form the
mature complex I (Mimaki et al, 2012).

Dysfunction of complex I is the major contributor to OXPHOS machinery
disorders in humans and may be caused not only by a loss of catalytic activity but also
by increased superoxide production (Skladal et al, 2003). These disorders have a broad
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range of clinical presentations including lethal infantile mitochondrial disease, isolated
myopathy and adult onset neurodegenerative disorders. They can be based on
mutations within the mitochondrial or nuclear genome encoding for core subunits of
complex I (Distelmaier et al, 2009a; Triepels et al, 2001; Vafai & Mootha, 2012).
Interestingly, through next-generation sequencing approaches, additional mutations
in genes encoding accessory subunits have been identified to be the basis of
mitochondrial complex I deficiency (Hoefs et al, 2011; Ostergaard et al, 2011).
NADH dehydrogenase [ubiquinone] 1 alpha sub-complex subunit 13
(NDUFA13) is a known nuclear encoded supernumerary subunit of complex I proposed
to be required for complex I stability as well as for maintaining the mitochondrial
membrane potential (Fearnley et al, 2001; Huang et al, 2004; Lu & Cao, 2008). Unlike
the majority of nuclear-encoded mitochondrial proteins, NDUFA13 does not harbor a
mitochondrial N-terminal targeting presequence, but is targeted and sorted via an
internal signal (Angell et al, 2000). Instead of cleaving a considerable proportion of the
N-terminus only the initial methionine is removed during the insertion. So far only
conditional knock-out mice of NDUFA13 are available since loss of NDUFA13 appears
to be embryonically lethal further indicating the importance of NDUFA13 (Kalakonda
et al, 2013). The question remains how the loss of a single complex I subunits can
cause such a severe effect not only on complex I but on the whole organism. The lack
of readily available research tools such as cell line depleted of NDUFA13 or harbouring
mutations within the gene highly diminishes the possibility to thoroughly study the
effect of a loss of NDUFA13 on complex I biogenesis.
Interestingly NDUFA13 has also been reported to be involved in tumorigenesis
which will be discussed at a later point (Angell et al, 2000; Chidambaram et al, 2000)
(Chapter IV).
The aim of this and subsequent studies are firstly to generate a NDUFA13
depleted cell line to overcome the limitations given by the previous lack of
appropriate cell lines. Secondly to utilize this cell line and to decipher the underlying
molecular mechanism of how NDUFA13 is part of complex I biogenesis and finally to
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analyze whether the loss of NDUFA13 leads to changes in cell viability or cell
biogenesis that might explain the role of NDUFA13 in tumorigenesis.
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RESULTS
2.0 TARGETED GENE DISRUPTION OF NDUFA13 IN HUMAN CELLS
TALEN binding pairs for gene disruption were designed to target the second
methionine of the NDUFA13 gene, in close proximity to the translation initiation point,
creating double-strand breaks that are repaired by homologous end joining yielding
potential out-of-frame deletions or insertions (Figure 9) (Bogdanove & Voytas, 2011;
Cermak et al, 2011; Marx, 2013; Sanjana et al, 2012). The exclusive TALEN binding sites
were identified using ZiFiT (Zinc Finger Targeter) (Sander et al, 2010; Sander et al,
2007) and TALEN pairs were assembled through the FLASH method according to
(Reyon et al, 2012). The ~2100 bp pTALEN-NDUFA13-L and -R constructs were verified
by PCR screening and sequencing. Human Embryonic Kidney 293 cells containing the
SV40 Large T-antigen (HEK293T) were chosen for the study due to their ease of
culturing, ability to be readily transfected as well as being previously used successfully
for the study of complex I biogenesis (Stroud et al, 2013). Clonal HEK293T cells were
either transfected with plasmids encoding the TALEN pair along with a limited amount
of marker plasmid expressing GFP for cell sorting (Figure 9, Clone #1) or transfected
with plasmids encoding the TALEN pair and an internal fluorescence marker (Figure 9,
Clone #2 and Clone #3, cell sorting data not shown). Cells expressing high levels of
marker proteins were individually sorted via Fluorescence-activated cell sorting (FACS)
and then grown until stable populations were established (data not shown). The loss
of complex I can lead to a loss of growth in galactose based media (Stroud et al, 2013).
This consequence can be utilized to screen for potential NDUFA13 gene disrupted cells.
Three different clones (Figure 9, Clone #1, Clone #2, and Clone #3) were obtained that
presented a strong growth defect (data not shown). To verify TALEN mediated gene
disruption of these clones, genomic DNA was generated from individual clones and a
region encompassing the first coding exon of NDUFA13 was amplified by PCR and
sequence analyzed (Figure 9).
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Figure 9: Targeted gene disruption of NDUFA13.
(A) TALEN pairs were designed to target the second methionine present within the first coding exon of
NDUFA13. TALEN pairs were assembled according to Reyon et al 2012. (B) HEK293T cells transfected with
pTALEN-NDUFA13-L, pTALEN-NDUFA13-R and pEGFP-N1 were single-cell sorted via FACS, gated upon
internal fluorescence marker (data not shown). Disruption of the NDUFA13 gene was confirmed via PCR
screening and sequencing. Sequence representations of 3 different clones with 3 different gene
disruptions.

The sequencing analysis of the three different clones revealed a loss of 22 bp in
Clone #1, 13 bp in Clone #2 and 11 bp in Clone #3 (Figure 9). All clones led to a frame
shift in translation of the NDUFA13 gene (Figure 9) with predicted open reading of 185
bp.
In order to ensure that a complete loss of NDUFA13 was successfully
established, crude mitochondria were isolated from these cells and analyzed by SDSPAGE and immunoblotting with antibodies specific for NDUFA13 and the complex II
subunit SDHA, which served as a loading control (Figure 10).

Figure 10: SDS PAGE and Immunoblot analysis of potential ∆NDUFA13 clones.
Crude mitochondria were isolated from HEK293T cells and clonal populations of sorted cells and
samples (25 µg protein) were subjected to SDS-PAGE and immunoblot analysis using anti-NDUFA13 and
anti-SDHA antibodies. SDHA was used as a loading control.
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In comparison to the isogenic HEK293T control cell line (Figure 10, lane 1),
NDUFA13 was absent in in Clones #1-#3 (Figure 10).
To ensure that the loss of NDUFA13 leads to the growth defects and a loss of
complex I, Clones #1-#3 were transfected with a plasmid expressing NDUFA13. Crude
mitochondria were then isolated from these cells, solubilized in 1% Triton X-100 and
analyzed via BN-PAGE and immunoblotting with antibodies specific for NDUFA13 and
SDHA as a loading control (Figure 11). Lane 1 represents the isogenic HEK293T control
cell line for the three different NDUFA13 gene-disrupted cell lines. Lanes 2, 4, 6 (Figure
11) represent untransfected samples and virtually no complex I was detectable. The
transfection of pNDUFA13 into these cells led to a re-formation of a complex of around
800 kDa in all three different clones (Lane 3, 5, 7) which possible represents complex I.
The results indicate that the loss of complex I is due to the loss of NDUFA13 caused by
the TALEN and can rescued by re-introducing of NDUFA13 (Figure 11).
Due to the greatest loss of nucleotide base pairs in the NDUFA13 gene
including the targeted methionine Clone #1 (hereafter referred to as ∆NDUFA13) was
selected for further experiments.

Figure 11: BN-PAGE and Immunoblot analysis of obtained ∆NDUFA13 clones and rescue of
complex I.
Crude mitochondria were isolated from HEK293T control cells and clonal populations of sorted cells
with or without the exogenous expression of NDUFA13. Samples (50 µg protein per lane) were
solubilized in 1% Triton X-100 and subjected to BN-PAGE and immunoblot analysis using antibodies
specific for NDUFA13 and SDHA. CI = complex I.
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2.1 SUB-CELLULAR LOCALIZATION OF NDUFA13
It has been reported that NDUFA13 is distributed between the mitochondria
and the nucleus (Huang et al, 2007; Lufei et al, 2003). This implies that a fraction of
NDUFA13 remains cytosolic which then can be transported to the nucleus. To further
investigate the subcellular localization of NDUFA13 fractions were isolated by
differential centrifugation and proteins were subjected to SDS-PAGE and
immunoblotting. In addition to HEK293T control cells, ∆NDUFA13 as well as ∆NDUFA13
re-expressing NDUFA13 were analyzed.

Figure 12: Sub-cellular localization analysis of NDUFA13.
NDUFA13 seems to remain exclusive within organelle pellet. HEK293T control, ∆NDUFA13 and
∆NDUFA13 re-expressing NDUFA13 cells were homogenized and subjected to differential
centrifugation. Samples (25 µg protein per lane) were analyzed by SDS-PAGE and immunoblotting with
indicated antibodies. HSC70, cytosolic marker, LC3 I: non lipidated higher form: cytosolic marker, II:
lipidated lower form: membrane marker, SDHA, NDUFA9, NDUFA13 Ecsit, SDHA and Core I:
mitochondrial marker. T = total (800 x g), S = supernatant (after 10,000 x g), p = pellet (after 10,000 x g).

Figure 12 shows that no free NDUFA13 was detected. All NDUFA13 in HEK293T
control samples as well as ∆NDUFA13 re-expressing NDUFA13 samples, co-migrated
with other mitochondrial marker protein such as NDUFA9, Core I, SDHA and Ecsit
(Figure 12, indicated with P, Lanes 3, 6, 9). The membrane bound Microtubuleassociated protein 1A/1B-light chain 3 (LC3), which acts as a membrane containing
fraction marker (low molecular weight form) is proteolytically cleaved and lipidated
from cytosolic LC3 (higher molecular weight form) which in turn acts as a cytosolic
marker (Tanida et al, 2008). Both LC3 forms as well as HSC70 show a clear counter63
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migration and therefore a separation from mitochondria-containing samples (Figure
12, indicated with S, Lane 2, 5, 8). The results indicate that most likely all of NDUFA13
resides within the mitochondria; if at all only small proportions possible interact with
the nucleus.

2.2 ANALYSIS OF COMPLEX I AMD SUPER-COMPLEX ASSEMBLY DEFECT IN
HEK293T ∆NDUFA13 CELLS
Steady state levels of respiratory chain complexes and super-complexes of
mitochondria can be analyzed via Blue Native-PAGE as described by Schagger and
Jagow, 1991. By solubilizing mitochondria in Triton X-100, complexes are typically
separated into their monomeric state whereas the milder detergent digitonin can be
used to resolve super-complexes consisting of multiple respiratory chain complexes.
To analyze the formation and activity of individual respiratory chain holocomplexes crude mitochondria were isolated from HEK293T and ∆NDUFA13 cells,
solubilized in Triton X-100 and analyzed by BN-PAGE followed by an in-gel activity
assay to detect complex I NADH dehydrogenase activity as well as immunoblotting for
various different antibodies specific for complex I, II, III and IV (Zerbetto et al, 1997). As
can be seen in Figure 13 the in-gel activity assay was able to detect holo-complex I
activity in the HEK293T control mitochondria (Lane 1) compared to a complete
absence of activity in ∆NDUFA13 mitochondria (Lane 2). Additionally immunoblot
analysis revealed a complete loss of mature complex I when probed with antibodies
for complex I accessory subunits NDUFA13, NDUFS2, NDUFS5 and NDUFA9 (Figure 13,
Lane 3-10 and 13-14). The analysis of the other respiratory chain holo-complexes with
antibodies specific to components of complex II, III and IV showed the levels of
complex II and III were slightly increased in ∆NDUFA13 mitochondria when compared
to HEK293T control mitochondria (Figure 13, Lanes 15-18), whereas the levels of
complex IV appeared to be elevated in ∆NDUFA13 mitochondria (Figure 13, Lane 1920).
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Figure 13: BN-PAGE analysis of holo-respiratory chain complexes in ∆NDUFA13 cells.
Crude isolated HEK293T control and ∆NDUFA13 mitochondria (50 µg protein per lane) were solubilized
in 1% Triton X-100 and analyzed by BN-PAGE followed by an in-gel activity assay (IGA) or
immunoblotting with indicated antibodies. CI = complex I, CII = complex II, CIII = complex III, CIV =
complex IV.

In order to assess the formation and activity of a super-complex (complex
I/III2/IV) by the individual respiratory chain holo-complexes, crude mitochondria were
isolated from HEK293T and ∆NDUFA13 cells, solubilized in digitonin and analyzed by
BN-PAGE followed by in-gel activity assay to detect complex I NADH dehydrogenase
activity within the super-complex (complex I/III2/IV) as well as immunoblotting for
various different antibodies specific for complex I, II, III and IV. As shown in Figure 14,
the in-gel activity assay was able to detect complex I activity within the super-complex
(complex I/III2/IV) in the HEK293T control mitochondria (Lane 1), compared to a
complete absence of activity in the ∆NDUFA13 mitochondria (Lane 2). Additionally
immunoblot analysis revealed a complete loss of super-complex (complex I/III2/IV)
when probed with antibodies for complex I accessory subunits NDUFA13 and NDUFA9
(Figure 14, Lane 3-10 and 13-14) Interestingly, immunoblotting with antibodies
specific to the complex I accessory subunit NDUFB6, NDUFS2 and NDUFS5 revealed
possible detergent-dependent sub-complexes in the ∆NDUFA13 mitochondria when
compared to the HEK293T control mitochondria (Figure 14, Lane 5-6, 9-10 and 11-12,
indicated by *A-D in the figure). Analysis with antibodies specific to components of
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complex II (SDHA) showed the levels of complex II were unchanged in ∆NDUFA13
mitochondria when compared to HEK293T control mitochondria (Figure 14, Lane1516). Analysis with complex III and IV –specific antibodies showed a lack of supercomplex formation consisting of complex I/III2/IV in ∆NDUFA13 mitochondria when
compared to HEK293T control mitochondria. Instead elevated levels of holo-complex
III and IV were detected in ∆NDUFA13 mitochondria in comparison to HEK293T control
mitochondria (Figure 14, Lane 17-20).

Figure 14: BN-PAGE analysis of super-complex (complex I/III2/IV) in ∆NDUFA13 mitochondria.
Isolated HEK293T control and ∆NDUFA13 crude mitochondria (50 µg protein per lane) were solubilized
in 1% digitonin and analyzed by BN-PAGE followed by an in-gel activity assay (IGA) or immunoblotting
with indicated antibodies. CI = complex I, CII = complex II, CIII = complex III, CIV = complex IV, *A-D =
sub-complexes.

To assess for changes in the levels of select proteins, crude mitochondria were
isolated from HEK293T and ∆NDUFA13 cells and analyzed by SDS-PAGE followed by
immunoblotting using various different antibodies specific for subunits of complex I, II,
III and IV as well as control markers. As can be seen (Figure 15), there is a clear
reduction in the levels of complex I subunits NDUFS2, NDUFS3, NDUFS5 and NDUFA9
in ∆NDUFA13 mitochondria when compared to control mitochondria (Figure 15; Lanes
1-3 and 4-6). The steady-state levels of assembly factors for complex I (CIA30, B17.2L,
ECSIT, ACAD9) seemed unchanged. Also the levels SDHA (complex II) and Core I
(complex III) as well as mtHSP70 appear unaltered. Additionally the levels of MnSOD
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looked unchanged indicating a potential absence of ROS. In contrast, the levels of
COXIV (complex IV) were increased in the ∆NDUFA13 mitochondria (Lane 4-6) when
compared to the HEK293T control mitochondria (Figure 15). Taken together the BNand SDS-PAGE results indicate that NDUFA13 is essential for the formation of mature
holo-complex I and super-complex (CI/III2/IV). The loss of NDUFA13 may result in the
formation of possible novel sub-complexes since up to date no other conducted
studies showed the formation of these NDUFB6 containing sub-complexes in a
NDUFA13 depleted cell back ground. Additionally the loss of NDUFA13 may lead to an
increase in complex IV (Carroll et al, 2003; Huang et al, 2004; Tuschen et al, 1990; Vogel
et al, 2004).

Figure 15: SDS-PAGE and Immunoblot analysis of select mitochondrial proteins.
SDS-PAGE and immunoblot analysis of isolated HEK293T control and ∆NDUFA13 crude mitochondria
was performed with antibodies against the indicated proteins. mtHSP70 and MnSOD utilized as loading
controls. 10, 20 and 40 µg protein per lane used. CI = complex I, CII = complex II, CIII = complex III, CIV =
complex IV.

2.3 RESTORATION OF COMPLEX I ASSEMBLY IN ∆NDUFA13 CELLS UPON NDUFA13
RE-EXPRESSION
In order to assess in more detail if the effects of gene disruption of NDUFA13
are reversible, NDUFA13 was re-expressed in the TALEN-generated ∆NDUFA13 cells. As
a result of the re-expression, ∆NDUFA13 cells were able to grow on galactose
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indicating a restoration of the growth defect (data not shown). To investigate the
effect of re-expression of NDUFA13 on assembly of holo-complex I as well as on the
other respiratory chain complexes, crude mitochondria were isolated from these cells,
solubilized in Triton X-100 and analyzed by BN- and SDS-PAGE and immunoblotting
(Figure 16). As can be seen in Figure 16A, the re-expression of NDUFA13 in the
∆NDUFA13 cells leads to a restoration of complex I although the levels could not
entirely be restored to control levels (Lane 2 and 6, Lane 4 and 7), most likely due to
not all cells being transfected. Re-expression of NDUFA13 also leads to a reduction of
complex IV (COXIV) back to control levels (Lane 10 and 13, Lane 11 and 14). No effect
on the tested complex II (SDHA) or complex III (Core I) were observed (Figure 16B).

Figure 16: BN-PAGE analysis of holo-complex I in ∆NDUFA13 re-expressing NDUFA13.
HEK293T control and ∆NDUFA13 cells were mock- or pCMV6-NDUFA13-transfected and grown on the
indicated media. Crude isolated mitochondria (50 µg protein per lane) were solubilized in 1% Triton X100 and analyzed by BN-PAGE (A-B) and immunoblotting with indicated antibodies. SDHA (complex II)
was used as loading controls. Blot 1 in B, represents a reprobe of Blot 1 in A, Blot 2 in B, represents a
reprobe of Blot 2 in A. CI = complex I, CII = complex II, CIII = complex III, CIV = complex IV.

To further analyse the formation of the super-complex upon re-expression of
NDUFA13 in ∆NDUFA13 cells as well as its influence on individual subunits, crude
mitochondria were isolated from HEK293T control and ∆NDUFA13 cells, solubilized in
digitonin and analyzed by BN- and SDS-PAGE and immunoblotting. As seen in Figure
17A, the re-expression of NDUFA13 in ∆NDUFA13 cells led to a restoration of super-
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complex (complex I/III2/IV) but not to the levels seen in the HEK293T control (Figure
17A, Lane 2 and 4, Lane 3 and 6). Antibodies directed against the complex I subunit
NDUFA9 confirmed these results (Lane 8 and 11, Lane 9 and 12). Re-expression of
NDUFA13 also led to the incorporation of complex IV into the super-complex and a
reduction in free complex IV (Cox I) (Figure 17B, Lane 2 and 4, Lane 3 and 6). No effect
on the tested complex II (SDHA) or complex III (Core I) were observed (Figure 17B, Lane
7-12). Analysis of individual subunits via SDS-PAGE showed a restoration in the levels
of COXI - a subunit for complex IV, that had accumulated in cells deficient in NDUFA13
and upon re-expression levels were restored to those of control HEK293T cells (Figure
17C). Furthermore, it can be seen from Figure 17C that the re-expression of NDUFA13
led to an increase of NDUFA13 compared to HEK293T controls. Also steady-state levels
of complex I subunits NDUFA9 and NDUFS5 that were reduced in cells lacking
NDUFA13 were restored to HEK293T control levels. The levels of mitochondrial control
protein mtHSP70 remained unaffected (Figure 17C).
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Figure 17: Analysis of super-complex and subunit levels in ∆NDUFA13 cells re-expressing
NDUFA13.
HEK293T control and ∆NDUFA13 cells were mock- or pCMV6-NDUFA13-transfected and grown on the
indicated media. Crude isolated mitochondria (50 µg protein per lane) were solubilized in 1% digitonin
and analyzed by BN-PAGE (A-B), or SDS-PAGE (25 µg protein per lane) (C), and immunoblotting with
indicated antibodies. SDHA (complex II) and mtHSP70 served as loading controls. Blot 1 in B, represents
a reprobe of Blot 1 in A, Blot 2 in B, represents a reprobe of Blot 2 in A. CI = complex I, CII = complex II,
CIII = complex III, CIV = complex IV.

Generally, the results indicate that re-expression of NDUFA13 cannot only
revert the growth defect but restore complex I as well as super-complex formation.
Moreover it reduces the levels of complex IV that had accumulated in ∆NDUFA13
mitochondria. Although the steady state levels of the individual subunits are restored
the assembly of complex I still seems to be affected indicating further undelaying
mechanisms that are not fully recovered by the re-introduction of NDUFA13.
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2.4 COMPLEX I SUBCOMPLEX FORMATION IN ∆NDUFA13 CELLS
Previously conducted experiments suggested that cells lacking NDUFA13
harbour a complex I assembly deficiency that leads to complex I sub-complex
formations (Figure 15). To further examine these possible sub-complexes and whether
this phenotype can be restored, NDUFA13 was expressed in HEK293T control and
∆NDUFA13 cells. Crude mitochondria were then isolated, solubilized in digitonin and
analyzed by BN-PAGE and immunoblotting. To test if the sub-complexes can be
stabilized by lower detergent concentration 0.5% digitonin has been included into the
analysis. Figure 18A shows that re-expression of NDUFA13 and/or change in the media
from glucose to galactose does not lead to any complex I sub-complex formation
different to HEK293T control mitochondria when analyzed with antibodies specific to
NDUFA13. The rescue of super-complex (complex I/III2/IV) formation was also
prominent. Interestingly mitochondria from ∆NDUFA13 cells analyzed with the
complex I accessory subunit NDUFB6, presented multiple detergent specific subcomplexes. The re-expression of NDUFA13 led to a near complete restoration of these
sub-complexes into the formation of the super-complex (complex I/III2/IV) (Figure 18B,
Lane 5 and 12, indicated with *A-*D). This underlines the importance of NDUFA13
further in the formation of not only holo-complex I but super-complex (complex
I/III2/IV) formation.
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Figure 18: BN-PAGE analysis of sub-complexes in ∆NDUFA13 re-expressing NDUFA13.
HEK293T control and ∆NDUFA13 cells were mock- or pCMV6-NDUFA13-transfected and grown on the
indicated media. Crude isolated mitochondria (50 µg protein per lane) were solubilized in 1% or 0.5%
digitonin and analyzed by BN-PAGE and immunoblotting with antibodies against NDUFA13 (A) or
NDUFB6 (B). CI = complex I, CIII = complex III, CIV = complex IV. *A-D = sub-complexes.

2.5 DELETION OF NDUFA13 LEADS TO DESTABILIZATION OF STEADY STATE
LEVELS OF ND1 SUBUNIT
To analyze the impact of the deletion of NDUFA13 on newly translated and
synthesized mitochondrial DNA-encoded subunits, pulse-chase experiments were
conducted described in Figure 19. Additionally, more detailed information about
assembly of the respiratory chain complexes, in particular complex I and possible subcomplex formation can be obtained.

Figure 19: Schematic over-view of a pulse-chase experiment.
In short: Cells were treated with chloramphenicol to inhibit mitochondrial translation, leading to an
accumulation of respiratory chain subunits within the cell. After washing cells were treated with
cycloheximide to inhibit cytosolic translation within the cell and sublimated with radioactive [35S]methionine (pulse). Afterwards cells were grown under normal conditions (chase) and samples analyzed
at time point 0, 3, 24 h.
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Briefly, HEK293T control and ∆NDUFA13 cells were grown and supplemented
with radioactive [35S]-methionine while cytosolic translation is inhibited (pulse), cells
were then grown under standard conditions and samples taken after time for isolation
of (chase), crude mitochondria and analysis by SDS-PAGE. Although ∆NDUFA13
mitochondria show no initial differences in the pattern of expression of all the mtDNAencoded respiratory chain complex subunits when compared to HEK293T control
mitochondria (Figure 20A, Lane 1 and 4), over time ∆NDUFA13 mitochondria show a
profound degradation of the ND1 subunit as well as less severe degradation of ND2
and ND3 (Figure 12A, Lane 2-3 and 5-6). Furthermore, levels of the mtDNA-encoded
subunits for complex IV, COX I-III appear to be elevated in ∆NDUFA13 mitochondria
when compared to HEK293T control mitochondria (Figure 20A, Lane 1-3 and 4-6).
Subsequent BN-PAGE analysis of these mitochondria showed that radiolabelled
mtDNA-encoded complex I subunits initially assemble into an assembly intermediate
visible as a band at ~830 kDa and then required at least 24 h to be assembled into the
holo-complex I in HEK293T control mitochondria, (Figure 20B, Lanes 1-3, (Lazarou et al,
2007; Lazarou et al, 2009)). Subunits in ∆NDUFA13 mitochondria did not assemble into
early stage assembly intermediates or into holo-complex I (Figure 20B, 1-3 and 4-6).
Also confirmed was the previous observation of an increased assembly of complex IV
in the ∆NDUFA13 mitochondria when compared to in HEK293T control mitochondria
(Figure 20B, Lanes 1-3 and 4-6).
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Figure 20: SDS- and BN-PAGE analysis of pulse-chase labelled ∆NDUFA13.
Inhibition of cytosolic translation by cycloheximide followed by isolation of crude mitochondria and (A)
SDS-PAGE (25 µg protein per lane) and phosphor-imaging or (B) solubilization of the mitochondria (50
µg protein per lane) in 1% Triton X-100, BN-PAGE and phosphor-imaging. SDHA used as loading control.
CI = complex I, CII = complex II, CIII = complex III, CIV = complex IV, CV = complex V, * and ** = complex I
assembly intermediates (* ~ 800 kDa, ** ~ 460 kDa) .

Results so far indicate a severe complex I assembly defect in the ∆NDUFA13 HEK293T
cells.
For a further dissection of the assembly of complex I and the other respiratory chain
complexes as well as potential sub-complex formation, 2D-BN-SDS-PAGE analysis after
pulse-chase was used (Figure 21). Complex I subunits ND1, ND2 and ND3 (indicated
with arrowheads in Figure 21, top panel) were detected at an early time point (0h after
the pulse), in HEK293T control and ∆NDUFA13 mitochondria, even though steady state
levels were weaker in the NDUFA13 deficient mitochondria when compared to
HEK293T control mitochondria. Complex IV subunits Cox II and Cox III were also
detected in both mitochondria but in this case levels appeared to be elevated in the
∆NDUFA13 mitochondria when compared to HEK293T control mitochondria (Figure
21, 0 h, top panel). At 24 h after the pulse (Figure 21, 24 h, bottom panel) the complex I
subunits co-migrated with holo-complex I in HEK293T control mitochondria whereas
in ∆NDUFA13 mitochondria virtually no holo-complex I was detected. The formation of
complex IV seemed to be increased in NDUFA13 deficient mitochondria when
compared to HEK293T control mitochondria (Figure 21, 24h, bottom panel).
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Immunoblotting with antibodies specific for NDUFS5 revealed newly formed complex I
in HEK293T control mitochondria, which was absent in ∆NDUFA13 mitochondria.

Figure 21: 2D-BN-SDS-PAGE analysis of pulse-chase labelled ∆NDUFA13
Following labelling and chase of mtDNA-encoded subunits, crude isolated mitochondria (100 µg
protein per lane) solubilized in 1% Triton X-100 and subjected to BN-PAGE followed by SDS-PAGE and
phosphor-imaging. Complex I sub-complexes indicated as *A and *B; arrowheads indicate selected
mtDNA-encoded complex I and complex IV subunits. NDUFS5 used as a control for complex I
maturation. CI = complex I, CIII = complex III, CIV = complex IV.

Generally, it appears that NDUFA13 is not affected in early mtDNA-encoded subunit
translation, but rather plays a critical role in the incorporation and correct assembly of
subunits ND1 as well as ND2 and ND3 into complex I, suggesting that NDUFA13 is
involved in early complex assembly processes. To investigate the global impact of the
loss of NDUFA13 on mitochondrial proteins, in particular the subunits of complex I and
the other respiratory chain complexes stable isotope labelling by/with amino acids in
cell culture (SILAC) mass-spectrometry analysis was performed. The analysis was
performed in collaboration with Dr. David Stroud, La Trobe University. Briefly, HEK293T
control cells were grown in media containing standard amino acids, whereas
∆NDUFA13 cells were grown in the presence of stabile heavy isotope labelled arginine
(Arg-10) and lysine (Lys-8) leading to a detectable mass difference of synthesized
proteins between both strains. After metabolic incorporation of the amino acids, crude
mitochondria were isolated and peptides generated. The peptides were then analyzed
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via mass-spectrometry (Figure 22). The identified peptides/proteins were displayed as
relative fold change between the samples and their statistical significance. Based on
the analysis, the loss of NDUFA13 led to a general reduction of complex I subunits.
Complex II, III and V remained unaffected whereas components of complex IV seemed
to be more expressed when compared to the HEK293T control. These results confirm
again the previously presented data and underline the striking impact the loss of
NDUFA13 has on the other subunits of complex I leading their generally reduced
steady state levels in those cells.

Figure 22: SILAC analysis of HEK293T control ∆NDUFA13 mitochondria.
Mitochondria from either heavy or light isotope labelled HEK293T control and ∆NDUFA13 cells were
isolated and analyzed by LC-MS. The means of normalized heavy/light ratios (log2), identified in at least
two replicates (including a label switch; N=3) were plotted against their p-values (-log10). Thresholds
were set at p-values < 0.05 and mean heavy/light enrichment ratios > 2. For simplicity only bona fide
mitochondrial proteins present in the MitoCarta (PMID: 18614015) dataset are shown. Complex I
subunits are shown in black, complex II subunits in red, complex III subunits in green, complex IV
subunits in blue, complex V subunits in yellow and other mitochondrial proteins are shown in grey
(Further analyzed in later sections).
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DISCUSSION
3.0 TALEN FACILITATED GENE EDITING OF MITOCHONDRIAL NDUFA13
NDUFA13 is a protein with possible dual functions: one in complex I biogenesis
and the other in the regulation of apoptosis through an interaction with nuclear or
mitochondrial STAT3 (Huang et al, 2004; Tammineni et al, 2013). This study represents
a complex analysis of the molecular effects of a complete loss of NDUFA13 in human
cells on complex I biogenesis and the process of apoptosis although this part will focus
on the effect on the biogenesis of complex I.
By applying “state of the art” technologies such as mass-spectrometry and
next-generation gene sequencing which led to the discovery of a large number of key
subunits and assembly factors our understanding of the biogenesis of complex I has
dramatically increased over the last years (Calvo et al, 2012; Calvo et al, 2010; Pagliarini
et al, 2008). Yet the main focus and tool for studying complex I biogenesis are patient
derived cell lines. So far patient derived cell lines with mutations for complex I subunits
encoding genes causing a mitochondrial disorder only make up 23 out of the 44
subunits, thus limiting the studies to the effected subunits (Lazarou et al, 2007; Mimaki
et al, 2012; Skladal et al, 2003). To date there has been no patient identified with a
single NDUFA13 mutation or loss shown to be the causative factor of complex I
deficiency or apoptosis disorder. By successfully applying the TALEN technique to
human HEK293T cells it was possible to edit the NDUFA13 gene and achieve a
presumably complete depletion of NDUFA13 in these cells. The successful generation
of a ∆NDUFA13 cell line for the first time allowed an extensive investigation into the
role of this functionally disputed accessory subunit. Also, this proves that the TALEN
system works efficiently in the context of respiratory chain subunits and represents a
powerful tool for gene editing applications, especially in cases previously reported as
lethal or otherwise not possible (Bogdanove & Voytas, 2011; Huang et al, 2004; Sanjana
et al, 2012).
Initially, NDUFA13 was reported as co-localized with the nucleus later to be
localized in the perinuclear region and cytoplasm (Angell et al, 2000; Kalakonda et al,
2013; Zhang et al, 2003) But Fearnley et al., 2001 found NDUFA13 in association with
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mitochondrial complex I by protein purification and sequencing analysis of
mitochondria isolated from bovine heart. Lufei et al., 2003 and Huang et al., 2004 then
validated the mitochondrial localization of NDUFA13 by indirect immunofluorescence
and sub cellular fractionation in different cell types as well as species. Proteomics and
immunopurification approaches subsequently confirmed NDUFA13 as a part of
complex I (Carroll et al, 2003; Murray et al, 2003). These data made the exact
localization of NUDFA13 in the cell to some extant controversial. Since the cellular
location of a protein is an important factor in determining its basic biological function
the localization of NDUFA13 has been further studied. The performed sub-cellular
fractionations were inconclusive but indicated that most likely all of the NDUFA13
protein population resides within the mitochondria containing organelle pellet,
whether there is a proportion of NDUFA13 that resides in the nuclear compartment
could not be confirmed (Figure 12). In order to experimentally confirm the exact
subcellular distribution NDUFA13, further work is required such as improving the
microscopy analysis with fixation experiment compatible antibodies. Nevertheless
previous localization studies with wild-type and different NDUFA13 mutant versions
were found exclusively localized in the mitochondria suggesting a mitochondrial
localization of NDUFA13 (Huang et al, 2004; Lu & Cao, 2008).
Additionally, sub-cellular fractionation analyses of the generated NDUFA13
depleted cell line showing clear separation of individual cell organelles including the
nucleus would present opportunities to address this question further. Nevertheless the
main focus of this work is on the mitochondrial function of NDUFA13, which will be
discussed in the following.

3.1 NDUFA13 IS ESSENTIAL FOR HOLO – COMPLEX I AS WELL AS SUPER – COMPLEX
FORMATION

The re-expression of wild-type NDUFA9 restored the complex I level,
demonstrating the importance of NDUFA9 in complex I biogenesis (Stroud et al, 2013).
According to previous assembly studies, it is unclear at which stage NDUFA9
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incorporates into complex I. The ∆NDUFA9 cell line provides a complex I-defect
module to uncover this issue. Using a pulse-chase radiolabelling of mtDNA-encoded
protein approach, the newly synthesized mtDNA-encoded subunits were able to
transiently assemble into the ~460 kDa and the ~830 kDa assembly intermediate.
Additionally, using the antibodies against an early assembly marker subunit NDUFS3
(Vogel et al, 2007a), a number of sub-complexes were detected in ∆NDUFA9 cells,
suggesting that the early to middle stages of complex I are not interrupted by the lack
of NDUFA9. Consistent with previous findings (Lazarou et al, 2007), the in vitro import
and assembly assay showed that [35S]-NDUFA9 was able to associate with the ~830 kDa
complex and complex I in both control and ∆NDUFA9 mitochondria confirmed the
association of NDUFA9 with the ~830 kDa assembly intermediate. Initial studies show
NDUFA13 in association with mitochondrial complex I. Additionally complex I
dissection experiments using mild detergents NDUFA13 co-migrates with the larger
sub-complex Iα but also with sub-complex Ιλ of complex I (Fearnley et al, 2001; Hirst et
al, 2003). Structural determination predictions propose that NDUFA13 contains at least
one transmembrane α-helix and novel structure work indicates that NDUFA13 resides
next to ND1 (Vinothkumar et al, 2014). Taken together this suggests that NDUFA13 is
buried deep within the hydrophilic peripheral domain of complex I in close proximity
to the Iλ sub-complex (Figure 23) (Vinothkumar et al, 2014).
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Figure 23: Structural placement of the accessory subunits.
(A) A proposed, semi-transparent, surface density map of the mammalian complex I (pale grey) taken
from Vinothkumar et al., 2014. The surface from the core subunits are coloured in pale yellow. The
structural models for the accessory subunits which are assigned confidently are shown and labelled in
the respectively colour. The structure of NDUFA9 and NDUFA11 face the back of the represented
complex I model and are indicated by dashed lines. Subunits, not assigned confidently, are coloured in
blue and are unlabelled. (B) Presented is a stick model of the arranged, transmembrane helices turned
by 90° as viewed from the matrix. The core subunits are in pale colours (yellow for ND1, ND4 and ND5,
green for ND2, ND3, ND4L and ND6). The supernumerary subunits are coloured as in (A). NDUFA13 is
proposed on the outside in close proximity to ND1 Figure taken from (Vinothkumar et al, 2014).

Studies conducted by Huang et al using mouse blastocysts with a NDUFA13
gene knockout indicated a disrupted complex I assembly (Huang et al, 2004).
Moreover the same group defined the functional domains of NDUFA13. The Nterminal domain (AA 1–60) is proposed as to be essential for the mitochondrial
localization of NDUFA13 and also for its incorporation to complex I, whereas the
middle region (AA 70–100) is required for the electron transfer activity of complex I.
The C-terminal (AA 10) may promote NDUFA13 assembly to complex I. The data
suggest that NDUFA13 is a functional subunit of complex I that is not only important
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for complex I assembly but also vital for electron transfer activity (Lu & Cao, 2008). To
further analyze the impact of loss of NDUFA13 on complex assembly in particular on
the fate of other complex I subunits, an extensive BN- and SDS-PAGE analyses was
performed. Employing various different complex I subunits as markers the results
indicate that the loss of NDUFA13 leads not only to a complete loss of holo-complex I
activity and assembly but also to the loss of super-complex formation (complex
I/III2/IV).
Earlier studies indicate a reduction of other complex I subunits upon the loss of
NDUFA13 (Huang et al, 2004; Kalakonda et al, 2013). These observations are confirmed
and further extended. ∆NDUFA13 cells show an impact on steady state levels of other
complex I subunits to different degrees: NDUFS5 and to a lesser degree NDUFS2 and
NDUFS3 showed reduced steady state levels indicating a reduction in expression or
more likely a destabilization resulting in a higher degree of degradation. Complex I
subunit NDUFB6 seemed less effected by NDUFA13 disruption. NDUFS2 and NDUFS3
are both found within peripheral sub-complexes Iα and Iλ and NDUFS5 only in subcomplex Iλ. Since NDUFA13 co-migrates with both sub-complexes this indicates that
NDUFA13 is necessary for the stabilization of those sub-complexes (Fearnley et al,
2001). On the other hand, NDUFB6 which is part of the membrane embedded subcomplex Iβ and hence might not require NDUFA13 as a structural stabilization. The
tested holo-complexes II and III remained unaffected, whereas interestingly holocomplex IV steady state levels seem to be increased. This effect might represent a
measure for the cell to compensate for the loss of complex I and the decreased
membrane potential. The re-expression of NDUFA13 was not only able to restore
complex I and super-complex formation but also restored individual levels of other
complex I subunits. Also the levels of complex IV were reduced back to HEK293T
control intensity (Figure 17, Figure 18). In the absence of NDUFA13, mitochondria
contained up to four detergent specific sub-complexes (Figure 10). These subcomplexes vary in size from up to ~800 kDa to ~ 350 kDa all of them containing
NDUFB6. Whether these sub-complexes represent previously described subcomplexes is unclear (Lazarou et al, 2007; Lazarou et al, 2009). At least the lower
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molecular weight sub-complex is of similar molecular weight to a sub-complex
identified by Ugalde et al. 2004 containing subunit NDUFB6. The ~ 350 kDa subcomplex has been associated with a mid-assembly intermediate. So far no association
of the higher molecular weight complexes to previously described complexes could be
made. Nevertheless the role of NDUFA13 in forming these sub-complexes along the
exact composition of these sub-complexes remains to be elusive. They could
potentially represent assembly intermediates of the Iβ sub-complex as well as stalled
dead end assembly complexes of complex I. Again the re-expression of NDUFA13
reverted this effect underlining the importance of this subunit. Furthermore, pulsechase analysis of the mtDNA-encoded subunits of ∆NDUFA13 cells showed a profound
effect on the stability of some core subunits. In particular ND1 but also ND2 and ND3 at
later time points showed strongly reduced steady state levels suggesting that early
complex I intermediates ND1 containing are affected. The destabilization of these early
intermediates might with time lead to complete destabilization of the remaining ND2
and ND3 intermediates as well as other complex I intermediates. According to the
results obtained NDUFA13 appears to prevent the maturation of the membraneperipheral domain (sub-complexes Iα and Iγ) at a very early assembly stage. Therefore,
NDUFA13 may play a critical role in the stabilization of key assembly intermediates,
much earlier in the complex I assembly pathway than originally thought (Figure 24A)
(Carroll et al, 2003; Fearnley et al, 2001). The loss of NDUFA13 and its effect on complex
I assembly and biogenesis as described in this work represents one of the most severe
defects described so far. Mutations within NDUFA13 are likely to be severe if not lethal;
nonetheless NDUFA13 should be regarded as a possible additional candidate gene for
screening respiratory chain disorders.
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Figure 24: Proposed new entry model of NDUFA13 into human complex I.
(A) As described earlier in this work, at the beginning of the assembly of human complex I, the subunits
NDUFS2 and NDUFS3 together with NDUFS7, NDUFS8 and NDUFA9 form a complex that should be
joined by the small membrane complex containing mtDNA-encoded subunit ND1. But as NDUFA13 is
missing these complexes are no more able to assemble into the ~ 400 kDa assembly intermediate. The
sub-complexes are then rapidly degraded. The ~ 460 kDa assembly intermediate consisting of ND3,
ND6, ND2, ND4L and NDUFB6 can still assemble to the point where it should be joined by the now
lacking ~ 400 kDa assembly intermediate, thus leading to a their later degradation.
(B) The modified assembly model for complex I follows the previous assembly model to the point where
the subunits NDUFS2, NDUFS3, NDUFS7, NDUFS8 and NDUFA9 form the complex with the small
membrane complex containing subunit ND1. At this crucial point NDUFA13 joints into and stabilized
the ~ 400 kDa assembly intermediate. From there on the complex assembles with the ~ 460 kDa
membrane complex forming the ~ 650 kDa complex. As described previously a membrane complex
including ND4, ND5 and NDUFC2 then joins with the ~ 650 kDa forming the~ 830 kDa complex. At last
the N-module as well as remaining subunits join with the ~ 830 kDa complex forming the mature
complex I

Taken together this leads to a proposition of a novel assembly pathway for
NDUFA13 (Figure 24B). Instead of a mid to late incorporation into assembly
intermediates, NDUFA13 seems to be required at a very early stage of complex I
assembly (Dieteren et al, 2012). Given the proposed positioning of NDUFA13 in the
crystal structure within complex I (Vinothkumar et al, 2014) it seems logical that
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NDUFA13 appears to be crucial for the stability of mtDNA encoded core subunits and
their sub-complexes. Unassembled intermediates might dissociate further upon the
disrupted linkage via NDUFA13. The presented data underlines the importance of
NDUFA13 in complex I biogenesis and the importance of the supernumerary subunits
(Stroud et al, 2013) for proper complex I function.
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CHAPTER IV
THE ACCESSORY COMPLEX I SUBUNIT NDUFA13 IN CELL DEATH
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INTRODUCTION
1.0 NDUFA13’S DUAL ROLE
NDUFA13 is also known as GRIM19 (Genes associated with retionoid- interferon
(IFN)-induced Mortality 19) (Angell et al, 2000). Before being reported as a component
of complex I, NDUFA13 (Fearnley et al, 2001) was initially described as a potential cell
death regulating protein. These studies proposed that a reduction of NDUFA13
promoted tumor growth whereas overexpression suppressed tumor growth (Angell et
al, 2000; Chidambaram et al, 2000). Additional investigations suggested that the
suppression of NDUFA13 expression also reduced the formation of reactive oxygen
species (ROS) within the mitochondria as well as cell death induced by the cytokine
interferon-β (IFN-β) and retinoic acid (RA)-treatment (Huang et al, 2007).
Mitochondria are the major intracellular source of ROS and have been linked to
the execution of different types of cell death such as apoptosis, autophagy and
necrosis but also to another type of cell death termed necroptosis (Remijsen et al,
2014; Schulze-Osthoff et al, 1993; Shulga & Pastorino, 2012). Necroptosis is a form of
programmed necrosis, where in some cell types the loss of caspase-8 activity prevents
apoptosis but initiates the alternative necroptosis. During necroptosis, tumor necrosis
factor α (TNF-α) plays a critical role. Cytokines, such as TNF-α but also IFN-β are small
multi-functional, cell signalling proteins and play a critical role in various cellular
processes. These processes are highly interconnected and miss-regulation can lead to
a variety of diseases including cancer (Chen & Goeddel, 2002; Dannappel et al, 2014;
Fiers et al, 1995). TNF-α can lead to apoptosis via the extrinsic apoptotic pathway,
triggered by the binding of TNF-α to one of its receptors (TNFR-1) stimulating the
formation and activation of a complex that consists of TRADD, FADD, caspase-8 and
receptor-interacting protein kinases-1 and -3 (RIPK-1 and -3) (Chen & Goeddel, 2002;
Dannappel et al, 2014; Grell et al, 1999; Remijsen et al, 2014; Zhou & Yuan, 2014). But in
circumstances under which caspase-8 is inactive RIPK-1 and RIPK-3, form an alternative
active complex of RIPK-1/3, called the necrosome, which in turn may lead to an
increase in ROS production by enhancing glycogen phosphorylase and glutamate
dehydrogenase. The products of both enzymes feed into the Krebs cycle and finally
86

------------------------------------------------------------------------------------------------------ Chapter IV
into the mitochondrial respiratory chain, with complex I being one of the main sources
for mitochondrial ROS, (Li et al, 2014; Wallach et al, 2011). The possible interaction
between NDUFA13 as a crucial component for complex I assembly and activity and
STAT3 (Signal Transducer and Activator of Transcription 3) might play a key role. STAT3
is a member of a family of cytoplasmic transcription factors that translocate to the
nucleus where they play a critical role in different cytokine signalling pathways by
regulating gene expression (Angell et al, 2000; Demaria et al, 2014; Kalakonda et al,
2013). Besides the primary translocation destination being the nucleus (ntSTAT3) some
studies indicate a secondary mitochondrial localization of STAT3 (mtSTAT3) (Gough et
al, 2009; Wegrzyn et al, 2009). Surprisingly STAT3 lacks a known mitochondrial
localization sequence and the mechanism by which it translocates to mitochondria
instead to the nucleus remains elusive. The phosphorylation status of STAT3 seems to
be crucial in this process. Specifically, STAT3 is phosphorylated at tyrosine 705 and
serine 727 in response to cytokines and growth factors (Nallar et al, 2013; Tammineni
et al, 2013). Phosphorylation at tyrosine 705 seems to promote the translocation to the
nucleus in contrast to phosphorylation at serine 727 which is thought to stimulate the
translocation to the mitochondria (Tammineni et al, 2013; Zhang et al, 2003). In fact
NDUFA13 was shown to bind STAT3 explicitly via the phosphorylation at serine 727
and it appears to be a requirement for their interaction (Zhang et al, 2003). The
necessity of phosphorylation at serine 727 for the STAT3’s mitochondrial localization
and its interaction with NDUFA13 suggests that the STAT3-NDUFA13 interaction could
influence their mutual localization or function (Tammineni et al, 2013) the underlying
mechanism remain unclear to date. Tammineni and others, 2013 postulate further that
once in the mitochondria, STAT3 seems to enhance the activity of complex I and II in a
transcription independent manner and also increase the production of ROS (Shulga &
Pastorino, 2012). During necroptosis induced via TNF-α, STAT3 is phosphorylated by
RIPK-1 possibly leading to an increased interaction of STAT3 and NDUFA13. This
interaction might facilitate the import of STAT3 into the mitochondria and a further
increase in ROS production and cell death (Figure 25) (Kramer et al, 2015; Shulga &
Pastorino, 2012; Tammineni et al, 2013). The underlying mechanism is yet unknown.
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An import of a complex consisting of STAT3 and NDUFA13 seems unlikely as the
import into mitochondria is restricted, as discussed by others (Becker et al, 2012;
Harbauer et al, 2014; Horvath et al, 2014; Stojanovski et al, 2007). Nevertheless up to
50% of the proteins targeted to mitochondria do not contain any canonical
mitochondrial targeting sequences (Gabaldon & Huynen, 2004; Mootha et al, 2003;
Taylor et al, 2003). These proteins depend on the chaperone system for their
translocation into the mitochondria (Regev-Rudzki et al, 2015; Young et al, 2003) and it
has been further demonstrated that phosphorylation might enhance the interaction of
some proteins with chaperones or exposes an internal mitochondrial targeting
sequences to facilitate import (Anandatheerthavarada et al, 1999; He et al, 2007; Robin
et al, 2003). Although STAT3 lacks a mitochondrial targeting sequence, it still imports
into the mitochondria (Kramer et al, 2015; Shulga & Pastorino, 2012; Tammineni et al,
2013). Interestingly, alkaline phosphatase treatment of STAT3 or a STAT3-S727A
mutant displayed decreased import capabilities into mitochondria and also decreased
interactions to NDUFA13. This may indicate that serine 727 needs to be
phosphorylated for efficient import of STAT3; further indicating that phosphorylation
of STAT3 might be required for efficient translocation into the mitochondria (Kramer et
al, 2015; Shulga & Pastorino, 2012; Tammineni et al, 2013).
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Figure 25: Model of interaction between NDUFA13 and STAT3.
(A) TNF-α mediated activation of TNFR-1 leads to the formation of a RIPK-1/3 complex. This complex
phosphorylates STAT3 at S727 which in turn is bound by NDUFA13. Tammineni and others, 2013
postulated that this might facilitate import of STAT3 into mitochondria leading to increased ROS
production and necroptosis. (B) JNK mediated phosphorylation of STAT3 at Y705 leads to its
translocation to the nucleus, where STAT3 dimerizes at DNA and regulates transcription and translation
(Shulga & Pastorino, 2012).

Based on this model, a loss of NDUFA13 might not only lead to a decreased
accumulation of STAT3 in mitochondria and reduced ROS production but also link the
loss of NDUFA13 to a decrease in cell death. In this chapter, the molecular
consequences of a loss of NDUFA13 on cell death were investigated.
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RESULTS
2.0 ∆NDUFA13 CELLS SHOW SLOWED GROWTH AND INCREASED ENDOGENOUS
CELL DEATH
To analyze the effects of a depletion of NDUFA13 on cell growth and
susceptibility to cell death, comparative growth assays were conducted. For the
purpose of comparison, ∆NDUFA9 cells were also utilized throughout the study. In
these cells, the complex I subunit NDUFA9 has been lost by TALEN-mediated gene
disruption (Stroud et al, 2013). Initially, ∆NDUF13 cells were assessed regarding their
proliferation ability. Cells were set up to an equally low density and grown over a
period of time. At given time points, samples were precipitated and stained using
Sulfo-Rhodamine B and quantified as a measure of cell density. Results were plotted as
a fold-change of cell growth relative to cell density at 0h (Figure 26A). The assay
demonstrates that over the course of days both ∆NDUFA13 and ∆NDUFA9 cells had a
significantly reduced growth rate compared to HEK293T cells (Figure 26A). The results
further indicated that the loss of NDUFA13 leads to a greater impact on cell growth
then the loss of NDUFA9. At the same time ∆NDUFA13 and ∆NDUFA9 cells presented a
considerably (p≤0.05) higher rate of cell death when compared to HEK293T cells in
assays using Annexin V/propidium iodide staining followed by fluorescence-activated
cell sorting (FACS) (Figure 26B). This indicated that the loss of NDUFA13 and complex I
may have led to a significant reduction in viability of these cells.

90

------------------------------------------------------------------------------------------------------ Chapter IV

Figure 26: ∆NDUFA13 cells present a severe growth defect as well as an increased rate of cell
death.
(A) ∆NDUFA13, HEK293T control and ∆NDUFA9 cells were set up to an equally low density and grown for
0, 24, 48, 72, 96, 120 and 144 h. Cell density was measured using Sulfo-Rhodamine B. Cell growth is
plotted as fold change based start density. n=3, with each n done in triplicates, p≤0.05, error bars
represent SEM (B) ∆NDUFA13, HEK293T control and ∆NDUFA9 cells were set up to an equal density and
grown for 0, 24, 48 and 72 h. Cell viability was measured using Annexin V/propidium iodide staining and
FACS. Displayed are cells double negative for Annexin V/propidium iodide. n=2, with each n done in
triplicates, p≤0.005, error bars represent SEM

2.1 ∆NDUFA13 CELLS SHOW RESISTANTCE TO STAUROSPORINE TREATMENT
To address the question whether cells lacking NDUFA13 indeed show a
different behaviour upon treatment with cell death stimuli, apoptotic assays were
utilized. For the induction of cell death, ∆NDUFA13, HEK293T control and ∆NDUFA9
cells were treated with either staurosporine (Darnowski et al, 2006; Weber et al, 2014)
or etoposide (Sabatel et al, 2012). The molecular mechanism for staurosporine is not
entirely understood although recent studies indicate that it acts as a protein kinase C
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inhibitor by competing with ATP for the binding to the enzyme but also inducing
apoptosis through activating caspase-3 (Chen et al, 2014b; Wu et al, 2014). In contrast
etoposide acts as a topoisomerase II inhibitor and induces apoptosis by causing DNA
breakage (Konishi et al, 2003; Mahrus et al, 2008).
∆NDUFA13, HEK293T control, ∆NDUFA9 and ∆NDUFA13 re-expressing NDUFA13
cells where treated with staurosporine (Figure 27A) or etoposide (Figure 27B) and
grown for a period of time. Cells where harvested at different time points and analyzed
for their susceptibility to cell death via PI/Annexin V staining and FACS. The analyses
indicated a remarkable difference in cell viability between the ∆NDUFA13 cells and
HEK293T control and ∆NDUFA9 cells after the staurosporine treatment. ∆NDUFA13
cells displayed negligible differences in cell viability upon treatment while the effect
reverted upon re-expression of NDUFA13 (Figure 27A). However, no such effect was
observed when treating these cells with etoposide where a similar susceptibility to cell
death was seen between ∆NDUFA13 and control cells (Figure 27B). An analysis of
∆NDUFA13 and HEK293T control cells via SDS-PAGE (Figure 27C) revealed that the
levels of STAT3 and active phosphorylated STAT3 (pSTAT3) seem unchanged. The level
of Bak, AIF and SMAC were slightly decreased in ∆NDUFA13 cells but so seems
mtHsp70 which acted as a loading control. Interestingly the steady state levels of BclxL, an anti-apoptotic protein from the Bcl-2 like protein family that negatively
regulates Bak (Kodama et al, 2012; Pagliari et al, 2005; Vander Heiden et al, 2001), in
∆NDUFA13 cells were drastically reduced when compared to HEK293T control. Taken
together, these results indicate that the specific loss of NDUFA13 rather than loss of
complex I leads to resistance to staurosporine-induced cell death resistance.
Interestingly no significant changes in the levels of STAT3 or pSTAT3 were detected.
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Figure 27: ∆NDUFA13 cells show resistance to Staurosporine but not Etoposide induced cell
death.
∆NDUFA13, HEK293T control, ∆NDUFA9 and ∆NDUFA13 re-expressing NDUFA13 cells were treated with
1 µM staurosporine for 0, 16 and 24 h (A) or 10 µM etoposide for 0, 24 or 36 h (B). Cells were stained with
Annexin V/propidium iodide. Displayed are cells double negative for Annexin V/propidium iodide. n=3,
with each n done in triplicates, p≤0.05, error bars represent SEM (C) ∆NDUFA13 and HEK293T control
crude mitochondria (25 µg protein per lane) were isolated and analysed via SDS-PAGE and
immunoblotting using indicated antibodies. Mitochondrial Hsp70 (mtHSP70) utilized as loading control.
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2.2 SILAC ANALYSIS OF KNOWN MITOCHONDRIAL CELL DEATH RELATED
PROTEINS FROM ∆NDUFA13 CELLS
In order to obtain a deeper insight in why ∆NDUFA13 cells show resistance to
staurosporine treatment, the steady state levels of known cell death related proteins
were analyzed via SILAC mass-spectrometry. The analysis of mitochondria from
∆NDUFA13 and HEK293T control cells was performed cooperation with Dr. David A.
Stroud. The analysis presents only mitochondrial associated proteins and represents
only a part of the full protein content within the cell. The analysis revealed that no
differences in the levels of VDAC2, AIF, SMAC/DIABLO, BCL2L13, HTRA2 and PDCD6IP
between ∆NDUFA13 and HEK293T control mitochondria. Furthermore pro-apoptotic
Bak and Bax seemed to be slightly reduced whilst the levels of cytochrome c (CYCS)
and TP53 regulated inhibitor of apoptosis 1 (TRIAP1) were increased when compared
to HEK293T control mitochondria (Figure 28).
Based on the analysis of the detected proteins, the loss of NDUFA13 leads, if at
all, only to a minor change in the expression of cell death related proteins. Additional
proteins that play a critical role in regulating apoptosis were not detected by the
applied mass-spectrometry and could therefore not be accounted for in the analysis.
Nevertheless these undetected proteins might be affected by the loss of NDUFA13.
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Figure 28: SILAC analysis of known cell death related proteins from ∆NDUFA13 and HEK293T
control mitochondria.
Mitochondria from heavy or light labelled HEK293T control and ∆NDUFA13 cells were isolated and
analyzed by LC-MS. The mean of normalized heavy/light ratios (∆NDUFA13/HEK293T control) (log2),
identified in at least two replicates (including a label switch; n=3) were plotted against their statistical
significance expressed in p-values (-log10). Thresholds were set at p-values < 0.05 and mean heavy/light
enrichment ratios > 2. For simplicity only bona fide mitochondrial proteins present in the MitoCarta
(PMID: 18614015) dataset are shown. Cell death related proteins are shown in black and other
mitochondrial proteins are shown in grey.

2.3 LOSS OF NDUFA13 DOES NOT AFFECT BAK ACTIVATION
The previous SILAC analysis of ∆NDUFA13 mitochondria indicated only minor
changes in some of the detected cell death related proteins. Nevertheless the
activation of these proteins such as Bak might be affected by the loss of NDUFA13. Proapoptotic Bak is a key player in apoptosis and during its activation it dissociates from
VDAC2 that it is found in a complex with under non-apoptotic conditions. After several
conformational changes, Bak forms homo-oligomers which are required to
permeabilize the mitochondrial outer membrane leading to the initiation of the
intrinsic apoptotic pathway (Cheng et al, 2003; Cheng et al, 2001; Lazarou et al, 2010).
To address the question whether the disruption of NDUFA13 leads to a
sensitivity of Bak activation within the mitochondria, which in turn might alter their
susceptibility to apoptotic stimuli, crude mitochondria were isolated from ∆NDUFA13,
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HEK293T control and ∆NDUFA9 cells. The mitochondria were then temperature
treated, solubilized in digitonin and analyzed via BN-PAGE and immunoblotting.
Figure 29 shows the presence of a Bak complex, presumably the Bak/VDAC2 complex
(Bak*) (Lane 1, 7, 13) (Lazarou et al, 2010). Endogenous levels of this complex do not
differ between the individual cell lines and show a comparable disassembly in a time
dependent manner.

Figure 29: Loss of NDUFA13 does not promote Bak activation.
∆NDUFA13, HEK293T control or ∆NDUFA9 crude mitochondria (50 µg protein per lane) were isolated and
temperature treated (37°C) for 0, 15, 30, 60, 90 or 120 min, solubilized in 1% digitonin before analysis via
BN-PAGE and immunoblotting with Bak specific antibodies. Bak* indicate the non-activated Bak in the
Bak/VDAC2 complex.

To investigate the sensitivity of theses cell lines further, in particular the effect
of apoptosis on respiratory chain super-complexes (complex I/III2/IV) as well as the
Bak* complex, cells where treated with 1 µM staurosporine to induce apoptosis.
Subsequently crude mitochondria were isolated and analyzed by BN- and SDS-PAGE
and immunoblotting. As indicated in Figure 30A, HEK293T control mitochondria
display super-complex (complex I/III2/IV) formation whereas ∆NDUFA13 and ∆NDUFA9
mitochondria display their previously described sub-complex formation (Lane 1, 4, 7).
Upon treatment and induction of apoptosis, the super-complex (complex I/III2/IV) in
HEK293T control mitochondria (Figure 30A, Lane 2-3), as well as the sub-complexes
fade in a time dependent manner (Figure 30A, Lane 2-3, 5-6, 8-9). SDHA was used as a
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marker for the fate of complex II. As can be seen in Figure 30A, the loading is
comparable but over time complex II (SDHA) disappears, probably due to
proteolytically degradation after mitochondrial permeabilization. The levels of the
initial Bak* complex are comparable between the different cell lines and following the
addition of staurosporine start to disassemble at a comparable rate when ∆NDUFA13
are compared against HEK293T mitochondria. (Figure 30B, Lane2-3 and 5-6).
Interestingly it appears that the degradation of Bak in ∆NDUFA9 mitochondria seemed
to degrade at a faster time when compared to HEK293T and ∆NDUFA13.

Figure 30: Loss of ∆NDUFA13 does not alter sensitivity to Staurosporine induced Bak activation.
∆NDUFA13, HEK293T control or ∆NDUFA9 cells were treated with 1 µM staurosporine for 0, 16 and 24 h.
Crude mitochondria were isolated and solubilized in 1% digitonin before analysis via BN-PAGE and
immunoblotting with NDUFB6 (A) or (B) Bak specific antibodies. *A-D indicate possible novel complex I
intermediates. Bak* indicate the non-activated Bak in the Bak/VDAC2 complex. SDHA as loading controls
utilized. 50µg protein per lane used. CI = complex I, CII = complex II, CIII = complex III, CIV = complex IV.

Figure 31 displays the SDS-PAGE analysis of isolated mitochondria from the
Staurosporine treated cells showing a degradation of complex I subunits NDUFA13
and NDUFA9 in a time dependent manner in all cell lines. The tested subunits seem to
degrade at a higher rate in NDUFA13-depleted mitochondria compared to HEK293T
mitochondria. No change in the levels of Bak or AIF as well as STAT3 was observed. The
loss of cytochrome c over time indicates the destabilization of the mitochondrial
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membranes and the induction of apoptosis upon Staurosporine treatment in all cell
lines.

Figure 31: Staurosporine treatment leads to a degradation of OXPHOS subunits.
Rate of degradation of OXPHOS components upon Staurosporine treatment is unaffected by the loss of
NDUFA13. ∆NDUFA13, HEK293T control or ∆NDUFA9 cells were treated with 1 µM staurosporine for 0, 16
and 24 h. Crude mitochondria (25 µg protein per lane) were isolated and analyzed via SDS-PAGE and
immunoblotting with indicated antibodies. Mitochondrial Hsp70 (mtHSP70) utilized as loading control.

Summarized, it can be stated that there is no indication that a loss of NDUFA13
leads to a change in the activation pattern of Bak or in a broader sense of apoptosis
induced by Staurosporine. Although the steady state levels of complex I subunits differ
between ∆NDUFA13 and HEK293T control mitochondria the rate of degradation
appears to remain the same.

2.4 DELETION OF NDUFA13 LEADS TO COMPROMISED MITOCHONDRIAL
MEMBRANE POTENTIAL
Previous results indicated that the gene disruption of NDUFA13 and the
resulting depletion of NDUFA13 protein lead to a loss of complex I formation in
HEK293T cells. Since complex I is the biggest contributor of H+- ions in the generation
of the membrane potential (∆Ψm) across the mitochondrial inner membrane the
question arises whether there is an impact on the ability of generating a membrane
potential in these cells (Benard et al, 2007; Budd et al, 1997; Chen, 1988; Leonard et al,
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2015). A loss of membrane potential would also have an impact on protein import
capabilities of these mitochondria. To address this question, an in vitro import assay
was performed. In this assay, in vitro transcribed and translated precursor proteins are
radiolabelled with [35S]-methionine and incubated with isolated mitochondria
followed by SDS-PAGE analysis. The import of in vitro translated [35S]-ornithine
transcarbamylase (OTC), an enzyme located in the mitochondrial matrix which
harbours a cleavable presequence, was used as a control protein to demonstrate
import-competence of the mitochondria since its import requires the presence of
intact ∆Ψm (Chacinska et al, 2009; Schatz, 1996). [35S]-OTC was imported into
mitochondria isolated from ∆NDUFA13, HEK293T control and ∆NDUFA9 cells and
analyzed by SDS-PAGE. SDHA was utilized as a loading control with all samples
displaying comparable levels of SDHA (Figure 32). The results in Figure 32 indicate an
equal rate of import of precursor OTC (p) via an intermediate form (i) into the mature
form (m) in all tested samples and the processing of mature [35S]-OTC occurred in a
time and ∆Ψm dependent manner. This indicates that the ∆Ψm in ∆NDUFA13 and
∆NDUFA9 mitochondria remains strong enough to equally import and process
proteins destined to the mitochondrial matrix, when compared to HEK293T control
mitochondria.

Figure 32: The import capabilities of mitochondria are not impaired by the loss of NDUFA13.
The model protein OTC is still imported and processed normally into NDUFA13 deficient mitochondria.
In vitro translated [35S]-OTC was imported into ∆NDUFA13, HEK293T control or ∆NDUFA9 mitochondria
for 2, 5 or 15 min. Mitochondrial membrane potential (∆Ψm) was dissipated using 1 µM valinomycin.
Samples (25 µg protein per lane) were analyzed by SDS-PAGE and phosphor-imaging. P = precursor; I =
intermediate; m = mature. SDHA used as loading control.
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The question whether ∆NDUFA13 mitochondria have a compromised ∆Ψm was
further addressed by cell-staining with tetramethyl rhodamine methyl ester (TMRM)
followed by analysis via FACS. TMRM accumulates within the inner membrane region
of healthy functioning mitochondria in a ∆Ψm-driven manner leading to a strong
increase in TMRM-associated orange fluorescence (ex 573 nm). When the
mitochondrial membrane potential collapses in apoptotic or metabolically stressed
cells TMRM distributes within mitochondria with a dissipated ∆Ψm leading to a
decrease in TMRM-associated orange fluorescence (ex 573 nm) (Plasek & Sigler, 1996;
Skommer et al, 2007). ∆NDUFA13, HEK293T control and ∆NDUFA9 cells were treated
with rotenone, antimycin A, CCCP or combinations thereof to specifically interfere with
different stages of the electron transport chain. Rotenone acts as specific inhibitor for
complex I by blocking the transfer of electrons from the iron-sulphur cluster to
ubiquinone (Kotlyar & Gutman, 1992; Treberg et al, 2011; Xiong et al, 2012), whereas
antimycin A specifically inhibits complex III blocking the oxidation of ubiquinol.
Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) acts as an ionophore transporting
hydrogen ions across the mitochondrial membrane before feeding into the oxidative
phosphorylation at complex V thereby disrupting ∆Ψm by uncoupling ATP synthesis
(Ledderose et al, 2014).
After treatment, cells were stained with TMRM, harvested and then analyzed via
FACS. The results depicted in Figure 33 indicate a striking difference in staining
intensity between ∆NDUFA13, HEK293T control and ∆NDUFA9 cells (Figure 33). The
addition of rotenone led to a reduction of the TMRM stain intensity in the HEK293T
control cells but no change was observed in either ∆NDUFA13 or ∆NDUFA9 cells. The
addition of antimycin A led to a slightly further reduction in the TMRM stain intensity
in the HEK293T cells but not in ∆NDUFA13 and ∆NDUFA9 cells. The combination
treatment of rotenone and antimycin A again resulted in an equal reduction as the
antimycin A-only treatment. In contrast, the addition of CCCP caused to a strong
reduction of the TMRM stain intensity in all cell lines (Figure 33). Taken together, this
points out that mitochondrial membrane potential is indeed highly affected by the
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loss of NDUFA13 but since the import of pOTC seems unaffected import capabilities, it
remains sufficient for correct protein import.

Figure 33: Loss of NDUFA13 causes a severe reduction of mitochondrial membrane potential.
∆NDUFA13, HEK293T control or ∆NDUFA9 cells alone, were treated with or without 5 µM rotenone, 20
µM antimycin A, 100 nM CCCP or combinations thereof for 6 h. Cells were then stained with 100 nM
TMRM for 30 min and analyzed via FACS. Data was collected and analyzed using FlowJo and Prism. n=2,
with each n done in triplicates, *=p≤0.05,**=p≤0.01, ***=p≤0.001, error bars represent SEM from all
values.

2.5 DEPLETION OF NDUFA13 DOES NOT AFFECT MITOCHONDRIAL MORPHOLOGY
Mitochondrial respiratory chain complex assembly and activity rely on inner
mitochondrial membrane integrity which is maintained by mitochondrial fission and
fusion events. Fission and fusion regulate not only the number and size but also
morphology of mitochondria in a dynamic manner and dysregulation in these
processes can affect membrane stability (Chan, 2006; Liu et al, 2011). Several key
molecules have been identified regulating these delicate processes in mammalian
cells. These proteins share a common large GTPase like activity. Dynamin-like GTPase
(Drp1) (Smirnova et al, 2001) and adapter proteins including MiD49/51 (Palmer et al,
2011) are key molecules in fission, whereas mitochondrial fusion is regulated by
Mitofusins 1 and 2 (Mfn1/2) (Chen et al, 2003a) and optic atrophy 1 (Opa1) (Chen et al,
2014a; Ishihara et al, 2006).
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To evaluate if a loss of NDUFA13 and therefore complex I leads to a
morphological change within the mitochondrial network immunofluorescence assays
were performed. Before fixation cells were stained with MitoTracker Red, a redfluorescent dye that stains mitochondria in live cells in a membrane potential
dependent manner. Cells were then fixed by addition of formaldehyde and stained
with antibodies against mitochondrial outer-membrane Tom20 (green) along with the
nucleus stain Hoechst (blue) (Figure 34). As visualized by confocal imaging the
MitoTracker Red signal co-localized completely with the Tom20 signal in all samples
and ∆NDUFA13 and ∆NDUFA9 cells appeared to have a morphologically normal
mitochondrial network when compared to HEK293T control (Figure 34). This indicates
that the loss of NDUFA13 does not lead to dramatic morphological changes within the
mitochondrial network as well as a at least partial intact membrane potential.

Figure 34: Mitochondrial morphology remains unchanged upon loss of NDUFA13.
∆NDUFA13, HEK293T control or ∆NDUFA9 cells were stained with MitoTracker Red (red) before fixing
with formaldehyde and then immunostained for Tom20 (green) and Hoechst (blue). Cells were imaged
using confocal microscopy. Bar = 20 µm. (B).
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2.6 LOSS OF COMPLEX I RENDERS HEK293T CELLS SENSITIVE TO OPA1
PROCESSING
As mentioned Opa1 is required for fusion of mitochondria but it also plays a
critical role in apoptosis (Frezza et al, 2006; Olichon et al, 2003; Rugarli & Langer, 2012).
Opa1 resides in the inner mitochondrial membrane and forms oligomers that keep the
mitochondrial cristae junctions tight in healthy cells thus preventing stored proteins
such as cytochrome c to be released (Frezza et al, 2006). In the progression of
apoptosis, Opa1 is proteolytically processed possibly leading to the disassembly of
Opa1 oligomers and the release of cytochrome c prior to the activation of caspases
(Martinou et al, 1999; Olichon et al, 2003). At this time point the mitochondrial network
collapses and disintegrates leading to the formation of more numerous and smaller
mitochondria (Ramonet et al, 2013; Suen et al, 2008). To further investigate the effect
of a loss of NDUFA13 on mitochondria and in particular on Opa1 and other
morphologically relevant proteins, cells were treated with ∆Ψm disrupting agent
CCCP. Following the incubation with CCCP, cells were analyzed via SDS-PAGE and
immunoblotting. Figure 35A shows that the endogenous levels of Opa1 before
treatment were comparable between the different cell lines but the addition of CCCP
induced a drastic proteolytic processing of Opa1 when compared to HEK293T control
cells. A complete processing in ∆NDUFA13 and ∆NDUFA9 cells was reached after 30
minutes whereas Opa1 remained well detectable in HEK293T control cells even after
2h (Figure 35A, Lane 1-4, 6 and 10). Figure 35B shows no changes in the steady state
levels of Mfn2 and Drp1 other proteins important for mitochondrial morphology. This,
although the levels of the proteins analyzed are comparable between the different cell
lines tested, it is evident that the loss of complex I leads to an increased sensitivity to
CCCP induced Opa1 processing.
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Figure 35: Loss of NDUFA13 leads to an increased sensitivity to CCCP-induced Opa1 processing.
∆NDUFA13, HEK293T control or ∆NDUFA9 cells were treated with 10 nM CCCP for 0, 30, 60, or 120 min
(A) or 0 and 30 min (B) before analysis (50 µg protein per lane) via SDS-PAGE and immunoblotting with
indicated antibodies. SDHA used as loading control.

2.7 DELETION OF NDUFA13 LEADS TO AN INCREASE IN REACTIVE OXYGEN
PRODUCTION IN ∆NDUFA13 MITOCHONDRIA
Reactive oxygen species (ROS) within mitochondria are a by-product of
oxidative phosphorylation. The major contributing source for ROS is complex I and
complex III (Chen et al, 2003b; Hirst et al, 2008; Muller et al, 2004; Wittig et al, 2006b).
Here a small proportion of the mitochondrial oxygen reacts incompletely with
hydrogen ions leading to the formation of superoxide anions, the major reactive
oxygen species in mitochondria (Chen et al, 2003b; Sugioka et al, 1988). ROS may
contribute to a number of pathological processes including aging (Brand et al, 2002)
and apoptosis (Kumar et al, 2002). Rotenone and antimycin A as blockers for complex I
and III respectively have been demonstrated to lead to an increase in ROS production
(Cleaver et al, 2014; Liang et al, 2014). Since the deletion of NDUFA13 leads to a
possible loss of complex I, the question arises as to whether ∆NDUFA13 cells present
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increased mitochondrial ROS level production. To address this question cells were
stained with MitoSOX™ Red, a superoxide indicator that is highly selective for the
detection of superoxide originated from mitochondria. Once in the mitochondria,
MitoSOX™ Red reagent is oxidized by superoxide and exhibits red fluorescence which
can be detected and measured via FACS. ∆NDUFA13, HEK293T control and ∆NDUFA9
cells were treated with rotenone, antimycin A or a combination of both reagents and
stained with MitoSOX™. Cells where then harvested and analyzed via FACS. The results
depicted in Figure 36 indicate a striking difference in the stain intensity between the
HEK293T control cells and ∆NDUFA13 and ∆NDUFA9. It appears that the ROS levels are
drastically increased in ∆NDUFA13 and ∆NDUFA9 cells compared to control. The
addition of rotenone led to an increase MitoSOX™ stain intensity in the HEK293T
control cells but in neither ∆NDUFA13 nor ∆NDUFA9 cells.

Figure 36: Loss of NDUFA13 causes a severe increase of mitochondrial ROS production.
HEK293T control, ∆NDUFA13 or ∆NDUFA9 cells were treated with 5 µM rotenone, 20 µM antimycin A or a
combination for 6 h. Cells were then stained with MitoSOX™ for 30 min and analyzed via FACS. Data was
collected and analyzed using FlowJo and Prism. n=2, with each n done in triplicates, *=p≤0.05,
**=p≤0.01, ***=p≤0.001, error bars represent SEM.

The addition of antimycin A led to a stronger increase in the MitoSOX™ stain
intensity in the HEK293T control cells and also ∆NDUFA13 and ∆NDUFA9 cells
displayed an even further increase in MitoSOX™ stain intensity. The combination
treatment of rotenone and antimycin A led to a further increase of detectable ROS in
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the HEK293T control cells but to no further increase in the ∆NDUFA13 and ∆NDUFA9
cells (Figure 36). Taken together these results reveal a higher production of ROS upon
the loss of complex I in ∆NDUFA13 cells.

2.8 SILAC ANALYSIS OF KNOWN MITOCHONDRIAL MORPHOLOGY AND ROS
RELATED PROTEINS FROM ∆NDUFA13 CELLS
The obtained results from previously conducted SILAC mass-spectrometry
analysis were further analyzed regarding proteins that have already been reported to
be involved in the regulation of mitochondrial morphology and ROS production The
analysis reveals that the levels of detected proteins related to mitochondrial
morphology such Thioredoxin-dependent peroxide reductase (PRDX3), Reactive
oxygen species modulator 1 (ROMO1), Mitochondrial fission process protein 1 (MTFP1),
Mitochondrial fission factor (MFF) and Opa1 remain unaffected upon depletion of
NDUFA13, while Mitochondrial fission regulator 1-like (MTFR1L) and Mitochondrial
fission protein 1 (Fis1) were moderately increased. These results indicate that the overall mitochondrial morphology remains broadly unaffected by the loss of NDUFA13.
This is in alignment with the results obtained by fluorescence microscopy in Figure 34
earlier displaying unaltered mitochondrial morphology in cells lacking NDUFA13.
Additionally no impact on the levels of MnSOD1 and 2, involved in detoxifying the
mitochondria of ROS were detectable. As stated previously the analysis only represents
mitochondrial proteins. Additional proteins that play a critical role in mitochondrial
fission, fusion, ROS level generation and/or clearance (e.g. glutathione peroxidase)
have not been detected by the applied mass-spectrometry and could therefore not be
accounted in the analysis. Nevertheless these undetected proteins might be affected
by the loss of NDUFA13.
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Figure 37: SILAC analysis of mitochondrial morphology and ROS production related proteins from
HEK293T control ∆NDUFA13 mitochondria.
Mitochondria from heavy or light labelled HEK293T control and ∆NDUFA13 cells were isolated and
analyzed by LC-MS. The means of normalized heavy/light ratios (∆NDUFA13/HEK293T control) (log2),
identified in at least two replicates (including a label switch; n=3) were plotted against their statistical
significance expressed in p-values (-log10). Thresholds were set at p-values < 0.05 and mean heavy/light
enrichment ratios > 2. For simplicity only bona fide mitochondrial proteins present in the MitoCarta
(PMID: 18614015) dataset are shown. Mitochondrial morphology proteins shown in black and other
mitochondrial proteins are shown in grey.
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DISCUSSION
3.0 NDUFA13 MAY HAVE A SECONDARY ROLE IN CELL DEATH REGULATION
NUDUFA13 was first termed GRIM-19 and belonged to a group of genes that
were induced by IFN-β and RA with a possible pro-apoptotic nature in different breast
cancer cell lines (Angell et al, 2000). IFNs play a critical role in the host immune system
in particular against viruses, bacteria, and parasites (Decker et al, 2005). In addition
IFNs are important negative growth factors that inhibit cell proliferation and induce
apoptosis (Belardelli et al, 2002). RAs also inhibit proliferation and induce
differentiation of cancer cells (Altucci & Gronemeyer, 2001; Melnick & Licht, 1999).
Combined IFNs and RAs have demonstrated synergistic effects such as inhibiting
proliferation, inducing cell differentiation and also apoptotic activity in cancer cell lines
and other tumor models ((Lippman et al, 1997; Ortiz et al, 2002). NDUFA13 was also
identified as a potential interaction partner of STAT3 (Lufei et al, 2003; Zhang et al,
2003). The interaction may be important in importing STAT3 into the mitochondria
and thus regulating OXPHOS activity as well as TNF-induced cell death (Shulga &
Pastorino, 2012; Tammineni et al, 2013; Wegrzyn et al, 2009). The precise role of
NDUFA13 in IFN-β- and RA-induced tumor cell death remains unclear. The
establishment of a TALEN-mediated ∆NDUFA13 cell line and the comparison to
another similarly generated gene disruption of another complex I subunit with the
same genetical background created a significant opportunity to investigate the
proposed dual role of NDUFA13 in detail.
The deletion of NDUFA13 causes embryonic lethality in mice (Huang et al,
2004). Similar striking observations on cell viability are made from ∆NDUFA13 cells.
Earlier analyses of ∆NDUFA13 and ∆NDUFA9 cells showed a strong growth defect when
grown on glucose based growth media, forcing cells to utilize OXPHOS as the main
energy source (data not shown). Since the deletion of the individual complex I subunit
NDUFA13 led to a loss of complex I, strong implications on the cell viability were
expected. Further cell proliferation analyses indicated that the two cell lines suffer a
similar proliferation defect. Both cell lines also showed increased levels of endogenous
cell death.
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Huang and colleagues, (2004,2007) demonstrated that the knock-down of
NDUFA13 and NDUFS3 in MCF-7 and HeLa cells prevented apoptosis induced by IFN-β
/RA treatment whereas no changes in preventing apoptosis were made by the
treatment with the protein kinase C inhibitor staurosporine. Remarkably, ∆NDUFA13
cells presented different levels of susceptibility after treatment with staurosporine,
when compared to control and ∆NDUFA9 cells. NDUFA13 depleted cells display only
minor sensitivity to the apoptosis inducing agent. The difference appears to be
reverted by the re-expression of NDUFA13. Interestingly the effect seems limited to
Staurosporine, as the treatment with Etoposide, another apoptosis-inducing reagent,
did not show differences between analyzed cell lines (Figure 27A and B). Whether the
modes of action of these drugs play a role in the distinct responses remains to be
evaluated. Also additional studies including IFN-β /RA treatment of ∆NDUFA13 and
control and ∆NDUFA9 cells seems necessary to investigate the observed discrepancies.
Nevertheless as previous works indicated, mitochondrial STAT3 might be a key player
in rendering cells lacking NDUFA13 more resistant to cell death (Angell et al, 2000;
Shulga & Pastorino, 2012; Tammineni et al, 2013; Zhang et al, 2003). Surprisingly the
immunoblotting analysis showed no measurable differences in levels of nonphosphorylated as well as phosphorylated STAT3 (Figure 27C). The subsequently
performed more in depth analysis via SILAC confirms that the differences in expression
of mitochondrial localized cell death related proteins are not significantly altered and
may there for be discharged as a reason for ∆NDUFA13 cells being more resistant
against Staurosporine treatment. However these analyses excluded proteins and their
effect on cell survival from other cell compartments. Cytosolic apoptosis-related
proteins or transcriptions factors within the nuclei may be the key in understanding
why cells lacking NDUFA13 present a lower susceptibility to cell death when treated
with Staurosporine compared to other cell lines. Further analyses such as whole
proteome SILAC mass-spectrometry analysis may help in understanding of the
underlying mechanism.
If differentially regulated mitochondrial cell death related proteins are not the
cause for the ∆NDUFA13 viability then maybe a difference in the activation of the pro109
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apoptotic proteins such as Bak might explain this effect. The activation of Bak, its
oligomerization as well as the permeabilization of the mitochondrial outer membrane
represents a hallmark in the induction of cell death (Cheng et al, 2003; Lazarou et al,
2010; Westphal et al, 2011). Interestingly BN-PAGE analysis of mitochondria showed no
difference in the activation of Bak between ∆NDUFA13 and HEK293T control
mitochondria even upon treatment with Staurosporine (Figure 30). The degradation of
complex I in HEK293T control as well as novel sub-complexes in ∆NDUFA13 and
∆NDUFA9 follows the same thermodynamics and does not display a striking difference
between the two deletion strains. Similar results were obtained analyzing cell death
proteins in particular STAT3 and the release of cytochrome c , allowing the conclusion
that the analyzed cell death proteins and their activation can be discharged as a
possible explanation for the described differences in cell viability. Another possible
factor that might explain why ∆NDUFA13 and ∆NDUFA9 cell lines display differences in
susceptibility to Staurosporine induced cell death is their respective mitochondrial
membrane potential (∆Ψm). Indeed, an intact mitochondrial membrane potential is
essential for proper function including protein import into the mitochondrial matrix
and mitochondrial homeostasis. During apoptosis the mitochondrial membrane
potential drops and apoptogenic factors, such as AIF and cytochrome c are released
and the oxidative phosphorylation ceases. However it is still under debate if the loss of
∆Ψm is an initiator or an effect of apoptosis (Green & Levine, 2014).
Knock-out of NDUFA13 in blastocytes showed a drastic loss of ∆Ψm. Additional
mutagenesis studies of NDUFA13 alongside of NDUFA9 and NDUFS3 conducted by the
same group showed that although the tested deletion mutants of NDUFA13 were able
to insert to complex I only mutant NDUFA13 strongly effected ∆Ψm (Lu & Cao, 2008).
In contrast, when ∆NDUFA13 and ∆NDUFA9 cell lines where tested for their ∆Ψm both
cell lines presented a drastic loss of ∆Ψm, with ∆NDUFA9 exhibiting the most severely
affected phenotype. The fact that upon treatment with Rotenone no further reduction
of ∆Ψm was observed indicates the severity of the loss of the respective complex I
subunits underlining the importance of complex I and its contribution to the ∆Ψm.
Furthermore, both cell lines retained enough membrane potential for effective protein
110

------------------------------------------------------------------------------------------------------ Chapter IV
import of in vitro translated and transcribed OTC. The disadvantage of such an in vitro
assay is the necessity of the supplementation with succinate, which feeds into the
generation of ∆Ψm by bypassing complex I possible leading to a similar resting
membrane potential. The addition of antimycin A, in neither of the two deletion cell
lines does not inhibit the uptake of TMRM further. This, but also the fact that both cell
lines present a severe growth defect on a glucose based media, might imply that ∆Ψm
is not generated by the compensation through the other respiratory chain complexes,
in particular complex III but could rather be generated by reverse activity of complex V
as discussed by others previously (Brown et al, 2006; Chacinska et al, 2009; Takeda et al,
2004).
Mitochondrial morphology is highly regulated and in a constant state of
regulated fission and fusion. The cross-talk of apoptotic proteins, mitochondrial
morphology proteins but also OXPHOS complexes is thought to contribute to cell
death, energy generation and mitochondrial morphology and over the course of the
last few years proteins such as Drp1, Mfn2 and Opa1 have been linked to these
regulating processes. Indeed, in the event of apoptosis the mitochondrial network
collapses and becomes highly fragmented (Frank et al, 2001; Martinou, 1999; Olichon
et al, 2003; Sugioka et al, 2004). In addition, increased mitochondrial fusion induced by
the knock down of Opa1 and/or knockout of Mfn1/2 as well as increased fission
induced by the knockdown of Drp1 causes OXPHOS defects (Benard et al, 2007; Chen
et al, 2005; Guillery et al, 2008). Likewise, increased OXPHOS activity has been
implicated to influence mitochondrial dynamics (Guillery et al, 2008; Rossignol et al,
2004).
The pro-fission regulator Drp1 for instance translocates from the cytosol to
mitochondria during apoptosis and facilitates the multimerization of pro-apoptotic
Bax thereby promoting the permeabilization of the mitochondrial outer membrane
(Montessuit et al, 2010). Furthermore, Drp1 can be part of the regulation of necrosis by
dephosphorylation of the mitochondrial protein phosphatase PGAM5 (Wang et al,
2012). In contrast to enhanced fission, apoptosis can also be up-regulated by inhibition
of pro-fusion proteins such as Mfn2. Silencing of Mfn2 induces mitochondrial
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fragmentation and promotes apoptosis, whereas its overexpression is associated with
mitochondrial elongation and the delay of apoptosis (Hoppins et al, 2011; Karbowski et
al, 2002; Pang et al, 2013). Another protein that is highly involved in both maintaining
mitochondrial morphology as well as apoptosis is optic atrophy protein 1 (Opa1). Opa1
exists in different splice forms which are all imported into the mitochondria, where
their N-terminal targeting signal is proteolytically cleaved yielding a long isoform
(Delettre et al, 2001). This isoform, embedded in the inner mitochondrial membrane is
further cleaved at two positions S1 and S2 creating smaller isoforms which are no
longer membrane bound (Ishihara et al, 2006). At steady-state approximately half of
Opa1 is either present as the long form or as shorter forms. The involved proteases
Oma1 (S1) and Yme1L (S2) are specific for the cleaving positions within Opa1. The
balance between the Opa1 isoforms is required for mitochondrial fusion. The
proteolytic activity increases dramatically if the ∆Ψm is disrupted (Ehses et al, 2009;
Head et al, 2009; Mishra et al, 2014). Interestingly, the down regulation of Opa1 goes
hand in hand with increased apoptosis and the characteristic fragmentation of the
mitochondria, cristae remodelling, cytochrome c release and caspase activity (Olichon
et al, 2003). Opa1 overexpression in contrast leads to a decreased apoptosis activity
through stabilizing the mitochondrial cristae and function (Cogliati et al, 2013;
Kasahara & Scorrano, 2014). NDUFA13 depleted blastocysts also displayed a profound
abnormal mitochondrial structure and morphology (Huang et al, 2004). Surprisingly,
the loss of NDUFA13 or NDUFA9 and the accompanied loss of complex I did not affect
the overall mitochondrial morphology. The implications remain unclear but a reduced
membrane potential usually suggests a more fragmented mitochondrial phenotype.
Likewise, the ultra-structure of the mitochondria of these cell lines remains to be
analyzed and might show clues of how the mitochondrial morphology is stabilized in
these cells.
Interestingly, when depolarizing the membrane potential with CCCP both cell
lines showed a similar sensitivity to the treatment observed as proteolysis of Opa1
involved in mitofusion and apoptosis. A broader analysis however did not detect
differences in other tested mitochondrial morphology proteins, Mfn2 and Drp1.
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Further cementing that the loss of complex I leads to a drastic change of the cellular
stress threshold and decreased viability.
Since the TALEN-mediated gene disruption of the individual complex I subunits
NDUFA13 and NDUFA9 led to the loss of complex I activity, the question arose what
implications this has on the production of mitochondrial levels of reactive oxygen
species (ROS). As mentioned earlier, complex I produces large amounts of ROS, in fact
it is, besides complex III, the major source of mitochondrial ROS (Muller et al, 2004)
Two mechanisms have been described: Firstly, if the ratio of matrix NADH/NAD+ ratio is
high this leads to a reduction of flavin mononucleotide (FMN) within complex I, with
the reduced FMN further reacting with molecular oxygen thereby producing ROS
(Hirst et al, 2008). The inhibition of complex I with Rotenone feeds more electrons onto
FMN protracting the reaction cycle and increasing ROS (Votyakova & Reynolds, 2001).
Secondly, during reverse electron transport, which occurs when electrons are forced
back onto complex I leading to the reduction of NAD+ at the FMN and thereafter again
reacting with molecular oxygen. The second mechanism is also abolished by
Rotenone, confirming that it is due to electrons feeding into complex I through
another binding site (Lambert & Brand, 2004). The analyzed gene disrupted cell lines
showed a significant increase in the levels of mitochondrial ROS levels since FMN
remains unoccupied due to the lack complex I. Again no significant difference was
observed between the two complex I deficient cell lines. The inhibition of complex III
in those cell lines using antimycin A demonstrated that complex III is indeed another
major source of mitochondrial ROS. The unaffected steady state levels observed in
SILAC analysis for mitochondrial superoxide dismutase (MnSOD), an enzyme catalyzing
the reduction of toxic reactive oxygen to hydrogen peroxide and oxygen supports that
the accumulation of ROS is not due to decreased levels of these detoxifying enzymes.
Taken together, the presented data indicate that the loss of NDUFA13 may play
a role in cell death. In comparison to the loss of NDUFA9, NDUFA13 could be indeed
unique with its dual function in cell death and complex I function, linking complex I
biogenesis to cell viability. Nevertheless the mechanism of the regulatory function of
NDUFA13 in cell death still remains to be elucidated further. Under specific
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circumstances where the mitochondrial energy production has been circumvented,
e.g. in cancer where the Warburg-effect is a hallmark for cancer cell survival, the loss of
NDUFA13 might lead to an advantage by blocking pro-apoptotic STAT3 within the
mitochondria. Moreover, it remains to be seen whether other complex I subunits show
similar dual functions. Also, other subunits of the remaining complexes of the OXPHOS
system might present yet similar undiscovered functions.
Apart from the possible implication in regulating cell death, the bigger and
more vital function of NDUFA13 is being an indispensable subunit of complex I.
Without NDUFA13 virtually no complex I activity could be observed. The
consequences are drastic and manifest in many ways from lower membrane potential,
to increased ROS levels and sensitivity to different pro-apoptotic chemicals. The
presented study strengthens the idea of the mitochondria being a central organelle
within the cell and their interconnection to multiple biological processes.
The TALEN-generated ∆NDUFA13 cell line, as well as the TALEN-system as a
whole represent a valuable tool to investigate mitochondria and their function and
beyond that the molecular mechanisms of mitochondrial based diseases.
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CHAPTER V
REGULATION OF PROAPOTOTIC BAK

115

------------------------------------------------------------------------------------------------------- Chapter V
INTRODUCTION
1.0 THE PRO-APOPTOTIC BAK PROTEIN
The pivotal step in the mitochondrial pathway leading to apoptosis is
permeabilization of the mitochondrial outer membrane by oligomers of Bak or Bax,
and the release of intermembrane space proteins such as cytochrome c. Although
considerable effort by the research community has been made to understand the
regulation of Bak and Bax and how they disrupt mitochondrial outer membrane
integrity, the molecular details are to date not fully understood (Renault & Chipuk,
2014; Youle & Strasser, 2008). Pro-apoptotic Bak is localized via its C-terminus to the
mitochondrial outer membrane, and in healthy cells it requires continuous regulation
to inhibit its activation and induction of apoptosis (Youle & Strasser, 2008). Loss or
dysregulation has been linked to a variety of diseases including cancer (Song et al,
2014). Interestingly, whereas over-expressed Bcl-xL and Mcl-1 specifically prevent Bak
activation, the inhibition of these proteins by Noxa showed increased Bak dependent
apoptosis, thus indicating that both might play a critical role in Bak regulation
(Dewson et al, 2008; Oda et al, 2000; Willis & Adams, 2005; Willis et al, 2005). On the
other hand, Bak has been demonstrated to specifically interact with the voltage
dependent anion channel 2 (VDAC2) but surprisingly not to endogenous Bcl-xL and
Mcl-1, indicating additional mechanisms might be involved in regulating Bak
activation (Cheng et al, 2003). Furthermore, the activation of Bak-dependent apoptosis
could be initiated by the dissociation of Bak from VDAC2 via tBid treatment (Cheng et
al, 2003; Naghdi S., 2013; Roy et al, 2009; Wei et al, 2000). Mouse embryonic fibroblast
cells lacking VDAC2 (VDAC2-/-) show a higher activation rate of Bak, and increased
sensitivity to apoptotic stimuli when compared to VDAC1-/- cells, further indicating that
a lack of VDAC2 can cause higher Bak activation (Cheng et al, 2003). Other studies
showed that mouse fibroblasts lacking VDAC1-/-, VDAC3-/-, and VDAC1/3-/- respond
normally to tBid treatment, whereas VDAC2-/- fibroblasts are insensitive to tBidinduced Bak oligomerization and outer membrane permeabilization and apoptosis,
suggesting that VDAC2 is also required for tBid-induced Bak activation and apoptosis
(Roy et al, 2009).
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Additional studies demonstrated that VDAC2 is not only required for the
formation of the inactive Bak complex, which has an apparent molecular weight of 440
kDa when using BN-PAGE analysis, but also that the Bak C-terminal, transmembrane
anchor is necessary for interacting with VDAC2 (Lazarou et al, 2010).

Figure 38: The inactive and active Bak complexes.
Bak has been observed via BN-PAGE to be present in two different complexes. The Bak* complex
represents the inactive Bak form with no cytochrome c release observed. The permeabilization of the
mitochondrial outer membrane, indicated by the release of cytochrome c, coincides with the
dissociation the Bak* complex and assembly of the Bak** complex (active Bak). In HeLa cell
mitochondria Bak activation has been demonstrated not only to temperature-dependent and
influenced by Bak levels but also by soluble factors from the rabbit reticulocyte lysate. Figure adapted
from (Lazarou et al, 2010)

Furthermore, Lazarou and colleagues (2010) specifically demonstrated that the
permeabilization of the mitochondrial outer membrane and the release of cytochrome
c can occur using isolated HeLa cell mitochondria under in vitro import conditions with
the transition of Bak from inactive Bak (Bak*) to an active form (Bak**) complex (Figure
38). This type of activation is similar to the tBid-inducible permeabilization of the
mitochondrial outer membrane by Bak activation and indicates that prolonged
incubation of isolated HeLa cell mitochondria at 37°C may also induce this type of Bak
activation. Indeed, Bak has been reported to undergo spontaneous activation
following incubation at 43°C, whereas no activation has been observed at 22°C
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(Lazarou et al, 2010; Pagliari et al, 2005). In addition, in vitro import analysis with
isolated HeLa cell mitochondria revealed that mitochondria incubated alone at 37°C
was sufficient to induce transitioning of endogenous inactive Bak* to its active form
Bak**. But in the presence of reticulocyte lysate lacking translational product, the Bak*
complex was stable and the release of cytochrome c was hindered. Interestingly, the
addition of [35S]-Bak in reticulocyte lysate induced not only Bak activation and
transitioning from Bak* to Bak** but also a complete release of cytochrome c from the
mitochondria (Lazarou et al, 2010). This indicates that although isolated HeLa cell
mitochondria can undergo spontaneous Bak activation in vitro, this transition may be
inhibited when mitochondria are incubated in the presence of rabbit reticulocyte
lysate lacking freshly translated Bak and underlines further the delicate process of Bak
regulation (Lazarou et al, 2010).
The high proteinaceous lysate contains all the cellular components necessary
for protein synthesis such as tRNA, ribosomes, amino acids, initiation, elongation and
termination factors as well as a variety of post-translational processing activities,
including acetylation, isoprenylation and some phosphorylation activity (Hoerz &
McCarty, 1971; Hunt & Jackson, 1974; Jackson et al, 1983; Soto Rifo et al, 2007;
Thulasiraman et al, 1998), which may contribute to the delay in Bak activation.
Additionally, prosurvival proteins such as Bcl-xL may be present in the lysate and could
add to the described observation (Dewson et al, 2008; Willis & Adams, 2005; Willis et al,
2005). The fact that lysate containing relatively high amounts of freshly translated Bak
showed no inhibitory effect indicates that additional Bak molecules may not disturb an
equilibrium existing between Bak and its regulatory proteins such as VDAC2,
(Borutaite, 2010; Lazarou et al, 2010).
These findings are of particular interest since this could potentially represent a
novel mechanism in the regulation of Bak and would furthermore broaden our
understanding in the regulation of Bak and apoptosis in general. Potentially the
obtained information could also be utilized for therapeutic approaches in dysregulated apoptosis. The subject of the following analysis is therefore the investigation
and identification of the factors involved in the regulation of Bak activation.
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RESULTS
2.0 DELAY OF BAK ACTIVATION IS NOT SIMPLY ACHIEVED BY HIGH PROTEIN
CONCENTRATIONS
At the beginning of the investigation of the delay in Bak activation it was first
determined whether this effect is due to the high protein content within the rabbit
reticulocyte lysate that acts in a chaperone-like manner. For this, crude mitochondria
isolated from HeLa cells were incubated at 37°C for 0 - 60 min with either control
buffer, control buffer containing BSA (20 mg/mL, equal protein concentration to rabbit
reticulocyte lysate) or rabbit reticulocyte lysate alone, and solubilized in digitonin
before being analyzed via BN-PAGE and immunoblotting with Bak antibodies.
As can be seen in Figure 39, at the beginning of the incubation of HeLa cell
mitochondria at 37°C, Bak formed a complex (Bak*) with an approximately molecular
weight of 440 kDa (Figure 39, Lane 1, 4, 7). Prolonged incubation of the mitochondria
with buffer or buffer containing BSA led to disassembly or dissociation of the Bak*
complex and the appearance of the Bak** complex with an apparent molecular weight
of 80 kDa (Figure 39, Lane 2-3, 5-6). In contrast, when HeLa cell mitochondria were
incubated in the presence of rabbit reticulocyte lysate, the Bak* complex was stable
after 60 min (Figure 39, Lane 8-9) indicating that the delay of Bak activation is not due
to a nonspecific high protein content.

Figure 39: Bak activation seems to be delayed specifically by rabbit reticulocyte lysate.
Crude mitochondria isolated from HeLa cells (50 µg protein per lane) were incubated at 37°C for 0, 30
and 60 min with either control buffer (Lane 1-3), BSA (Lane 4-6) or rabbit reticulocyte lysate (Lane 7-9)
and solubilized in 1% digitonin before analyzed via BN-PAGE and immunoblotting with Bak antibodies.
Bak* indicate the non-activated Bak in the Bak/VDAC2 complex; Bak** indicate activated Bak.
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2.1 DELAY OF BAK ACTIVATION BY RABBIT RETICULOCYTE LYSATE SEEMS TO BE
ATP-DEPENDENT
To further investigate the role of rabbit reticulocyte lysate in the delay of Bak
activation and whether ATP plays a critical role, the ATP-depleting enzyme apyrase
was utilized. Apyrase catalyzes the hydrolysis of ATP and ADP to AMP and inorganic
phosphate and needs bivalent ions such as calcium or magnesium as a cofactor for
activity (Manque et al, 2012). Crude mitochondria isolated from HeLa cells were
incubated at 37°C with either control buffer lacking ATP, control buffer containing ATP,
rabbit reticulocyte lysate treated with apyrase and or rabbit reticulocyte lysate
containing ATP and solubilized in 1% digitonin before analyzed via BN-PAGE and
immunoblotting with Bak (Figure 40A) or Tom40 and SDHA antibodies (Figure 40B). As
can be seen, prolonged incubation with buffer, buffer containing ATP, or rabbit
reticulocyte lysate depleted of any ATP led to formation of the active Bak complex
(Bak**) complex (Figure 3A, Lane 2-3, 5-6 and 8-9). In contrast, in HeLa cell
mitochondria incubated with rabbit reticulocyte lysate and ATP, the inactive Bak*
complex was stable after 60 min (Figure 40A, Lane 11-12). No effects on the tested
mitochondrial TOM complex (Tom40, Figure 40B, top panel) and respiratory chain
complex II (SDHA, Figure 40B, bottom panel) were observed.
SDS-PAGE analysis showed a loss of cytochrome c upon Bak activation (Figure
40C, Lane 2-3, 5-6 and 8-9) whereas the delay of Bak activation coincided with no loss
of cytochrome c (Figure 40C, Lane 11-12). Furthermore, the steady state levels of Bak as
well as the levels of mitochondrial control protein mtHSP70 remained unaffected
(Figure 40C, Lane 1-12). Taken together this indicates that the delay of Bak activation
was not only specifically due to rabbit reticulocyte lysate but also that this delay was
ATP dependent.
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Figure 40: Bak activation appears to be delayed specifically by rabbit reticulocyte lysate.
Crude mitochondria isolated from HeLa cells were incubated at 37°C for 0, 30 and 60 min with either
control buffer lacking ATP (Lane 1-3) or added ATP [5 mM] and treated with apyrase (1 u) (Lane 7-9),
rabbit reticulocyte lysate treated with apyrase (1 u) (Lane 4-6) or rabbit reticulocyte lysate with added
ATP [5 mM] (Lane 10-12). Re-isolated mitochondria (50 µg protein per lane) were then solubilized in 1%
digitonin before analyzed via BN-PAGE and immunoblotting with Bak (A) or Tom40 and SDHA (B)
antibodies or SDS-PAGE (25 µg protein per lane) and immunoblotting with mtHSP70, Bak and
cytochrome c (Cyt c) antibodies (C). Bak* indicates the non-activated Bak in the Bak/VDAC2 complex;
Bak** indicates activated Bak. CII = complex II, Tom40 and SDHA utilized as independent loading control
for the BN-PAGE and mtHSP70 utilized as loading control for the SDS-PAGE.

2.2 DELAY OF BAK ACTIVATION BY RABBIT RETICULOCYTE LYSATE IS NOT
DEPENDENT ON SMALL MOLECULES
The role of rabbit reticulocyte lysate in the delay of Bak activation and the role
of non proteinaceous co-factors was next studied by using ammonium sulphate
fractionation (Duong-Ly & Gabelli, 2014; Habeeb & Francis, 1976) to separate the
protein content from small molecules in the rabbit reticulocyte lysate. Crude
mitochondria isolated from HeLa cells were incubated at 37°C with either control
buffer, rabbit reticulocyte lysate treated or non-treated with apyrase or ammonium
sulphate precipitated rabbit reticulocyte lysate treated or non-treated with apyrase,
and then solubilized in 1% digitonin before being analyzed via BN-PAGE and
immunoblotting with Bak (Figure 4A) or Tom40 and SDHA antibodies (Figure 4B).
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Prolonged incubation with buffer, rabbit reticulocyte lysate lacking ATP as well
as ammonium sulphate precipitated rabbit reticulocyte lysate lacking ATP led to the
Bak** complex formation (Figure 41A, Lane 2-3, 5-6 and 11-12). In contrast the Bak*
complex was stable in HeLa cell mitochondria incubated in either rabbit reticulocyte
lysate or ammonium sulphate precipitated rabbit reticulocyte lysate and ATP (Figure
41A, Lane 8-9 and 14-15). No effects on the tested mitochondrial Tom complex
(Tom40, Figure 41B, top panel) and respiratory chain complex II (SDHA, Figure 41B,
bottom panel) were observed. The results further indicate that the delay of Bak
activation is specifically due to the proteinaceous proportion of the rabbit reticulocyte
lysate and ATP, and does not depend on other small molecules.

Figure 41: Ammonium-sulphate precipitated rabbit reticulocyte lysate seems to retain its ability
to delay Bak activation.
Crude mitochondria isolated from HeLa cells (50 µg protein per lane) were incubated at 37°C for 0, 30
and 60 min with either control buffer (Lane 1-3) or rabbit reticulocyte lysate treated with apyrase (1 u)
(Lane 4-6) or non-treated (Lane 7-9) or ammonium sulphate precipitated rabbit reticulocyte lysate
treated with apyrase (1 u) (Lane 10-12) or non-treated (Lane 13-15). Re-isolated mitochondria were then
solubilized in 1% digitonin before analyzed via BN-PAGE and immunoblotting with Bak (A) or Tom40
and SDHA (B) antibodies. Bak* indicates the non-activated Bak in the Bak/VDAC2 complex; Bak**
indicates activated Bak. CII = complex II. Tom40 and SDHA utilized as independent loading control.

2.3 RABBIT RETICULOCYTE LYSATE CAN BE SUBSTITUTED BY A MOUSE ORGAN
DERIVED CYTOSOL
Although rabbit reticulocyte lysate showed a profound ability to delay Bak
activation, suitable substitutions were needed for large scale discovery approaches to
identify the possible regulatory component. In order to do this, cytosols from various
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mouse organs were prepared and tested for their ability to delay Bak. Crude
mitochondria isolated from HeLa cells were incubated at 37°C with either control
buffer or mouse organ cytosol generated from liver, kidney or heart and solubilized in
1% digitonin before being analyzed via BN-PAGE and immunoblotting with Bak
specific antibodies (Figure 42). As pointed out in Figure 42, Bak formed the inactive
Bak* complex at the beginning of the incubation of HeLa cell mitochondria (Figure 42,
Lane 1, 3, 5 and 7). Prolonged incubation with buffer or heart or kidney cytosol led to
the Bak** complex formation (Figure 42, Lane 2, 4 and 6). When treated with mouse
liver cytosol, the Bak* complex was stable after 60 min (Figure 42, Lane 8). It appears
that the cytosol generated from mouse liver organs can delay the activation of Bak
similar to rabbit reticulocyte lysate and might provide a suitable substitute.

Figure 42: Bak activation protection with liver, kidney, heart cytosol.
Crude mitochondria isolated from HeLa cells (50 µg protein per lane) were incubated at 37°C for 0 and
60 min with either control buffer (Lane 1 and 2), cytosol extract form mouse heart (Lane 3 and 4), kidney
(Lane 5 and 6) and liver organs (Lane 7 and 8). Re-isolated mitochondria were then solubilized in 1%
digitonin before analysis via BN-PAGE and immunoblotting with Bak specific antibodies. Bak* indicates
the non-activated Bak in the Bak/VDAC2 complex; Bak** indicates activated Bak.

2.4 THE MOUSE ORGAN CYTOSOL MAY REQUIRE ATP OR ANALOGS OF ATP FOR
THE ABILITY TO DELAY BAK ACTIVATION
The generated mouse liver cytosol was further tested for its ATP dependency.
Additionally non hydrolyzable ATP analogs were utilized to ask whether hydrolysis of
ATP is required for the delay of Bak activation. Adenosine 5′-(γ-thio) triphosphate
(ATPγS) and Adenosine 5′-(β,γ-imido) triphosphate lithium salt hydrate (AMP-PNP)
were used. Both compounds compete with ATP for binding to the active sites (Chen &
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Lin, 1997; Lippe et al, 1995; Miller & Lucius, 2014; Paulus & Bryant, 1997; Sakamaki et al,
2003; Shuman et al, 1980). For the cytosol test, crude mitochondria were isolated from
HeLa cells and incubated at 37°C with either control buffer without or with ATP or
mouse liver cytosol containing either ATP and/or combinations of ATPγS or AMP-PNP
and solubilized in 1% digitonin before being analyzed via BN-PAGE and
immunoblotting with Bak specific antibodies (Figure 43). As can be seen, at the start of
the heat treatment of HeLa cell mitochondria, the inactive Bak* complex was apparent
under all conditions (Figure 43, Lane1, 3, 5, 7, 9, 11, 13 and 15). After prolonged heat
treatment with buffer without or with ATP, the Bak* complex was no longer
detectable. Instead the Bak** complex was visible marking the activation of Bak (Figure
43, Lane 2 and 10). On the other hand, when HeLa cell mitochondria were incubated
with mouse liver cytosol with the supplementation of ATP, ATPγS, AMP-PNP or
combinations, the Bak* complex was still detectable even after 60 min (Figure 43, Lane
6, 8, 12, 14, 16). Interestingly without any additional ATP, ATPγS or AMP-PNP the delay
of Bak activation was less detectable when compared to the previous samples (Figure
43, Lane 4).

Figure 43: Bak activation protection with mouse heart cytosol +- ATP, +- AMP-PNP, +-ATPγS.
Crude mitochondria isolated from HeLa cells (50 µg protein per lane) were incubated at 37°C for 0 and
60 min with either control buffer without or with ATP (Lane 1 and 2, 9-10), cytosol extract form mouse
heart with or without ATP (Lane 3-4, 11-12), with or without AMP-PNP (Lane 5-6, 13-14) or with or
without ATPγS (Lane 7-8, 15-16). Re-isolated mitochondria were then solubilized in 1% digitonin before
analyzed via BN-PAGE and immunoblotting with Bak antibodies. Bak* indicates the non-activated Bak in
the Bak/VDAC2 complex; Bak** indicates activated Bak.

Generally the results indicate that parts of the mouse liver cytosol are capable
of delaying the activation of Bak. This delay was enhanced by the supplementation of
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ATP but also by the non-hydrolyzable analogs ATPγS or AMP-PNP, indicating that ATP
may act as a cofactor but not as a possible organic phosphate or energy source.

2.5 PURIFICATION OF MOUSE ORGAN CYTOSOL WHILE RETAINING THE ABILITY TO
DELAY BAK ACTIVATION
In order to identify the delaying factor within the mouse liver cytosol, initially
size exclusion chromatography was performed (Figure 44). The gel filtration trace
showed a large void peak followed by multiple elution peaks. Elution fractions under
the indicated peaks were collected, combined and concentrated (Figure 44A). The
combined fractions were then tested for their ability to delay Bak activation. For this,
crude mitochondria were isolated from HeLa cells and incubated at 37°C with either
control buffer, unfractionated mouse liver cytosol, or mouse liver cytosol gel filtration
fractions, and solubilized in 1% digitonin before analysis via BN-PAGE and
immunoblotting against Bak (Figure 44B). Figure 44 shows, Bak activation indicated by
the disappearance of the Bak* complex and the appearance of the Bak** complex
when HeLa cell mitochondria were incubated with buffer (Figure 44A, Lane 1-4) as well
as a delay of Bak activation when incubated with mouse liver cytosol (Figure 44A, Lane
5-7). Surprisingly, the gel filtration fractions of the mouse liver cytosol showed different
effects on the delay of Bak activation. Whereas fractions I and III did not show any
delay in the activation of Bak (Figure 44A, Lane 8-13), fraction II showed a profound
delay in Bak activation (Figure 44A, Lane 14-16). This demonstrated that the generated
mouse organ cytosol can be successfully fractionated using size exclusion
chromatography while preserving the delaying effect on Bak activation.
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Figure 44: Mouse liver cytosol gel filtration.
(A) Gel filtration chromatogram of mouse organ cytosol. Fractions indicated with * (light grey), ** (grey),
*** (dark grey) were combined. (B) Crude mitochondria isolated from HeLa cells (50 µg protein per lane)
were incubated at 37°C for 0, 30, 45 and 60 min with either control buffer (Lane 1-4), full mouse (Lane 57) cytosol or fractions taken while performing gel filtration chromatography (Lane 8-16). Re-isolated
mitochondria were then solubilized in 1% digitonin before being analyzed via BN-PAGE and
immunoblotting with Bak antibodies. Bak* indicates the non-activated Bak in the Bak/VDAC2 complex;
Bak** indicates activated Bak.

To assess whether mouse liver cytosol can also be fractionated by an additional
protein separation technique, ion-exchange chromatography was performed (Figure
45). The concentrated fractions were ATP-depleted via apyrase treatment. To test the
fractions for their ability to delay Bak activation, crude mitochondria were isolated
from HeLa cells and incubated at 37°C with either control buffer or mouse liver cytosol
ion-exchange chromatography fractions (Figure 45). As demonstrated in Figure 45,
HeLa cell mitochondria when incubated with buffer displayed Bak activation indicated
by the disappearance of the Bak* complex and the appearance of the Bak** complex
(Figure 45, Lane 1-2). This activation was delayed when incubated with mouse liver
cytosol from the previous size exclusion chromatography and not treated with apyrase
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(Figure 45, Lane 3), while the delay was abolished by apyrase treatment (Figure 8, Lane
4). The tested ion-exchange chromatography fractions of the mouse liver cytosol
showed different effects on the delay of Bak activation. The unbound material, as well
as elutions 1, 2 and 4 (Figure 45, Lane 5-10 and 13-14) showed no delay in Bak
activation. By contrast, elution 3 showed a profound delay in Bak activation, which was
abolished by treatment with apyrase (Figure 45, Lane 11-12). This underlines further
that the mouse liver cytosol can be successfully fractionated by an additional
separation technique while keeping the delaying effect on Bak activation. The active
component of the cytosol has been identified as within a molecular weight range
around 30 kDa, and eluted by 500 mM KCl from DEAE.

Figure 45: Mouse liver cytosol purified via by ion exchange chromatography retains its protective
effect on Bak activation.
Mouse liver cytosol that is protective against Bak activation was bound to ion exchange resin. Proteins
were gradually eluted by an increase of KCl concentration. Parts of the fraction were treated with 1 u of
apyrase to reduce any residual ATP. Crude mitochondria isolated from HeLa cells (50 µg protein per
lane) were then incubated at 37°C for 0 and 60 min with either control buffer (Lane 1-2), mouse liver
cytosol (Lane 3-4) or fractions taken while performing the ion exchange chromatography (Lane 5-14).
Re-isolated mitochondria were then solubilized in 1% digitonin before being analyzed via BN-PAGE and
immunoblotting with Bak antibodies. Bak* indicates the non-activated Bak in the Bak/VDAC2 complex;
Bak** indicates activated Bak.

2.6 LARGE SCALE PURIFICATION OF MOUSE ORGAN CYTOSOL
To scale up the purified cytosolic material, a streamlined purification pipeline
was established using Hi-load chromatography columns (Figure 46A and B). The gel
filtration trace showed a large void peak followed by smaller elution peaks. The void
and elution fractions under the indicated peaks were collected, combined and
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concentrated (Figure 46A and B). The combined fractions were then tested for their
ability to delay Bak activation as described earlier. The eluted fraction that showed a
delay in Bak activation (Fraction F2, Figure 46B) was then applied to an ion exchange
column (Figure 46C and D). The ion exchange trace showed a large peak representing
unbound proteins followed by smaller peaks eluted by an increased KCl gradient
(Figure 46C and D). The combined and concentrated fractions were then tested for
their ability to delay Bak activation as previously stated.

Figure 46: Large scale purification from mouse liver cytosol.
(A) Gel filtration chromatogram of mouse liver cytosol. Fractions indicated with * (grey), ** (dark grey)
where combined. (B) Crude mitochondria isolated from HeLa cells (50 µg protein per lane) were
incubated at 37°C for 0 and 45 min with either control buffer (Lane 1-2), full mouse cytosol (Lane 3, I) or
fractions taken while performing gel filtration chromatography (Lane 4-5). Re-isolated mitochondria
were then solubilized in 1% digitonin before being analyzed via BN-PAGE and immunoblotting with Bak
antibodies. (C) Ion exchange chromatogram from gel filtration fraction. Fractions indicated with
different shades of grey were combined. (D) Crude mitochondria isolated from HeLa cells (50 µg protein
per lane) were incubated at 37°C for 0 and 45 min with either control buffer (Lane 1-2), gel filtration
fraction (Lane 3, I) or fractions taken while performing ion exchange chromatography (Lane 4-8). Reisolated mitochondria were then solubilized in 1% digitonin before being analyzed via BN-PAGE and
immunoblotting with Bak antibodies. Bak* indicates the non-activated Bak in the Bak/VDAC2 complex;
Bak** indicates activated Bak.

The active fraction from the ion exchange column (Fraction E4, Figure 46D) was
then applied to another size exclusion chromatography for polishing (Figure 47A and
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B). In this instance the gel filtration trace showed a large peak with a shoulder before it.
The shoulder presumably represented the void whereas the peak itself represented
the elution fraction. Individual indicated samples were collected, concentrated and
tested for their ability to delay Bak activation. As can be seen in Figure 47B, the eluted
mouse liver cytosol (F2, Lane 5) retained its delaying ability. The SDS-PAGE analysis of
each individual active fraction taken throughout the large- scale purification process
can be seen in Figure 47C.

Figure 47: Polishing and analysis of the large scale purified mouse liver cytosol.
(A) Gel filtration chromatogram the active fraction after ion exchange chromatography. Fractions
indicated with * (grey), ** (dark grey) where combined. (B) Crude mitochondria isolated from HeLa cells
(50 µg protein per lane) were incubated at 37°C for 0 and 45 min with either control buffer (Lane 1-2),
ion exchange fraction (Lane 3, I) or fractions taken while performing gel filtration chromatography (Lane
4-5). Re-isolated mitochondria were then solubilized in 1% digitonin before being analyzed via BN-PAGE
and immunoblotting with Bak antibodies. Bak* indicates the non-activated Bak in the Bak/VDAC2
complex; Bak** indicates activated Bak. (C) Active samples taken throughout the large scale purification
were analyzed via SDS-PAGE (25 µg protein per lane) and stained with Coomassie Brilliant Blue.

The analysis of the mouse liver cytosol used at the beginning of the purification
showed multiple bands representing the complex mixture of proteins within the
cytosol (Figure 47C, Lane 1). The complexity is reduced by the size exclusion
chromatography (Figure 47C, Lane 2) and even further reduced by utilizing ion129
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exchange chromatography (Figure 47C, Lane 3). Additionally to the reduction of likely
non-active proteins other proteins are enriched throughout the procedure. The final
polishing step seems only to slightly improve the purification process (Figure 47C,
Lane 4). As demonstrated, larger quantities of mouse liver cytosol were purified while
keeping its capability to delay the activation of Bak, enabling further purification and
analysis.

2.7 VALIDATION OF THE ACTIVE LARGE SCALE MOUSE CYTOSOL FRACTION
To validate that the protective effect of the mouse cytosol is not due to prosurvival Bcl-2 like proteins such as Bcl-2 or Bcl-xL (Cheng et al, 2001; Kodama et al,
2012; Shimizu et al, 1999; Shimizu et al, 2000c; Willis et al, 2005; Wincewicz et al, 2011;
Yan et al, 2000; Zong et al, 2001) a small molecule acting as a BH3 mimetic was used
(details about the compound cannot be disclosed for reasons of intellectual property
protection).

Figure 48: Validation of large scale purified mouse liver cytosol.
Crude mitochondria isolated from HeLa cells (50 µg protein per lane) were heat treated (37°C) for 0 and
45 min with either control buffer (Lane 1-2) or large scale purified mouse liver cytosol with different
concentration of a BH3-mimetic (Lane 3-6). Re-isolated mitochondria were then solubilized in 1%
digitonin before being analyzed via BN-PAGE and immunoblotting with Bak antibodies. Bak* indicates
the non-activated Bak in the Bak/VDAC2 complex; Bak** indicates activated Bak.

Purified cytosol was combined with a range of concentrations of the BH3
mimetic and tested with crude mitochondria isolated from HeLa cells. The
mitochondria were incubated at 37°C with either control buffer or the prepared
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cytosol BH3 mimetic mixture and solubilized in 1% digitonin before being analyzed via
BN-PAGE and immunoblotting with Bak. (Figure 48, Lane 1-6). As indicated in Figure 48
the treatment of cytosol with the BH3 mimetic did not affect the ability of the cytosol
to delay Bak activation in HeLa cell mitochondria.

2.8 MASS-SPECTROMETRY ANALYSIS OF THE ACTIVE MOUSE CYTOSOL
The active proportion of the purified cytosol was further analyzed via MALDITOF mass spectrometry (See appendix) and was conducted in collaboration with Dr.
Pierre Faou. Nearly 200 proteins were detected at least once. Out of these 200 proteins
80 were present in multiple experiments and therefore deemed worthy of
examination. These 80 proteins showed multiple cellular localizations: 40% were
described as to be in the cytoplasm, 8% in the nucleus, 6% either in the cytoplasm or
cytoskeleton, 4% plasma, 3% mitochondrial. 21% did not have a described localization
whereas 18% have multiple localizations (Figure 49A). When analyzed and separated
according to their tissue specific expression profile 43% were highly expressed in liver,
6% in muscle, 5% in brain, 4% in kidney, 3% in heart and 2% in blood. Thirty three %
were ubiquitously expressed and 4% had no known expression profile (Figure 49B).
Since previous results indicated that the cytosolic factor might need ATP or another
form of nucleotide phosphate to be active the 80 proteins were analyzed according to
whether they need nucleotide phosphate in particular ATP for their activity. 73% are
described to not require ATP for their activity, 12% are ATP-binding proteins, 9% ATPdependent and 6% do bind other nucleotide phosphate (Figure 49C).
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Figure 49: Analysis of proteins identified by MALDI-TOF mass spectrometry.
(A) Localization distribution analysis of the identified proteins. (B) Expression level analysis of the
identified proteins (C) Analysis of the identified proteins regarding their requirement of ATP or other
nucleotides.

A combined analysis of the identified 80 proteins that are ubiquitously
expressed and do require ATP revealed 10 proteins (appendix). 9 are ATP-binding
proteins and 1 is an ATP-dependent protein (Figure 50A). On the other hand, 8 out of
the 80 are highly expressed in liver and also might require ATP. Six are ATP-dependent
proteins and 2 are ATP-binding proteins (Figure 50B).
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Figure 50: Further analysis of proteins identified by MALDI-TOF mass spectrometry
(A) Combined analysis of proteins identified with ubiquitously tissue expression pattern and ATPrequirement. (B) Combined analysis of proteins identified with higher expression pattern in liver and
ATP-requirement.

2.9 ADDITIONAL PURIFICATION OPTIONS FOR MOUSE CYTOSOL
Although many proteins from mouse liver cytosol could be excluded as a
potential Bak activation delaying factor through this analysis, the identity of the factor
remains unclear. Other avenues for increasing the specificity needed to be
implemented and explored to successfully identify the Bak activation delaying factor.
As described earlier the mouse liver cytosol factor seemed to require a form of ATP for
its Bak activation delaying activity. An attempt was made to utilize this by applying the
pre-purified liver cytosol to ATP-bound sepharose resin, and eluting proteins
specifically by ATP as a further purification step. Figure 51 shows the ATP-bound
sepharose purification of the gel filtrated mouse cytosol. The SDS-PAGE analysis
indicates that proteins were binding to the resin and were specifically eluted with ATP
(Figure 51A, Lane 1-6). As expected large proportions were not binding to the resin
and were washed out. Additional washing of the resin with NaCl as well as GTP further
eluted non-specifically bound proteins. The fractions were then concentrated and
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tested for their activity to delay Bak-activation as described earlier by incubating HeLa
cell mitochondria and BN-PAGE analysis and immunoblotting (Figure 51B). While the
SDS-PAGE analysis indicates that specific binding and elution of proteins from liver
cytosol has been achieved the tested fractions do not show any activity in delaying the
activation of Bak. The activity of the liver cytosol fraction used remains in the unbound
fraction (Figure 51B, Lane 8-10).

Figure 51: ATP-beads binding assay of GF cytosol fraction.
(A) Samples taken throughout the ATP-beads binding assay of the purified cytosol fraction were
analyzed via SDS-PAGE (25 µg protein per lane) and stained with Coomassie Brilliant Blue. (B) Crude
mitochondria isolated from HeLa cells (50 µg protein per lane) were incubated at 37°C for 0, 30, 45 and
60 min with either control buffer (Lane 1-4), gel filtration fraction (Lane 5-7, input), unbound fraction
(Lane 8-9), wash fraction (Lane 11-13, NaCl or Lane 14-16, GTP) and elution fractions (Lane 17-19, ATP).
Re-isolated mitochondria were then solubilized in 1% digitonin before being analyzed via BN-PAGE and
immunoblotting with Bak antibodies. Bak* indicates the non-activated Bak in the Bak/VDAC2 complex;
Bak** indicates activated Bak

This indicates although previous results show that the liver cytosol factor
requires ATP it does not bind to ATP-bound sepharose resin. It has yet to be
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determined whether the use of a spacer between ATP and the resin would allow
binding and elution of the factor.
As demonstrated earlier with rabbit reticulocyte lysate, ammonium sulphate
precipitation could potentially be used as an additional method for the mouse liver
cytosol purification. To test this, mouse liver cytosol has been ammonium sulphate
precipitated with different concentration of ammonium sulphate (Figure 52). The
corresponding SDS-PAGE (Figure 52A, Lane 1-9) analysis depicts the gradual
precipitation of proteins from the mouse cytosol. Subsequently these precipitated
fractions were then reconstituted and tested for their activity in delaying Bak
activation. As can be seen from BN-PAGE analysis (Figure 52B, Lane 9 and 11, P)
cytosolic fractions precipitated with 40% and to some extend with 60% are able to
delay the activation of Bak when tested with HeLa cell mitochondria. Taken together
this indicates that the principle of ammonium sulphate precipitation can also be
applied to mouse liver cytosol.
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Figure 52: Ammonium sulphate precipitation of mouse organ cytosol.
(A) Samples taken throughout the ammonium sulphate precipitation of mouse cytosol fraction were
analyzed via SDS-PAGE (25 µg protein per lane) and stained with Coomassie Brilliant Blue. (B) Crude
mitochondria isolated from HeLa cells (50 µg protein per lane) were heat treated (37°C) for 0 and 45 min
with either control buffer (Lane 1-2), gel filtration fraction (Lane 3, input), or ammonium sulphate
precipitated and reconstituted cytosol fraction (Lane 4-11, P). Re-isolated mitochondria were then
solubilized in 1% digitonin before being analyzed via BN-PAGE and immunoblotting with Bak
antibodies. Bak* indicates the non-activated Bak in the Bak/VDAC2 complex; Bak** indicates activated
Bak

2.10 CHEMICAL CROSSLINKING OF THE PURIFIED MOUSE ORGAN CYTOSOL
FRACTION
Emily Cheng and colleagues (Cheng et al, 2003) demonstrated that Bak can be
directly linked to VDAC2 via cross-linking techniques. Proteins present functional
groups such as primary amines (-NH2), carboxyl groups (-COOH), sulfhydryl groups (SH) or carbonyl groups (-CHO). These groups can be linked by chemical compounds
and used to stably cross-link two or more proteins (Kluger & Alagic, 2004; Nadeau &
Carlson, 2007a; Nadeau & Carlson, 2007b; Nadeau & Carlson, 2007c; Tyagi & Gupta,
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1998). DSS and BS3 are two such cross-linking compounds that were used to cross-link
the active gel filtrated mouse cytosol fraction to mitochondrial proteins in an attempt
to stably tether the Bak activation delaying factor to Bak. Crude mitochondria isolated
from mouse embryonic fibroblast (MEF) control and VDAC2-/- cell were combined with
gel filtrated mouse cytosol extract or buffer, in the presence or absence of the two
different cross-linkers DSS and BS3. Mitochondria were then re-isolated and analyzed
by SDS-PAGE and immunoblotting against Bak.
As can be seen in Figure 53, in all samples a 23 kDa signal representing the Bak
protein was detected although the endogenous steady-state levels were lower in the
VDAC2-/- mitochondria when compared to control (Figure 53, Lane 1-12). This
observation has been described earlier (Ma et al, 2014). When mitochondria isolated
from MEF control cells were treated with either DSS or BS3 but not with control buffer
and without adding gel filtrated mouse cytosol additional signals of approximately 60
kDa were detected (Figure 53, Lane 1-2, 5-6 and 9-10). These additional signals were
missing when VDAC2-/- mitochondria were used and indicate the signal resembles the
previous described Bak/VDAC2 cross-linking product (Cheng et al, 2003). Interestingly
when gel filtrated mouse cytosol was added and DSS used as the cross-linking agent
further signals were detected at approximately 48-55 kDa in both control as well as
VDAC2-/- mitochondria (Figure 53, Lane 2 and 4). Also, when BS3 instead of DSS was
used, different cross-linking products were detected (Figure 53, Lane 6 and 8).
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Figure 53: Crosslinking MEF mitochondria with gel filtrated mouse cytosol.
Purified mouse heart cytosol and/ or buffer and crude isolated mitochondria from MEF control and
∆VDAC2 cells (50 µg protein mitochondria and 500 µg cytosol fraction per lane) were combined and
either treated with H20 or DMSO or 10 mM DSS or 10 mM BS3. Mitochondria were then re-isolated and
analyzed via SDS-PAGE and immunoblotting with Bak antibodies. * possible novel cross-linking species.

Taken together this indicates that within the Bak activation delaying mouse
cytosol fraction are proteins that might interact with Bak without requiring the
presence of VDAC2. This demonstrated that these cross-linking approaches might
provide another method to identify the Bak activation factor.
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DISCUSSION
3.0 POSSIBLE NOVEL ASPECTS OF BAK ACTIVATION AND REGULATION
The activation of Bak marks a critical point in promoting apoptosis and its
regulation is pivotal for cell survival (Brouwer et al, 2014). The presented data suggest
that other proteins not yet associated with Bak regulation might exist indicating they
may regulate apoptosis under certain but yet not fully described conditions. Through
the newly established purification protocol of the generated mouse organ cytosol a
few aspects of the regulating protein were uncovered. It seems as if the protein or
proteins in question belong to a family of ATP- requiring, small proteins with an
approximate size of 30 kDa. Additionally, it seems as if the protein is not inhibited in its
function by BH3 mimetics indicating no or weak structural relation to Bcl-2-like
proteins. Repeated MALDI-TOF-MS analysis of the purified mouse cytosol fraction led
to the identification of multiple proteins. Among these are proteins ubiquitously
expressed as well as those more highly expressed in liver and ATP-dependent and/or
ATP-binding, and some already reported to be involved in cell death or tumorigenesis.
Mitogen-activated protein kinase 14 (MAPK14) is a serine/threonine kinase and
belongs to the group of p38 MAPKs which are essential components of the mitogenactivated protein (MAP) kinase pathway and also a strong regulator of apoptosis
(Goldstein & Gabriel, 2005; Ichijo et al, 1997; Zhao et al, 1999; Zwang & Yarden, 2006).
P38 MAPKs can phosphorylate a wide range of proteins including other kinases which
in turn may phosphorylate further proteins (Fiers et al, 1995; Olson et al, 2007; Zhao et
al, 1999). Among others, apoptosis signal-regulating kinase 1 (ASK1) (Ichijo et al, 1997),
the NFκB isoform RELA/NFκB3 (Kaltschmidt et al, 2000; Sabatel et al, 2012), STAT1 and
STAT3 (Aoki et al, 2003; Demaria et al, 2014; Gough et al, 2009; Gough et al, 2013;
Xiong et al, 2008; Zhang et al, 2005) are all strong transcription factors as well as highly
involved in promoting apoptosis. MAPK14 is similarly involved in the regulation and
activation of the epidermal growth factor receptor (EGFR) and Protein kinase B (PKB),
also known as Akt pathways (Hong et al, 2014; Lambert et al, 2010; Liao & Hung, 2003;
Zhao et al, 1999; Zwang & Yarden, 2006). EGF receptors belong to the family of
receptor tyrosine kinases and regulate multiple signalling proteins through
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phosphorylation leading to initiation of downstream signal transduction cascades,
such as the mitogen-activated protein kinases (MAPK) and c-Jun N-terminal kinases
(JNK) pathways (Fuchs et al, 1998; Gallagher et al, 2002; Oda et al, 2005). Mutations
within EGFR leading to dysregulation in its expression or activity have also been linked
to tumor development (Zhang et al, 2007). Additionally, both EGRF and Akt are
important key molecules of the intracellular signalling pathway PI3K/AKT/MTOR thus
regulating the cell cycle. Interestingly the detected Hsp90 α and β have been
implicated to interact with EGFR receptors (Ahsan et al, 2013; Zwang & Yarden, 2006)
but also to bind Akt (Chatterjee et al, 2013; Chen et al, 2014b; Redlak & Miller, 2011).
Hsp90 α/β acts as a stabilizing factor for these protein complexes. As dysregulation or
inhibition of PI3K and Akt are linked to the induction of apoptosis (Mohsin et al, 2005;
Stebbins et al, 1997) Hsp90 α/β may assume an important regulatory role and may
therefore be a possible candidate with additional functions regarding Bak activation.
The molecular weight of Hsp90 α/β seemingly does not fit with the observed
molecular range of proteins. The tight fold of these proteins may lead to a tighter
hydrodynamic volume and therefore a co-migration with smaller molecules. MAPK14
has also been reported to interact with casein kinase II, leading to its activation by
auto-phosphorylation and further phosphorylation of tumor protein p53 (p53)
(Willems et al, 2010; Zheng et al, 2014). The nuclear located p53 steady-state levels are
kept low under normal conditions by proteasomal degradation through the E3
ubiquitin protein ligase mouse double minute 2 homolog (Mdm2) (Liu et al, 2014;
Meng et al, 2014; Pant & Lozano, 2014). If the degradation process is inhibited, active
p53 accumulates within the nucleus and acts as a transcription factor for different
genes involved in cell cycle and metabolism and autophagy but also genes encoding
for Bcl-2 pro-apoptotic proteins including Bak, Bax, PUMA and Noxa (Chipuk et al,
2003; Green & Kroemer, 2009; Green & Levine, 2014; Miyashita & Reed, 1995; Nakano &
Vousden, 2001; Oda et al, 2000; Schuler et al, 2003). Interestingly, p53 is not exclusively
localized in the nucleus but also in the cytosol (Miyashita & Reed, 1995). Under normal
conditions, cytosolic p53 is proposed to interact with Bcl-xL but after DNA damage,
nuclear p53 promotes the production of Puma, which in turn binds to Bcl-xL (Chipuk et
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al, 2005). Bcl-xL then changes its conformation thus releasing p53 (Chipuk et al, 2005;
Chipuk & Green, 2004; Chipuk et al, 2004; Follis et al, 2013; Leu et al, 2004; Mihara &
Moll, 2003). Free p53 in turn can trigger Bak/Bax-dependent permeabilization of the
mitochondrial outer membrane by direct activation of Bak and Bax (Chipuk et al, 2005;
Chipuk & Green, 2004; Chipuk et al, 2004; Follis et al, 2013; Leu et al, 2004; Mihara &
Moll, 2003).
Yet another group of protein that would represent possible candidates for the
regulation of Bak are the detected 14-3-3 proteins. They belong to a family of
conserved regulatory molecules. These include signalling proteins such as kinases,
phosphatases, and transmembrane receptors (Mhawech, 2005). Described in 1967 by
Moore and Perez, the name of 14-3-3 refers to the elution and migration pattern of
these proteins on DEAE-cellulose chromatography and subsequent starch-gel
electrophoresis. These proteins eluted in the 14th fraction of bovine brain homogenate
and were found on positions 3.3 within followed gel electrophoresis (Moore & Perez,
1967). As mentioned earlier, apoptosis can be induced by the binding ligands to
“death receptor” such as TNFR1/2 and Fas leading to the activation of caspases via
TRADD and/or FADD (Aggarwal, 2000; Ashkenazi & Dixit, 1998). Once activated
caspase-3 then proteolytically removes the N-terminal regulatory domain of a
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase kinase
(MEKK1) from the catalytic domain. MEKK1 in turn phosphorylates and activates MKK-4
and -7, which in turn activate the JNK pathway ultimately initiating apoptosis (Bild et
al, 2002; Fuchs et al, 1998; Gibson et al, 1999; Mendoza et al, 2005; Wang et al, 2014).
Interestingly 14-3-3 binds to the regulatory domain of MEKK1 (Fanger et al, 1998).
Furthermore, 14-3-3 notably isoforms (β, ε, η, and ζ) seem to bind tumor necrosis
factor alpha-induced protein 3 (TNFAIP3) although the nature of this binding is not yet
fully understood (Beyaert et al, 2000; Verstrepen et al, 2009). Nevertheless, TNFAIP3 is a
zinc finger protein induced by TNF and studies suggest that TNFAIP3 inhibits NFκB
activation but also TNF-mediated apoptosis (Beyaert et al, 2000; Verstrepen et al,
2009). Moreover binding of 14-3-3 to TNFAIP3 seems to mediate interaction of
TNFAIP3 with the RAF proto-oncogene serine/threonine-protein kinase (c-Raf) (De
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Valck et al, 1997; Zetoune et al, 2001). C-Raf is a MAP kinase kinase kinase (MAP3K) and
as that part of the MAPK/ERK pathway and therefore play an important role in the
control of gene expression involved in the cell division, differentiation and migration
and inhibition of apoptosis (Hatzivassiliou et al, 2010; Iijima et al, 2002; Molzan &
Ottmann, 2012).
14-3-3 has also been proposed to bind the cell death promoting Bcl-2antagonist of cell death protein (BAD) (Hsu et al, 1997; Schindler et al, 2004). BAD,
although only the dephosphorylated form competes for the binding to Bcl-xL and Bcl2 to form heterodimers, therefore inactivating them and thus allowing Bak/Baxinduced apoptosis (Cekanova et al, 2014; Hattori et al, 2000; Yang et al, 1995). Three
phosphorylation sites have been identified on BAD: Ser112, Ser136, and Ser155, which
are phosphorylated by a variety of kinases including Akt (Cekanova et al, 2014; Datta et
al, 2000; Khwaja, 1999; Sakamaki et al, 2011). The phosphorylation of Ser155 which is
located within the BH3-interacting domain of BAD leads to the binding of 14-3-3 to
BAD therefore blocking the binding to Bcl-xL and Bcl-2. This leaves Bcl-xL and Bcl-2
free to inhibit Bax/Bak-triggered apoptosis (Datta et al, 2000; Hsu et al, 1997; Schindler
et al, 2004). Upon dephosphorylation of BAD, 14-3-3 dissociates and BAD may again
bind and translocate Bcl-xL and Bcl-2 (Ayllon et al, 2001; Chiang et al, 2001; Springer et
al, 2000). Combined this implies that 14-3-3 proteins may play an important role in
several apoptotic pathways where they may represent links to the individual
pathways. The discussed proteins and protein families may represent interesting leads
to the described delay in Bak activation. Nevertheless confirming experiments still
need to be conducted. Other less obvious proteins might still be the factor for the
delay in Bak activation. The presented work builds a strong basis for future work in
which the obtained information should be combined in an afford to uncover and
identify the Bak-activation delaying factor within the generated mouse organ cytosol
fraction.
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CHAPTER VI
CRYSTALLIZATION OF HUMAN VDAC2
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INTRODUCTION
1.0 VOLTAGE DEPENDENT ION CHANNELS
The voltage dependent ion channel (VDAC) protein family consists of three
different isoforms coded by three separate genes (VDAC1, VDAC2, and VDAC3).
Together, these channel-forming proteins are the most abundant proteins in the
mitochondrial outer membrane where they regulate ion and metabolite exchange
between the cytosol and mitochondria (Bathori et al, 1993; Goncalves et al, 2008; Hiller
et al, 2008; Rostovtseva & Colombini, 1996). Besides these functions, VDAC isoforms
have been linked to play a significant role in apoptosis through permeabilization of the
mitochondrial outer membrane and the release of cytochrome c.
Initial studies utilizing electrical conductance experiments as well as coimmunoprecipitation and reconstitution experiments suggested that the VDACs along
with Cyclophilin-D (CypD) and adenine nucleotide translocase (ANT) are part of the
highly debated mitochondrial permeabilization transition pore (MPTP) (McCommis &
Baines, 2012; Zheng et al, 2004). The MPTP is believed to span the mitochondrial outer
and inner membrane at contact sides between the two membranes. Once this protein
complex is opened, water, protons, metabolites and small peptides of up to 1.5 kDa in
size can flow freely across the normally impermeable inner membrane. Among others,
this influx leads to swelling of the mitochondria, dissipation of the ∆Ψm and inhibition
of ATP synthesis (Crompton et al, 1998; Klingenberg & Rottenberg, 1977; Szabo et al,
1993; Szabo & Zoratti, 1993). Given this impact one can easily appreciate that a core
component of the MPTP and its regulation can play a critical role in the process of
apoptosis. Yet more recent studies using advanced electrophysiological techniques
revealed contradictory results. For example the open configuration of VDAC, which is
the more conductive state, shows significant preferences for metabolic anions in
particular ATP and ADP whereas the closed configuration prefers cations (Krauskopf et
al, 2006; Rostovtseva & Colombini, 1996). Although the conductivity is greatly reduced,
metabolic anions are still capable of crossing the channel (Rostovtseva & Colombini,
1996; Rostovtseva et al, 2005; Tan & Colombini, 2007). As part of the MPTP the VDAC
conductivity should therefore be similar to the overall conductivity of the MPTP. This is
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in contrast to measurements showing that closed VDAC still leads to higher Ca2+ flux,
which in turn should promote the opening of the MPTP. Additionally, metabolites and
small peptides of up to 1.5 kDa in size are still able to cross through the VDAC channel
although in a closed confirmation (Rostovtseva et al, 2005; Shanmugavadivu et al,
2007; Szabo et al, 1993; Szabo & Zoratti, 1993; Tan & Colombini, 2007; Ujwal et al,
2008). Furthermore co-immunoprecipitation experiments conducted similarly to
previous studies were not able to detect VDAC but ANT, the mitochondrial phosphate
carrier (AAC) and CypD. These proteins were also able to form MPTP-like channels
reconstituted in liposomes (Carre et al, 2002; Rostovtseva et al, 2005; Tan & Colombini,
2007; Tikunov et al, 2010; Woodfield et al, 1998). However, further studies employing
isolated mouse VDAC1−/− and VDAC1/3−/− mitochondria as well as mitochondria
essentially deficient for all three VDAC isoforms, suggest that VDACs are dispensable
for the mitochondrial permeabilization (Baines et al, 2007; Chiara et al, 2008; Krauskopf
et al, 2006; McCommis & Baines, 2012). Despite controversy about VDAC being part of
the MPTP, evidence for a role of VDAC in the permeabilization of the mitochondrial
outer membrane persists. The molecular details of how the VDACs are involved in
these processes are yet to be elucidated.
Bcl-2-like protein family members may play an important role in understanding
the regulation of the VDAC channel. Truncated Bid (tBid) was shown to induce closure
of the VDAC channel, thereby reducing exchange of ATP/ADP and other large
metabolites between mitochondria and cytosol and generating mitochondrial
dysfunction leading to outer membrane permeabilization and release of proteins from
the intermembrane space (Rostovtseva et al, 2004). In contrast Bcl-xL has been shown
to promote the open configuration of the VDAC channel thus maintaining ATP/ADP
exchange (Malia & Wagner, 2007; Rostovtseva et al, 2004; Vander Heiden et al, 2001).
Interestingly, independent studies were able to show that overexpression of VDAC in
various cell types showed increased susceptibility to apoptosis (Abu-Hamad et al,
2008; Ghosh et al, 2007; Godbole et al, 2003; Lu et al, 2007; Zaid et al, 2005). A possible
explanation for this observation is that higher VDAC expression leads to
thermodynamically more stable VDAC oligomerization (McCommis & Baines, 2012).
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Indeed it was suggested that since the internal diameter of a single VDAC pore is
about 2.5-3.0 nm and is too small to pass folded proteins, oligomeric VDAC1 may
mediate the release of cytochrome c (Ujwal et al, 2008; Zeth et al, 2008). Additionally
VDAC1 has been shown to assemble into dimers, trimers, tetramers, and higher order
multimers (Geula et al, 2012; Goncalves et al, 2008; Hoogenboom et al, 2007; Malia &
Wagner, 2007; Shi et al, 2003; Zalk et al, 2005). Whether this indeed represents the
mode of action for the permeabilization of the mitochondrial outer membrane by the
VDACs in vivo or rather represents refolding and crystallization artefacts remains
speculative and requires additional investigations. Surprisingly, overexpression of BclxL seems to prevent VDAC homo-dimerization (Zheng et al, 2004). Apart from forming
homo-oligomers VDAC may also assemble into hetero-oligomers incorporating proand/or anti-apoptotic Bcl-2 proteins. Pro-apoptotic Bax may bind to VDAC creating a
large heteromeric pore leading to the release of intermembrane space proteins in
particular cytochrome c (Shimizu et al, 2000a; Shimizu et al, 2000b; Shimizu et al, 2001;
Shimizu et al, 1999; Shimizu et al, 2000c; Tsujimoto & Shimizu, 2000). In contrast others
found mammalian VDAC reconstituted into planar phospholipid membranes lacking
any Bax showed no differences in the properties of VDAC channels (Rostovtseva et al,
2004). Besides this, cytosolic Bax alone has also been shown to translocate to the
mitochondrial outer membrane upon tBid activation where it oligomerizes and then
forms channels capable of releasing cytochrome c. Neither monomeric nor oligomeric
Bax showed any interaction with the VDAC channels in these studies nor did coimmunoprecipitation experiments detect any Bax-VDAC interaction (Antonsson et al,
1997; Antonsson et al, 2000; Eskes et al, 2000; Hsu & Youle, 1998; Krauskopf et al, 2006;
Mikhailov et al, 2001; Polcic & Forte, 2003; Schlesinger et al, 1997; Wei et al, 2000).
The VDAC2 isoform seems to occupy a special position within the VDAC family.
Recent studies showed that despite previous observations not only Bak but also a
proportion of Bax may reside at mitochondria in association with VDAC2 prior to an
apoptotic insult (Ma et al, 2014). During apoptosis, Bak and Bax dissociate from VDAC2
and homo-oligomerize to form high molecular weight oligomers (Lazarou et al, 2010).
Additionally, in VDAC2-/- mouse embryonic fibroblast cells, constitutive mitochondrial
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localization of Bax and Bak was impaired suggesting that VDAC2 may play a role in
either the import of Bax and Bak to mitochondria or their stability at the mitochondrial
outer membrane (Ma et al, 2014). Nevertheless Bax and Bak still retain the ability to
accumulate at VDAC2-/- mitochondria and to mediate cell death after an apoptotic
stimulus (Ma et al, 2014). Silencing of Bak in VDAC2-/- mouse embryonic fibroblast cells
indicated that Bax required either VDAC2 or Bak in order to translocate to and
oligomerize at the mitochondrial outer membrane to efficiently mediate apoptosis. In
contrast, efficient Bak homo-oligomerization at the mitochondrial outer membrane
and its pro-apoptotic function required neither VDAC2 nor Bax (Ma et al, 2014).
Interestingly, in Bax

-/-

mouse embryonic fibroblasts the VDAC2-Bak interaction is no

longer observed neither with or without apoptotic stimulation, whereas VDAC2 may
be required for Bax-induced outer membrane permeability and apoptosis in Bak−/−
fibroblasts (Chandra et al, 2005; Yamagata et al, 2009). An important unanswered
question remains whether these findings are also applicable to human cells.
Often insights into protein functions can be obtained by studying their
molecular structure. The structure of human VDAC1 has been described in 2008 by two
independent groups (Bayrhuber et al, 2008; Ujwal et al, 2008). VDAC1 resembles a β
barrel like structure with 19 β strands and a central helix (Bayrhuber et al, 2008;
Schredelseker et al, 2014; Ujwal et al, 2008). An alignment of human VDAC1 (hVDAC1)
and human VDAC2 (hVDAC2) shows only minor differences in amino acid position or
electrostatic basis but an extended N-terminus of eleven amino acids for VDAC2
(Figure 54).
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Figure 54: Amino acid alignment of human VDAC1 and human VDAC2.

The differences between the two isoforms are mainly located in the loop
regions between the β-strands, specifically between β-strands 1 and 2 (amino acid
sequence 32–40 of hVDAC1/2) and within the loop linking β-strand 5 and β-strand 6
(amino acid sequence 88–95) (Schredelseker et al, 2014). The corresponding region
mapped to large parts of the N-terminus (amino acid 13-188) has been held
responsible for VDAC2-specific tBid-induced cytochrome c release and induction of
apoptosis leaving out the extra N-Terminus of hVDAC2 (Naghdi S., 2013).
As mammalian VDAC2 has an extra 11 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,

∆N12

VDAC2 was still able to

assemble into its complex with Bak (Thanh Nguyen, honours thesis). Replacing the Nterminal helix of VDAC2 with 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.
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Furthermore, the question remains what actually causes the profound
functional differences between the individual VDAC isoforms. The possibilities seem to
be limited to the loop regions connecting the β-strands and the N-terminus. To
challenge this question X-ray crystallography has been applied to investigate structure
and function of human VDAC2 and will be discussed in the following. The successful
determination of the VDAC1 structure by (Ujwal et al, 2008; Zeth et al, 2008) has been
utilized as a lead for the crystallization process.
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RESULTS
2.0 CLONING, EXPRESSION AND PURIFICATION OF HUMAN VDAC2
For the purpose of protein characterization, human VDAC2 (His10VDAC2) was
cloned into the bacterial expression vector the pET10N in order to produce an Nterminal His-tagged protein allowing for purification of the resulting protein construct
via its affinity tag (Figure 55).

Figure 55: Schematic overview of the used human His10VDAC2 construct.
Human VDAC2 isoform was cloned with N-terminal deca-histidine tag separated from the VDAC2
coding sequence by a spacer of three alanine residues, generating an affinity tag used for IMAC
purifications. Theoretical pI: 7.63 Mw: 33080.07 Da.

Evaluation of expression levels in the E. coli strains BL21(DE3)pLysS and
C43(DE3) via SDS-PAGE and immunoblotting revealed a sufficient amount of
expression of the protein after 4-6 h (Figure 56A and B). For further purification
purposes E. coli strain C43(DE3) was used.

Figure 56: Initial expression control of human His10VDAC2 in BL21(DE3)pLysS and C43(DE3) E. coli
strains.
Bacterial expression of human His10VDAC2 over time with duration of induction indicated. Protein
samples (10 µg protein per lane) were analyzed via SDS-PAGE and stained with Coomassie Brilliant Blue
(A) or immunoblotted with His-tag specific antibodies (B) (2.5 µg protein per lane).

After the initial expression test, large scale expression and purification
according to the adopted methods described by Ujwal et al. (2008), Zeth et al. (2008)
and Ujwal et al. (2009) were conducted. Human His10VDAC2 was purified using an
immobilized metal affinity chromatography (IMAC) resin. The obtained fractions were
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analyzed via SDS-PAGE (Figure 57A). As shown in Figure 57A numerous impurities
could already be removed by binding human His10VDAC2 to the IMAC resin. Washing
the resin with buffer including low molarity imidazole removed additional impurities.
Also, a large proportion of the His10VDAC2 protein eluted in the wash fraction
indicating that His10VDAC2 via IMAC could be highly enriched but with relative low
binding strength to the affinity resin used (Figure 57B, Lane 1). Elution with increased
imidazole concentration (ranging from 15 mM to 500 mM) eluted the remaining of
His10VDAC2 protein as can be seen in Figure 57B. The elution fractions showed a
sufficient enough protein purity to continue the purification further (Figure 57B, Lane
2-7).

Figure 57: His10VDAC2 purification using denatured in 8 M urea IMAC .
(A) Purification of His10VDAC2. T=total used sample, P1=pellet with inclusion bodies, S=supernatant with
soluble proteins, U=unbound fraction (10 µg protein per lane). (B) His10VDAC2 purification using cobalt
charged IMAC resin. W=wash fraction, E1-E6=elution fraction with increasing imidazole content.
Samples analyzed via SDS-PAGE and stained with Coomassie Brilliant Blue (10 µL sample wash/elution
per lane).

The eluted IMAC fractions were then combined and dialyzed against PBS to
precipitate and concentrate the purified His10VDAC2 protein. The precipitated protein
was resuspended in buffer containing 8 M urea and a size exclusion chromatography
was performed (Figure 58).
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Figure 58: Gel filtration of His10VDAC2 denatured in 8M urea.
(A) Gel filtration chromatogram of Superdex200® purification His10VDAC2 denatured in 8 M urea. (B)
Corresponding calibration diagram of the used Superdex200® column including the used standards and
the determined molecular weight of the elution peak. (C) 20 µL of each fraction was analyzed via SDSPAGE and Coomassie Brilliant Blue staining.

The gel filtration trace showed a large elution peak with an elution volume of
over 20 ml and an absorption reaching the detection limit of the used equipment
(Figure 58A). The average hydrodynamic size of the eluted peak was calculated to be
approximate 180 kDa using a standard curve (Figure 58B). SDS-PAGE analysis for
fractions collected during the elution revealed that target protein His10VDAC2 in all
fractions highlighted in Figure 58C. The hydrodynamic radius calculated from the
calibration of the column utilized was larger than the expected 33 kDa of recombinant
human His10VDAC2, despite the predominantly single band present on SDS-PAGE.
However this may be due to the large amount of protein loaded onto the size
exclusion chromatography column as well as the buffer differences between
calibration and His10VDAC2 purification experiment (Figure 58). The indicated double
peak in chromatogram represents the detection limit of the used system and it was
therefore assumed to contain a predominantly monomeric His10VDAC2 species. These
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fractions were combined and dialyzed against PBS, overnight at 4°C to precipitate and
concentrate the purified His10VDAC2 protein. The precipitated protein was
resuspended in buffer containing 6 M guanidine hydrochloride and refolded by dropwise dilution into buffer containing 1% lauryldimethylamine-oxide (LDAO). Following
a clarification spin, the remaining His10VDAC2 protein solution was diluted to a LDAO
concentration of 0.1% LDAO and a size exclusion chromatography was performed
using a Superdex200® column (Figure 59). The gel filtration trace showed a large peak
corresponding to the void volume with two smaller elution peaks (Figure 59A). The
corresponding hydrodynamic sizes were determined by a calibration equation and
indicated a size of over 1 MDa for the void peak and 200 kDa for the first elution peak
(Figure 59B). The SDS-PAGE analysis showed single bands of the size of His10VDAC2
throughout the void volume peak and the first elution peak (Figure 59C) but not in the
second elution peak (data no shown), which most probably consists of the detergent
micelles. The difference to the theoretically determined and apparent hydrodynamic
size of the His10VDAC2 could be due to the presence of the detergent. The larger void
volume peak presumably represented multimeric oligomers with larger micelle
inclusions, whereas the smaller first elution peak most likely consisted of a single
species of monomeric His10VDAC2 embedded in LDAO.
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Figure 59: Gel filtration of His10VDAC2 after refolding in LDAO.
(A) Gel filtration chromatogram of His10VDAC2 refolded in 1% LDAO. (B) Corresponding diagram for
calibration of the used Superdex200 ® column including the used standards and the determined
molecular weight of the elution peaks. (C) 20 µL of each fraction analyzed via SDS-PAGE and stained
with Coomassie Brilliant Blue.

The fractions of the first elution peak were concentrated to 8.1 mg/mL and
could be stored at 4°C without obvious protein precipitation for as long as 8 weeks.
Other proportions of the purified His10VDAC2 were stored at -80°C and thawed without
obvious protein precipitation.

2.1 CIRCULAR DICHROISM SPECTROSCOPY OF PURIFIED HIS10VDAC2
To evaluate correct folding of the purified His10VDAC2 circular dichroism (CD)
spectroscopy was performed in collaboration with Dr. Matthew Perugini. In short the
analysis of CD spectra of proteins provides information about a protein secondary
structure also by comparison with spectra of a set of reference proteins. Mostly these
reference sets are based on soluble proteins with a wide range of secondary structures
(Sreerama & Woody, 2004). Nevertheless recent studies indicated that CD spectra
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obtained from membrane proteins can be reasonably well analyzed using these
reference data. Additionally, more and more CD reference data sets are available for
membrane proteins (Abdul-Gader et al, 2011; Sreerama & Woody, 2004). The CD
spectrum for recombinant His10VDAC2 is shown in Figure 60 plotted as mean residue
of wavelength. The spectrum shows a single minimum at 217 nm and a single
maximum at ~ 200 nm which is consistent with a protein consisting of predominantly
β-structure elements (Tamm et al, 2004).

Figure 60: Circular dichroism spectroscopy of purified His10VDAC2.
The spectrum shows a single minimum at 217 nm and a single maximum at ~ 200 nm indicating a
predominantly β-sheet containing structure.

2.2 CRYSTALLIZATION TRIALS OF HIS10VDAC2
As indicated above, His10VDAC2 was successfully purified to high purity and
homogeneity in yields sufficient for crystallization trials. Crystallization trials were
conducted using bicelles. Briefly, bicelles are lipid/detergent mixtures formed by
combining a phosphatidylcholine lipid such as 1,2-Dimyristoyl-sn-glycero-3phosphocholine (DMPC) with a zwitterionic (amphiphilic) compound such as 3-[(3cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO). Within
each bicelle sphere the lipid molecules produce a bilayer while the detergent
molecules line the apolar edges providing properties beneficial in protein
crystallization. Notably, under their transition temperature, the mixture of protein and
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bicelle has a reduced viscosity and can be treated similar to detergent-solubilized
membrane proteins, making bicelles suitable for high throughput crystallization trials
using robots (Figure 61) (Ujwal & Abramson, 2012). The presented method has been
successfully used for structural determination of VDAC1 (Bayrhuber et al, 2008; Ujwal
et al, 2008).

Figure 61: Model of generating bicelles.
Bicelles are composed of a bilayer forming lipid molecule such as DMPC (dark grey) and amphiphilic
detergent CHAPSO (light grey) which protects the hydrophobic boundaries of the bilayer. By increasing
the temperature, the disc-like bicelles undergo a phase transformation into a perforated lamellar sheet
(Ujwal & Abramson, 2012).

Bicelles were prepared and mixed with purified His10VDAC2 in a 1:4 ratio
resulting in a final concentration of 6.75 mg/mL His10VDAC2 in 7% bicelles (Ujwal &
Abramson, 2012). Crystallographic screening of the His10VDAC2 was conducted in
collaboration with Dr. Megan Maher, La Trobe University using the hanging drop
method. Incubation at 18°C without disturbance resulted in crystal formation within
five to twelve days in two different conditions (Table 1) presenting needle-like
morphologies (Figure 62).
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Day

pH

Condition

5-10
7-12

7.0
8.5

0.1 M calcium chloride, 0.1 M HEPES, 15 % [v/v] PEG 400
0.01 M calcium acetate, 0.1 M Tris HCl, 3 % [w/v] PEG 3000

Table 1: Successful crystallization conditions for His10VDAC2.

Figure 62: Initial crystals of human His10VDAC2.
MemPlus® crystallization screen conditions resulting in successful crystal formation of His10VDAC2.
Examples of morphological variety obtained following MemPlus® screening for His10VDAC2 (A-B).
Crystals grown in (A) 0.2 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400, pH 7.0, (B) 0.01 M calcium
acetate, 0.1 M Tris HCl, 3% [w/v] PEG 3000, pH 8.5.

Following successful formation of small needle-like crystals (Figure 62),
optimization of crystallization was performed in conditions outlined in Table 1 and 2.
The optimization provided crystals with some improvements in size but not in
geometry. Crystals continued to grow in needle-like shapes (Figure 63).
Day

pH

Condition

5-12
5-12
5-12
*
5-12
5-12
*
*
5-12
5-12
*
*
*
*
*
*
*
*
*
*

7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0

0.0 M calcium chloride, 0.1 M HEPES, 0% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 0% [v/v] PEG 400
0.2 M calcium chloride, 0.1 M HEPES, 0% [v/v] PEG 400
0.3 M calcium chloride, 0.1 M HEPES, 0% [v/v] PEG 400
0.0 M calcium chloride, 0.1 M HEPES, 5% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 5% [v/v] PEG 400
0.2 M calcium chloride, 0.1 M HEPES, 5% [v/v] PEG 400
0.3 M calcium chloride, 0.1 M HEPES, 5% [v/v] PEG 400
0.0 M calcium chloride, 0.1 M HEPES, 10% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 10% [v/v] PEG 400
0.2 M calcium chloride, 0.1 M HEPES, 10% [v/v] PEG 400
0.3 M calcium chloride, 0.1 M HEPES, 10% [v/v] PEG 400
0.0 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400
0.2 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400
0.3 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400
0.0 M calcium chloride, 0.1 M HEPES, 20% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 20% [v/v] PEG 400
0.2 M calcium chloride, 0.1 M HEPES, 20% [v/v] PEG 400
0.3 M calcium chloride, 0.1 M HEPES, 20% [v/v] PEG 400
0.0 M calcium chloride, 0.1 M HEPES, 25% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 25% [v/v] PEG 400
0.2 M calcium chloride, 0.1 M HEPES, 25% [v/v] PEG 400
0.3 M calcium chloride, 0.1 M HEPES, 25% [v/v] PEG 400

Table 2: 1st Set of optimization conditions for the crystallization of His10VDAC2.
Crystallization conditions for His10VDAC2 using 0.1 M HEPES, pH 7.0 plus additives indicated in the table
at 18°C, without disturbance. Conditions marked in white yielded no crystals, light grey yielded needlelike crystals and dark grey resulted in precipitation of His10VDAC2. Crystallization occurred within 5-12
days.
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Day

pH

Condition

5-12
5-12
5-12
*
5-12
5-12
5-12
*
5-12
*
*
*
*
*
*
*
*
*

6.7
7.0
7.3
7.6
6.7
7.0
7.3
7.6
6.7
7.0
7.3
7.6
6.7
7.0
7.3
7.6
6.7
7.0
7.3
7.6
6.7
7.0
7.3
7.6

0.1 M calcium chloride, 0.1 M HEPES, 0% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 0% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 0% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 0% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 5% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 5% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 5% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 5% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 10% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 10% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 10% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 10% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 15% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 20% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 20% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 20% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 20% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 25% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 25% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 25% [v/v] PEG 400
0.1 M calcium chloride, 0.1 M HEPES, 25% [v/v] PEG 400

Table 3: 2nd Set of optimization conditions for the crystallization of His10VDAC2.
Crystallization conditions for His10VDAC2 using 0.1 M calcium chloride, 0.1 M HEPES of varying pH plus
additives indicated above at 18°C, without disturbance. Conditions marked in white yielded no crystals,
light grey yielded needle-like crystals and dark grey yielded precipitated His10VDAC2. Crystallization
occurred within 5-12 days.

Figure 63: Crystallization of His10VDAC2 after optimization of crystallization conditions.
Optimized conditions resulting in crystallization of His10VDAC2. (A-C) Examples of morphological crystal
variety obtained following optimization of crystallization conditions shown in Table 2 for His10VDAC2.
(D-E). Examples of morphological variety of crystals obtained following optimization of crystallization
conditions shown in Table 3 for His10VDAC2.

Taken together the presented data suggests that the developed protocol for
purification of His10VDAC2, the bicelle preparation as well as crystallization conditions
158

------------------------------------------------------------------------------------------------------ Chapter VI
deployed in this project are promising steps towards obtaining crystals suitable for Xray structure determination of human VDAC2. Due to time constraints this project
could not be followed up and remains ongoing. To date no data-set has been obtained
although crystal needles have been proven to have a protein-like diffraction pattern in
initial x-ray analysis (data not shown).

2.3 GENERATION OF SPECIFIC ANTIBODIES AGAINST HUMAN VDAC2
Due to the lack of a specific, productive antibody against human VDAC2 it was
important to generate an antibody that could be used for further biochemical studies.
During this work antiserum was produced in a rabbit using the purified and
precipitated human His10VDAC2 antigen. In order to test whether the generated
polyclonal antibody mixture was able to recognize endogenous human VDAC2, whole
cell lysates from different cell lines were analyzed via SDS-PAGE and immunoblotting
with different bleeds obtained (used dilution 1/1000) (Figure 64). It was evident that
the initial bleed, containing endogenous rabbit antibodies did detect various proteins
within the cell lysates, with some of these proteins having similar molecular weight as
His10VDAC2 (Figure 64, Lane 2-4). However no pure His10VDAC2 antigen was detected
(Figure 64, Lane 1). Further bleeds obtained were not only able to detect an additional
30 kDa protein corresponding to the purified His10VDAC2 antigen but also
endogenous VDAC2 in HEK293T and HeLa cells (Figure 64, Lane 5-12). The detected
slight difference in size between the endogenous VDAC2 and His10VDAC2 is most likely
due to the addition of ten histidines at the N-terminus of recombinant His10VDAC2
(Figure 64, Lane 5, 9 and 7-8, 11-12). Of note is also that no VDAC2 could be detected in
MEF cells indicating that the generated antibodies are specific for human VDAC2.
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Figure 64: Analysis of polyclonal antibodies raised against human His10VDAC2.
Whole cell lysates from MEF, HeLa and HEK293T cells were analyzed via SDS-PAGE and immunoblotting
with different bleeds obtained as indicated (dilution 1/1000).

The antibodies generated were additionally purified by incubating with a
cellulose membrane covered with recombinant His10VDAC2 to increase specificity. The
purified antibodies were then tested using BN-PAGE to investigate whether the
antibodies were able to detect the native form of human VDAC2 in its previously
described high molecular weight complex also containing Bak (Figure 65). Crude
mitochondria isolated from HeLa cells were either solubilized in 1% digitonin retaining
the complex or in 1% Triton X-100 which in turn disrupts the complex. The analysis
using the unpurified pre-bleed and kill bleed showed a strong signal of about 440 kDa
in both 1% digitonin and 1% Triton X-100 (Figure 65, Lane 1-4) suggesting that this
signal is unspecific (Figure 64). Further purification of the antibodies, in all dilutions
applied, showed a clear signal corresponding to the previously described complex
using 1% digitonin for solubilization of the HeLa cell mitochondria (Figure 65, Lane 5,
7, 9). When using 1% Triton X-100 no signal of the VDAC2 complex with a size of 440
kDa was detectable. Instead a signal of approximately 80 kDa was obtained (Figure 65,
Lane 6, 8, 10) indicating the dissociated VDAC2. The non-specific signal obtained from
pre-immunization bleed is greatly reduced in the purified antibody samples and also
detected using the unbound fraction of the antibody purification (Figure 65, Lane 514) further indicating that non-specific IgG successfully removed via the purification
process.
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Figure 65: Specificity of polyclonal antibodies against native human VDAC2.
Purified antibodies detect endogenous native human VDAC2. Mitochondria isolated from HeLa cells
were solubilized in either 1% digitonin or 1% Triton X-100 and analyzed via BN-PAGE and
immunoblotting with different bleeds obtained as well as purified antibodies as indicated.

Taken together the generation of polyclonal antibodies specific for human
VDAC2 was successful. By further purification, the specificity was improved and cross
reactive antibody species removed. The antibody preparation was suitable for further
studies on human VDAC2 and the fact that not only denatured antigen but also the
native protein was detected opens up a broad spectrum of biochemical applications.
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DISCUSSION
3.0 STRUCTURAL INVESTIGATION OF HUMAN VDAC2
The structure and function of the VDAC proteins has been increasingly studied
over the recent years (Ujwal et al, 2009; Ujwal et al, 2008), with the main focus on
isoform VDAC1. Interestingly, the interaction of pro-apoptotic Bak has been specifically
linked to the less studied VDAC2 (Cheng et al, 2003). A possible explanation for the
differences in interaction partners could be hidden within the structural differences of
the three VDAC isoforms.
The successful generation of an antibody against human VDAC2 greatly
supported further work on the crystallization and study of VDAC2. The generated
antibody not only showed reactivity against denatured, recombinant VDAC2 but
furthermore showed activity for native VDAC2 in a BN-PAGE system. Recently the
molecular X-ray structure of Danio rerio (zebrafish) VDAC2 has been solved (zfVDAC2)
(Figure 66) (Schredelseker et al, 2014).

Figure 66: X-ray derived structure of zfVDAC2.
Depicted are representations of zfVDAC2. (A) ZfVDAC2 shown in the membrane embedded plane and
the cytosol plane (B). Illustrated is the protein backbone zfVDAC2 coloured from the N terminus (blue) to
the C-terminus (red). Figure taken from (Schredelseker et al, 2014).

The structure resembles a typical β-barrel like fold with 19 membrane spanning
β-sheets connected via individual loops and an α-helical N-terminal segment
protruding into the barrel. On the basis of 83% sequence identity and 93% sequence
similarity between human and zebrafish VDAC2 zfVDAC2 represents a possible
suitable structural model for the human VDAC2 molecule (Schredelseker et al, 2014).
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Of note is that the small 12-amino acid N-terminal extension is not present in zfVDAC2.
Interestingly, this N-terminal extension was shown not to be required for mediating
VDAC2-specific tBid-induced cytochrome c release (Naghdi S., 2013). Again most of the
minor sequence differences between human and zebrafish VDAC2 are found in the
exposed loop regions between the conserved transmembrane sheets.
Besides the molecular structure of VDAC2, its oligomeric state may be of
particular interest in understanding its function. A possible dimeric organization of
human VDAC2, suggested based on X-ray crystallography as well as chemical crosslinking and fluorescence cross-correlation spectroscopy could be linked to cell events
such as apoptosis and might therefore be the key in understanding the underlying
molecular mechanism (Bayrhuber et al, 2008; Betaneli et al, 2012; Geula et al, 2012;
Ujwal et al, 2009; Ujwal et al, 2008). The proposed structure of zfVDAC2 also showed a
parallel dimer interface similar to hVDAC1. The interface is formed by strands β17, β18,
β19, β1, and β3 (Schredelseker et al, 2014). Furthermore approximately 18% of the
zfVDAC2 is present as a dimer in solution reconstituted in LDAO but also in bicelles
along with higher order oligomers. Remarkably, during the course of the purification of
hVDAC2 and its reconstitution in LDAO described here, the formation of presumably
dimers and higher order oligomers was also observed although the correct number of
units within the multimers could not be determined.
CD spectroscopy analysis conducted of purified hVDAC2 reconstituted in LDAO
indicated a strong content in β-strand, typical for correct folded β-barrel-like proteins
confirming the purified His10VDAC2 to be present in a native confirmation. Also,
previously conducted fluorescence cross-correlation spectroscopy on reconstituted
hVDAC1 revealed a similar dimeric population indicating a common feature of the
VDACs (Betaneli et al, 2012). Nevertheless, as mentioned before Schredelseker et al.
(2014) also showed higher molecular weight molecules of zfVDAC2 in bicells
consisting of multiple units of zfVDAC2. These structures could represent a hexameric
native state of VDAC2 within the mitochondria observed earlier by utilizing advanced
atomic microscopy (Hoogenboom et al, 2007; Mannella, 1982). While the recently
published crystal structure of zfVDAC2 represents a good opportunity to obtain insight
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into the protein on a molecular level, there are still unanswered questions in particular
regarding the human form of VDAC2. The successful adaptation and establishment of
purification, refolding and initial crystallization of human VDAC2 achieved in this work
creates the basis for future investigations into the molecules’ structure-function
relationship and could potentially lead to a deeper insight into the isoform-specific
functional diversity of VDAC2. Especially the 12 amino acid longer N-terminus in
human VDAC2 that is lacking in other isoforms and species might play an important
role in distinguishing human VDAC2 functionally from the other VDACs. Further work
is required to increase not only the size but also the shape of the crystals obtained. The
screening of conditions performed here act as an indication for further optimization of
crystal growth conditions. Also, crystallization of a VDAC2/Bak complex could potential
provide further insight into how these two proteins interact and promote the
permeabilization of the mitochondrial outer membrane.
Membrane proteins such as VDACs represent key players in nearly all processes
within the cell. Still up to date the vast majority of protein structures determined by Xray crystallography are soluble proteins. The biggest challenge lies in gaining crystals
with a good diffracting quality. Detergents such as LDAO are widely used for
crystallization trials of membrane proteins - in fact they are needed for membrane
protein extraction, solubilization and refolding. Although they are critical during the
protein purification process, at the same time they can hinder crystal growth by
covering much of the hydrophobic surface of the membrane protein of interest
leaving little protein surface area for crystal growth (Agah & Faham, 2012). By covering
these extensive areas of the protein and often leaving only protruding, highly variable
and flexible loop regions free, the protein-protein contact sides that are needed for
crystal growth are very limited thus leading to poor crystal formation (Carpenter et al,
2008). To overcome these limitations, a number of different techniques such as using
antibody binding, fusion proteins and lipid cubic phase as well as bicelles have been
developed over the last decades (Landau & Rosenbusch, 1996; Ostermeier et al, 1995;
Prive et al, 1994; Sanders & Prosser, 1998). The introduction of the lipid cubic phase
method represented a hallmark in protein crystallography since it proved for the first
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time that membrane proteins can be crystallized using lipids, not just detergents
(Landau & Rosenbusch, 1996). The lipid cubic phases are made of interconnecting
bilayers of lipids forming a characteristic network. A major disadvantage of this
method represents the high viscosity making sample handling and processing
complex (Agah & Faham, 2012; Landau & Rosenbusch, 1996). In contrast bicelles are
bilayer micelles that are made of a specific combination of a lipid and a detergent and
were originally used for NMR studies. An important aspect of the bicelle mixture is that
it is, depending on the lipid and detergent used either liquid at lower temperatures
(e.g. 4-12°C) or forms a gel at higher temperatures (e.g. 18-22°C), thus making it easy to
use and manipulate (Ujwal & Abramson, 2012). The success in crystalizing human
VDAC2 proves the feasibility of using bicelles, as a relatively novel method, in the
crystallization process of human VDACs.
The final resolution of the X-ray structure of human VDAC2 will allow insights
into the molecular basis of its specific function. Given the striking structural similarities
between the individual VDAC isoform, differences in their function will likely also
depend on different affinities to interacting proteins, their individual expression
pattern and subcellular localization as well as post-translational modifications
(Schredelseker et al, 2014).
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Mitochondria are vital cellular organelles mostly known for producing energy in
the form of ATP. However mitochondria are also an essential hub for multiple other
interconnected processes. These processes include the regulation of programmed cell
death or apoptosis and the generation of reactive oxygen species (ROS) but also cell
signalling, cellular differentiation, and aging (Chandel, 2014). Although a considerable
amount of past research effort has increased our understanding of mitochondrial
energy generation, mitochondrial-induced apoptosis and the link between both
processes, many molecular details still remain unclear. The work presented in this
thesis aimed to address some of the remaining questions - in particular regarding the
role of subunit NDUFA13 in complex I biogenesis and its involvement in apoptosis as
well as to broaden our knowledge in the molecular mechanisms underlying the
promotion of Bak dependent apoptosis.
NADH dehydrogenase [ubiquinone] 1 alpha sub-complex subunit 13
(NDUFA13) is one of the 30 accessory subunits of complex I (Fearnley et al, 2001). It
had initially been described as GRIM19 (Genes associated with Retionoid-IFN-induced
Mortality 19) (Chidambaram et al, 2000) before being reported as a subunit of complex
I. Angell and colleagues (2000) demonstrated that a loss of NDUFA13 not only
promoted tumor growth but its overexpression suppressed tumor growth. Knockdown of NDUFA13 reduced the formation of reactive oxygen species (ROS) within the
mitochondria as well as cell death induced by the cytokine interferon-β (IFN-β) and
retinoic acid (RA)-treatment (Huang et al, 2007). NDUFA13 has been proposed to
assemble at a mid to late stage of the assembly of complex I (Mimaki et al, 2012).
Surprisingly up to now, no thorough analyses regarding its assembly pathway has
been conducted. To overcome the problem of a lack of patient cell lines with NUDFA13
mutations or a total deletion, a novel human cell line was generated via the state of
the art gene editing tool transcription activator-like effector nucleases (TALENs)
(Cermak et al, 2011; Reyon et al, 2012; Sanjana et al, 2012; Stroud et al, 2013). Initial
analysis of the gene disrupted cell line revealed that the loss of NDUFA13 results in a
complex I assembly defect. The successful rescue of complex I biogenesis confirmed
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that the lack of NDUFA13 is indeed the cause of the loss in complex I assembly. This
finding is consistent with a study on NDUFA13-/- blastocysts showing a loss of
NDUFA13 protein resulting in a complex I deficiency (Huang et al, 2004). This work
further extends our understanding of the impact of a loss of complex I subunits and
shows that the lack of an individual subunit can affect other complex I subunits to
different degrees (Stroud et al, 2013). The NDUFB6 sub-complexes detected during the
course of this study, may represent previously described sub-complexes (Lazarou et al,
2007; Lazarou et al, 2009; Ugalde et al, 2004) or different assembly stages of the
membrane embedded sub-complex which NDUFB6 is part of (Carroll et al, 2003; Hirst
et al, 2003; Mimaki et al, 2012). They could also represent novel assembly
intermediates as well as undescribed stalled dead-end sub-assemblies of complex I. It
remains to be seen what subunits these sub-complexes are comprised of and what
role NDUFA13 plays in forming these sub-complexes. The presented study indicates
for the first time that NDUFA13 assembly differs from the earlier described assembly
pathway (Mimaki et al, 2012; Vogel et al, 2004). The early degradation of ND-subunits
shown in this study, in particular ND1, and to lesser extent ND2 and ND3 suggests a
destabilizing effect of a loss of NDUFA13. Indeed recent studies of bovine complex I
showed that NDUFA13 is in close proximity to ND1 (Vinothkumar et al, 2014;
Zickermann et al, 2015) supporting (Figure 6) the idea that NDUFA13 may play a
critical role in the structural stability of early ND1-assembly intermediates.
As mentioned earlier, NDUFA13 is also proposed to contribute to apoptosis
(Angell et al, 2000; Chidambaram et al, 2000) and this study presented a novel
approach to analyze the effect of a loss of NDUFA13 in direct comparison to that of
another complex I accessory subunit in a deletion cell line with a genetically identical
background (Stroud et al, 2013). Despite previous reports indicating that loss
NUDFA13 leads to reduced ROS formation and increased cell growth in human cancer
cell lines (Huang et al, 2007; Kalakonda et al, 2013; Kalakonda et al, 2014; Nallar et al,
2013), analysis of the subunit depleted cell lines showed a dramatic decrease in cell
growth and cell viability. Additionally the NDUFA13 depleted cell line generated
displayed different degrees of susceptibility to cell death inducing agents and
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increased ROS production. The partial rescue of the degree of susceptibility by reintroducing NDUFA13 indicates that the lack of NDUFA13 is indeed the cause of the
observed phenomenon. These discrepancies remain unsolved but may be due to
cancer cell line specific phenotypes which are not taken into account in this study.
Likewise the mode of action by which these different agents induce cell death in the
presented cell lines requires further investigation. Consistent with Lu & Cao (2008), it
was observed that the loss of NDUFA13 leads to a reduction of ∆Ψm. This was not
limited to the NDUFA13 depleted cell line but also true for the NDUFA9 depleted cell
line. Furthermore this study emphasizes that the loss of complex I subunits may lead to
a destabilized complex I and an increased ROS production within the mitochondria as
previously reported (Hirst, 2013; Ray et al, 2012; Yadav et al, 2014). An interesting
question remains, whether the origin of the detected ROS is complex III or residual
active complex I intermediates.
More and more studies suggest a critical role for STAT3 in context with the cell
death regulating properties of NDUFA13 (Demaria et al, 2014; Kalakonda et al, 2014;
Shulga & Pastorino, 2012). The molecular mechanisms of this interaction are yet to be
solved. In this study no clear indication as to what degree STAT3 contributes to the
before mentioned observations could be made. Possible alterations of the localization
of STAT3 and/or its activity as a transcription factor are conceivable and discussed
elsewhere (Kalakonda et al, 2013; Kalakonda et al, 2014; Nallar et al, 2013; Shulga &
Pastorino, 2012; Tammineni et al, 2013; Wegrzyn et al, 2009; Zhou et al, 2009). These
studies utilize cancer cell lines and often lack isogenic controls. These cancer cell lines
may present specific alterations that mask true underlying mechanisms. Further
studies with a STAT3-TALEN mediated gene disrupted cell line may provide further
insights. Due to time constraints and limited indication this was not analyzed in further
details.
The loss of NDUFA13 in blastocysts has previously also been implicated with a
drastic change in mitochondrial morphology, in particular the ultra-structure (Huang
et al, 2004; Lu & Cao, 2008). Interestingly, regarding the mitochondrial network of the
generated cell line, initial analyses presented in this work did not show a similar effect.
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More detailed analyses are required to address these findings and to confirm the true
impact of a loss of complex I on the mitochondrial network. Although the implicated
link between the loss of NDUFA13 and apoptosis is not fully understood as yet,
significant novel information regarding the role of NDUFA13 in complex I biogenesis
was uncovered. Additionally, important indications about the involvement of
NDUFA13 in the regulation of apoptosis were obtained and further investigations
might shed light on the molecular mechanism underlying.
The regulation of mitochondrial induced apoptosis as outlined in this work is
highly complex and dysregulation has far-reaching consequences for the cell and the
organism as a whole (Borutaite, 2010; Chan et al, 2014). Multiple pathways are
described to be interconnected with apoptosis including mitochondrial dynamics as
well as OXPHOS (Borutaite, 2010; Jacquemin et al, 2014; Kasahara & Scorrano, 2014;
Suen et al, 2008; Yadav et al, 2014). Two pathways, the extrinsic and the intrinsic
pathway, which this work focused on, directly regulate apoptosis, starting at the
mitochondrial outer membrane (Renault & Chipuk, 2014) finally leading to caspase
activity and degradation of cellular protein content (Susin et al, 1999a). The Bcl-2 like
proteins is one of the major groups that regulate the intrinsic apoptotic pathway.
Separated into two main groups, pro-apoptotic (e.g. BH3-only, including the adaptor
proteins Bax and Bak) and anti-apoptotic (e.g. Bcl-2) proteins, they all share the
characteristic Bcl-2 Homology domain (BH domain). The number of BH domains varies
between the different groups and the balance between them determines the fate of
the cell (Willis & Adams, 2005). Bax and Bak are considered as the key molecules of
transmitting pro-apoptotic stimuli into action by oligomerization at the mitochondrial
outer membrane and then later initiating its permeabilization. Bak which the focus of
this work was laid on is exclusively localized at the mitochondrial outer membrane
whereas Bax cycles between the cytosol and mitochondria (Cheng et al, 2001;
Nechushtan et al, 2001; Wei et al, 2001). Both molecules are highly regulated to inhibit
false activation.
At the beginning of this study, the VDAC isoform 2 has been implicated to act
as a crucial regulator for Bak by forming a stable complex with it thus keeping it
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inactive. This complex, with an apparent molecular weight of 440 kDa when analyzed
via BN-PAGE, is specifically dependent on the presence of VDAC2 (Cheng et al, 2003;
Lazarou et al, 2010). Lazarou and colleagues (2010) also demonstrated that other, yet
not defined cytosolic factors might under specific circumstances regulate Bak
activation. Despite continuous work, the precise molecular mechanisms of Bak
regulation in particular by VDAC2 and the afore mentioned cytosolic factors remain
not fully understood (Brouwer et al, 2014; Ma et al, 2014; Tran et al, 2013; Weaver et al,
2014; Westphal et al, 2014b).
The work presented here not only established a novel method to analyze the
activation of Bak but also confirmed the existence of a factor present in the cytosolic
fractions that regulates the activation of Bak. It remains to be determined whether the
effect on Bak activation as described in this work is directly acting on Bak or is indirect.
Bak-association with VDAC2 is via the transmembrane domain of Bak although the
points of contacts have not been identified (Lazarou et al, 2010). Upon activation, Bak
dissociates from VDAC2 and undergoes distinct conformational changes leading to the
formation of Bak dimers. These dimers may engage with the mitochondrial outer
membrane and further oligomerize to higher order formations that permeabilize the
outer membrane (Brouwer et al, 2014). Ma and colleagues (2014) demonstrated via
mutagenesis studies that mutation within this region (V198S) affects the binding of
Bak to VDAC2 on BN-PAGE without interfering with mitochondrial localization and proapoptotic function of Bak (Ma et al, 2014). Further mutational analyses indicated that
conformational changes within the Bak cytosolic domain, which are believed to be
essential for Bak oligomerization and activity, can possibly lead to the release of Bak
from VDAC2 (Brouwer et al, 2014; Ma et al, 2014). Cytosolic factors that hinder these
conformational changes may therefore inhibit the activation of Bak. Other mechanisms
are also possible and any conclusions are, as hitherto highly speculative. Any step
within the pathway of Bak regulation may be the object targeted by the cytosolic
factor. Different signalling pathways act on apoptosis including MAPK/ERK and the
PI3K/AKT/mTOR pathway. These pathways are built-up of kinases and phosphatases,
for their part highly regulative molecules, which may through their signalling cascades,
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converge at the point of Bak activation (Bild et al, 2002; Ichijo et al, 1997; Iijima et al,
2002; Kitano et al, 2014; Majewski et al, 2004; Steinbrunn et al, 2012; Tricker et al, 2011).
Due to the complexity of the matter, these investigations remain ongoing but the
work presented here lays a strong basis for future work with the goal of identifying the
Bak-regulating molecule. Such identification may potentially lead to the development
of a therapeutic application by targeting the identified factor possibly inducing or
delaying Bak activation and therefore activating or delaying apoptosis.
During the course of this study, the X-ray structure of the zebrafish VDAC2 was
reported (Schredelseker et al, 2014). Not surprisingly, both mammalian VDAC1 and
zebrafish VDAC2 resemble a typical β-barrel structure with 19 β-sheets and an Nterminal central α-helix (Bayrhuber et al, 2008; Schredelseker et al, 2014; Ujwal et al,
2008). Structural predictions for the mammalian VDAC2 depict a similar overall
structure with an extra 12 amino acid extension at the N-terminal end which is missing
in the zebrafish VDAC2. This N-terminal extension was hypothesized to interact with
Bak, however neither deletion of the N-terminus nor replacing it with that of VDAC1
showed an effect on the biogenesis of the complex comprising of inactive Bak and
VDAC2 (Thanh Nguyen, unpublished). This indicates that the ability of VDAC2 and not
VDAC1, to interact with Bak specifically is not due to the differences within their Nterminal helices. Nevertheless some differences must be accounted for the specificity
that makes the VDAC2 isoform interact with Bak (Ma et al, 2014; Naghdi S., 2013; Plotz
et al, 2012). The determination of the X-ray structure of human VDAC2 may shine some
light onto this intriguing problem. The successfully adapted purification and
crystallization process for human VDAC2 as presented here lays the backbone for
further investigations into that matter.
Despite constant efforts and the novel insights gained here investigating
mitochondrial proteins NDUFA13, Bak and VDAC2, this study reminds that not all
molecular details of the respective processes are fully understood as yet. In summary
this study addressed and indeed provided further details regarding the biological role
of NDUFA13 in OXPHOS complex I biogenesis and Bak and VDAC2 in apoptosis.
NDUFA13 was confirmed to be an essential component of complex I with the effects of
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its disruption reaching beyond disruption of OXPHOS into interference with cell
survival mechanisms and apoptosis providing a possible cross-talk between both
processes. The understanding of regulation of pro-apoptotic Bak has been extended to
possible novel cytosolic factors and the crystallization of human VDAC2 implemented
here may eventually lead to a molecular structure, further increasing our
understanding of Bak/VDAC2 interplay and moreover that in apoptosis.
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Primer pairs

Primer sequence

NDUFA13 Fw. for cloning into pCMV6-entry

5’-ATAAGCGATCGCATGGCGGCGTCAAAGGTGAA-3’

NDUFA13 Rv. for cloning into pCMV6-entry

5’-ATAAGCGGCCGCCCGTGTACCACATGAAGCCGT-3’

NDUFA13 Fw. for cloning into pGEM4Z

5’-ATAGAATTCCGGGAAAAGGGGCCTTAACT-3’

NDUFA13 Rv. for cloning into pGEM4Z

5’- ATAAAGCTTTTTTCTGTGCTGAGCCCGAT -3’

M13 Fw.

5’-GTAAAACGACGGCCAGT-3’

M13 Rv.

5’-GGAAACAGCTATGACCATG-3’

oSQT34 Fw.

5’-GACGGTGGCTGTCAAATACCAAGATATG-3’

oSQT34 Rv.

5’-TCTCCTCCAGTTCACTTTTGACTAGTTGGG-3’

oSQT1

5’-AGTAACAGCGGTAGAGGCAG-3’

oSQT3

5’-ATTGGGCTACGATGGACTCC-3’

oJ52980

5’-TTAATTCAATATATTCATGAGGCAC-3’

MALDI-TOF-MS mouse cytosol hits
Actin
Serum albumin
Selenium-binding protein 1
S-adenosylmethionine synthase isoform type1
Phosphotriesterase-related protein

Heat shock protein HSP 90-beta
Profilin-1
Threonine synthase-like 2
Thyroid hormone-inducible hepatic protein
Phosphoglycerate mutase 1

Tubulin
1,4-alpha-glucan-branching enzyme
Ribonuclease inhibitor
Eukaryotic initiation factor 4A-I
Eukaryotic initiation factor 4A-II
Sarcosine dehydrogenase
14-3-3 protein epsilon
14-3-3 protein zeta/delta
14-3-3 protein beta/alpha
14-3-3 protein theta
14-3-3 protein gamma
Glutathione S-transferase P 1
Microtubule-associated protein RP/EB family
member 1
Secernin-1
Secernin-2
Secernin-3

Maleylacetoacetate isomerase
Protein NDRG2
40S ribosomal protein SA
Glutathione S-transferase A3
High mobility group protein B1
Rho GDP-dissociation inhibitor 1
Glutamate-cysteine ligase regulatory subunit
5'(3')-deoxyribonucleotidase, cytosolic type
Alcohol dehydrogenase 1
Lactoylglutathione lyase
Threonine synthase-like 2
Cathepsin B
Isoamyl acetate-hydrolyzing esterase 1
homolog
Mitogen-activated protein kinase 14
Alpha-enolase
SET and MYND domain-containing protein 5

Calmodulin
Protein-glutamine gammaglutamyltransferase 2
Carbonic anhydrase-related protein
Pyridoxine-5'-phosphate oxidase

Heat shock protein HSP 90-alpha
Hemoglobin subunit alpha
Inorganic pyrophosphatase
Programmed cell death protein 6

Protein CutA
GTP-binding nuclear protein Ran

Annexin A5
Malate dehydrogenase, cytoplasmic
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Anionic trypsin-2
Parathymosin
Superoxide dismutase [Cu-Zn]
Glutathione S-transferase P 1
Complement factor D
Rab GDP dissociation inhibitor beta
Purine nucleoside phosphorylase

Rab GDP dissociation inhibitor alpha
Guanidinoacetate N-methyltransferase
Glycerate kinase
Peroxiredoxin-6
Prothymosin alpha
Prostaglandin E synthase 3
Chromobox protein homolog 3

N(G),N(G)-dimethylarginine
dimethylaminohydrolase 1
Apolipoprotein A-II
Apolipoprotein A-I
Protein archease
Proliferating cell nuclear antigen
Transforming protein RhoA

Ubiquinone biosynthesis protein COQ9,
mitochondrial
Transportin-1
Acetyl-coenzyme A synthetase, cytoplasmic
Spermidine synthase
BRCA2 and CDKN1A-interacting protein
Calreticulin
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