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Abstract 

The cyto-protective molecule Parkin is a criticial player in autosomal-recessive 

Parkinson’s disease, with approximately half of all patients with this condition 

carrying a mutant allele of PRKN/PARK2. The E3 ubiquitin ligase Parkin acts in 

concert with its upstream kinase, PINK1, to survey the mitochondrial network and 

rapidly induce mitophagy in response to damage. Parkin-mediated ubiquitination 

of mitochondrial substrates leads to the selective tagging and quarantine of 

damaged mitochondria. The accumulation of ubiquitinated mitochondrial outer 

membrane proteins allows autophagy receptors to bind and subsequently recruit 

and extend the autophagophore. This leads to the specific autolysosomal 

degradation of damaged mitochondria and the maintainence of mitochondrial 

homeostasis.  

 

The motor-deficit associated with Parkinson’s disease is caused by the selective 

cell death of dopaminergic neurons in the brain and is associated with 

homozygous loss of function mutations in either PINK1 or Parkin in early onset-

disease. However, the link between PINK1/Parkin-mediated mitophagy and cell 

death remains unclear. Here I present evidence that Parkin modulates intrinsic 

apoptosis by slowing the kinetics of both BAK- and BAX-mediated cell death. I 

have characterised BAK as a novel substrate of Parkin and identified K113 as 

the key site of ubiquitination (Chapter 3). This modification in the hydrophobic 

groove slows BAK activation, dimerisation and oligomerisation on model 

membranes and on mitochondria. I hypothesise that BAK inhibition by Parkin 
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stalls mitochondrial outer membrane permeabilisation, allowing for the effective 

autophagic clearance of damaged mitochondria to prevent errant apoptosis.  

 

I also identified a potential new mechanism by which Parkin signalling can inhibit 

BAX-mediated apoptosis (Chapter 4). The mechanism by which Parkin inhibits 

BAX is distinct from that of BAK however, as I observed no direct ubiquitination 

of BAX. Instead, my data suggests that VDAC2, a key BAX interacting protein 

and predominant Parkin substrate, is the key determinant of Parkin-mediated 

inhibition of BAX. Furthermore I confirmed the lysine residues in VDAC2 that are 

required for its ubiquitination during mitophagy and postulate that abrogating 

VDAC2 ubiquitination will restore BAX-mediated apoptosis during Parkin 

signalling.  

 

Furthermore, this thesis interrogated the role of PINK1/Parkin signalling following 

apoptotic damage to mitochondria and discusses implications for inflammatory 

signalling in the context of Parkinson’s disease (Chapter 5). Here I propose a 

mechanism for Parkin signalling in silencing inflammation caused by persistent 

apoptotic mitochondria. This provides a link between defective autophagic 

clearance of damaged mitochondria and the induction of inflammatory signalling 

commonly observed in Parkinson’s disease. I postulate that mitochondrial 

dysfunction and BAK/BAX-dependent release of mitochondrial DNA are the key 

drivers of neuroinflammation in Parkinson’s disease and characterise murine 

models that will prove invaluable in interrogating this hypothesis.  
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This thesis provides a comprehensive interrogation of the interplay between 

PINK1/Parkin signalling and the intrinsic apoptotic machinery. Here I describe a 

multi-faceted coordination of apoptosis and inflammation by Parkin and provide 

an in depth model for how Parkin acts as a master regulator in the context of 

Parkinson’s disease. 
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1 Introduction 

The basis of this introduction has been published as a review article in Oncogene 

(Bernardini et al., 2016) and can be found in Appendix 4.  

1.1 Mitochondrial Biology 

Mitochondria are the powerhouses of the cell and are responsible for generating 

the majority of energy a cell requires to thrive. Mitochondria have co-evolved with 

eukaryotes since their endosymbiotic incorporation into cells (Martin et al., 2001; 

Martin and Muller, 1998) and have become embedded in an array of cellular 

processes including metabolism, calcium signalling, innate immunity and cell 

death. Additionally, mitochondrial motility, fission and fusion are complex 

pathways that are critical to a cell’s health, particularly in specialised cells such 

as neuronal, muscle and exocrine cells, which require unique mitochondrial 

architecture to function correctly (Li et al., 2004; Romanello et al., 2010; Tinel et 

al., 1999). As these pathways are finely tuned, dysregulation of mitochondrial 

dynamics is associated with a number of neurodegenerative genetic diseases 

including optic atrophy and Charcot-Marie-Tooth disease (Alexander et al., 2000; 

Baxter et al., 2002; Cuesta et al., 2002; Delettre et al., 2000; Zuchner et al., 2004). 

Given their foreign ancestral origins, mitochondria also pose a threat to 

eukaryotes should they malfunction. Therefore the cell has to balance sustaining 

these organelles with constantly surveying them for damage. 

 

Mitochondria have a critical role for generating adenosine triphosphate (ATP), 

the energy currency of the cell. This requires the step-wise passing of electrons, 
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supplied by the charged metabolic intermediates Nicotinamide adenine 

dinucleotide phosphate (NADPH) and Flavin adenine dinucleotide (FADH2), 

along protein complexes on the inner membrane of mitochondria (Mitchell, 1966). 

This sequential process is coupled to the pumping of protons into the 

mitochondrial intermembrane space, which in turn establishes an electro-

chemical gradient between the mitochondrial matrix and the intermembrane 

space (Mitchell, 1961; Wikstrom, 1977). The mitochondria are then able to 

convert this stored form of energy into chemical energy via the transmembrane 

protein complex ATP synthase, also known as complex V. This occurs as 

hydrogen ions flow down their concentration gradient through ATP synthase 

causing rotation of the γ subunit and subsequent generation of ATP by the F1 

portion (Abrahams et al., 1994; Noji et al., 1997). This process of oxidative 

phosphorylation is so named because it comprises two parts. Firstly, it requires 

O2 to act as the terminal acceptor of electrons passed along the electron transport 

chain complexes (Babcock, 1999) and secondly, that adenosine diphosphate 

(ADP) is phosphorylated to generate ATP, the cell’s energy currency (Mitchell, 

1966). Importantly, this process is inherently imperfect with the transfer of 

electrons between mitochondrial complexes being somewhat inefficient, 

particularly when the electron transport chain is not functioning correctly (Graham 

et al., 1997; Korshunov et al., 1997). This results in electrons reacting with H2O 

or O2 to generate reactive oxygen species (ROS) including hydrogen peroxide 

and superoxide. As their name suggests, these species are highly reactive and 

can damage biomolecules in their vicinity. This can then perpetuate the 

generation of further ROS by damaging the mitochondrial complexes responsible 
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for the electron transport chain or by damaging the mitochondrial DNA (mtDNA), 

from which the components of these complexes are transcribed (Esposito et al., 

1999). With such toxic byproducts being generated, cells have had to evolve a 

set of hierarchical defenses to counteract the harmful ROS that result from 

oxidative phosphorylation. The first line of defense includes antioxidants, such as 

glutathione peroxidase and superoxide dismutase (Li et al., 1995), both of which 

are upregulated in mouse models of ROS production (Esposito et al., 1999). 

These act as a reducing buffer, being preferentially oxidised by ROS in place of 

other biomolecules such as lipids, proteins and deoxyribonucleic acid (DNA).  

 

If oxidative damage overwhelms the cellular reservoir of antioxidants, a 

specialised form of autophagy acts as the next line of defense. This form of 

mitochondrial macro-autophagy, termed mitophagy, utilises a unique molecular 

machinery to sense, tag and engulf damaged mitochondria for recycling via the 

autolysosomal pathway. This pathway is critical for actively respiring tissues as 

well as terminally differentiated cells, such as neurons, and is often dysfunctional 

in neurodegenerative conditions such as Parkinson’s disease (PD) (Hsieh et al., 

2016; Yakhine-Diop et al., 2018). 

1.1.1 Mitophagy Pathways 

In recent years, the molecular mechanisms of a variety of macro-autophagy 

pathways have been elucidated. Indeed, mitochondria are not the only organelles 

that are cleared and renewed via autophagy. It is also curious to note that many 

of the components required for macro-autophagy are conserved between distinct 

autophagy pathways. In the case of Mycobacterium tuberculosis infection for 
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example, xenophagy and mitophagy utilise much of the same machinery, 

including Parkin and autophagy receptors, to clear pathogens and damaged 

mitochondria, pointing to an evolutionarily conserved mechanism for clearing 

intracellular pathogens (Gutierrez et al., 2004a; Manzanillo et al., 2013). Similarly, 

genetic analysis revealed that susceptibility to leprosy, a disease caused by 

Mycobacterium leprae infection, was strongly associated with alleles mapping to 

the PARK2 gene locus which is associated with familial PD (Mira et al., 2004), 

highlighting a link between these disparate diseases. Furthermore, the PD-

associated Leucine-rich repeat kinase 2 (LRRK2) has also been shown to 

regulate Mycobacterium tuberculosis expansion in host cells (Hartlova et al., 

2018), but how the genes relating to PD affect tuberculosis infection is not yet 

well understood.  

 

Mitophagy itself is defined as a three-step process, the specific molecular sensing 

or selection of mitochondria for degradation, the tagging of these mitochondria 

and finally the specific quarantine and engulfment of mitochondria for recycling. 

Multiple distinct pathways exist for mitophagy, each specific to a particular cellular 

context or cell type and each with unique proteins to mediate clearance (Figure 

1.1) (Bernardini et al., 2016). The well-studied mitophagy pathways are mediated 

by Nip3-like protein X (NIX), BCL-2 and adenovirus E1B 19 kDa-interacting 

protein 3 (BNIP3) and FUN14 domain-containing protein 1 (FUNDC1). There is 

also accumulating evidence that atypical mitophagy pathways, independent of 

mitophagy receptors, can mediate mitochondrial clearance. Exposure of 

cardiolipin on the outer mitochondrial membrane as well as the accumulation of 
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Parkin-independent polyubiquitin chains on mitochondrial substrates have been 

shown to induce mitophagy, for example (Chu et al., 2013; Strappazzon et al., 

2015; Szargel et al., 2016; Villa et al., 2017). The most well-studied pathway of 

mitophagy however, is dependent on PTEN-induced kinase 1 (PINK1) and its 

downstream effector the E3 ubiquitin ligase Parkin and this pathway is the main 

focus of this thesis.  

NIX- and BNIP3-mediated mitophagy are very similar in that both utilise the 

expression of a mitophagy receptor on the mitochondrial outer membrane as the 

molecular signal for mitophagy. NIX is expressed in reticulocytes as they develop 

into red blood cells (Sandoval et al., 2008; Schweers et al., 2007) and is required 

for the degradation of the mitochondrial network by directly recruiting Autophagy 

related protein 8 (ATG8) proteins including Microtubule-associated proteins 

1A/1B light chain 3 (LC3) and Gamma-aminobutyric acid receptor-associated 

protein (GABARAPs) (Novak et al., 2010; Schwarten et al., 2009). NIX-mediated 

mitophagy can be further tuned with phosphorylation of residues adjacent to its 

LC3-interacting region (LIR), increasing the binding of LC3 to NIX (Rogov et al., 

2017). This NIX-dependent mitophagy pathway may even be an avenue to 

restore dysfunctional mitochondrial autophagy, particularly in the context of PD 

(Koentjoro et al., 2017). NIX has also been implicated to modulate Parkin-

mediated mitophagy by facilitating the recruitment of Parkin to mitochondria (Ding 

et al., 2010).  
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Figure 1.1 Diverse mitophagy pathways in cells 

PINK1/Parkin-dependent mitophagy requires the stabilisation of PINK1 and 

subsequent dual phosphorylation of ubiquitin and Parkin to recruit and activate 

the E3 ubiquitin ligase. Parkin conjugates ubiquitin onto outer mitochondrial 

membrane proteins, allowing autophagy receptors to bind and subsequently 

recruit the autophagophore via ATG8 proteins including LC3s and GABARAPs. 

Alternative mitophagy pathways have also been described utilising membrane-

embedded mitophagy receptors such as NIX and BNIP3. These transmembrane 

proteins contain their own LC3-interacting region (LIR) to recruit ATG8s. 

Alternatively, other E3 ubiquitin ligases have been reported to conjugate ubiquitin 

chains on mitochondria to induce PINK1/Parkin-independent mitophagy as well 

as the direct recruitment of the autophagophore via cardiolipin.  
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Whereas NIX has a well-defined role in erythrocyte development, BNIP3 is 

upregulated in hypoxic conditions and is responsible for recycling damaged 

mitochondria (Guo et al., 2001). BNIP3 has a similar molecular mechanism to 

NIX, utilising its LIR to recruit ATG8s to mitochondria under oxidative stress, with 

its overexpression sufficient to trigger mitophagy (Bellot et al., 2009; Ghavami et 

al., 2010; Hamacher-Brady et al., 2007; Zhu et al., 2013). Both NIX and BNIP3 

have also been implicated in apoptosis, as both contain a putative BCL-2 

homology (BH) 3 domain and have been shown to interact with the B-cell 

lymphoma 2 (BCL-2) family members (Imazu et al., 1999; Ray et al., 2000). 

BNIP3 can induce apoptosis when overexpressed and can be antagonised by 

BCL-2 (Chen et al., 1997) and B-cell lymphoma extra large (BCL-XL) (Yasuda et 

al., 1998).  

 

Less well-characterised mitophagy receptors including FUNDC1 and BCL-

Rambo/BCL2L13 have also been proposed to recruit the autophagy machinery 

to mitochondria. FUNDC1 directly recruits LC3 via its LIR, and is additionally 

tuned by a phosphorylation switch regulated by the kinases Src and Casein 

kinase 2 (CK2) and inhibited by Phosphoglycerate mutase family member 5 

(PGAM5) (Chen et al., 2014; Liu et al., 2012). BCL-Rambo also has a role in 

recruiting the mitophagy machinery to mitochondria, the context that this occurs 

in, remains unclear (Murakawa et al., 2015). This mechanism of direct 

recruitment of autophagophore membranes to mitochondria is common to each 

of these pathways but is markedly different to the PINK1/Parkin-mediated 

pathway of mitophagy. The PINK1/Parkin-dependent pathway has long been the 
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focus of mitophagy research given its causal links to PD. However, recent work 

has highlighted other mitophagy pathways also play a role in the homeostatic 

control of mitochondria. Notably, baseline mitophagy occurs in multiple organs in 

the absence of PINK1 or Parkin in animal models (Lee et al., 2018; McWilliams 

et al., 2018), suggesting that the PINK1/Parkin pathway of mitophagy may be an 

emergency response to damage and may not be required for development or 

homeostatic control of the mitochondrial network. 

1.2 PINK1/Parkin-mediated Mitophagy 

Much like other forms of mitophagy, PINK1/Parkin-dependent mitophagy requires 

an initiating signal, followed by tagging and quarantine of selected mitochondria 

and engulfment and destruction via the autolysosomes. This form of mitophagy 

is unique however, in that there is no single mitochondrial outer membrane 

protein coordinating mitochondrial clearance. It requires the sum of multiple 

signals including phosphorylation and ubiquitination to proceed effectively. 

PINK1 acts as a molecular sensor in this system, identifying defective 

mitochondria for clearance and triggering mitophagy by recruiting and activating 

Parkin, an E3 ubiquitin ligase. This is achieved by phosphorylation of ubiquitin in 

addition to phosphorylation of Parkin and is described in more detail below. 

1.2.1 PINK1; the Molecular Sensor 

The kinase PINK1 is essential to the activation of Parkin-dependent mitophagy 

(Clark et al., 2006; Park et al., 2006; Ziviani et al., 2010), with homozygous loss 

of PINK1 predisposing patients to autosomal-recessive juvenile parkinsonism 

(AR-JP) (Hedrich et al., 2006; Rohe et al., 2004). PINK1 is the initiator of  
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mitophagy in response to mitochondrial damage by a number of stimuli (Figure 

1.2). PINK1 is constantly synthesised and imported to mitochondria via the 

Translocase of the outer mitochondrial membrane (TOMM) complex (Lazarou et 

al., 2012) and its N-terminus is also likely imported into the mitochondrial matrix 

by the Translocase of the inner mitochondrial membrane (TIMM) complex, as 

shown by restricted proteolysis experiments and fractionation assays (Gandhi et 

al., 2006; Silvestri et al., 2005; Zhou et al., 2008). This import is dependent on a 

mitochondrial membrane potential (∆Ψm) (Jin et al., 2010) that results from the 

proton pumping which is coupled to the electron transport chain. Notably, PINK1 

can be artificially localised to peroxisomes and subsequently induces pexophagy 

(Lazarou et al., 2012), stressing the importance of appropriate mitochondrial 

localisation and import in the specific functioning of PINK1 in mitophagy. When 

correctly imported, PINK1 is cleaved by two proteases, Presenelin-associated 

rhomboid-like protease (PARL) in the intermembrane space and Matrix 

processing peptidase (MPP) in the matrix (Deas et al., 2011; Greene et al., 2012; 

Jin et al., 2010; Meissner et al., 2011). Subsequent exposure of the N-terminus 

of PINK1 following proteolysis causes the protein to be degraded via the N-end 

rule pathway in a proteasome-dependent fashion (Lin and Kang, 2008; Takatori 

et al., 2008; Yamano and Youle, 2013), thus PINK1 protein levels are low under 

steady state conditions.  
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Figure 1.2 PINK1 surveillance of the mitochondrial network 

On a healthy mitochondrion, PINK1 docks at the translocase of the outer 

mitochondrial membrane (TOMM) complex prior to import to the translocase of 

the inner mitochondrial membrane (TIMM) complex. Here the N-terminal tail of 

PINK1 is cleaved by matrix processing peptidase (MPP) and presenelin-

associated rhomboid-like protease (PARL). This signals for the rapid export of 

PINK1 and subsequent proteasomal degradation via the N-end rule pathway. In 

conditions of mitochondrial stress however, such as electron transport chain 

uncoupling or the accumulation of misfolded mitochondrial proteins, PINK1 is 

stabilised on the outer membrane. Here PINK1 phosphorylates ubiquitin and 

Parkin, both on their S65 residues. This dual phosphorylation leads to the 

recruitment and catalytic activation of Parkin which can then rapidly ubiquitinate 

mitochondrial substrates to induce mitophagy. The outer membrane (OM), 

intermembrane space (IMS) and inner membrane (IM) are indicated. 
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Contrastingly, when the ∆Ψm is ablated by mitochondrial damage, PINK1 is 

stabilised on the outer mitochondrial membrane (Geisler et al., 2010; Lin and 

Kang, 2008; Matsuda et al., 2010; Narendra et al., 2010b). At the outer 

membrane, PINK1 autophosphorylates itself before phosphorylating its other key 

substrates (Aerts et al., 2015; Okatsu et al., 2012). This autophosphorylation has 

been shown to occur in vitro on serine residues to stabilise ubiquitin binding 

(Kumar et al., 2017b; Rasool et al., 2018; Schubert et al., 2017; Woodroof et al., 

2011), specifically by binding a C-terminally retracted population of ubiquitin 

(Gladkova et al., 2017; Schubert et al., 2017).  

Notably, other stimuli that prevent mitochondrial import, such as the expression 

of misfolded mitochondrial proteins, or Sorting and assembly machinery 50 

(SAM50) depletion can similarly stabilise PINK1 on the mitochondrial surface 

(Burman et al., 2017; Jian et al., 2018; Jin and Youle, 2013). Once stabilised, 

PINK1 initiates mitophagy by phosphorylating residual mitochondrial ubiquitin on 

S65 (Kane et al., 2014; Kazlauskaite et al., 2014; Koyano et al., 2014; Ordureau 

et al., 2014). This initiates a positive feedback loop by recruiting the E3 ubiquitin 

ligase Parkin which further ubiquitinates mitochondrial substrates for PINK1 to 

phosphorylate, thus propagating the phospho-ubiquitin (pUb) signal (Ordureau et 

al., 2014). PINK1 is also required to de-repress Parkin by phosphorylating it in its 

Ubiquitin-like domain (UBL) and thus potentiating its catalytic activity.  

Crystallographic insights into PINK1 have elucidated the specificity of this unique 

protein kinase. Structurally, PINK1 largely resembles other canonical kinases 
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with a well defined N- and C-lobe. Crystal structures however have highlighted 

some unique characteristics of PINK1. For example, PINK1 has three additional 

N-lobe insertions as well as an additional C-terminal extension of unknown 

function (Kumar et al., 2017b; Schubert et al., 2017). The third insertion was 

shown independently by two groups to be critical for binding ubiquitin and the 

UBL domain of Parkin, with mutations in this region associated with AR-JP 

(Kumar et al., 2017b; Schubert et al., 2017). These insights also explain the 

molecular specificity by which PINK1 selects its substrates. 

 

The number of identified PINK1 substrates remains limited, with ubiquitin and 

Parkin being the only well-established substrates of PINK1. Other groups have 

also suggested additional substrates including Mitochondrial Rho GTPase 

(MIRO) (Wang et al., 2011), TNF receptor-associated protein 1 (TRAP1) 

(Pridgeon et al., 2007), Mitofusin (Mfn) (Wang et al., 2011) and High temperature 

requirement protein A2 (HtrA2) (Plun-Favreau et al., 2007). However, the 

molecular effects of these phosphorylation events have yet to be characterised, 

whereas the two-step activation by direct phosphorylation in addition to the 

phosphorylation of ubiquitin is critical for Parkin activation. 

1.2.2 Parkin; the Catalytic Switch 

The RING-between-RING (RBR) E3 ubiquitin ligase Parkin is responsible for 

rapidly enhancing the molecular signal for damage-induced mitophagy by tagging 

a variety of mitochondrial outer membrane proteins with ubiquitin (Chan et al., 

2011; Cunningham et al., 2015; Sarraf et al., 2013). The ubiquitin conjugation 

cascade required to charge Parkin with ubiquitin is discussed in more detail in 
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Section 1.2.3. This mitochondrial ubiquitin is then phosphorylated by PINK1 

which can then recruit additional Parkin, consistent with a feed-forward 

mechanism (Ordureau et al., 2014). This has been eloquently shown by the rapid 

recruitment of Parkin to mitochondrial networks damaged by the proton 

ionophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (Narendra et al., 

2010b). Recent studies have systematically characterised the structural 

transitions required in this pathway (Figure 1.3). Early biochemical and structural 

insights from recombinant Parkin suggested it was autoinhibited by multiple 

mechanisms. In these crystal structures, the unique Parkin domain (UPD) 

sterically occludes access to the catalytic Cys431 in the Really interesting new 

gene (RING) 2 domain with a tight hydrophobic interaction (Riley et al., 2013; 

Trempe et al., 2013; Wauer and Komander, 2013). Activation of this repressed 

Parkin occurs in two stages. Firstly, pUb is required for the direct recruitment of 

Parkin to mitochondrial membranes (Kane et al., 2014; Koyano et al., 2014; 

Shiba-Fukushima et al., 2014). Intriguingly however, this docking to pUb is 

insufficient to activate Parkin as the UPD still prevents access to the catalytic 

cysteine and the repressor element (REP) still prevents E2 recruitment (Kumar 

et al., 2017a; Wauer et al., 2015). Furthermore, mutation of S65 in Parkin, still 

renders it inactive in cells, demonstrating the need for an additional activation 

step beyond pUb binding (Kondapalli et al., 2012; Ordureau et al., 2015; 

Ordureau et al., 2014; Shiba-Fukushima et al., 2012). Once bound by pUb, 

Parkin’s UBL is exposed and phosphorylated by PINK1 on the ubiquitin 

equivalent residue, S65 (Aguirre et al., 2017; Gladkova et al., 2018; Kazlauskaite 

et al., 2015; Kumar et al., 2015; Kumar et al., 2017a; Sauve et al., 2015; Trempe 
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et al., 2013; Wauer et al., 2015). Phosphorylated Parkin has a much higher 

catalytic activity in vitro (Ordureau et al., 2015; Ordureau et al., 2014; Park et al., 

2017), due to a series of structural rearrangements including the release of the 

REP and the UPD (Gladkova et al., 2018; Kumar et al., 2017a; Pao et al., 2016; 

Tang et al., 2017; Wauer et al., 2015) Recent studies have shown these structural 

rearrangements ultimately lead to the exposure of the crucial RING2 domain of 

Parkin so that it is solvent exposed and able to catalyse ubiquitin transfer onto its 

substrates (Gladkova et al., 2018; Sauve et al., 2018). 
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Figure 1.3 Molecular rearrangements during Parkin activation 

A) Domain architecture of Parkin with defining amino acids numbered. Ubiquitin-

like domain (Ubl), Really interesting new gene (RING), In-between RING (IBR) 

and repressor (REP) regions are shown. B) Schematic representation of Parkin 

rearrangements during activation. Phospho-ubiquitin (phospho-Ub) binding to 

RING1 allows for the Ubl domain to be liberated. PINK1 is then able to 

phosphorylate the Ubl domain which then binds to the RING0, allowing release 

of the REP. This frees the RING2 domain allowing ubiquitin to access the catalytic 

C431 residue in RING2. Adapted from Gladkova et al., Nature, 2018. 

Phosphorylation is shown in red. 
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Following molecular rearrangement and activation, Parkin ubiquitinates a variety 

of substrates that have been extensively characterised by a number of cell 

biology and proteomics studies (Chan et al., 2011; Cunningham et al., 2015; 

Ordureau et al., 2018; Sarraf et al., 2013; Yoshii et al., 2011). Among Parkin’s 

substrates are proteins responsible for mitochondrial dynamics, metabolism, 

apoptosis and motility. MIRO is one such critical substrate that Parkin targets and 

whose ubiquitination is essential for arresting the motility of damaged 

mitochondria, allowing them to be quarantined for degradation (Hsieh et al., 2016; 

Shlevkov et al., 2016; Wang et al., 2011). Other rapidly targeted substrates of 

Parkin on the mitochondrial outer membrane are Mfn1 and Mfn2 (Chen and Dorn, 

2013; Gegg et al., 2010; Glauser et al., 2011; McLelland et al., 2018; Ziviani et 

al., 2010). Their local ubiquitination by Parkin partitions damaged mitochondria 

from the mitochondrial network and facilitates mitochondrial clearance (Glauser 

et al., 2011). Degradation of Mfn2 has also been shown to allow separation of 

mitochondria from endoplasmic reticulum (ER) contacts to facilitate their specific 

degradation (McLelland et al., 2018). While some substrates such as the Voltage-

dependent anion channels (VDACs), including VDAC1 and 2, are rapidly tagged 

in response to mitochondrial damage (Ordureau et al., 2018), other substrates 

are ubiquitinated less rapidly with atypical ubiquitin chains and persist on the 

mitochondrial outer membrane (Cunningham et al., 2015). When the composition 

of the ubiquitin chains conjugated by Parkin was examined, it was found that a 

variety of non-degradative ubiquitin chain types were primarily present on 

mitochondrial substrates of Parkin (Cunningham et al., 2015; Ordureau et al., 

2015). The repertoire of ubiquitin chains conjugated onto substrates varies 
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between E3 ligases and the complexity of these signals can be increased with 

post-translational modifications. The ubiquitin chains present on mitochondria 

during damage-induced mitophagy provide a case study for examining the 

complexity of ubiquitin signalling.  

1.2.3 The Ubiquitin System in the Context of Mitophagy 

The ubiquitin proteasome system plays a crucial role in PINK1/Parkin mediated-

signalling, with Parkin recruitment, mitophagy acceleration and autophagy 

receptor binding all converging on ubiquitin. This relatively small protein has 

many diverse roles in differing cellular contexts, dependent on its stoichiometry, 

temporality and how it is assembled on substrate proteins. This pathway has 

been well understood from studies in yeast and cell extracts whereby it was 

determined that a series of stepwise conjugations of ubiquitin from an E1 to an 

E2 and subsequently to an E3 ubiquitin ligase were required for efficient transfer 

of ubiquitin onto substrates (Hershko et al., 1983) (Figure 1.4). The initial charging 

of ubiquitin is facilitated by the activating enzyme E1 in an ATP-dependent 

fashion whereby the C-terminal carboxy group is attached to a cysteine on the 

E1, forming a thioester bond (Ciechanover et al., 1981; McGrath et al., 1991). 

The ubiquitin is then passed onto a cysteine in an E2 enzyme by a 

transesterification reaction (Pickart and Rose, 1985). The specificity of the 

ubiquitin system is then subsequently mediated by the E3 ubiquitin ligases which  

transfer ubiquitin onto substrate lysines, bridging the gap between charged E2 

enzymes and substrate proteins. In rare cases, E3 ligases can also target 

serines, tyrosines and cysteines (Bhogaraju et al., 2016; Carvalho et al., 2007; 

Ishikura et al., 2010; Pao et al., 2018; Williams et al., 2007). 
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The three broad classes of E3 ligases are the RING, Homologous to the E6-AP 

carboxyl terminus (HECT) and RBR E3 ubiquitin ligases, each of which has a 

unique mechanism of action (Figure 1.4). The RING E3s facilitate the transfer of 

ubiquitin from E2 directly to the substrate protein (Lorick et al., 1999). RING E3s 

act as a molecular scaffold to induce substrate ubiquitination, often coordinating 

multi-protein complexes to confer substrate specificity, with Cullin E3 ligases 

being a prime example of this (Feldman et al., 1997; Zheng et al., 2002). By 

contrast, the HECT E3 ligases form a covalent thioester intermediate with 

ubiquitin prior to transfer of it onto a substrate (Huibregtse et al., 1995). The RBR 

E3 ligases, of which Parkin is a member, have a unique mechanism of action that 

is a hybrid of RING- and HECT-like ubiquitination mechanisms, recruiting an E2 

by its RING domain and forming a thioester intermediate with ubiquitin.  
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Figure 1.4 Overview of the ubiquitin conjugation cascade 

Ubiquitin is initially charged onto the cysteine of an E1 enzyme in a process 

coupled to the hydrolysis of ATP. E1s can then conjugate ubiquitin onto an E2 

via a transesterification reaction. E2-Ub conjugates can then bind to E3 ligases 

to mediate the transfer of ubiquitin onto substrates. Really interesting new gene 

(RING) E3s require the binding of scaffold and adaptor proteins to mediate 

ubiquitin transfer. Homologous to the E6-AP carboxyl terminus (HECT) E3s form 

an intermediate E3-Ub species on a catalytic cysteine residue prior to 

ubiquitinating a substrate protein. RING-between-RING (RBR) E3s utilise a 

similar mechanism, forming E3-Ub intermediates prior to transferring ubiquitin 

onto the appropriate substrate. RBR E3s have also been reported to have an 

allosteric ubiquitin binding pocket to modulate their E3 catalytic function.  
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The structural characterisation of active HOIL-1-interacting protein (HOIP) in 

complex with a ubiquitin-charged E2 also highlighted an allosteric binding site for 

ubiquitin in this family of RBR E3 ligases (Lechtenberg et al., 2016), something 

that also occurs in Parkin with the binding of pUb (Wauer et al., 2015). Much of 

the specificity of the ubiquitin system is derived from the many orientations 

ubiquitin chains can adopt (Figure 1.5).  

 

Polyubiquitin chains can be assembled when substrate-attached ubiquitin is 

modified with an additional ubiquitin molecule that is attached to its N-terminus 

or any of its seven lysine residues. In this way, polyubiquitin chains with unique 

molecular architecture can be assembled. These chain linkages are denoted as 

K6, K11, K27, K29, K33, K48 and K63 when ubiquitin is conjugated on the 

indicated lysines or M1-linked when ubiquitin is attached to the N-terminal 

methionine of another ubiquitin molecule. Each of these chain linkages have 

been reported to have vastly differing roles in cells. Perhaps best known is the 

canonical role of K48-linked ubiquitin chains in targeting modified proteins to the 

proteasome for degradation (Chau et al., 1989; Gregori et al., 1990). The largely 

non-degradative K63-, K6- and K11-linkages have all been reported in mitophagy 

(Cunningham et al., 2015; Ordureau et al., 2018).  
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Figure 1.5 The complexity of the ubiquitin code 

Single ubiquitin molecules can be conjugated onto substrates to form mono- or 

multi-mono-ubiquitinated proteins. Alternatively, E3 ubiquitin ligases can 

assemble different polyubiquitin chains on substrates with the potential for 

additional chain branching. The specificity of the ubiquitin signal can be further 

refined with post-translational modifications (PTMs) on ubiquitin itself including 

phosphorylation (P), acetylation (Ac), SUMOylation and NEDDylation. These 

chains are then edited and removed by antagonistic de-ubiquitinases (DUBs) that 

hydrolyse ubiquitin chain linkages.  
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The mitochondrial ubiquitin landscape is also likely regulated by de-ubiquitnases 

(DUBs) such as Ubiquitin-specific protease (USP) 30. USP30 counteracts the 

synthesis of mitochondrial ubiquitin chains and acts as a molecular suppressor 

of Parkin signalling (Bingol et al., 2014; Cunningham et al., 2015; Gersch et al., 

2017; Liang et al., 2015). Other DUBs have also been proposed to regulate 

Parkin-mediated ubiquitination, such as Ubiquitin specific protease USP8, 

USP15 and USP35 (Cornelissen et al., 2014; Durcan et al., 2014; Wang et al., 

2015). Unlike USP30, however, these DUBs do not localise to mitochondria 

(Nakamura and Hirose, 2008) and may be less critical in modulating Parkin 

signalling than USP30. Biochemical assays also show that Parkin is capable of 

conjugating K6-linked chains (Durcan et al., 2014; Ordureau et al., 2014), 

whereas USP30 is capable of preferentially hydrolysing this same ubiquitin chain-

linkage (Cunningham et al., 2015; Gersch et al., 2017).  

 

The intricacy of the ubiquitin code is further increased by the fact that ubiquitin 

can itself be post-translationally modified (Figure 1.5). Acetylation (Choudhary et 

al., 2009; Ohtake et al., 2015), phosphorylation (Kane et al., 2014; Kazlauskaite 

et al., 2014; Koyano et al., 2014; Ordureau et al., 2014), NEDDylation (Singh et 

al., 2012) and SUMOylation (Galisson et al., 2011) have all been reported to be 

modifications of ubiquitin and likely alter the interactions of proteins with ubiquitin. 

However, of all these post-translational modifications, phosphorylation of 

ubiquitin has the most defined role. Parkin-mediated mitophagy is reliant on the 

phosphorylation of ubiquitin on S65 by PINK1 (Kane et al., 2014; Kazlauskaite et 

al., 2014; Koyano et al., 2014). This is essential for the recruitment of Parkin to 
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damaged mitochondria as well the de-repression of its E3 ligase activity. 

Interestingly, phosphorylation of ubiquitin seems to “cap” ubiquitin chains, 

slowing the kinetics of USP30-mediated de-ubiquitination of Parkin and allowing 

polyubiquitin chains to persist for longer (Gersch et al., 2017). The careful 

extension and remodelling of ubiquitin chains on mitochondria during damage-

induced mitophagy gates the autophagosomal engulfment of damaged 

mitochondria. Once the correct ubiquitin chains are assembled, autophagy can 

proceed with the coordination of a family of autophagy receptor proteins. 

1.2.4 The Molecular Recognition of Ubiquitin on Mitochondria 

Once ubiquitin chains have been conjugated to mitochondrial substrates, 

autophagy receptors are required to bridge the gap between the tagged 

mitochondrion and the nascent autophagophore. A number of receptor proteins 

have been reported to engage the autophagy machinery including Tax1-binding 

protein 1 (TAX1BP1), Optineurin (OPTN), Sequestome 1 (SQSTM1), Next to 

BRCA1 gene 1 (NBR1), Nuclear dot protein of 52 kDa (NDP52) and Toll-

interacting protein (TOLLIP) (Geisler et al., 2010; Heo et al., 2015; Lazarou et al., 

2015; Lu et al., 2014; von Muhlinen et al., 2010; Wong and Holzbaur, 2014) 

(Figure 1.6). These bipartite molecules coordinate their ubiquitinated substrates 

using ubiquitin binding domains whilst their LIRs recruit ATG8s (Rogov et al., 

2014; Suzuki et al., 2014) and allow for the induction of the nascent 

autophagophore around the damaged mitochondrion. Whilst there is a 

redundancy amongst these autophagy receptors, knock-out cell lines suggest 

OPTN, NDP52 and TAX1BP1 have the most prominent roles in binding 

mitochondrial ubiquitin chains (Heo et al., 2015; Lazarou et al., 2015; Shi et al., 
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2015). The contribution of these autophagy receptors is dependent on cellular 

context, with different stressors and cell types engaging different mitophagy 

receptors leading to debated roles for receptors such as SQSTM1 (Geisler et al., 

2010; Narendra et al., 2010a; Rojansky et al., 2016; Zhong et al., 2016). OPTN 

depleted cells in particular have been shown to have prominent mitophagy 

defects (Heo et al., 2015; Lazarou et al., 2015; Richter et al., 2016; Wong and 

Holzbaur, 2014), and mutations in this gene are associated with degenerative 

diseases including amyotrophic lateral sclerosis (ALS) and frontotemporal 

dementia (Cirulli et al., 2015; Freischmidt et al., 2015).  
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Figure 1.6 Decoding mitophagy by autophagy receptor proteins 

During aging or mitochondrial stress, mtDNA mutation and reactive oxygen 

species (ROS) can accumulate. Activated Parkin conjugates ubiquitin onto 

mitochondrial proteins such as voltage-dependent anion channels (VDACs) and 

mitofusin (Mfn) proteins. These ubiquitin chains are then recognised by bipartite 

autophagy receptor proteins. They coordinate ATG8 proteins by their LC3-

interacting region (LIR) and ubiquitin molecules by ubiquitin-binding domains. 

The affinity of these interactions can be further enhanced by the phosphorylation 

of these autophagy receptors by Tank-binding kinase 1 (TBK1). This allows the 

coordination and extension of the autophagophore around the tagged 

mitochondrion.  
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While it has been proposed that pUb is responsible for recruiting the autophagy 

receptors to damaged mitochondria (Lazarou et al., 2015), in vitro studies 

demonstrate that unphosphorylated ubiquitin preferentially binds to OPTN, 

NDP52 and SQSTM1 over the phosphorylated form (Heo et al., 2015; Ordureau 

et al., 2015; Ordureau et al., 2014). A further nuanced layer of regulation of 

mitophagy occurs via the phosphorylation of the autophagy receptors themselves 

by the Tank-binding kinase 1 (TBK1). Phospho-proteomics data shows that 

overexpression of TBK1 is sufficient to phosphorylate OPTN, SQSTM1, NDP52 

and TAX1BP1 in critical ubiquitin binding domains and LC3-interacting regions 

(Richter et al., 2016). In the case of OPTN and SQSTM1, these phosphorylation 

events enhance their ubiquitin binding affinity (Heo et al., 2015; Matsumoto et al., 

2011; Moore and Holzbaur, 2016; Richter et al., 2016). The kinase activity of 

TBK1 is similarly important for clearing Salmonella by xenophagy, although the 

autophagy receptor binding activity of TBK1 is dispensable for this (Thurston et 

al., 2016). Once ubiquitin-coated mitochondria are recognised by autophagy 

receptors and quarantined in autophagosomes, all that remains is their 

degradation. 

1.2.5 Autophagosome Formation and Degradation 

Once autophagy receptors are recruited to damaged mitochondria, the process 

of autophagophore extension occurs with the recruitment of ATG8 proteins and 

subsequent extension of the autophagophore membrane (Figure 1.7). The 

genesis of this autophagophore membrane (termed the omegasome) is mediated 

by Unc-51 like autophagy activating kinase 1/2 (ULK1/2) in complex with 

ATG101, ATG13 and Focal adhesion kinase family interacting protein of 200 kD 
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(FIP200) in the cytosol in response to stress (Ganley et al., 2009; Hosokawa et 

al., 2009; Jung et al., 2009; Karanasios et al., 2016; Mercer et al., 2009). ATG9, 

a transmembrane protein, begins to assemble the isolation membrane at the site 

ULK complexes, recruiting membrane vesicles from multiple cellular 

compartments including the ER, Golgi body plasma membrane, mitochondria and 

endosomes (Ge et al., 2013; Hamasaki et al., 2013; Ravikumar et al., 2010; 

Yamamoto et al., 2012). The ULK complex further accelerates omegasome 

biogenesis by phosphorylating class III phosphatidylinositide-3-kinase (PI3K) 

complex members which are comprised of Vacuolar protein sorting protein 34 

(VPS34), Beclin1, ATG14, Autophagy and Beclin 1 regulator 1 (AMBRA1) and 

p115, prompting the phosphorylation of phosphatidylinositol and thus generating 

phosphatidylinositol-3-phosphate (PI3P) on the nascent autophagophore. The 

WD repeat domain phosphoinositide-interacting proteins (WIPIs) and Double 

FYVE-containing protein 1 (DFCP1) are then able to bind PI3P and recruit the 

ATG12-ATG5-ATG16L complex by a direct interaction (Dooley et al., 2014; 

Itakura and Mizushima, 2010; Lu et al., 2011).   
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Figure 1.7 Stages of autophagosome formation and maturation 

The nascent autophagophore, termed the omegasome, begins forming at the 

endoplasmic reticulum as ATG9 coordinated vesicles ferry lipids to the 

omegasome. The Unc-51 like autophagy activating kinase (ULK) complex initially 

phosphorylates components of the phosphatidylinositol-4,5-bisphosphate 3-

kinase (PI3K) complex. This activates the PI3K complex, leading to the 

phosphorylation of phosphatidylinositol (PI) to generate PI-3-phosphate (PI3P) 

on the budding autophagophore. PI3P is then able to recruit WD repeat domain 

phosphoinositide-interacting protein (WIPI) and double FYVE-containing protein 

1 (DFCP1), this enables the recruitment of the ATG5-12-16L complex that is able 

to conjugate lipidated ATG8 proteins, including LC3s and GABARAPs, onto the 

maturing autophagophore. These ATG8s allow the autophagosome to further 

mature and coordinate autophagy adaptor proteins and their cargo.  
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ATG12, ATG5 and ATG16L form an E3-like multimeric complex that is able to 

directly conjugate ATG8s, namely LC3s and GABARAPs in mammalian cells, 

onto phosphatidylethanolamine (PE) lipids in the autophagophore in an ATG3-

dependent fashion (Fujita et al., 2008b; Ichimura et al., 2000; Mizushima et al., 

1998; Nath et al., 2014). These lipidated ATG8 molecules have been proposed 

to play important roles in extension and closure of the autophagosome (Fujita et 

al., 2008a; Nakatogawa et al., 2007; Weidberg et al., 2011; Weidberg et al., 

2010). Interestingly, cells deficient in all ATG8 proteins show evidence of 

autophagophore formation around damaged mitochondria, suggesting an 

alternative, non-canonical pathway of autophagophore recruitment and 

maturation during mitophagy (Itakura et al., 2012a; Nguyen et al., 2016). 

Selective autophagy can also co-opt ATG8s at this stage to recruit autophagy 

receptors to ubiquitin tagged compartments, such as mitochondria (Lazarou et 

al., 2015; Wong and Holzbaur, 2014).  

 

The next step of autophagosome closure following cargo sequestration remains 

unclear except for the requirement of ATG8s (Weidberg et al., 2011). Following 

membrane closure, mature autophagosomes fuse with lysosomes to allow for the 

low pH-dependent degradation of their cargo. This process is reliant on SNAP 

receptor (SNARE) interactions between Vesicle associated membrane protein 8 

(VAMP8) on lysosomes and Synaptosomal-associated protein 29 (SNAP29) and 

Syntaxin 17 (Stx17) on mature autophagosomes (Diao et al., 2015; Itakura et al., 

2012b). Pleckstrin homology domain-containing family M member 1 (PLEKHM1) 

has also been shown to be essential for this fusion process by bridging the divide 
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between lysosomes and autophagosomes as part of a multimeric protein 

complex with Ras-associated protein 7 (Rab7) and Homotypic fusion and protein 

sorting protein (HOPS) (Gutierrez et al., 2004b; Jager et al., 2004; Jiang et al., 

2014; McEwan et al., 2015; Nguyen et al., 2016). Once the autolysosome has 

formed, a broad family of proteases that are active in acidic compartments, 

termed cathepsins, begin disassembling the contents of the autolysosome in 

concert with lipases, nucleases and glycosidases (Anderson and Sando, 1991; 

De Duve et al., 1955; Muller et al., 2012). This allows the contents of the 

autolysosomes to be disassembled into their basic biomolecular units for reuse 

by the cell as well as eliminating damaging cellular components, such as 

defective mitochondria.  

1.3 Role of Mitophagy in Disease 

Mitophagy is now emerging as a key driver of cellular pathology in diseases of 

aging, including PD and more recently cancer, as well as certain infectious 

diseases (Figure 1.8). Given how integral mitochondria are to the energy 

production of the vast majority of cells in the body, it is unsurprising that 

dysregulation can have far reaching consequences. The most severe effect of a 

loss of Parkin function is observed in post-mitotic neurons. This seems logical as 

these cells have limited capacity for renewal by cell division and therefore cannot 

dissipate the effect of damaged mitochondria. Neurons rely on the energy supply 

from mitochondria to execute their critical energy-intensive cellular function. 

Perhaps unsurprisingly therefore, cancers of neuronal origin, such as 

neuroblastoma, often have perturbed mitophagy with defects in PINK1 or Parkin 

(Pugh et al., 2013). Historically, research on genetic models of PD has been 
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hampered by a lack of a consensus model for disease until recently and this is 

discussed in greater detail in Chapter 5. 

1.3.1 Mitophagy and Neurodegenerative Disease 

The majority of cases of PD are idiopathic, meaning that these patients have no 

family history of the disease. Sporadic PD typically manifests in the seventh 

decade of life with an accumulation of symptoms in the years leading up to 

diagnosis (Gonera et al., 1997). PD usually progresses over 15 years with the 

accumulation of motor defects including resting tremor, slowed movements and 

impaired gait and are associated with the selective death of dopaminergic 

neurons in the substantia nigra of patients (Dickson et al., 2009; Rodriguez-Oroz 

et al., 2009; Shulman et al., 2011). Indeed the standard therapy of dopamine 

replacement for PD patients directly addresses the loss of these dopaminergic 

neurons to restore proper transmission of signals to the striatum (Lewitt, 2008).  

 

Mitochondrial dysfunction has been long been associated with PD. The first 

evidence of this was that a neurotoxic metabolite of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (N-methyl-4-phenylpyridine, MPP+) acutely induced PD by 

impairing mitochondrial respiratory function (Langston et al., 1983; Schapira et 

al., 1989). Early studies also linked a similar inhibition of mitochondrial respiratory 

complexes in PD to the generation of cytotoxic ROS (Cleeter et al., 1992) and 

demonstrated that this could be ameliorated by treatment with antioxidants 

(Sershen et al., 1985; Wagner et al., 1985).  
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Figure 1.8 Contribution of genetic aberrations in Parkin to disease 

Perturbations in Parkin expression including loss of function (LOF) mutations are 

associated with cancer, neurodegenerative disease and Mycobacterium 

infections (PDB: 6GLC, Gladkova et al., Nature, 2018). Data summarised from 

Bernardini et al., Oncogene, 2016.
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Observed alongside mitochondrial dysfunction in PD are cytosolic, proteinaceous 

inclusions, termed Lewy bodies, in which a-synuclein is the predominant protein 

as well as other components associated with ubiquitin signalling (Spillantini et al., 

1997; Xia et al., 2008). Notably, Lewy bodies are associated with sporadic PD 

and occur infrequently in AR-JP (Mori et al., 1998; Takahashi et al., 1994). Whilst 

the causes of sporadic PD remain largely unclear, early-onset AR-JP gives 

genetic insight into the basis of mitochondrial dysfunction in the aetiology of 

disease.  

 

Genetic studies have strengthened the link between AR-JP and mitochondrial 

dysfunction, with causative mutations in genes subsequently found to mediate 

mitophagy commonly observed in this disease. These genes include 

PARK2/PRKN (Kitada et al., 1998), PARK6/PINK1 (Valente et al., 2004) and the 

protein deglycase DJ-1 encoded by the gene PARK7 (Bonifati et al., 2003), a 

proposed interacting partner of Parkin (Moore et al., 2005; Xiong et al., 2009).  

 

Patients with a family history of Parkinsonism can either inherit the disease with 

one mutant copy of a PARK allele in autosomal dominant fashion or two mutant 

copies in autosomal recessive fashion. Autosomal dominant forms of PD include 

mutation of PARK1/4 encoding a-synuclein (Kruger et al., 1998; Polymeropoulos 

et al., 1997) as well as PARK8 encoding the kinase LRRK2 (Paisan-Ruiz et al., 

2004). PARK2 and PARK6, encoding Parkin and PINK1 respectively, are 

commonly mutated in AR-JP with ~50% of patients having mutated copies of 
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Parkin and ~5% having mutated copies of PINK1 (Kumazawa et al., 2008; 

Lucking et al., 2000). 

 

Neurotoxicity in AR-JP is associated with homozygous loss of function mutations 

in the PARK2 (Hattori et al., 1998; Lucking et al., 1998) or PARK6 genes (Hatano 

et al., 2004a; Hatano et al., 2004b; Valente et al., 2004; Valente et al., 2001). 

However, there are some contrasting reports on whether heterozygous loss of 

PARK2/PRKN or PARK6/PINK1 also contributes to PD (Foroud et al., 2003; 

Hedrich et al., 2006; Kay et al., 2010; Kim et al., 2012). Nonetheless, it is evident 

that AR-JP is strongly linked to defective damage-induced mitophagy, with a 

possible role for mitophagy in suppressing inflammatory signaling (Sliter et al., 

2018), discussed in greater detail in Chapter 5. 

1.3.2 Role of Mitophagy in Immune Signalling 

Whilst the loss of Parkin’s enzymatic activity has long been associated with 

neurodegenerative disease, it is becoming clear that Parkin also has a role in 

innate immunity, with emerging evidence linking mitophagy with immune 

signalling. Given the endosymbiotic origin of mitochondria, it is unsurprising that 

the complement of mitophagy machinery is conserved for the clearance of 

intracellular pathogens such as Mycobacterium tuberculosis and Salmonella 

typhi (Manzanillo et al., 2013; Thurston et al., 2016). The activation of Parkin in 

this context remains unclear as phosphorylation of Parkin and pUb binding are 

both required for Parkin activation and it is not known if both these signals 

coordinate Parkin’s immune function. There are numerous links between 

inflammatory signalling and Parkin expression, with the knock-down of Parkin in 
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human macrophages causing an Interleukin-6 (IL-6) and Monocyte 

chemoattractant protein-1 (MCP-1) deficit in response to pathogenic stimuli (de 

Leseleuc et al., 2013). Conversely, studies in bone marrow-derived macrophages 

demonstrated a role for Parkin-mediated mitophagy in limiting mitochondrial 

damage and Interleukin-1b (IL-1b) production following stimulation with 

inflammasome activating stimuli (Zhong et al., 2016). This anti-inflammatory 

phenotype was dependent on Parkin-mediated clearance of mtDNA (Zhong et 

al., 2016), a potent initiator of inflammatory signaling through the cyclic GMP-

AMP synthase (cGAS) / Stimulator of interferon genes (STING) pathway 

(Rongvaux et al., 2014; White et al., 2014). Another striking observation is that 

both PINK1 and Parkin are involved in suppressing mitochondrial antigen 

presentation in macrophages by preventing the formation of mitochondrial-

derived vesicles (Matheoud et al., 2016).  

 

The cross talk between innate immunity and neurodegenerative conditions, 

particularly PD, is still unclear. The resident monocyte-like microglial cells seem 

a likely candidate for the inflammation commonly seen in the substantia nigra in 

PD patients (Croisier et al., 2005). This seems particularly compelling given the 

emerging role of PINK1 and Parkin in suppressing inflammation (Sliter et al., 

2018). Early studies demonstrated a strong inflammatory response from fetal 

microglial cells following lipopolysaccharide (LPS) treatment, with the production 

of cytokines including IL-6, Tumor necrosis factor a (TNFa) and IL-1b (Lee et al., 

1993; Sawada et al., 1989). Astrocytes are another candidate for the modulation 

of inflammation, particularly given their role in antigen presentation and 
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inflammatory cytokine production, particularly IL-6 and TNFa (Lee et al., 1993; 

Sawada et al., 1989). Therapeutically, the inhibition of astrocyte activation by 

microglia is neuroprotective in models of PD (Yun et al., 2018), highlighting the 

importance of support cells in the brain as possible drivers of inflammation in the 

pathology of PD.  

1.3.3 Mitophagy and Cancer 

An array of tumour types have been shown to have copy number loss, 

dysregulated expression and non-synonymous mutations associated in 

PARK2/Parkin and PARK6/PINK1 and Parkin including ovarian (Cesari et al., 

2003; Denison et al., 2003a; Denison et al., 2003b), lung (Picchio et al., 2004; 

Veeriah et al., 2010), glioblastoma (Mulholland et al., 2006; Veeriah et al., 2010; 

Viotti et al., 2014), colorectal (Poulogiannis et al., 2010; Veeriah et al., 2010), 

breast (Bartkova et al., 1994; Cesari et al., 2003; Courjal et al., 1996; Noviello et 

al., 1996; Orphanos et al., 1995; Shah et al., 2012), hepatocellular (Wang et al., 

2004) and neuroblastoma (Pugh et al., 2013). The frequency and targeted nature 

of these mutations provides strong rationale for the hypothesis that damage-

induced mitophagy acts to suppress tumour growth. Colorectal cancer has been 

further studied in the context of the adenomatous polyposis coli (APC)min mice 

which have accelerated tumourigenesis even when only one allele of Parkin is 

lost (Poulogiannis et al., 2010). Additionally, Parkin-/- mice develop hepatocellular 

carcinoma, with evidence of less active caspases in these tumours (Fujiwara et 

al., 2008). However, the mechanism of Parkin’s tumour suppressive activity in 

this context remains elusive with multiple pathways potentially being coordinated 

by Parkin. 
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Emerging evidence shows an interplay between multiple cellular processes and 

mitophagy, particularly in the context of damage-induced mitophagy (Bernardini 

et al., 2016). An emerging hallmark of cancer is the perturbation of cellular 

metabolism and indeed, a feature of many solid tumours is their switch to a non-

mitochondrial, glycolytic metabolism, termed the Warburg effect (Hanahan and 

Weinberg, 2011; Warburg, 1956). One hypothesis is that this glycolytic 

metabolism produces intermediates that can be shuttled into biosynthetic 

pathways to generate more biomolecules for an expanding tumour (Potter, 1958; 

Vander Heiden et al., 2009). Mitophagy and the quality control of the 

mitochondrial network may be important for ensuring that proper oxidative 

phosphorylation is maintained thus preventing a switch to a glycolytic 

metabolism. Further stressing the importance of mitophagy in metabolism, the 

loss of Parkin has been shown to induce a switch towards glycolysis and a 

reduction in mitochondrial respiration (Zhang et al., 2011). This may partly be 

explained by the observation that pyruvate kinase M2, an enzyme that facilitates 

glycolysis, is downregulated by Parkin (Liu et al., 2016).  

 

As detailed above, Parkin also has a critical role in preventing ROS accumulation 

from damaged mitochondria, preventing DNA damage and subsequent 

mutations from error-prone repair mechanisms. By indirectly suppressing ROS-

induced mutations, Parkin safeguards the fidelity of both mitochondrial and 

nuclear DNA (Yakes and Van Houten, 1997). Similarly, the surveillance of 

damaged electron transport chain proteins by PINK1 and Parkin prevents the 



 
 

41 

accumulation of oxidative damage that can stabilise Hypoxia inducible factor 1-α 

(HIF1-α), which perpetuates a shift away from aerobic respiration to glycolysis 

(Iyer et al., 1998; Koukourakis et al., 2001; Seagroves et al., 2001). Intrinsic 

apoptosis too has been linked strongly to mitophagy in a number of studies and 

is discussed in more detail below. Although the mechanism linking defective 

mitophagy and cancer is unclear, the correlation between mutations in the 

mitophagy machinery and solid tumours is very informative. It is plausible that 

multiple mitochondrial signalling pathways can accelerate tumour development. 

As such, proper surveillance and maintenance of the mitochondrial network by 

mitophagy may be key to regulating tumourigenesis. It is also important to note 

that Parkin-independent mitophagy can also suppress cell death in tumours (Villa 

et al., 2017), highlighting the context-dependent role mitophagy plays in disease.  

1.4 Apoptosis  

Apoptosis or programmed cell death was initially observed by Kerr, Wyllie and 

Currie who coined the term (Kerr et al., 1972). By definition it is well regulated 

and immunologically silent, morphologically characterised by anoikis and 

subsequent blebbing of the cell membrane (Kerr et al., 1972). This form of cell 

death is routine in many cells and allows for their turnover and recycling without 

alerting the immune system. This is largely because the apoptotic bodies that 

result from cellular blebbing are engulfed and degraded by resident phagocytes 

(Lauber et al., 2003).  

 

The pathway to apoptosis can either be triggered externally or internally. Extrinsic 

apoptosis occurs by the binding of ligands such as TNF to its cognate death 
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receptor on the plasma membrane, the coalescence of cytosolic death domains 

at the cytosolic tail of the receptor and the subsequent activation of initiator 

caspases such as caspase-8 and caspase-10 (Chinnaiyan et al., 1995; Micheau 

and Tschopp, 2003; Mukai et al., 2010). These initiator caspases then cleave 

downstream caspases, notably caspase-3 and -7 which begin to disassemble the 

cell (Dix et al., 2008; Janicke et al., 1998; Luthi and Martin, 2007; Slee et al., 

2001). Where extrinsic apoptosis is governed by the binding of a death ligand to 

its cognate receptor, intrinsic apoptosis relies on the balance between a family of 

BCL-2 family proteins. These proteins are so named after their founding family 

member BCL-2. The BCL2 gene was found to be overexpressed in B-cell 

lymphoma and subsequent molecular insight determined this protein was able to 

prevent cell death by controlling the integrity of the mitochondrial outer membrane 

and cytochrome c release (Hengartner and Horvitz, 1994; Hockenbery et al., 

1993; Kluck et al., 1997; Tsujimoto et al., 1985; Vaux et al., 1988; Vaux et al., 

1992; Yang et al., 1997). Numerous other family members were subsequently 

discovered and also found to regulate cell death also. It is important to note that 

both extrinsic and intrinsic apoptosis converge on executioner caspases to 

execute cell death, but how these caspases are activated is different. In the case 

of intrinsic apoptosis, caspase activation is reliant on the permeabilisation of the 

mitochondrial outer membrane (Zamzami et al., 1995), which is considered the 

point of no return. Once the mitochondrial outer membrane is permeabilised, 

apoptogenic factors are released into the cytosol including Second mitochondrial 

activator of caspases (SMAC) / DIABLO (Du et al., 2000; Verhagen et al., 2000), 

HtrA2/Omi (Hegde et al., 2002; Martins et al., 2002; Suzuki et al., 2001) and 
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various other Inhibitor of apoptosis (IAP) binding proteins to sensitise cells to 

death. The most important factor released however is cytochrome c, a 

mitochondrial intermembrane space protein that facilitates the transfer of 

electrons from complex III to complex IV during oxidative phosphorylation and 

whose presence in the cytosol triggers apoptosis (Kluck et al., 1997; Liu et al., 

1996). When released into the cytosol, cytochrome c binds to Apoptotic protease 

activating factor 1 (APAF1) to form a heptameric apoptosome complex capable 

of recruiting and activating procaspase-9 (Acehan et al., 2002; Li et al., 1997; Zou 

et al., 1997; Zou et al., 1999). From here, cell death proceeds as previously 

described with caspases rapidly processing cellular contents for destruction. 

During intrinsic apoptosis, the punctuation of the outer mitochondrial membrane 

is critical for apoptosis to proceed and the BCL-2 family proteins are the critical 

regulators of this event, with aberrations in a number of these family members 

skewing cell fate towards death or survival.  
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Figure 1.9 Intrinsic apoptosis modulated by the BCL-2 family of proteins 

Intrinsic apoptosis converges on mitochondrial outer membrane permeabilisation 

(MOMP) which is mediated by the key apoptotic effector proteins, BAK and BAX. 

The homeostatic control of BAK and BAX is presided over by the other members 

of the BCL-2 family. Pro-survival proteins inhibit BAK activation by binding to 

activated BAK and BAX monomers as well as sequestering pro-apoptotic BH3-

only proteins. These BH3-only proteins are thought to transiently bind to and 

activate BAK and BAX in their hydrophobic grooves. When the balance is skewed 

towards apoptosis by the inhibition of pro-survival proteins or the upregulation of 

pro-apoptotic proteins, BAK and BAX homodimerise, and further oligomerise to 

perforate the mitochondrial outer membrane, releasing apoptogenic factors 

including cytochrome c.  
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1.5 The BCL-2 Family 

The permeabilisation of the mitochondrial membrane is dependent on the 

interplay between members of the BCL-2 family (Figure 1.9). The BCL-2 family 

are the critical regulators of apoptosis and can largely be divided into three main 

sub-families; the pro-apoptotic inducers of apoptosis containing the BH3-only 

proteins, the BCL-2-like pro-survival proteins which act as the negative regulators 

of apoptosis and the executioners of apoptosis, two partially redundant proteins 

termed BCL-2 homologous antagonist/killer (BAK) and BCL-2 associated protein 

X (BAX) which directly permeabilise the mitochondrial outer membrane once 

activated.  

 

Sequentially, these proteins are very similar with each containing a mix of BH 

domains that are conserved between family members. Some family members 

also contain transmembrane regions that allow for their insertion into the outer 

mitochondrial membrane (Youle and Strasser, 2008). The BCL-2 family are 

largely alpha-helical, some of which contain a core hydrophobic groove that is 

critical to their function. This groove is essential for the reciprocal interactions that 

occur between the BH3 region of one molecule and the groove of its binding 

partner (Brouwer et al., 2014; Czabotar et al., 2013; Day et al., 2005; Dewson et 

al., 2008; Hanada et al., 1995; Yang et al., 1995; Zha et al., 1996). The delicate 

balance between these different sub-families dictates whether the mitochondrial 

outer membrane is breached by the executioners of apoptosis and so determines 

if a cell will live or die. Each of these family members is described in greater detail 

below. 
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1.5.1 Pro-survivals 

The pro-survival proteins, as their name suggests, are negative regulators of 

apoptosis. These proteins inhibit cell death by two main modes (Llambi et al., 

2011). Mode 1 involves the binding of pro-survivals to BH3-only proteins (Chen 

et al., 2005; Cheng et al., 2001; Willis et al., 2007; Zong et al., 2001) that are 

capable of activating BAK and BAX in a transitory fashion. The second 

mechanism of action, termed Mode 2, is by inhibiting activated BAK and BAX 

themselves and directly preventing them from permeabilising the outer 

mitochondrial membrane (Fletcher et al., 2008; Oltvai et al., 1993; Sedlak et al., 

1995; Willis et al., 2005; Yin et al., 1994; Zha et al., 1996). 

 

The members of this family include BCL-2, BCL-XL, B-cell lymphoma WEHI (BCL-

W), Myeloid cell leukaemia sequence 1 (MCL-1), B-cell lymphoma-2 A1 (A1 or 

BFL1 in humans) and B-cell lymphoma Boo (BCL-B). A number of early studies 

on the founding family member BCL2, identified this as a highly expressed gene 

in a variety of cancers including follicular lymphoma (Ikegaki et al., 1994; Monni 

et al., 1997; Paraf et al., 1995; Raffo et al., 1995; Tsujimoto et al., 1985) . This 

upregulation in cancers was found to limit cell death rather than promote 

proliferation (Vaux et al., 1988). Furthermore, transgenic mice overexpressing 

pro-survival proteins have markedly accelerated tumourigenesis (Strasser et al., 

1990; Zhou et al., 2001). Structures of these proteins have been solved and 

highlight a hydrophobic groove capable of binding BH3 peptides from BAK and 

BAX as well as members of the BH3-only pro-apoptotic class of proteins 

(Czabotar et al., 2011; Czabotar et al., 2007; Herman et al., 2008; Lee et al., 
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2016; Liu et al., 2003). This has led to the structure-guided design of inhibitors of 

the pro-survival family members which have shown promising efficacy in vitro as 

well as in the clinic in the treatment of certain cancers (Kotschy et al., 2016; Lee 

et al., 2007; Oltersdorf et al., 2005; Roberts et al., 2016; Souers et al., 2013; van 

Delft et al., 2006). In summary, the pro-survival proteins are key guardians of cell 

death, capable of absorbing pools of pro-apoptotic BH3-only proteins as well as 

by inhibiting activated BAK and BAX molecules. 

1.5.2 Pro-apoptotics 

The pro-apoptotic proteins are the initial signalling proteins responsible for 

initiating cell suicide in intrinsic apoptosis. They are upregulated in response to a 

number of cellular stresses such as the withdrawal of growth factors, DNA 

damage and the production of damaging ROS (Dijkers et al., 2000; Kim et al., 

2004; Nakano and Vousden, 2001; Oda et al., 2000; Yu et al., 2001). Once 

upregulated, the pro-apoptotic proteins skew the cell towards death by two 

distinct mechanisms. Firstly, they can bind and overwhelm the pool of pro-

survival proteins in a cell (Chen et al., 2005; Cheng et al., 2001; Willis et al., 2007; 

Zong et al., 2001), thus leaving the critical executioners BAK and BAX unchecked 

to permeabilse the mitochondrial outer membrane. Secondly, the BH3-only 

proteins are thought to transiently bind and activate BAK and BAX directly (Dai 

et al., 2011; Kim et al., 2009; Lovell et al., 2008; Wei et al., 2000). This is 

dependent on the hydrophobic groove of BAK or BAX binding to BH3 domain of 

the pro-apoptotic protein and subsequently inducing a conformational change in 

BAK or BAX (Czabotar et al., 2013). Once activated, BAK and BAX undergo a 

series of conformation changes that facilitate their self-association to punctuate 
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the outer mitochondrial membrane and cause cytochrome c release (Griffiths et 

al., 1999; Kim et al., 2009; Wei et al., 2000).  

 

The pro-apoptotic proteins are termed BH3-only proteins as they only contain the 

BH3 domain and do not have the BH1, BH2 and BH4 domains seen in the other 

BCL-2 family members. This BH3 domain is critical to the function of the pro-

apoptotic proteins. This family comprises of BH3-interacting domain death 

agonist (BID), BCL2-interacting mediator of cell death (BIM), NOXA, p53 up-

regulated modulator of apoptosis (PUMA), BCL-2 interacting killer (BIK), BCL-2-

associated agonist of cell death (BAD), Activator of apoptosis Harakiri (HRK) and 

BCL-2 modifying factor (BMF). Of these BH3-only proteins, BID has to be further 

processed by caspases to form truncated BID (tBID) to be apoptotically active 

(Gross et al., 1999; Li et al., 1998; Luo et al., 1998). tBID is also the bridge 

between the intrinsic and extrinsic pathways of cell death, feeding into intrinsic 

apoptosis after being cleaved by caspases following death receptor activation 

(Gross et al., 1999; Li et al., 1998; Luo et al., 1998). In the context of 

tumourigenesis, p53 activation upregulates BH3-only proteins upon DNA 

damage to act as the cell’s molecular brakes (Oda et al., 2000; Villunger et al., 

2003). This means that instead of the cell propagating with potentially dangerous 

oncogenic mutations, BH3-only proteins tip the apoptotic balance towards cell 

death and the hazardous cell is destroyed. 

1.5.3 Apoptotic Executioners 

The final and arguably most critical regulators of cell death are the apoptotic 

effectors BAK and BAX. These proteins are the downstream effectors of intrinsic 
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apoptosis and are responsible for permeabilising the outer mitochondrial 

membrane (Wei et al., 2001). BAK and BAX exist in an inactive state in healthy 

cells. In the case of BAX, it exists largely in the cytosol with its α9 helix nestled in 

its hydrophobic groove (Kim et al., 2009). However, recent evidence shows that 

BAX is in an equilibrium between the cytosol and the outer mitochondrial 

membrane and that it is shuttled constantly between the cytosol and outer 

membrane by BCL-XL mediated retrotranslocation (Edlich et al., 2011; 

Schellenberg et al., 2013). VDAC2 has been shown to be critical for the 

mitochondrial recruitment of BAX in lieu of BAK (Chin et al., 2018; Lauterwasser 

et al., 2016; Ma et al., 2014). BAX can be transformed into a constitutively 

mitochondrial protein with mutation to its C-terminal tail, particularly with the 

mutation of S184 to a hydrophobic valine or leucine (Fletcher et al., 2008; 

Nechushtan et al., 1999).  

 

In contrast, BAK is a mitochondrial protein that is anchored to the outer 

mitochondrial membrane by its C-terminal helix. BAK is associated with a high 

weight VDAC complex under healthy conditions and remains inert until activated 

(Cheng et al., 2003; Lazarou et al., 2010; Naghdi et al., 2015). Genetic deletion 

of VDAC2 causes the mislocalisation of a proportion of BAK to the cytosol (Ma et 

al., 2014), although its activity appears potentiated in this setting (Cheng et al., 

2003). There is significant interest in understanding the molecular control of 

BAK/BAX activation as this might reveal novel strategies to induce or impair 

apoptosis. 
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1.5.4 Activating BAK and BAX; A Dance with Death 

BAK and BAX must undergo a series of molecular rearrangements in order to 

pass the apoptotic point of no return and puncture the mitochondrial outer 

membrane (Figure 1.10). BAX must initially be recruited to the mitochondria from 

the cytosol, a step which remains unclear. This likely requires the displacement 

of the C-terminal helix of BAX in order for it to be incorporated into the outer 

membrane of mitochondria (Kim et al., 2009; Suzuki et al., 2000; Wolter et al., 

1997). 

 

Once at the mitochondria BAK and BAX undergo similar changes. After their 

activation by BH3-only proteins, BAK and BAX expose N-terminal epitopes that 

can be detected by antibodies (Desagher et al., 1999; Goping et al., 1998; 

Griffiths et al., 1999; Hsu and Youle, 1997; Kim et al., 2009). The BH3 domain of 

the activated effector proteins is then released and able to bind to the 

hydrophobic groove of other BCL-2 family members (Fletcher et al., 2008; Oltvai 

et al., 1993; Sedlak et al., 1995; Willis et al., 2005; Yin et al., 1994; Zha et al., 

1996). BAK and BAX can be inhibited at this stage by pro-survival proteins that 

can sequester their exposed BH3 domains and prevent any further 

conformational changes.   
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Figure 1.10 Molecular rearrangements during BAK and BAX activation 

BAK and BAX must undergo a series of conformational changes to be activated 

and permeabilise the mitochondrial outer membrane (OM). Initially, cytosolic BAX 

must be recruited to the outer membrane whereas BAK already resides at the 

membrane. BH3-only proteins transiently bind to the hydrophobic groove of BAK 

or BAX, causing exposure of an N-terminal epitope that can be monitored by 

confirmation-specific antibodies. Once activated, BAK and BAX can form 

symmetric homodimers with the BH3 domain of one molecule buried in the 

hydrophobic groove of the other and vice versa. These homodimers can then 

nucleate into oligomers which self-associate by an unknown mechanism, 

perforating the OM and causing the release of apoptogenic factors, such as 

cytochrome c, from the intermembrane space (IMS).  
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However, if there are insufficient pro-survival members to neutralise the pool of 

activated BAK or BAX, they can begin to assemble into homodimers (Bleicken et 

al., 2010; Brouwer et al., 2014; Czabotar et al., 2013; Dewson et al., 2008; 

Dewson et al., 2012). Whilst BAK and BAX can form heterodimers (Dewson et 

al., 2012), homodimers are thought to be the predominantly lethal form. These 

homodimers of BAK or BAX can then assemble into higher weight oligomeric 

complexes (Bleicken et al., 2013; Eskes et al., 2000; Lovell et al., 2008; Wei et 

al., 2001). The long held model is that BAK and BAX oligomers are capable of 

forming pores in the mitochondrial outer membrane and thus release the 

apoptogenic factors necessary to perpetuate cell suicide. 

 

The structure of such pores has been elusive and recent work suggests that these 

structures are heterogeneous and therefore challenging to resolve by 

crystallography or electron microscopy-based techniques. These techniques 

require some degree of homogeneity to resolve protein structures (Grosse et al., 

2016; Salvador-Gallego et al., 2016). The essential nature of BAK and BAX 

cannot be understated as doubly deficient mice are embryonic lethal (Lindsten et 

al., 2000).  

 

The consequence of mitochondrial outer membrane permeabilisation (MOMP) is 

the release of cytochrome c which in turn induces the formation of the 

apoptosome to activate caspases that contribute to an immunologically “silent” 

death. Intriguingly however, recent studies have shown with high resolution 

microscopy that mtDNA egresses through these oligomeric BAK and BAX 
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structures in caspase-inhibited cells to induce a pro-inflammatory response 

(McArthur et al., 2018; Riley et al., 2018). In addition, limited mitochondrial 

damage can occur in cells without significant induction of caspase activation and 

cell death, a phenomenon termed minority MOMP (Ichim et al., 2015). Minority 

MOMP has been shown to promote the expansion of tumours in response to 

sublethal mitochondrial damage (Ichim et al., 2015), but the mechanism of this 

remains unclear.  

1.5.5 Implications for Mitophagy 

Numerous studies have indicated that Parkin can influence various cellular 

processes by ubiquitination with substrates associated with apoptosis, 

mitochondrial dynamics, metabolism and autophagy amongst these (Bernardini 

et al., 2016; Hockenbery et al., 1993). Studies have identified BCL-2 family 

proteins as substrates of Parkin in response to mitochondrial damage, thus 

implicating Parkin as a modulator of apoptosis (Carroll et al., 2014; Chan et al., 

2011; Chen et al., 2010; Johnson et al., 2012; Sarraf et al., 2013). Parkin has 

been argued to be a pro-survival protein by ubiquitinating and mislocalising BAX 

(Charan et al., 2014; Johnson et al., 2012). This hypothesis offers some 

explanation as to why dopaminergic neurons in the brain, that are predominantly 

reliant on BAX (Krajewski et al., 1995; MacGibbon et al., 1997), are particularly 

vulnerable to the ablation of Parkin-mediated mitophagy. More broadly, Parkin 

expression is associated with a neuroprotective phenotype (Jiang et al., 2004; 

Staropoli et al., 2003) with the desensitisation of mitochondria to BH3-only protein 

stimulation a possible mechanism for this cyto-protective phenotype (Berger et 

al., 2009; Darios et al., 2003). Alternatively, Parkin has been proposed to have a 
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pro-apoptotic role by tagging MCL-1 for destruction (Carroll et al., 2014) and has 

also been proposed to mono-ubiquitinate BCL-2 (Chen et al., 2010). Several 

unanswered questions remain regarding the role of Parkin in apoptosis. Why, for 

example, is the apoptotic activity of BAX targeted by Parkin when BAX is 

cytosolic? Is this due to proteasomal degradation or mislocalisation of BAX to the 

cytosol during apoptosis (Charan et al., 2014)? Is the prominent ubiquitination of 

VDAC2, a known binding partner of BAK and BAX, a factor in tuning apoptosis 

during mitophagy? And is there a role for Parkin in silencing inflammatory 

signalling as a result of mtDNA escape through BAK/BAX pores into the cytosol 

of apoptotic cells? This thesis addresses these questions using complementary 

molecular biology and cell biology approaches. Here I interrogate the role of 

Parkin in intrinsic apoptosis and elucidate the mechanisms by which mitophagy 

may suppress apoptosis with particular relevance to PD and the progression of 

cancers.  
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2 Methods 

2.1 Cell Culture  

HeLa, SH-SY5Y and HEK-293T cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 8% (v/v) Foetal Calf Serum (FCS). 

Mouse Embryonic Fibroblast (MEF) cells were cultured in DMEM with 8% (v/v) 

FCS, 250 μM L-asparagine and 55 μM 2-mercaptoethanol. All cells were cultured 

at 37°C in 10% CO2. Cells were routinely screened for mycoplasma using the 

MycoAlert kit (Lonza, Switzerland) as per manufacturer’s instructions. 

2.2 Generation of Expression Vectors  

A list of all vectors generated can be found in Table 1 in Appendix 1. I generated 

all vectors unless otherwise stated. In brief, inserts were sub-cloned into pFU-

Hygro, pMX-IRES-Puro, pMX-IRES-Hygro, pMX-IRES-GFP, pGEX-6P3 and 

pTYB1 vector backbones from custom GeneBlocks (IDT, Singapore), purified 

mutagenesis polymerase chain reaction (PCR) products or sourced plasmids 

(Addgene, MA). For pFU-Hygro constructs, fragments and backbones were 

ligated following BamHI and NheI digestion. pMX-IRES-Puro and pMX-IRES-

GFP vectors were generated by digesting inserts and backbones with BamHI and 

EcoRI prior to ligation. Likewise, pMX-IRES-Hygro vectors were generated by 

ligation of fragments and backbones digested with BglII and XhoI. pTYB1 was 

ligated with its corresponding inserts following NdeI and SapI digestion whilst 

pGEX-6P3 constructs were generated with BamHI and EcoRI digested fragments 
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and backbone. Restriction enzymes, T4 DNA ligase and corresponding buffers 

were used as per manufacturer’s instructions (New England Biolabs, MA). 

2.3 Retroviral Infection  

Constructs were stably expressed in cell lines by retroviral infection. In brief, 5 µg 

of retroviral constructs (see Table 1, Appendix 1) were first introduced into HEK-

293T cells by CaPO4- transfection with a combination of GAG-pol and VSV-G 

plasmids (or PAX and VSV-G for lentiviral infection). In brief, 10 cm dishes of 

HEK-293T cells were transfected with 100 µl of 125 mM CaPO4- with 10 µg of 

desired plasmids (Appendix 1) and 5 µg of the appropriate helper-plasmids 

described above. 48 h post-transfection, filtered, virus-containing supernatants 

were used to infect HeLa cells by spin inoculation (2,500 rcf centrifugation at 32°C 

for 45 min in the presence of 4 μg/ml polybrene; Sigma-Aldrich, MO). Cells stably 

expressing constructs were selected for by culture in 2 μg/mL puromycin (Life 

Technologies, CA), 300 ng/mL hygromycin (Sigma-Aldrich, MO) or by 

fluorescence-activated cell sorting (FACS) for green fluorescent protein (GFP) or 

mCherry positive cells. A complete list of constructs is provided in Table 1, 

Appendix 1. 

2.4 Generating CRISPR Knock-Out Cell Lines 

Gene-deleted cell lines were generated using clustered regularly interspaced 

short palindromic repeats (CRISPR) CRISPR-associated protein 9 (Cas9) 

technology. Plasmids containing Cas9 (pX458, Addgene, MA) and single guide 

RNA (sgRNA) targeting BAK and BAX were supplied by C. Riffkin (WEHI, 
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Australia) and transiently transfected into HeLa cells using Xtreme-GENE DNA 

transfection reagent (Sigma-Aldrich, MO) as per manufacturer’s instructions. 

BAK/BAX-deficient clones were selected for by culturing cells in 1 µM of ABT-

737 (Abbott, IL) (Oltersdorf et al., 2005) and S63485 (SYNthesis MedChem, 

Australia, (Kotschy et al., 2016). PINK1- or Parkin-deficient cells were generated 

by stably expressing Cas9 and doxycycline-inducible sgRNA targeting early 

protein-coding exons as per Section 2.3. sgRNA sequences were generated 

using the MIT search tool (crispr.mit.edu) (Ran et al., 2013). sgRNA expression 

was induced with doxycycline (5 µg/mL) for 48 h and immunoblotting of polyclonal 

populations was used as a surrogate indicator of gene deletion. Guide sequences 

are provided in Table 2 in Appendix 2. 

2.5 Induction of Mitophagy and Apoptosis 

Cells were treated with a combination of antimycin A (Sigma-Aldrich, MO) and 

oligomycin (Sigma-Aldrich, MO) (AO, 4 and 10 µM respectively), 10 µM CCCP 

(Sigma-Aldrich, MO) or 10 µM Gamitrinib-triphenylphosphonium (GTPP, a gift 

from Michael Lazarou) (Fiesel et al., 2017) for times as indicated in the presence 

or absence of 20 µM of the proteasome inhibitor MG132 (Sigma-Aldrich, MO). 

Apoptosis was induced by treatment of cells with 1 µM of each of the BH3 

mimetics ABT-737 and S63485 for the times indicated in the presence or 

absence of QVD-OPh (SYNthesis MedChem, Australia) (QVD, 10 µM). Images 

of cells following treatments were acquired using the 10x objective on an 

Olympus IX-70 brightfield microscope (Olympus, Japan).  
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2.6 Immunoblotting 

Samples were generated by 1% (v/v) Triton X-100 lysis in ONYX buffer (20 mM 

Tris-HCl (pH 7.4), 135 mM NaCl, 1.5 mM MgCl2, 1 mM ethylene-

bis(oxyethylenenitrilo)tetraacetic acid (EGTA), 10% glycerol (v/v)) with complete 

protease inhibitors (Roche, Switzerland) on ice for 20 min. Samples were spun 

(17,000 rcf, 5 min, 4°C) and the concentration of protein in soluble supernatants 

was determined by bicinchoninic acid (BCA) assay (Thermo Fisher, MA) as per 

manufacturer’s instructions. Samples were normalised based on protein 

concentration and made up in 1x reducing SDS-PAGE sample buffer (75 mM 

Tris, pH 6.8, 15% glycerol (v/v), 0.6% sodium dodecyl sulfate (SDS) (w/v), 9 

µg/mL bromophenol blue, 25 mM 2-mercaptoethanol) and between 5 and 40 µg 

was loaded per well and run on SDS-PAGE. Alternatively, samples were 

normalised by cell count and directly lysed at 1 x 107 cell/mL in 1x reducing 

sample buffer prior to loading on a gel. Gels were transferred to nitrocellulose or 

polyvinylidene fluoride (PVDF) membranes (Millipore, MA). Non-specific binding 

was blocked with 5% (w/v) non-fat milk in Tris buffered saline (TBS) with Tween 

(20 mM Tris-HCl pH 7.6, 137 mM NaCl, 0.1% (v/v) Tween-20) for 1 h at room 

temperature. Membranes were washed with TBS-T prior to incubation with 

primary antibodies for between 1 h and 24 h (see Table 3, Appendix 3). Following 

membrane washing with TBS-T, antibodies were incubated with appropriate 

secondary antibodies conjugated to horseradish peroxidase (HRP) for 1 h at 

room temperature and were additionally washed prior to being developed on a 

ChemiDoc MP (Bio-Rad, CA) with enhanced chemi-luminescence (ECL) solution 

(GE, MA) as per manufacturer’s instructions. 
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2.7 Blue-Native PAGE 

Following treatments as indicated, cells were harvested and permeabilised at 1 

x 107 cells/mL in modified egg lysis buffer (MELB, 20 mM 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid, (HEPES) pH 7.5, 100 mM 

sucrose, 2.5 mM MgCl2, 100 mM KCl) with protease inhibitors and 1% (w/v) 

digitonin with 20 mM dithiothreitol (DTT) for 30 min on ice. Samples were spun to 

obtain soluble supernatants (17,000 rcf, for 5 min at 4°C). Supernatants were 

supplemented with 10x loading dye (100 mM Bis-tris, pH 7.0, 500 mM 6-

aminohexanoic acid, 5% (w/v) Coomassie Brilliant Blue) and samples were 

loaded onto 4-12% pre-cast bis-Tris gradient gels (Invitrogen,CA) and run at a 

constant current of 8 mA per gel. Whilst the anode buffer remained unchanged 

for the entire electrophoresis, the Coomassie-cathode buffer was replaced with 

cathode buffer when the dye front had run approximately one third of the way 

through the gel. Both buffers were made up as per manufacturer’s instructions 

(Invitrogen, CA). The transfer of proteins onto PVDF membranes was performed 

as described. Molecular masses were approximated using unstained native 

protein markers (Invitrogen, CA) following incubation under agitation with 

destaining solution (50% (v/v) methanol and 25% (v/v) acetic acid). Membranes 

were rinsed in distilled water prior to immunoblotting. 

 

2.8 Immunoprecipitation  

Immunoprecipitation was performed with lysates generated as described in 

Section 2.6. 20 µl of Protein G-coupled sepharose beads (WEHI monoclonal 

facility, Australia) were washed in ONYX lysis buffer with 1% (v/v) TX-100. Beads 
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were then conjugated with 2 µg of anti-BAK aa23-32 antibody (Sigma-Aldrich, 

MO) for 30 min at 4°C on a spinning wheel and subsequently washed as above. 

Alternatively anti-FLAG M2 conjugated or anti-HA conjugated sepharose beads 

(Sigma-Aldrich, MO and Roche, Switzerland) were washed in ONYX lysis buffer 

with 1% (v/v) TX-100. Protein lysates generated as described (Section 2.6) were 

then incubated with pre-equilibrated beads for 1 h at 4°C on a spinning wheel. 

Samples were washed three times in ONYX lysis buffer as described and eluted 

with 1x reducing SDS-PAGE sample buffer and run on SDS-PAGE. Alternatively, 

samples immunoprecipitated with BAK aa23-32 (Sigma-Aldrich, MO) were 

treated with various recombinant DUBs as described in (Section 2.11) 

2.9 Densitometry Analysis of Immunoblotting  
 

Immunoblot samples were normalised to samples on the same membrane, at the 

same exposure using the ImageLab software package (BioRad, CA). 

Background signal was subtracted from equivalent bands and samples were 

normalised to the untreated control lane. For mitophagy assays, the untreated 

samples were set as 100% and the signal of the appropriate bands normalised 

to this. For cytochrome c release assays, total release (%) was calculated by 

determining the intensity of cytochrome c in the cytosolic fraction over the sum 

intensity of cytochrome c in the membrane and cytosol fractions.  

2.10 LDH Release Death Assay 
 

1.5 x 106 cells were seeded in 10 cm dishes for treatment the following day. Cells 

were pre-treated with or without antimycin A and oligomycin (4 and 10 µM 
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respectively) in 5 mL of fresh media for 2 h. Cells were then supplemented with 

1 µM of each of the BH3 mimetics ABT-737 and S63845 and 100 µl of 

supernatant was taken from the plate at times indicated and stored at -80°C 

overnight. Samples were thawed and 50 µl of supernatant was assayed for 

lactate dehydrogenase (LDH) release using the CytoTox 96 Non-Radioactive 

Cytotoxicity Assay (Promega, WI) as per manufacturer’s instructions. 

Absorbance was quantified using a Chameleon plate reader (Noki Technologies, 

India) at a wavelength of 490 nm. Relative LDH release was calculated by 

subtracting the absorbance from an untreated control supernatant and 

normalising values to the 6 h BH3 mimetic only control timepoint (set as 100%) 

for each cell line.  

2.11 Ubiquitin Enrichment and DUB Treatment 

Approximately 1 x 106 cells were treated to induce mitophagy as described. Cells 

were lysed as described above with the addition of 10 mM N-ethylmaleimide 

(NEM). Lysates were incubated with glutathione beads pre-equilibrated with 100 

µg of recombinant GST-UBA (supplied by Aleks Bankovacki) for 4 h at 4°C. NEM 

was removed from beads with washing in ONYX buffer with protease inhibitors. 

Beads were then equilibrated in DUB reaction buffer (50 mM Tris (pH 7.5), 50 

mM NaCl and 5 mM DTT) and incubated with 1.5 µM of recombinant USP2 or 

various other DUBs at previously established concentrations (Hospenthal et al., 

2015). Samples were then incubated at 37°C for 30 min with agitation. Samples 

were eluted from the beads by boiling in 1x reducing SDS-sample buffer and 

analysed by SDS-PAGE. 
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2.12 Two-step Enrichment and Mass Spectrometric Analysis 

Approximately 3 x 107 BAX-/-BAK-/- HeLa cells re-expressing Parkin in 

combination with Strep-FLAG-BAK were treated with 4 µM antimycin A and 10 

µM oligomycin A for 2 h. Cells were harvested and lysed in ONYX buffer with 1% 

(v/v) Triton X-100, protease inhibitors (Roche, Switzerland) and 10 mM NEM for 

10 min on ice. Soluble supernatants were obtained by centrifugation at 17,000 

rcf, for 5 min at 4°C. Lysate was loaded onto 200 µL of washed, pre-coupled 

streptactin beads (IBA GmbH, Germany). Samples were incubated on spinning 

wheel at 4°C for 1 h. Following incubation, samples were washed three times in 

ONYX buffer. Samples were eluted in two 500 µl volumes of 10 mM desthiobiotin 

in 100 mM Tris-HCl (pH 8.0), 150 mM NaCl and 1 mM ethylenediaminetetraacetic 

acid (EDTA) on ice for 15 min each. The eluted sample was then added to 125 

µl of pre-washed anti-FLAG M2 beads (Sigma-Aldrich, MO) and incubated on a 

spinning wheel for 1 h at 4°C. Samples were washed three times in ONYX lysis 

buffer and three times in water. Samples were then eluted from the beads by the 

addition of 200 µL of FLAG peptide (200 ng/µl) for 15 min at room temperature. 

Samples were then added to a filter-aided sample preparation (FASP) column 

(supplied by J. Sandow, WEHI, Australia) and spun (14,000 rcf) until volume had 

passed through the column. Samples were then reduced on the column with the 

addition of 100 mM Tris(2-carboxyethyl)phosphine (TCEP) in Urea/Tris-Cl buffer 

(12.5 M urea, 100 mM Tris-Cl (pH 7.6)) for 30 min at RT, washed in a FASP 

column with Urea/Tris-Cl solution and alkylated in 50 mM iodoacetamide in 

Urea/Tris-Cl for 20 min. Samples were washed again in Urea/Tris-Cl solution 

followed by 50 mM ammonium bicarbonate washes. Samples were then digested 
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overnight with agitation at 37°C in 50 mM ammonium bicarbonate with 1 µg 

Trypsin Gold (Promega, WI). Peptides were collected into microvial tubes and 

acidified with formic acid (FA) to a final concentration of 1% (v/v). Samples were 

frozen at -80°C and subsequently lyophilised. Peptides were resuspended in 2% 

(v/v) acetonitrile (ACN) and 1% (v/v) FA and injected and separated by reversed-

phase liquid chromatography on a M-class UHPLC system (Waters, USA) using 

a 250 mm x 75 mm column (1.7mm C18, packed emitter tip, Ion Opticks, 

Australia) with a linear 90-min gradient at a flow rate of 400 nl/min from 98% (v/v) 

solvent A (0.1% (v/v) FA in Milli-Q water) to 35% (v/v) solvent B (0.1% (v/v) FA, 

99.9% (v/v) ACN). The nano-UHPLC was coupled on-line to a Q-Exactive 

Orbitrap mass spectrometer equipped with an EASY-spray ionization source 

(Thermo Fisher Scientific, Germany). The Q-Exactive was operated in a data-

dependent mode, switching automatically between one full-scan and subsequent 

MS/MS scans of the ten most abundant peaks. The instrument was controlled 

using Exactive series version 2.8 build 2806 and Xcalibur 4.0. Full-scans (m/z 

350–1,850) were acquired with a resolution of 70,000 at 200 m/z. The 10 most 

intense ions were sequentially isolated with a target value of 1e5 ions and an 

isolation width of 2 m/z and fragmented using higher-energy collisional 

dissociation with stepped normalised collision energy of 19.5, 26, 32. Maximum 

ion accumulation times were set to 80 ms for full MS scan and 200 ms for MS/MS. 

  

Raw files consisting of high-resolution MS/MS spectra were processed with 

MaxQuant (version 1.5.8.3) (Cox and Mann, 2008) for feature detection and 

protein identification using the Andromeda search engine (Cox et al., 2011). 
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Extracted peak lists were searched against the Homo sapiens Uniprot database 

in addition to the tagged Homo sapiens BAK sequence corresponding to the 

ectopically expressed protein and a separate reverse decoy database to 

empirically assess the false discovery rate (FDR) using a strict trypsin specificity 

allowing up to 2 missed cleavages. The minimum required peptide length was set 

to 6 amino acids. Modifications: Carbamidomethylation of cysteine was set as a 

fixed modification, while N-acetylation of proteins, oxidation of methionine, GlyGly 

of lysine and phosphorylation of serine, threonine and tyrosine were set as 

variable modifications. The mass tolerance for precursor ions was 20 ppm. The 

“match between runs” option in MaxQuant was enabled. Peptide-spectrum match 

and protein identifications were filtered using a target-decoy approach at a FDR 

of 1%. 

2.13 Purification of Recombinant Protein 

BAK K113C (∆N22 ∆C25 C166S C-term-His) was cloned into the pTYB1 vector. 

Plasmids were transformed into BL21 (DE3) E. coli and grown at 37 °C until they 

reached an optical density (600 nm) of ~1.0 in Super Broth. 1 mM isopropyl β-D-

1-thiogalactopyranoside (IPTG) was then added and protein expressed for 16 

hours at 18 °C. Cells were lysed in TSE buffer (20 mM Tris pH 8.0, 500 mM NaCl, 

1 mM EDTA) and passed over a chitin binding column, washed with TSE buffer 

and then chemically cleaved with DTT (50 mM) on-column for 48 hours at 4 °C. 

Proteins were further purified by gel filtration (Superdex75 10/300, GE 

Healthcare) in TBS. 
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Ubiquitin G76C was cloned into the pGEX-6P3 vector, transformed into BL21 E. 

coli (DE3) and grown to an optical density (600 nm) of ~1.0 in Super Broth before 

protein expression was induced with 1 mM IPTG for 3 hours at 37°C. Cells were 

lysed in TBS (20 mM Tris pH 8.0, 150 mM NaCl) supplemented with EDTA (2 

mM), purified by Glutathione-S-transferase (GST) affinity column purification, 

cleaved overnight with precision protease and then further purified by gel filtration 

(Superdex75 10/300) in TBS.  

2.14 Disulphide-linking of BAK-Ub and Cytochrome c Release 

Recombinant BAK K113C (DN22 DC25 C166S C-term-His) and Ubiquitin G76C 

were incubated at 4°C in the presence of 1 mM copper(II)(1,10-phenanthroline)3 

(CuPhe) for 30 min. BAK-Ub adducts were purified by anion exchange on a 

HiTrap Sepharose Q column (GE, MA) using an increasing NaCl gradient up to 

1 M. For mitochondrial cross-linking experiments, cells were harvested and 

permeabilised at 1 x 107 cells/mL in MELB with protease inhibitors and 0.025% 

(w/v) digitonin for 10 min on ice. Membranes were enriched by centrifugation 

(17,000 rcf, 5 min, 4°C) and resuspended with 100 µM Ubiquitin G76C. CuPhe 

was added to a final concentration of 1 mM and samples were incubated at room 

temperature for 30 min. The reaction was quenched by adding EDTA to a final 

concentration of 10 mM. Samples were centrifuged (17,000 rcf, 5 min, 4°C) and 

pellets were resuspended in MELB with protease inhibitors and varying doses of 

cleaved BID (cBID). Samples were incubated at 30°C for 30 min. Samples were 

spun as above and soluble supernatant fractions were supplemented with 2x 

reducing sample buffer. Pellets were resuspended in 1x reducing sample buffer 



 
 

67 

for cytochrome c immunoblotting or 1x non-reducing sample buffer for BAK 

immunoblotting.  

2.15 Fluorescence Liposome Assay, SDS-PAGE and BN-

PAGE 

Liposomes containing a combination of lipids that mimic the outer-mitochondrial 

membrane (46% (w/v) phosphatidylcholine, 25% phosphatidylethanolamine, 

11% (w/v) phosphatidylinositol, 10% (w/v) phosphatidylserine, and 8% (w/v) 

cardiolipin encapsulating self-quenching 5(6)-carboxy-fluorescein with 5% (w/v) 

nickel salt (1,2-Dioleoyl-sn-Glycero-3-[N-(5-amino-1-

carboxypentyl)iminodiacetic-acid)-succinyl]) were dried in chloroform and 0.01% 

(v/v) butylated hydroxytoluene under N2 and then re-suspended in small 

unilamellar vesicle/liposome (SUV) buffer (10 mM HEPES pH 7.5, 135 mM KCl, 

1 mM MgCl2) containing 50 mM 5(6)-carboxy-fluorescein. Liposomes were then 

extruded through a 100 nm pore size membrane and passed over a PD10 column 

(Sigma-Aldrich, MO) to remove excess dye. Liposomes (4 μg/ml) were incubated 

with either BAK or cross-linked BAK-Ub (described in Section 2.14) at a 

concentration of 50 nM and 4 µM of BID-BH3 peptide in SUV buffer for 30 minutes 

at room temperature. 5(6)-carboxy-fluorescein is self-quenching, therefore upon 

release from liposomes its fluorescence could be measured with an excitation 

wavelength of 485 nm and emission wavelength of 535 nm. BN-PAGE was 

performed on liposomes by solubilisation in 0.5% (w/v) digitonin on ice for 20 min 

followed by supplementing the samples with 10% (v/v) glycerol and BN-loading 

dye and running on BN-PAGE as previously described in Section 2.7. SDS-PAGE 
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was similarly performed by solubilising liposomes in 1x non-reducing SDS-PAGE 

sample buffer in the presence or absence of TCEP and running on SDS-PAGE. 

2.16 BAK Activation by Flow Cytometry 

Cells were harvested following treatment with antimycin A and oligomycin (AO) 

for 2 h followed by 1 μM of each of the BH3 mimetics ABT-737 and S63485 for 1 

h as detailed in Section 2.5. Cells were fixed and permeabilised using the 

eBioscience cell fixation and permeabilisation kit (Thermo Fischer, 663 MA) 

according to manufacturer’s instructions. Activated BAK was detected using anti-

BAK G317-2 (Becton Dickinson, NJ, 1:100) and subsequently phycoerythrin-

conjugated anti-mouse antibody (Abcam, UK, 1:200), both diluted in 

permeabilisation buffer. Samples were analysed on a FACS-Calibur (Becton 

Dickinson, NJ). 

2.17 Cytochrome c Release Assay 

Cells were permeabilised in 0.025% (w/v) digitonin in MELB with complete 

protease inhibitors at a concentration of 1 x 107 cells/mL for 10 min on ice. 

Pelleted membrane fractions were obtained by centrifugation (17,000 rcf, 5 min, 

4°C) and treated with recombinant cBID at doses as indicated for up to 30 min at 

30°C. Samples were then centrifuged again (17,000 rcf, 5 min, 4°C) and 

supernatant (S) fractions supplemented with 2x reducing sample buffer and 

pellets (P) were resuspended in 2 volumes of 1x reducing sample buffer and run 

on SDS-PAGE.  
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2.18 Cellular Fractionation Assay 

Cells were treated with stimuli as indicated. Cells were harvested and 

permeabilised in 0.025% (w/v) digitonin in MELB with complete protease 

inhibitors at a concentration of 1 x 107 cells/mL for 10 min on ice. Pelleted 

membrane fractions (M) were obtained by centrifugation (17,000 rcf, 5 min, 4°C) 

and cytosolic (C) fractions were supplemented with 2x reducing sample buffer 

and pellets resuspended in two volumes of 1x reducing sample buffer and run on 

SDS-PAGE. 

2.19 Genotyping Knock-In or Knock-Out mice 

Sample tissue from mice was resuspended in 200 µl of Direct PCR mix (Viagen 

Biotech, CA) with proteinase K (Sigma-Aldrich, MO) as per manufacturer’s 

instructions for a minimum of 2 h at 56°C with agitation. Proteinase K was 

inactivated by brief incubation of samples at 95°C for 2 min. 1 µl of tail mix was 

added to GoTaq Green Master Mix (Promega, WI) in a 20 µl final volume as per 

manufacturer’s instructions with 300 nM of the appropriate primers. The PCR 

conditions were an initial denaturation for 2 min at 95°C followed by 30 cycles of 

95°C of 30 s, 64°C for 30 s and 72°C for 30 s. Reactions were held at 72°C for 5 

min prior to running on ethidium bromide (Sigma-Aldrich, MO) supplemented 1% 

(w/v) agarose (Bioline, UK) at 100 V for 30 min. DNA was visualised under ultra-

violet illumination on a ChemiDoc XRS+ (Bio-Rad, CA). The wild-type allele was 

amplified with the primers GCCCGGTGACCATGATAG and 

CTTCAGCGAGCTAACCTTGG. The knock-out allele was amplified with 

GCCCGGTGACCATTGG and TGAAGTGAAGGACAGTTGACC. The knock-in 



 
 
70 

allele was amplified with GGCCTGGATGACTAAACCTG and 

CTCTAGCACACACCGGACC using the same PCR conditions with the exception 

that the extension temperature was changed to 60°C.  

2.20 Preparation of Mouse Organs for Immunoblotting 

Following dissection of brain and liver tissues from euthanised mice, organs were 

homogenised in phosphate buffered saline (PBS) using a Dounce homogeniser. 

Cell suspensions were then passed through a 100 µm filter. Cells were pelleted 

(3000 rcf, 5 min, 4°C) and solubilised in ONYX 1% (v/v) Triton X-100 for 20 min 

on ice. Samples were spun again to obtain soluble supernatants (17,000 rcf, 5 

min, 4°C) and protein concentrations were determined by BCA assay (Thermo 

Fisher, MA) as per manufacturer’s instructions. Equal amounts of protein were 

loaded per well and SDS-PAGE was run as described or immunoprecipitated as 

described in Section 2.8.  



 
 

71 

3 Investigation of the Pro-apoptotic Protein BAK 

During Mitophagy 

Some of the data presented in this chapter has been accepted as a research 

article in EMBO J and is included in this thesis as Appendix 5.  

3.1 Parkin and Intrinsic Apoptosis 

Parkinson’s disease has long been associated with cell death. Early research 

linked the selective loss of dopaminergic neurons in the substantia nigra with 

programmed cell death in PD (Anglade et al., 1997). More recent studies have 

also identified the BCL-2 family of apoptotic regulators as key substrates of 

Parkin. Ubiquitylomics and cell biology approaches have identified both pro- and 

anti-apoptotic proteins as substrates of Parkin (Figure 3.1). Whether Parkin 

sensitises cells to apoptosis or prohibits apoptotic induction is therefore 

contentious.  

 

The power and depth of high-throughput mass-spectrometry has made 

interrogation of the ubiquitylome during mitophagy possible. Initial work identified 

the pro-survival BCL-2 family member MCL-1 as a Parkin substrate (Sarraf et al., 

2013). Subsequent studies also validated this observation, demonstrating that 

Parkin could target MCL-1 and thus skew cells towards apoptosis by 

downregulation of this pro-survival protein (Carroll et al., 2014).  
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Figure 3.1 Proposed roles for Parkin in apoptosis 

Roles for Parkin in regulating pro-survival proteins (1) (Sarraf et al., Nature, 2013, 

Hollville et al., Mol. Cell, 2014, Carroll et al., Cell Rep., 2014) and BAX (2) 
(Johnson et al., PNAS, 2012, Charan et al., Cell Death Differ., 2014) have been 

proposed. The outer mitochondrial membrane (OM) and inter-membrane space 

(IMS) are indicated. 
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The interplay between the pro-survival proteins and Parkin is further highlighted 

by the fact that pro-survival proteins themselves can prevent Parkin translocation 

(Hollville et al., 2014). Complementary data also demonstrates that depletion of 

USP30, a DUB that antagonises Parkin, sensitises cells to apoptosis, again 

pointing to a potential pro-apoptotic signalling role for Parkin (Liang et al., 2015). 

However, this evidence is hard to reconcile with the cyto-protective role of Parkin 

in neurobiology, particularly in dopaminergic neurons that are sensitised towards 

cell death in the context of PD. 

 

Early mouse models showed that dopaminergic neuron-specific toxins, which 

cause PD-like symptoms, could induce apoptosis in mouse neurons (Dipasquale 

et al., 1991; Tatton and Kish, 1997). Further examination of Parkin-deficient cells 

in vitro similarly showed a neuroprotective role for the E3 ligase Parkin (Jiang et 

al., 2004; Staropoli et al., 2003). The anti-apoptotic effect of Parkin was shown to 

converge on mitochondrial apoptosis, with Parkin expression critical for 

preventing cytochrome c release from mitochondria and the subsequent 

commitment of cells to apoptosis (Berger et al., 2009; Darios et al., 2003). The 

pathway of intrinsic apoptosis is reliant on cytochrome c release by the apoptotic 

effectors BAK and BAX (Wei et al., 2001). Given the apparent neuroprotective 

role of PINK1/Parkin signalling in PD, I examined the key obligate mitochondrial 

effectors of apoptosis, BAK and BAX, in the context of mitophagy. I initially 

assessed the interaction between Parkin and BAK, particularly since BAK is a 

mitochondrial resident and is therefore primed to commit a cell to death.  
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3.2 Parkin Ubiquitinates BAK Following Mitochondrial 
Damage 

The loss of Parkin has been associated with the sensitisation of dopaminergic 

neurons to apoptosis (Berger et al., 2009; Darios et al., 2003), therefore it was 

hypothesised that Parkin has a pro-survival role in modulating apoptosis. Given 

that BAK and BAX are the terminal effectors of apoptosis and BAK is a 

mitochondrial resident, I hypothesised that BAK would be targeted by Parkin. To 

interrogate this, I utilised the established system of overexpression of Parkin in 

HeLa cells, which do not express endogenous Parkin (Denison et al., 2003b; 

Pawlyk et al., 2003). PINK1/Parkin-mediated mitophagy was then induced using 

antimycin A and oligomycin (hereafter referred to as AO). With the induction of 

mitophagy, the canonical Parkin substrates Mfn2 and VDAC2 were modified, but 

the inner membrane control protein TIMM44, was not (Figure 3.2A). Each of 

these modifications was dependent on Parkin expression and mitochondrial insult 

(Figure 3.2A). The ubiquitination of both Mfn2 and VDAC2 were reduced with 

proteasomal inhibition by MG132 (Figure 3.2A). Given the recent evidence that 

Parkin broadly does not catalyse mitochondrial protein degradation (Ordureau et 

al., 2018), it is possible that MG132 treatment stabilises a DUB that can collapse 

higher weight ubiquitinated forms of these proteins. Alternatively, MG132 

treatment has been shown to alter ubiquitin dynamics due to the accumulation of 

polyubiquitinated substrates that would otherwise be degraded (Kaiser et al., 

2011), thus potentially explaining the reduction in ubiquitination of Parkin 

substrates in the presence of MG132.  
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Figure 3.2 BAK is ubiquitinated during the induction of Parkin signalling 

A) HeLa cells ectopically expressing HA-Parkin in the presence of antimycin A (4 

µM) and oligomycin (10 µM) (AO) for 3 h following 0.5 h pre-treatment with the 

proteasome inhibitor MG132 (20 µM). Samples immunoblotted as described. 

Quantification of relative protein signal compared to untreated controls from three 

to five independent experiments is shown as mean ± SEM. B) Enriched 

ubiquitinated proteins from HeLa cells ectopically expressing HA-Parkin in the 

presence of antimycin A (4 µM) and oligomycin (10 µM) (AO) for 3 h. Samples 

treated with the non-specific DUB USP2 (5 µM). Samples immunoblotted as 

described. Data representative of three to five independent experiments. 
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This agrees with recent work showing that Parkin-mediated ubiquitination is 

mostly non-degradative (Cunningham et al., 2015), even for ‘top tier’ substrates 

such as VDACs (Ordureau et al., 2018). Interestingly, BAK was also modified in 

a Parkin-dependent fashion in this timeframe, a phenomenon that could be 

partially reduced by inhibition of the proteasome with MG132 (Figure 3.2A).  

 

To confirm that the modification on BAK was indeed ubiquitination, ubiquitin 

enrichment assays were performed using recombinant GST-UBA bound to 

glutathione sepharose beads. Upon stimulation with AO, higher weight forms of 

BAK could be enriched as were known Parkin substrates VDAC1 and 2 (Figure 

3.2B). Treatment of these enriched ubiquitin fractions with the non-specific DUB, 

USP2, confirmed that BAK was indeed ubiquitinated by Parkin. BAK 

ubiquitination was not specific to HeLa cells as similar ubiquitination of 

endogenous BAK was observed in SH-SY5Y neuroblastoma cells (Figure 3.3A) 

as well as MEF cells upon ectopic expression of Parkin and stimulation with AO 

(Figure 3.3B). Interestingly, Parkin preferentially ubiquitinated ectopically 

expressed human BAK compared to mouse BAK despite both being equivalently 

expressed (Figure 3.3B).  
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Figure 3.3 BAK is ubiquitinated by Parkin in SH-SY5Y and MEF 

A) SH-SY5Y expressing exogenous HA-Parkin in the presence of antimycin A (4 

µM) and oligomycin (10 µM) (AO) for 3 h following 0.5 h pre-treatment with the 

proteasome inhibitor MG132 (20 µM). Arrowheads denote ubiquitinated BAK. 

Representative data from two independent experiments. B) WT or Bax-/- Bak-/- 

MEF expressing exogenous HA-Parkin in combination with human BAK in the 

presence of antimycin A (4 µM) and oligomycin (10 µM) (AO) for 3 h following 0.5 

h pre-treatment with the proteasome inhibitor MG132 (20 µM). Samples 

immunoblotted as described. Representative data from two independent 

experiments.  
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Although ectopic expression of Parkin is the conventional model of damage-

induced mitophagy, endogenous protein expression is preferable as this 

recapitulates cellular signalling more reliably. Recent work has addressed this 

limitation by interrogating endogenous Parkin signalling in neurons with high-

throughput mass-spectrometry (Ordureau et al., 2018). These experiments rely 

on tryptic digestion and subsequent identification of remnant ubiquitin di-glycine 

(di-Gly) sites on Parkin substrates. This approach is limited by how amenable 

specific di-Gly peptides are for mass spectrometry, with long, modified peptides 

being particularly difficult to identify. It is therefore challenging to visualise 

ubiquitination during damage-induced mitophagy in the absence of ectopic 

expression of Parkin. To circumvent this, the dopaminergic SH-SY5Y 

neuroblastoma cell line was employed. This cell line has detectable endogenous 

Parkin and has been used to show mitophagy signalling in a more physiologically 

relevant setting (Sarraf et al., 2013). 

 

To confirm that endogenous Parkin was able to ubiquitinate BAK, Parkin null SH-

SY5Y cells were generated using CRISPR/Cas9 genome editing. Cells were 

lentivirally infected with Cas9 and either a sgRNA targeting an early protein-

coding exon of PARK2 (sgPARK2) or a non-targeting control sgRNA (sgCON). 

Immunoblotting confirmed that Parkin was markedly reduced in the polyclonal 

sgPARK2 cell line (Figure 3.4A). Although the amount of endogenous Parkin is 

markedly less in SH-SY5Y cells compared with the overexpression model, 

modified BAK and Mfn2 were observed and these modifications were absent 

when Parkin was deleted (Figure 3.4B). This provided compelling evidence that 
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Parkin ubiquitinated BAK in a physiologically relevant setting. It is important to 

note that only a small proportion of BAK was modified by Parkin under these 

conditions. When compared with the ‘top tier’ canonical Parkin substrate VDAC 

(Ordureau et al., 2018) however, the detection of modified BAK is significant. It 

was next critical to show that BAK was a substrate of Parkin with orthogonal 

approaches in a variety of cellular contexts.  
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Figure 3.4 BAK is ubiquitinated by endogenous Parkin 

A) Parkin knock-out in a polyclonal SH-SY5Y cell line expressing Cas9 and a 

single guide RNA targeting Parkin (sgPARK2) or a non-targeting control 

(sgCON). Immunoblotted as indicated. B) Polyclonal SH-SY5Y cell lines 

described in (A) were treated with antimycin A (4 µM) and oligomycin (10 µM) 

(AO) for 3 h. Immunoblotted as indicated. Modified BAK or Mfn2 are denoted by 

arrowheads. Data is representative of three independent experiments 
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3.3 BAK is Ubiquitinated in Response to Multiple Mitophagy 
Stimuli  

I next sought to determine whether multiple mitophagy-inducing agents could 

activate Parkin as the combination of antimycin A and oligomycin may also trigger 

other signalling pathways, resulting in non-specific modification of BAK. Both the 

proton ionophore CCCP (Narendra et al., 2008), and the mitochondrial Heat 

shock protein 90 (HSP90) inhibitor GTPP (Fiesel et al., 2017), have been 

charactersied to trigger Parkin-dependent mitophagy and were able to induce 

ubiquitination of BAK and established Parkin substrates VDAC1 and Mfn2 similar 

to AO (Figure 3.5). GTPP was a weaker stimulus in these assays, most likely due 

to the fact that it indirectly damages mitochondria by causing the accumulation of 

misfolded mitochondrial proteins (Fiesel et al., 2017), whereas AO and CCCP 

depolarise mitochondria and presumably induce Parkin activity much more 

rapidly. Having confirmed that BAK was indeed a bona fide substrate of Parkin, I 

next sought to identify the crucial residues on which BAK was ubiquitinated to 

determine the effect of this post-translational modification. 
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Figure 3.5 BAK is ubiquitinated by Parkin in response to multiple mitophagy 
stimuli 

HeLa cells ectopically expressing HA-Parkin were treated with antimycin A (4 µM) 

and oligomycin (10 µM) (AO) for 3 h, CCCP (10 µM) for 3 h or GTPP (10 µM) for 

6 h. Immunoblotted as indicated. Quantification of relative unmodified protein 

signal relative to untreated controls from three independent experiments is shown 

as mean ± SEM. 
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3.4 BAK is Ubiquitinated on a Conserved Lysine Residue at 
113 

Ubiquitination typically occurs by the covalent attachment of the C-terminus of 

ubiquitin onto the e-amino group of a substrate lysine. Human BAK has two lysine 

residues, one well conserved lysine in the hydrophobic groove of BAK (K113) 

(Figure 3.6A, 3.6B) and a second lysine in the C-terminal tail of BAK (K210) which 

likely resides in the intermembrane space of mitochondria (Iyer et al., 2015). 

Given that Parkin is recruited from the cytosol to ubiquitinate proteins on an 

otherwise intact mitochondrial outer membrane, K113 seemed a more likely 

candidate for ubiquitination than K210. Additionally, K113 is conserved across 

species and is consistent with mouse BAK being ubiquitinated by human Parkin 

in response to mitochondrial damage (Figure 3.3B). BAX-/- BAK-/- HeLa cells were 

reconstituted with Parkin and either wild-type BAK or a single conservative lysine-

arginine mutant of BAK, K113R (Figure 3.7A). Upon challenging these cell lines 

with AO to induce mitophagy, the reintroduced BAK was predominantly mono 

and di-ubiquitinated, whereas the K113R mutant remained unmodified (Figure 

3.7B). This was despite evidence of Parkin activity by VDAC modification in these 

cells (Figure 3.7B). This demonstrated that K113 was the predominant target of 

Parkin-mediated ubiquitination of BAK. However, this does not preclude the 

possibility that K210 can also be ubiquitinated by Parkin if the integrity of the outer 

mitochondrial membrane is compromised, for example during apoptosis, which 

is discussed in greater detail in Chapter 5. Having identified the primary site of 

BAK ubiquitination, the functional consequence of BAK ubiquitination was then 

tested. 
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 Figure 3.6 Lysine residues in BAK 

A) Cartoon representation of BAK (PDB: 2IMS, Moldoveanu et al., Mol. Cell, 

2006) with its C-terminal helix modelled in the mitochondrial outer membrane. 

The hydrophobic groove is shown in blue and K113 and K210 are shown in red.  

B) Alignment of BAK from multiple species with K113 shown in red.   
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 Figure 3.7 BAK is ubiquitinated by Parkin on K113 

A) BAX/BAK-deficient HeLa cells re-expressing BAK or BAKK113R and HA-Parkin. 

Immunoblotted as described. B) Induction of mitophagy of cell lines from (A) with 

antimycin A (4 µM) and oligomycin (10 µM) (AO) for 3 h in the presence or 

absence of 20 µM MG132. Immunoblotted as described, data representative of 

three independent experiments.  
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3.5 Ubiquitinated BAK Persists on Mitochondria Over Time 

One possible mechanism by which Parkin may downregulate BAK is by 

mislocalising it as has been proposed for its close relative, BAX (Charan et al., 

2014). I utilised a detergent-based fractionation protocol to determine whether 

the balance of BAK was skewed towards the cytosol following ubiquitination. 

Permeabilising cells in a low concentration of digitonin and then centrifuging cells 

allows for the crude separation of the cytosol (C) and heavy membrane (M) 

fractions (Figure 3.8A). Following the activation of Parkin with AO, BAK was 

ubiquitinated, but was not significantly mislocalised into the cytosol (Figure 3.8B). 

The cytosol and membrane fractions are demarcated by cytosolic glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and the mitochondrial protein TOMM20 

respectively. An absence of BAK mislocalisation following the induction of Parkin 

activity is interesting, particularly given that VDAC2 is a prominent substrate of 

Parkin (Figures 3.2, 3.5) (Ordureau et al., 2018; Sarraf et al., 2013). The 

molecular interaction between VDAC2 and BAK is critical to retention of BAK on 

mitochondria (Cheng et al., 2003) with disruption of this complex inhibiting BAK-

mediated apoptosis (Lazarou et al., 2010; Ma et al., 2014). Interrogation of the 

interface between VDAC2 and BAK suggests the cytosolic face of VDAC2 is 

critical for BAK import (Naghdi et al., 2015). Interestingly, ubiquitination of VDAC2 

on this interface has been reported (Ordureau et al., 2018), although not in the 

same region required for BAK interaction. While this ubiquitination may have a 

role in recruiting BAK to mitochondria, Parkin-induced ubiquitination of BAK or 

VDAC2 does not lead to the mislocalisation of BAK.  
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I next sought to test whether ubiquitinated BAK was degraded over time. The 

induction of mitophagy was initiated with AO as previously and cells were 

harvested at timepoints up to 8 h. Again, canonical substrates of Parkin including 

Mfn2 and VDAC2 were polyubiquitinated whereas BAK persisted over time with 

equivalent mono- and di-ubiquitination over 8 h (Figure 3.8C). Whilst BAK is 

primarily mono- and di-ubiquitinated by Parkin, polyubiquitinated forms were 

detected following ubiquitin enrichment assays (Figure 3.2B). As such, it was 

hypothesised that the population of polyubiquitinated BAK was not being 

degraded by the proteasome and therefore might be conjugated with atypical 

(non-K48-linked) ubiquitin chains. 
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Figure 3.8 Ubiquitination does not alter localisation or stability of BAK 

A) Schematic representation of digitonin subcellular fractionation to separate the 

cytosol and heavy membrane fractions. B) Subcellular fractionation of BAK and 

BAKK113R HeLa ectopically expressing Parkin following treatment with antimycin 

A (4 µM) and oligomycin (10 µM) (AO) for 3 h. Fractions denoted as cytosol (C) 

and heavy membrane (M). Immunoblotted as described, representative of two 

independent experiments. C) Membrane fraction of HA-Parkin expressing HeLa 

cells treated with AO as described in (B) over a time-course up to 8 h. 

Immunoblotted as described, representative of two independent experiments. 
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Figure 3.9 Two-step enrichment of BAK for mass spectrometry 

A) Workflow of two-step affinity purification of Strep-FLAG tagged BAK for mass 

spectrometric analysis. B) Expression of Strep-FLAG-BAK or Strep-FLAG-

BAKK113R in HeLa after treatment with antimycin A (4 µM) and oligomycin (10 µM) 

(AO) for 3 h. Immunoblotted as described. Representative of two independent 

experiments. C) Two-step enrichment of Strep-FLAG-BAK using sequential 

streptactin pull-down and FLAG immunoprecipitation following AO treatment as 

described in (B). Immunoblotted as described. Arrowheads denote ubiquitinated 

forms of BAK. 
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3.6 Characterisation of Polyubiquitin Chains on BAK 

As discussed in Section 1.2.3, the ubiquitin code is complex, with a combination 

of post-translational modifications and chain specific linkages contributing to the 

multitude of signals ubiquitin chains can generate. To determine the ubiquitin 

linkage specificity on BAK, a two-step enrichment protocol was adopted (Figure 

3.9A). In this assay a Strep-II, FLAG twin-tagged BAK or an equivalent BAK 

K113R construct were expressed in BAK/BAX deficient HeLa cells that 

ectopically expressed HA-Parkin. Parkin activity was induced with AO and BAK 

modification was validated by immunoblotting with polyubiquitination of Mfn2 

serving as a control for Parkin activation (Figure 3.9B). Detection of ubiquitinated 

Strep-FLAG-BAK was reduced compared to untagged BAK, suggesting two 

affinity tags somewhat reduced Parkin’s ability to modify BAK (Figure 3.9B).  

 

Notably, the expression level of the K113R mutant was much less than the twin 

tagged BAK construct and so the K113R cell line was not a valid comparator and 

was therefore omitted from further mass spectrometry experiments. Instead the 

relative abundance of ubiquitin chain linkages with or without AO treatment was 

assessed. Having validated that the Strep-FLAG-BAK was ubiquitinated by 

Parkin, I proceeded to sequentially enrich this BAK in a two-step purification 

strategy with streptactin and anti-FLAG beads prior to mass spectrometric 

analysis (Figure 3.9C). Ubiquitinated BAK could be detected following Strep and 

FLAG enrichment (Figure 3.9C) albeit at lower relative abundance than seen with 

untagged BAK. These samples were analysed by mass spectrometry to 

interrogate the nature of ubiquitin chains on BAK. 
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Ubiquitin chains are formed by the covalent attachment of the C-terminus of one 

ubiquitin molecule onto the lysine residue of an adjacent ubiquitin. Ubiquitin has 

multiple lysine residues that can be linked with another ubiquitin as well as its N-

terminal methionine (Figure 3.10A, PDB: 1UBQ, lysine residues coloured red) 

(Vijay-Kumar et al., 1987). This covalent linkage leaves a remnant di-Gly motif 

following tryptic digest. This allows identification of ubiquitinated lysine residues 

on a substrate protein by mass spectrometry. Similarly, di-Gly modifications on 

ubiquitin peptides can identify which types of ubiquitin chains were assembled on 

a protein when coupled to affinity enrichment (Figure 3.10B). Phospho-ubiquitin 

is a hallmark of PINK1-induced mitophagy and as expected was enriched in AO 

stimulated cells (Figure 3.10C).Despite this induction of mitophagy, the 

percentage of ubiquitin and BAK peptides per sample was less than 2%, despite 

two steps of enrichment (Figure 3.10D). This paucity of BAK peptides can likely 

be explained by the sequence of BAK which contains relatively long peptides 

when digested with trypsin. Additionally, ubiquitination of BAK ablates K113 as a 

tryptic site, thus resulting in a large 39+2 amino acid tryptic peptide (Y89-R127 + 

GG) (Figure 3.10E), that makes identification of this peptide fragment challenging 

when using standard chromatography-based mass spectrometry workflows. 

Given these challenges in enriching ubiquitin chain linkages on BAK, an 

orthogonal de-ubiquitinase assay was employed.  

  



 
 
94 
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Figure 3.10 Proteomic analysis of the ubiquitination of BAK 

A) Structure of ubiquitin (PDB: 1UBQ, Vijay-Kumar et al., J. Mol. Biol., 1987). 

Lysines and N-terminal methione residues displayed as sticks and coloured red. 

B) Schematic representation of tryptic digestion of a K48-linked ubiquitin 

polypeptide. C) Relative enrichment of phospho Ser65 ubiquitin peptides by mass 

spectrometry from Strep and FLAG enrichment of BAK described in (Figure 3.9). 
Sum intensity from immunoprecipitation of untreated and antimycin A (4 µM) and 

oligomycin (10 µM) (AO) treated cells for 3 h from Strep-FLAG-BAK HeLa 

expressing Parkin. D) Relative abundance of BAK peptides and ubiquitin 

peptides from the two step enrichment of Strep-FLAG-BAK in untreated and AO 

treated cells as in (C). E) Theoretical tryptic peptides from a digest of 

ubiquitinated BAK where lysine and arginine residues are coloured red. 

Underlined sequence represents a theoretical di-Gly modified tryptic peptide 

when BAK is ubiquitinated on Lys 113 (green). 
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An alternative approach to identify ubiquitin chains on substrates is to employ 

linkage specific DUBs (Figure 3.11A). These assays use the intrinsic specificity 

of DUBs to remove particular chains of ubiquitin from substrates and when 

coupled to immunoblotting, give an indication of the type of ubiquitin chains on a 

protein of interest (Hospenthal et al., 2015). Using this approach, 

immunoprecipitated BAK was treated with a panel of linkage-specific DUBs. 

Whilst the non-specific DUB USP2 was able to completely remove ubiquitin, only 

Cezanne, a K11-specific DUB showed any activity in this assay (Figure 3.11B). 

This agrees with other studies that suggest K6, K11 and K63 are the predominant 

ubiquitin chains conjugated by Parkin (Cunningham et al., 2015; Ordureau et al., 

2018). It is important to note however, that OTU de-ubiquitinase 3 (OTUD3), 

which has a bi-specificity for K6 and K11 chains did not remove ubiquitin chains 

on BAK. Cezanne has been reported to have non-specific activity at higher 

concentrations (Bremm et al., 2010), and therefore collapse of BAK-Ub chains 

could potentially be a result of the non-specific activity of this DUB. A confluence 

of factors meant that identifying the nature of ubiquitin chains on BAK was 

challenging, including the difficulty in generating tryptic peptides of BAK suitable 

for mass spectrometry and the relative abundance of mono- and di-ubiquitin 

modifications on BAK compared to other substrates. However, given that mono- 

and di-ubiquitination of BAK in the conserved hydrophobic groove was the 

predominant form of modification by immunoblotting, it may be that mono-

ubiquitination is sufficient to modulate BAK. Hence, I next hypothesised that 

mono-ubiquitination of BAK inhibited its apoptotic function.  
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 Figure 3.11 Interrogating BAK ubiquitination with linkage-specific DUBs 

A) Schematic representation of chain-specific DUBs in the UbiCRest kit 

(Hospenthal et al., Nat. Protoc., 2015). B) Treatment of immunoprecipitated BAK 

with chain specific DUBs. Immunoblotted as described, representative data from 

three independent experiments.   
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3.7 Access to K113 is Critical to BAK Ubiquitination 

The formation of BH3:groove homodimers is critical to the function of BAK and 

mutations to this interface can affect activation and homodimerisation and thus 

perturb the killer function of BAK (Brouwer et al., 2014; Dewson et al., 2012). 

BAK undergoes a series of molecular rearrangements to induce its killer activity. 

Initially, BH3-only proteins transiently activate BAK, promoting a conformational 

change allowing BAK to dimerise and then multimerise. These oligomers can 

then mediate MOMP by an unknown mechanism. Both the initial activating 

interaction and self-association involve a hydrophobic groove on the surface of 

BAK, comprising α-helices 3-5 (Brouwer et al., 2014; Dewson et al., 2008; 

Moldoveanu et al., 2013). In the same way, it was hypothesised that inducing 

BH3:groove BAK homodimers would sterically occlude Parkin from conjugating 

ubiquitin onto K113 in this hydrophobic groove.  

 

To test this hypothesis, full activation and dimerisation of BAK was induced by 

treating cells with combined BH3 mimetics ABT-737 and S63485, followed by 

induction of Parkin activity by AO. ABT-737 is a potent inducer of apoptosis by 

inhibiting BCL-XL, BCL-2 and BCL-W (Oltersdorf et al., 2005), and S63485 

similarly inhibits the pro-survival protein, MCL-1 to induce cell death (Kotschy et 

al., 2016). Importantly, these experiments were conducted in the presence of the 

pan-caspase inhibitor QVD-OPh to prevent the proteolytic disassembly of the cell 

by caspases. The majority of BAK dissociated from the VDAC2 complex and 

formed homodimers following BH3 mimetic treatment (Figure 3.12A), as has 

been reported previously (Ma et al., 2014). When BAK was activated and 



 
 

99 

dimerised, it was significantly less ubiquitinated by Parkin than inactive 

monomeric BAK following AO treatment (Figure 3.12A). In contrast, the targeting 

of canonical substrates Mfn2 and VDAC2 was unaffected by the induction of 

apoptosis with BH3 mimetics (Figure 3.12A). Therefore, access to the 

hydrophobic groove is key for both the dimerisation of BAK as well as its 

ubiquitination by Parkin. This provides rationale for the hypothesis that 

ubiquitination of K113 in the hydrophobic groove may inhibit the activation or 

dimerisation of BAK (Figure 3.12B). 
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 Figure 3.12 Occlusion of the hydrophobic groove by homodimerisation 
prevents BAK ubiquitination 

A) Native- and SDS-PAGE immunoblots of HeLa cells ectopically expressing HA-

Parkin and treated with QVD-OPh (10 µM) and a combination of 1 µM of ABT-

737 and 1 µM of S63485 (BH3 mimetics, BH3) or antimycin A and oligomycin 

(AO) or BH3 prior to AO. Samples immunoblotted as described, data 

representative of three independent experiments. Arrows on BN-PAGE panel 

indicate different states of BAK activation and complex formation. B) Schematic 

representation of the mechanism by which BAK and Parkin interact during 

apoptotic and mitophagy settings. 
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3.8 BAK Activity on Liposomes and Mitochondria is 
Reduced by Artificial Ubiquitin Conjugation 

Having demonstrated that the formation of homodimers could markedly inhibit 

the ubiquitination of BAK, I next tested whether the ubiquitination of BAK could 

inhibit its apoptotic function. Given that the site of BAK ubiquitination on K113 is 

in the α4 flanking this hydrophobic groove, I hypothesised that ubiquitinated BAK 

may have impaired apoptotic function due to inhibited activation or homo-

oligomerisation.  

 

To characterise the functional consequence of ubiquitination on the apoptotic 

function of BAK, and given that the predominant form was mono-ubiquitinated 

(Figure 3.5, 3.8), a minimal model liposome system was used (Figure 3.13). This 

liposome system recapitulates the mitochondria by incorporating the ratios of lipid 

components observed in the mitochondrial outer membrane (Kuwana et al., 

2002). As full-length BAK is unstable as a recombinant protein, BAK was 

engineered with a truncated N-terminus and a 6x histidine tail instead of its own 

hydrophobic transmembrane domain (∆N22, ∆C25, ∆Cys, 6-His). This BAK 

variant can be targeted to liposomes through Ni-NTA lipid headgroups and can 

permeabilise liposomes upon activation with a BID BH3 peptide (Brouwer et al., 

2017; Oh et al., 2010). To model the mono-ubiquitination of BAK, ubiquitin with a 

cysteine in place of its terminal amino acid glycine (Ub G76C) was purified. In 

addition, recombinant BAK with a single cysteine at position 113 (hereafter 

referred to as K113C) was expressed and purified, allowing the disulphide linkage 

of BAK with a single ubiquitin molecule specifically at this residue by addition of 

the oxidant CuPhe (Kobashi, 1968). Previous reports have used similar C-
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terminal cysteine ubiquitin mutants in structural (Wiener et al., 2012) and protein-

protein interaction studies (Borodovsky et al., 2002). The disulphide-linked 

complex was purified by anion-exchange chromatography and validated on non-

reducing SDS-PAGE (Figure 3.14).  
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Figure 3.13 Liposome dye release assay 

Schematic representation of fluorescence-based liposome assay. Recombinant 

BAK 6-His is targeted to liposomes by binding to a Ni-conjugated lipid. Addition 

of BID-BH3 peptide activates BAK and induces permeabilisation of the liposome 

and subsequent release of fluorescent dye. 
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Figure 3.14 Disulphide linkage of recombinant BAK and Ubiquitin cysteine 
mutants 

Gel filtration trace of cross-linked BAK K113C and Ub G76C following CuPhe 

cross-linking on an anion exchange column. Trace represents protein 

absorbance eluted over time with increasing concentration of NaCl. Fractions 

indicated from the trace run on a non-reducing SDS-PAGE gel and Coomassie 

stained. Arrows denote different forms of disulphide-linked BAK and Ub proteins. 

Fraction 2 (circled) was used for liposome assays. 
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This disulphide bond could be broken with addition of the reducing agent TCEP 

(Figure 3.15A), allowing subsequent rescue experiments to be performed. It was 

observed that upon activation with BID BH3 peptide, BAK-Ub had reduced 

liposome permeabilisation activity compared with an equimolar concentration of 

unmodified BAK, suggesting that disulphide-linked ubiquitin at position 113 in the 

hydrophobic groove impairs the membrane permeabilising function of BAK 

(Figure 3.15B). Examination of the BAK complexes formed on liposomes by BN-

PAGE showed that dimerisation and oligomerisation of BAK-Ub was impaired 

(Figure 3.15C). Both the ability to permeabilise membranes and form dimers and 

oligomers were rescued by the addition of the reducing agent TCEP to remove 

the conjugated ubiquitin (Figure 3.15B and C). This demonstrates that the 

inhibition in BAK activity was specifically mediated by the disulphide-linked 

ubiquitin at position 113. 
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 Figure 3.15 Disulphide-linked ubiquitin inhibits BAK on liposomes 

A) Non-reducing SDS-PAGE of BAK cross-linked with Ub and reduced with 25 

mM TCEP. B) Relative carboxy-fluorescein release from liposomes with 50 nM 

of BAK or BAK-Ub treated with 4 µM BID-BH3 peptide in the presence or absence 

of 25 mM TCEP. Samples normalised to Triton X-100 lysed positive control. Data 

are representative of three independent experiments displaying mean ± SD. C) 
BN-PAGE analysis of BAK or BAK-Ub oligomerisation from timepoints in (B) in 

the presence or absence of 25 mM TCEP. Representative of at least two 

independent experiments. Immunoblotted as described. 
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Given that conjugation of ubiquitin onto BAK at this single site impaired the ability 

of BAK to permeabilise liposomes, I next sought to test whether ubiquitination of 

BAK had a role in limiting mitochondrial membrane permeabilisation. To mimic 

BAK ubiquitination on mitochondria, the BAK K113C variant or a BAK cysteine 

null (DCys) control, were expressed in Bax-/- Bak-/- (DKO) MEFs (Figure 3.16A) 

These variants have been shown previously to be functional in cells (Dewson et 

al., 2008). Membrane fractions enriched for mitochondria were isolated from cells 

expressing these BAK variants and incubated with recombinant Ub G76C in the 

presence of the oxidant CuPhe to induce disulphide bond formation. I then tested 

whether artificial ubiquitination of BAK affected its ability to mediate mitochondrial 

outer membrane permeabilisation and cytochrome c release in response to 

recombinant cBID (Figure 3.16B). Consistent with the liposome assays, 

conjugation of Ub G76C to BAK K113C abrogated its ability to mediate 

cytochrome c release in response to cBID compared to unmodified BAK (Figure 

3.16B). Additionally, immunoblotting for ubiquitin showed an increased signal 

with the addition of Ub G76C to mitochondria in the presence of CuPhe. 

However, despite the prominent modified band migrating at the expected size for 

BAK-Ub there may also have been some BAK cross-linked to cysteine residues 

on proteins other than recombinant Ub G76C that may also have influenced 

BAK’s function.  
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Figure 3.16 Disulphide-linked ubiquitin on K113 inhibits BAK on 
mitochondria 

A) Expression of BAKΔCys or BAKK113C in Bax -/- Bak -/- MEF. Immunoblotted as 

indicated. B) Mitochondrially-enriched membranes from MEFs expressing 

BAKΔCys or BAKK113C shown in (A) were cross-linked (CuPhe) with UbG76C and 

treated with cBID for 30 min at 30°C. Supernatant (S) and pellet (P) fractions 

were then immunoblotted for BAK under non-reducing conditions, or cytochrome 

c or ubiquitin under reducing conditions. Representative data of three 

independent experiments. Arrow indicates BAK disulphide linked to ubiquitin. 
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3.9 BAK Activation and Mitochondrial Permeabilisation is 
Reduced by Parkin-mediated Ubiquitination in Cells 

Having shown that a ubiquitin conjugated to BAK could inhibit BAK’s apoptotic 

function on isolated mitochondria, I next tested whether Parkin-mediated 

ubiquitination of BAK, as occurs in a cellular context, was also capable of 

inhibiting BAK apoptotic function. HeLa cells ectopically expressing Parkin were 

first treated with AO to induce Parkin-mediated ubiquitination of BAK and 

subsequently treated with combined BH3 mimetics ABT-737 and S63485 to 

induce BAK activation. These cells were then permeabilsed and incubated with 

a conformation-specific BAK antibody (G317-2) that binds to activated BAK 

(Alsop et al., 2015). Cells with activated BAK were then quantified by adding a 

fluorescently tagged secondary antibody and measuring fluorescence by 

intracellular flow cytometry (Figure 3.17A) (Alsop et al., 2015; Griffiths et al., 

1999). Following induction of Parkin-mediated ubiquitination, the exposure of the 

activation-specific epitope in BAK was reduced in response to BH3 mimetics 

(Figure 3.17B). This suggests that BAK activation was impaired after 

ubiquitination and is consistent with the hydrophobic groove of BAK as the 

activation site for BH3-only proteins (Brouwer et al., 2014; Moldoveanu et al., 

2013). Although BAK activation by flow cytometry was not completely blocked in 

AO-treated cells, it is consistent with a proportion of non-ubiquitinated BAK under 

these conditions (Figure 3.2A). 
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 Figure 3.17 Induction of Parkin activity inhibits BAK activation in cells 

A) Schematic representation of intracellular FACS assay of BAK activation. B) 
Representative histograms of BAK activation measured by G317-2 following 1 

µM ABT-737 and 1 µM S63485 (BH3) treatment in the presence or absence of 

antimycin A and oligomycin (AO) for 2 h. Mean fluorescence intensity data from 

three independent experiments is plotted relative to untreated control. Data 

represents mean ± SEM from three independent experiments. I gratefully 

acknowledge the technical assistance of Shuai Huang in these flow cytometry 

experiments. 
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To test whether this defect in activation inhibited BAK apoptotic function, I 

reconstituted BAX-/- BAK-/- HeLa cells with Parkin and BAK and treated them with 

AO to induce Parkin-mediated ubiquitination. Mitochondria isolated from these 

cells were then incubated with recombinant cBID and cytochrome c release was 

assessed. AO pre-treatment desensitised these mitochondria to cBID-induced 

cytochrome c release (Figure 3.18A), indicating that ubiquitination of 

mitochondrial proteins, including BAK, was sufficient to limit mitochondrial outer 

membrane permeabilisation.  

 

To test if this extended to endogenous BAK, I repeated these experiments with 

HeLa cells with or without ectopically expressed Parkin. As BAK is constitutively 

mitochondrial whereas BAX is cytosolic in HeLa cells (Zhou and Chang, 2008), 

mitochondrial outer membrane permeabilisation in these mitochondrial assays is 

predominantly mediated by BAK. As with mitochondria isolated from BAK-

reconstituted cells, mitochondria isolated from HeLa cells with endogenous BAK 

were more resistant to cytochrome c release when pre-treated with AO (Figure 

3.18B). This effect was Parkin dependent as AO-treatment had a minimal effect 

on cytochrome c release from mitochondria isolated from wild-type HeLa cells 

(Figure 3.18B). The protective effect was not due to impaired targeting of cBID 

to the mitochondria (Figure 3.18C), indicating that BAK apoptotic activity was 

likely inhibited and that the mechanism is likely due to steric obstruction of the 

critical hydrophobic groove in BAK. This functional inhibition of BAK may also 

have implications for PD in which cell death of dopaminergic neurons is 
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associated with defective Parkin signalling, potentially de-repressing BAK 

activity.  
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 Figure 3.18 BAK ubiquitination inhibits cytochrome c release on 
mitochondria 

A) BAK-/- BAX-/- HeLa cells expressing Parkin and BAK were treated with 

antimycin A and oligomycin (AO) for 2 h prior to isolation of mitochondria and 

treatment with recombinant cBID at indicated concentrations for 0.5 h. 

Immunoblots are representative of three independent experiments. B) HeLa cells 

or HeLa cells expressing Parkin were treated and analysed as in (A). 
Immunoblots are representative of three independent experiments. Ubiquitinated 

BAK is indicated (arrow). C) HeLa cells expressing HA-Parkin were treated with 

AO as in (B) prior to fractionation into cytosol and heavy membrane. Membrane 

fractions were then incubated with cBID as indicated. Incorporated cBID was then 

determined by centrifugation to separate the supernatant (S) from the membrane 

pellet (P) prior to immunoblotting. 
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3.10 PD-Patient Mutations in Parkin Affect BAK ubiquitination 

I next tested whether Parkin mutations associated with AR-JP had a reduced 

capacity to ubiquitinate BAK. Single point mutations in Parkin that have been 

implicated in AR-JP were cloned and retrovirally expressed in HeLa cells (Figure 

3.19A). Four of the five mutations in Parkin abolished its ability to induce BAK 

modification as well as diminishing ubiquitination of canonical Parkin substrates 

Mfn2 and VDAC1 with the exception being the R104W mutation (Figure 3.19B). 

Notably, Mfn2 was partially ubiquitinated in the K161N and R275W mutants, 

perhaps indicating an intermediate phenotype for these Parkin mutants. K161N, 

K221N, R275W and G284R have been characterised as loss of function 

mutations (Wang et al., 2007; Wauer et al., 2015) whereas the patient mutation 

R104W (Chaudhary et al., 2006) has a more mild ubiquitin charging defect in 

biochemical assays (Gladkova et al., 2018). VDAC1 and Mfn2 ubiquitination was 

generally concordant with BAK modification, suggesting that the catalytic activity 

of Parkin was required to ubiquitinate BAK (Figure 3.19B). This compelling data 

from AR-JP-associated mutations in Parkin further underscores that BAK is a 

bona fide substrate of Parkin, one that can be tuned by ubiquitination to alter the 

apoptotic response, with implications for apoptosis in the context of PD. 
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 Figure 3.19 Patient-associated Parkin mutants are less-able to ubiquitinate 
BAK 

A) Schematic of Parkin domain architecture highlighting mutants tested in 

subsequent assays. B) HeLa cells ectopically expressing Parkin, or the patient-

derived Parkin mutants R104W, K161N, K211N, R275W or G284R treated with 

antimycin A and oligomycin (AO) for 2 h. All constructs contain N-terminal twin 

FLAG tags with the exception of R104W which was untagged. Quantification of 

relative unmodified protein signal from three independent experiments is shown 

as mean ± SEM. 
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3.11 Conclusions 

The role that Parkin plays in cell death is contentious, with evidence for a pro-

apoptotic role from molecular biology experiments (Carroll et al., 2014; Chen et 

al., 2010) and evidence of Parkin as a cyto-protective molecule from neuronal 

cultures and disease models (Jiang et al., 2004; Staropoli et al., 2003). Given the 

multitude of mitochondrial proteins targeted by Parkin-mediated ubiquitination, it 

has been difficult to determine the effect that damage-induced mitophagy has on 

the apoptotic response, and indeed others have suggested Parkin can have a 

pro- and anti-apoptotic response based on the strength of the stimulus applied to 

cells (Zhang et al., 2014). This chapter addresses this disconnect to provide 

mechanistic insight into how Parkin acts as a cyto-protective molecule in the 

context of PD by directly targeting the apoptotic effector BAK. 

 

Dopaminergic neuron loss in the substantia nigra of the brain causes the tremor 

and motor deficit that PD patients commonly present with. The specific death of 

this neuronal subset been associated with apoptosis in the past, but the specific 

mechanism of cell death in this cell population remains uncertain. While a 

mechanism for BAX inhibition has been proposed in Parkin signalling (Charan et 

al., 2014; Johnson et al., 2012) (discussed in Chapter 4), no such role has been 

reported for BAK. Brain tissue does not express high levels of BAK (Krajewski et 

al., 1996), and indeed differentiated neurons are proposed to express only a 

truncated variant of BAK, termed N-BAK (Uo et al., 2005). This does not discount 

the possibility that specialised cells, including dopaminergic neurons or 
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supporting glial cells, may indeed rely on BAK-mediated apoptosis. Conistent 

with this, BAK was shown to play the predominant role in paraquat-induced 

neurotoxicity (Fei et al., 2008). The sensitivity of dopaminergic neurons in the 

substantia nigra to Parkin mutation in AR-JP is a prime example of how a very 

small subset of cells are impacted by defective damage-induced mitophagy. It 

may be the case that these dopaminergic neurons rely on BAK-mediated 

apoptosis, which is held in check by Parkin signalling.  

 

The manipulation of Parkin signalling by small molecules is a potential 

therapeutic intervention to slow the neuronal decline in PD by preventing the 

accumulation of dysfunctional mitochondria in patient neurons. The observation 

that Parkin inhibits BAK-mediated apoptosis further complicates matters as the 

induction of mitophagy signalling can also inhibit BAK apoptotic function. Whilst 

this might provide a benefit in post-mitotic neuronal cells, BAK inhibition may have 

unintended consequences in other tissues. It is important to note that the loss of 

PINK1 or Parkin activity is associated with some solid tumours (Bernardini et al., 

2016), and so small molecule activators of Parkin likely would not have a role in 

promoting somatic tumours. Contrastingly, disturbing the balance of BAK-

mediated apoptosis may promote cell survival and perhaps tumour formation in 

specific subsets of cells in the brain. This would be counterbalanced by an 

increased fidelity of the mitochondrial network in post-mitotic neurons.  

 

While Parkin-mediated inhibition of apoptosis is likely to be beneficial to sensitive 

dopaminergic neurons, the role this pathway has in other support cells in the brain 
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is unclear. Examining glial cell populations in the brain may also be informative. 

This is particularly in light of the fact that PD patients typically have a pronounced 

neuroinflammation (Croisier et al., 2005; Sliter et al., 2018), implicating cytokine-

producing support cells in the brain as key players during disease (this is 

discussed in greater detail in Chapter 5). 

 

It is worth noting that BAK has largely been overlooked as a substrate of Parkin 

in the past. This bias is largely due to the low level of BAK expression in the brain 

(Krajewski et al., 1996) in addition to the absence of any mass spectrometry-

based evidence of BAK ubiquitination during mitophagy. As discussed, whole 

brain lysates may not be reflective of the proteins expressed in particular 

specialised cell subtypes in the brain. The absence of ubiquitinated BAK in 

ubiquitylomics studies is easier to address. As outlined in Section 3.6, the tryptic 

peptide encompassing the di-Gly site on K113 is difficult to detect by mass 

spectrometry given its large 39+2 amino acid size (Y89-R127 + GG). Indeed BAK 

itself is difficult to interrogate by mass spectrometry due to the paucity of arginine 

and lysine residues that are required for conventional tryptic digestion strategies 

(Figure 3.10E). Digestion of BAK with other proteases such as chymotrypsin, may 

yield more amenable peptides for BAK identification by mass spectrometry. 

However, this method is also problematic for ubiquitin digestion as aromatic 

residues, that are the sites of cleavage with chymotrypsin, are also infrequent in 

the small soluble ubiquitin protein. BAK is a case study which demonstrates the 

importance of using multiple orthogonal approaches to validate ubiquitinated 

proteins to complement large mass spectrometry datasets.  
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Whilst BAK has not been reported as a substrate of Parkin previously, there is 

some precedent for BAK ubiquitination by HECT and RLD domain-containing E3 

ubiquitin protein ligase 1 (HERC1). HERC1 is the only E3 ligase that has been 

previously described to regulate BAK by inducing its degradation (Holloway et al., 

2015). Notably the ubiquitination of BAK described here by Parkin is non-

degradative with BAK largely stable over time in both cases. This highlights that 

the nature of the ubiquitin chain linkage on BAK determines the fate of the protein. 

Indeed, mono-ubiquitination is sufficient to inhibit BAK function in theses assays. 

 

The sum of experiments detailed in this chapter offer a comprehensive portrait of 

how Parkin-mediated ubiquitination inhibits BAK activity, yet there are some 

limitations to these experiments. One such caveat is that the model for damage-

induced mitophagy in cells largely requires ectopic expression of Parkin. Whilst 

this ectopic expression is often necessary to interrogate mitophagy signalling in 

the absence of sensitive techniques such as mass spectrometry, it may also skew 

signalling pathways due to Parkin’s overexpression. This is a valid criticism and 

was addressed by validating BAK as a substrate of Parkin in an endogenous 

setting (Figure 3.4). Similarly, recent work highlights the complementarity of 

Parkin signalling in this ectopic expression model with that observed in neurons 

with endogenous Parkin, with many of the substrates identified being consistent 

between the two models (Ordureau et al., 2018). In an endogenous neuronal 

setting, Parkin is only likely to be active on discrete mitochondria and would not 

typically be required for the clearance of the entire damaged mitochondrial 
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network that is induced with mitochondrial uncouplers, such as AO. This explains 

why paraquat or MPP+ neurotoxins can overwhelm the pool of endogenous 

Parkin and cause an acute form of Parkinsonism (Javitch et al., 1985; 

McCormack et al., 2002).  

 

It is particularly important when interrogating changes in protein levels during 

mitophagy to have a proper mitochondrial marker control to assess mitochondrial 

degradation on the whole. This can then be compared to proteins modified by 

Parkin on the mitochondrial outer membrane, such as BAK, to determine the 

relative contribution of bulk mitophagy to protein modification over time. In the 

data presented here, TIMM44, an inner mitochondrial membrane protein, has 

been used to assess the degree of bulk mitochondrial clearance. The assays 

presented here show only low levels of mitochondrial clearance within the initial 

induction of Parkin signalling inside three hours. This discounts the possibility that 

Parkin substrates are being degraded by bulk mitophagy during these early time 

points as the inner mitochondrial markers remain at comparable levels. 

 

Another difficulty in this study was the isolation of a homogenous mix of 

ubiquitinated BAK for studies on the activation of BAK in cells, given that a 

proportion of BAK remained unmodified during Parkin-induced mitophagy (Figure 

3.2A, 3.5). To address this heterogeneity, the generation of disulphide-linked 

recombinant BAK-Ub was employed. It is important to note in this assay, the 

disulphide-linked BAK-Ub does not truly recapitulate the isopeptide bond that E3 

ubiquitin ligases conjugate onto their substrates in vivo. This is not a major 
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detractor in this assay however as the bond length of an isopeptide bond and a 

disulphide bond are similar. Although disulphide bonds are more rigid than 

peptide bonds, this conjugation occurred in the flexible C-terminus of ubiquitin 

and therefore likely had very little effect on mimicking ubiquitination. The use of 

TCEP to reduce these bonds was very effective in liposome assays, however it 

also slowed the kinetics of BAK-mediated liposome permeabilisation, potentially 

by impairing BAK targeting to membranes by coordination of the His tail to the Ni 

conjugated to the lipids.  

 

This chapter characterises BAK as a novel substrate of Parkin and illuminates a 

role for ubiquitination in slowing the kinetics of BAK-mediated apoptosis during 

mitophagy. This allows the assembly of a model for how Parkin coordinates BAK-

mediated apoptosis in multiple stages during its conversion into a membrane-

permeabilising killer (Figure 3.20). This could be a potential mechanism by which 

cells undergoing mitophagy prevent apoptosis, allowing for clearance of 

damaged mitochondria without errantly inducing cell death. 
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 Figure 3.20 Model of the effect of Parkin-mediated BAK ubiquitination on 
intrinsic apoptosis 

Following mitochondrial damage, PINK1 is stabilised at the mitochondrial outer 

membrane (OM) where it phosphorylates ubiquitin to recruit Parkin. 

Phosphorylation by PINK1 activates Parkin to ubiquitinate a variety of substrates 

including Mfns and VDACs. Parkin ubiquitinates BAK on a conserved lysine 

(K113) to inhibit BAK oligomerisation and its apoptotic function, thus slowing the 

kinetics of cytochrome c release from the intermembrane space (IMS). 
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4 Investigation of the Pro-apoptotic Protein BAX 

During Mitophagy 

Some of the data presented in this chapter has been accepted as a research 

article in EMBO J and is included in this thesis as Appendix 5.  

4.1 An Overview of BAX Recruitment to Mitochondria  

The pro-apoptotic protein BAX shares many structural and functional similarities 

with its close relative BAK. Unlike BAK, BAX exists largely in the cytosol and is 

recruited to mitochondria following an apoptotic insult (Hsu et al., 1997). The 

nature of this translocation is not completely understood. Like BAK, BAX has 

been shown to interact with VDAC2 and loss of VDAC2 in combination with BAK 

prevents BAX from accumulating at mitochondria following induction of apoptotic 

signalling (Chin et al., 2018; Lauterwasser et al., 2016; Ma et al., 2014). Other 

studies have shown a requirement for BCL-XL for preventing BAX accumulation 

at mitochondria by retrotranslocating it to the cytosol (Edlich et al., 2011). 

Structurally, BAX has to undergo an additional molecular rearrangement to BAK 

to be fully active as its C-terminal helix resides in its hydrophobic groove (Suzuki 

et al., 2000). Thus, in the cytosol BAX is thought to be in a monomeric inactive 

state (Vogel et al., 2012), although more recent evidence suggests an inactive 

BAX dimer can also exist (Garner et al., 2016). Once the transmembrane helix of 

BAX is displaced from its hydrophobic groove it is able to embed in the 

mitochondrial outer membrane, allowing BAX to form reciprocal BH3:groove 

homodimers that can further oligomerise and permeabilise the outer 

mitochondrial membrane in much the same way as BAK (Czabotar et al., 2013).  
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As BAX is a predominantly cytosolic protein and Parkin is inactive in the cytosol, 

it appears an unlikely target for Parkin-mediated ubiquitination. Despite this, 

studies have suggested that BAX is ubiquitinated during damage-induced 

mitophagy (Johnson et al., 2012; Sarraf et al., 2013), but the abundance of this 

is ubiquitination is less clear. Additional work has also suggested that Parkin has 

a role in targeting misfolded BAX for degradation (Cakir et al., 2017). As BAX is 

relatively well expressed in neurons when compared to BAK (Krajewski et al., 

1996; Krajewski et al., 1995; MacGibbon et al., 1997), a plausible mechanism for 

Parkin’s cyto-protective function is that it inhibits BAX.  

 

In this chapter, the role of Parkin in BAX-mediated apoptosis is examined, in 

particular the role of the BAX mitochondrial import facilitator, VDAC2, during 

damage-induced mitophagy.  

4.2 BAX Apoptotic Function is Ablated by Parkin Activity 

To determine whether Parkin could indeed inhibit the apoptotic function of BAX, 

as reported previously (Charan et al., 2014; Johnson et al., 2012), BAK/BAX-

deficient HeLa cells were reconstituted with BAX with or without Parkin. Cell lines 

were then treated with AO to activate Parkin followed by treatment with the BH3 

mimetics ABT-737 (Oltersdorf et al., 2005) and S63485 (Kotschy et al., 2016) to 

inhibit the pro-survival BCL-2 family members and rapidly activate BAX. Bright 

field images show that the induction of BAX-dependent apoptosis with BH3 

mimetics led to cell detachment and membrane blebbing, representative of 

apoptosis in HeLa cells lacking Parkin (Figure 4.1A). Mitochondrial depolarisation 
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with AO did not alter the induction of apoptosis in the absence of Parkin, but when 

Parkin was ectopically expressed, membrane depolarisation markedly reduced 

the number of detached apoptotic cells (Figure 4.1A). To confirm this result, a 

fluorescence-based death assay was employed in which the release of LDH from 

apoptotic cells was quantified by the production of formazan by LDH (Figure 

4.1B). Quantification of these death assays supported that the induction of Parkin 

activity with AO substantially reduced BAX-mediated apoptosis by BH3 mimetics 

(Figure 4.1C).  
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 Figure 4.1 Parkin activity inhibits BAX-mediated apoptosis 

A) Brightfield images of BAK/BAX-deficient HeLa cells ectopically expressing 

BAX in combination with HA-Parkin following pre-treatment with antimycin A (4 

µM) and oligomycin (10 µM) (AO) for 2 h prior to 1 µM of each of ABT-737 and 

S63485 (BH3-mimetics) for 3 h. Indicative magnified insets are shown. Scale 

bars represent 200 µm. Images are representative of three independent 

experiments. B) Schematic representation of the fluorescence-based lactate 

dehydrogenase (LDH) release assay. C) Relative cell death measured by LDH 

release following 6 h of BH3 mimetic treatment in cell lines from (A). Data 

represents four independent experiments with mean ± SEM. 
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Figure 4.2 Parkin activity inhibits BAX recruitment to mitochondria during 
apoptosis 

A) Subcellular fractionation of BAK/BAX-deficient HeLa cells re-expressing BAX 

and HA-Parkin. Cells were pre-treated with 20 µM MG132 for 0.5 h followed by 

antimycin A (4 µM) and oligomycin (10 µM) (AO) for 2 h and 1 µM of each of ABT-

737 and S63485 (BH3) for an additional 1 h. Samples were separated into cytosol 

and membrane fractions and immunoblotted as described. Data represents mean 

± SD from three independent experiments. B) BAK/BAX-deficient HeLa cells re-

expressing BAX were treated and immunoblotted as in (A). Data represents 

mean ± SD from three independent experiments. Quantitation of data from (A) 
and (B) was determined by normalising signal intensity of mitochondrial proteins 

to untreated control samples. For cytochrome c release assays, total release (%) 

was calculated by determining the intensity of cytochrome c in the cytosolic 

fraction over the sum intensity of cytochrome c in the membrane and cytosol 

fractions. 
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To further investigate the molecular mechanism of BAX inhibition, these 

treatments were repeated in combination with proteasome inhibition and the 

localisation of BAX and the release of cytochrome c into the cytosol were 

examined. Notably, cytochrome c was retained in the mitochondrial membrane 

fraction when Parkin activity was induced with AO, even in the presence of BH3 

mimetics (Figure 4.2A). This was accompanied by a decrease in BAX present on 

membranes as well as a concomitant modification of VDAC2, an important 

mediator of BAX mitochondrial localisation (Chin et al., 2018; Lauterwasser et al., 

2016; Ma et al., 2014) (Figure 4.2A). When the proteasome was 

pharmacologically blocked however, the prevention of cytochrome c release was 

partially rescued (Figure 4.2A). This demonstrated that AO-induced Parkin 

activity could reduce cytochrome c release in response to BH3 mimetics and that 

this could be partially reversed by inhibiting the proteasome. Importantly, when 

Parkin was absent, cytochrome c release proceeded with the same kinetics when 

mitochondrial damage was induced with AO (Figure 4.2B), thus confirming that 

BAX inhibition was Parkin-dependent and not an artefact of AO-induced 

mitochondrial depolarisation. Having validated that Parkin activity could ablate 

the apoptotic function of BAX, the mechanism of this inhibition was interrogated. 

4.3 Parkin Does Not Substantially Ubiquitinate BAX 

Given that mitochondrial BAX is specifically inhibited by Parkin signalling (Figure 

4.1, 4.2A), Parkin-dependent ubiquitination of BAX was hypothesised to be 

responsible for its mislocalisation or degradation. To test whether BAX was 

ubiquitinated by Parkin, HeLa cells ectopically expressing Parkin were treated 

with AO to induce Parkin activity and then ubiquitinated proteins were enriched 
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using a UBA pull-down. As was described in Chapter 3, BAK was ubiquitinated 

and this modification was somewhat reduced in the presence of the proteasome 

inhibitor MG132 (Figure 4.3). The canonical Parkin substrate Mfn2 was enriched 

following AO treatment (Figure 4.3). However, despite detection of a modified 

form of BAX in the input fraction at high exposures (Figure 4.3), ubiquitinated 

forms of BAX were not enriched (Figure 4.3). Interestingly, similar BAX 

modification was also seen with proteasome inhibition alone and was not 

dependent on AO-mediated induction of Parkin activity (Figure 4.3). Proteasome 

inhibition did not significantly stabilise ubiquitinated forms of BAX, suggesting that 

proteasomal degradation was not responsible for the paucity of ubiquitinated BAX 

species observed. An alternative explanation is that ubiquitin is rapidly removed 

from BAX in the cytosol (Charan et al., 2014), and that this accounts for the low 

level of BAX ubiquitination observed. Nevertheless, this data suggest that, in 

contrast to BAK, BAX is not a major substrate of Parkin. 
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Figure 4.3 BAX ubiquitination is not significantly induced following Parkin 
activation 

HeLa cells ectopically expressing HA-Parkin were treated with MG132 (20 µM) 

for 0.5 h prior to treatment with antimycin A (4 µM) and oligomycin (10 µM) (AO) 

for 3 h. Ubiquitinated proteins were enriched by UBA pull-down. Input and UBA 

fractions immunoblotted as described, representative data from three 

independent experiments.  
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4.4 Testing the Apoptotic Function of Putative Ubiquitin-
resistant BAX Variants 

A more targeted approach to determining the effect of potential BAX 

ubiquitination is direct lysine mutagenesis. Using this approach, individual lysines 

can be conservatively mutated to arginines to determine the contribution of 

ubiquitination to the inhibition of BAX function. Initial studies that characterised 

BAX as a Parkin substrate identified two potential lysines as sites of 

ubiquitination, K21 and K64 (Charan et al., 2014; Sarraf et al., 2013) and mutation 

of these lysines prevented Parkin-mediated inhibition of apoptotic activity 

(Charan et al., 2014). However, this previous work did not test whether mutation 

of these residues impaired BAX apoptotic activity independent of Parkin. Given 

that no BAX ubiquitination was detected upon activation of Parkin (Figures 4.3), 

it was hypothesised that mutation of these residues may abrogate the apoptotic 

function of BAX. To test whether these mutants were not simply defective in 

apoptotic activity, they were stably expressed in Bak-/- Bax-/- MEF (Figure 4.4A). 

Treatment with etoposide to induce intrinsic apoptosis showed that each of these 

mutants could induce cell death equivalently (Figure 4.4B). Although it is possible 

that subtle differences in apoptotic activity exist in these mutants, these data 

indicate that the lysine mutants described were not simply defective in executing 

apoptosis.  
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Figure 4.4 Lysine mutants of BAX are apoptotically competent 

A) Bak-/- Bax-/- (DKO) MEF ectopically expressing BAX constructs were 

immunoblotted as described. B) Cell death was assayed by propidium iodide 

uptake in cell lines described in (A) following 24 h treatment with 10 µM 

etoposide. Data represents mean ± SD from three independent experiments. 
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As direct ubiquitination of BAX was difficult to detect using the ubiquitin 

enrichment assay, a new hypothesis was formulated; that Parkin indirectly 

regulates BAX apoptotic activity by causing its mislocalisation and not its 

degradation.  

4.5 Generation and Validation of VDAC2 Lysine Mutants 

BAX itself was not significantly targeted by Parkin during damage-induced 

mitophagy and yet it was significantly mislocalised to the cytosol. It was 

hypothesised that modification of VDAC2, a binding partner of BAX, was 

responsible for its mislocalisation during mitophagy. VDAC2 is responsible for the 

mitochondrial localisation of BAX (Chin et al., 2018; Lauterwasser et al., 2016; 

Ma et al., 2014) and intriguingly, VDAC isoforms are the most prominent 

substrates of Parkin in model cell lines and neurons (Ordureau et al., 2018; Sarraf 

et al., 2013) (Figure 4.5). To abrogate VDAC2 ubiquitination mediated by Parkin, 

mutants of VDAC2 were generated with all lysines conservatively mutated to 

arginine (VDAC2 KÆ) and stably expressed in HeLa cells. While a control wild-

type mouse VDAC2 construct expressed well, the lysine null (VDAC2 KÆ) 

construct was not expressed and did not form the characteristic high molecular 

weight complexes that are typically observed on native PAGE (Figure 4.6A). 

Notably VDAC2 contains 23 lysine residues and generation of a lysine-null 

variant requires extensive mutagenesis (Figure 4.6B). It is plausible that mutation 

of each of these residues to arginine caused instability of the protein. As this 

considerable mutagenesis of VDAC2 prevented correct protein expression, a 

more targeted approach was required to facilitate expression whilst 

simultaneously being able to prevent VDAC2 ubiquitination. 
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Figure 4.5 Revised model for Parkin-mediated inhibition of BAX 

Schematic representation of BAX import and activation on mitochondria in the 

context of Parkin-signalling. Parkin ubiquitinates BAX and VDAC proteins on the 

outer membrane (OM) and can potentially attenuate BAX import to mitochondria 

(Charan et al., Cell Death Diff., 2014). This may subsequently slow the kinetics 

of BAX dimerisation, oligomerisation and cytochrome c release from the 

intermembrane space (IMS).  
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Figure 4.6 Lysine-null VDAC2 does not express in HeLa 

A) Subcellular fractionation of HeLa cells ectopically expressing Parkin and HA-

mVDAC2 or HA-KØ hVDAC2 into cytosol (C) and heavy membrane (M) fractions. 

Solubilised complexes were run on BN-PAGE and SDS-PAGE and 

immunoblotted as described. B) Amino acid sequence of human VDAC2. Lysine 

residues are coloured red.  
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Figure 4.7 Targeted mutagenesis of lysine residues in VDAC2 

A) Structure of zfVDAC2 (PDB: 4BUM, Schredelseker, et al., J. Biol. Chem., 

2014) viewed transversely through the membrane or from above with cytosol 

(Cyto), outer membrane (OM) and intermembrane space (IMS) shown. 

Equivalent mutated human lysine residues labelled and displayed as spheres. 

Red coloured lysines present in the cytosolic loops of VDAC2 and orange 

coloured residues in cytosolic face of β-barrel. The 4KR construct has the red 

lysines mutated to arginines whereas the 7KR has both the red and orange 

residues mutated to lysines. Ticked residues indicate lysine residues 

ubiquitinated by endogenous Parkin in neuronal cultures (Ordureau et al., Mol. 

Cell, 2018). B) HeLa cells expressing Parkin and HA-VDAC2 lysine mutant 

constructs immunoprecipitated for HA and immunoblotted as described. 

Representative of two independent experiments.  
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Parkin is active during mitophagy on the cytosolic surface of the mitochondrial 

outer membrane, providing the rationale for mutating lysine residues on the 

cytosolic face of VDAC2 to potentially prevent ubiquitination. The structure of 

zebrafish VDAC2 has been solved and is likely structurally analogous to the 

human form of VDAC2 (Schredelseker et al., 2014). Using published studies that 

have oriented VDACs in the membrane (Tomasello et al., 2013), and additionally 

defined possible sites of VDAC2 ubiquitination (Ordureau et al., 2018; Sarraf et 

al., 2013), more targeted lysine mutants of VDAC2 were generated in which four 

residues in the cytosol facing loops of VDAC2 were mutated (K64R, K120R, 

K172R, K277R) (Figure 4.7A, PDB: 4BUM, 4KR, lysines shown in red) or with an 

additional three lysines mutated to arginine in the cytosolic edges of the b-sheet 

(K121R, K174R, K85R) (Figure 4.7A, PDB: 4BUM, 7KR, additional lysines shown 

in orange).  

 

Both of these constructs were lentivirally introduced into HeLa cells and were 

expressed tolerably (Figure 4.7B). To confirm that these VDAC2 constructs 

folded appropriately, an immunoprecipitation was performed using the HA-tag on 

the N-terminus of each of the VDAC2 constructs. BAK and BAX, known 

interacting partners of VDAC2, could be immunoprecipitated with the VDAC2 

mutants whereas an unrelated mitochondrial protein, Mfn2, was not (Figure 

4.7B). This suggested that both the 7KR and 4KR VDAC2 mutants functioned 

like wild-type VDAC2 in their ability to interact with BAX and BAK. I next 

determined whether these VDAC2 mutants were differentially ubiquitinated by 

Parkin.  
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4.6 Lysine Mutations in VDAC2 Prevent Parkin-induced 
Ubiquitination 

To induce ubiquitination of VDAC2, Parkin and HA-VDAC2 constructs were co-

expressed in HeLa cells and damage-induced mitophagy was initiated with AO. 

All samples showed similar modification of Mfn2 as expected (Figure 4.8). Wild-

type VDAC2 showed strong evidence of ubiquitination following UBA enrichment 

whereas ubiquitination of the 4KR mutant showed markedly less modification and 

the 7KR showed no detectable ubiquitination (Figure 4.8). These observations 

correlated with the presence or absence of a mono-ubiquitinated form of VDAC2 

in the input fractions (Figure 4.8, denoted by arrowheads). This highlighted that 

mutating lysine residues in the cytosolic loops of VDAC2 severely abrogated 

ubiquitination by Parkin. However, the data indicate that lysine residues in the b-

sheets were also targeted by Parkin. These data also provide further supporting 

evidence of the topology of VDAC2 in the mitochondrial outer membrane. 

Additionally, recent work mapping the interface between BAX and VDAC2 

suggests that aa 109-171 in VDAC2 are required to coordinate BAX (Chin et al., 

2018). Interestingly, K120, a residue known to be ubiquitinated by Parkin 

(Ordureau et al., 2018), resides in the middle of this BAX-interacting region, 

perhaps suggesting that VDAC2 ubiquitination hampers BAX import. With a 

VDAC2 mutant that was resistant to ubiquitination, it was then possible to test 

whether preventing modification of VDAC2 had an effect on BAX localisation. 
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 Figure 4.8 Mutations in the cytosol-facing lysines of VDAC2 ablate its 
ubiquitination by Parkin 

HeLa cells expressing Parkin and HA-VDAC2 constructs were treated with 

antimycin A (4 µM) and oligomycin (10 µM) (AO) for 2 h prior to ubiquitin 

enrichment. Representative of two independent experiments, immunoblotted as 

described. Arrowheads indicate mono-ubiquitinated HA-VDAC2 detectable in the 

input fraction only, whilst polyubiquitinated HA-VDAC2 was enriched by UBA.  
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4.7 The Effect of VDAC2 Expression on BAX Mislocalisation 

BAX is reliant on VDAC2 for correct localisation and recruitment to mitochondria 

(Chin et al., 2018; Lauterwasser et al., 2016; Ma et al., 2014). Therefore 

ubiquitination of VDAC2 during Parkin-dependent mitophagy may hinder BAX 

recruitment to mitochondria, particularly given the proposed VDAC2 BAX 

interface described recently (Chin et al., 2018). To test this, a subcellular 

fractionation approach was employed to test cytochrome c release in response 

to BH3 mimetics following induction of Parkin activity with AO. This was 

performed in cell lines expressing wild-type VDAC2 or the 7KR mutant that is not 

ubiquitinated by Parkin (Figure 4.8). Notably cytochrome c was released into the 

cytosol following treatment with BH3 mimetics as expected in the control line not 

ectopically expressing a VDAC2 construct (Figure 4.9). Upon overexpression of 

either VDAC2 construct however, cells were less sensitive to BH3 mimetics, with 

cytochrome c markedly retained in the membrane fraction of cells (Figure 4.9). 

This agrees with previous data showing overexpression of VDAC2 was sufficient 

to inhibit intrinsic apoptosis (Cheng et al., 2003). This experiment is difficult to 

interpret because, in contrast to the endogenous protein, ectopically expressed 

VDAC2 was not completely modified following AO-induced Parkin activity (Figure 

4.2A). Similarly, the expression of wild-type VDAC2 was higher than the 7KR 

variant (Figure 4.9), confounding direct comparison of apoptosis in these cell 

lines. As VDACs are such prominent substrates of Parkin, and that VDAC2 is key 

to the apoptotic activity of BAX, the effect of their ubiquitination on BAX-mediated 

apoptosis warrants further interrogation.  
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 Figure 4.9 Ectopic VDAC2 desensitises mitochondria to BH3 mimetics 

HeLa cells expressing Parkin and HA-VDAC2 constructs were treated with 

antimycin A (4 µM) and oligomycin (10 µM) (AO) for 2 h prior to a further 1 h 

treatment with 1 µM of each of ABT-737 and S63485 (BH3-mimetic). Cytosol and 

membrane fractions were separated and immunoblotted as described. Data 

representative of two independent experiments. Arrowheads indicate mono-

ubiquitinated HA-VDAC2.  
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4.8 Conclusions 

The intersection between BAX-mediated apoptosis and Parkin signalling may 

play a key role in the selective loss of dopaminergic neurons in the context of AR-

JP. Neuronal expression of BAX is more prominent than that of BAK (Krajewski 

et al., 1996; Krajewski et al., 1995; MacGibbon et al., 1997), and modulation of 

BAX-mediated apoptosis may be key to dopaminergic neuron survival. BAX 

ubiquitination, a proposed mechanism of inhibition (Charan et al., 2014; Johnson 

et al., 2012), was difficult to observe following the induction of Parkin activity. This 

may suggest that this modification is transient or occurs at a low frequency.  

 
Parkin expression clearly modulates BAX-mediated apoptosis (Figure 4.1), 

however the mechanism of this cyto-protective action remains unclear. Whilst a 

reduction in mitochondrial BAX was observed with induction of Parkin activity by 

immunoblotting (Figure 4.2A), a more quantifiable experiment would be to 

monitor fluorescently tagged-BAX to mitochondria over time with microscopy. 

Similarly, the absence of polyubiquitinated forms of BAX, that are preferentially 

enriched by UBA (Figure 4.3) (Raasi et al., 2004), does not exclude the possibility 

that BAX is mono-ubiquitinated. However, the paucity of detectable mono-

ubiquitinated BAX in lysates suggest that the inhibition of BAX-mediated 

apoptosis is likely an indirect effect of Parkin activity. Given the prominent role of 

VDACs as ‘top tier’ Parkin substrates (Ordureau et al., 2018) and their known role 

in recruiting BAX to mitochondria (Chin et al., 2018; Lauterwasser et al., 2016; 

Ma et al., 2014), their ubiquitination may be critical in perturbing BAX-mediated 

apoptosis.  
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Ectopic expression of VDAC2 is not ideal for examining the role of this protein in 

BAX-mediated apoptosis. In this system, overexpression of VDAC2 in cells that 

also express BAK seemingly desensitises cells to apoptosis (Figure 4.9) as has 

been reported previously (Cheng et al., 2003). The mutagenesis presented here 

however correlates with published mass spectrometry results in identifying K64, 

K120 and K285 as the major sites of Parkin-mediated ubiquitination on VDAC2 

(Ordureau et al., 2018). When K64 and K120 were mutated in this system within 

the 4KR construct, marked reduction of VDAC2 ubiquitination was observed 

following Parkin activation, although there was still some residual ubiquitination 

that occurred (Figure 4.8). When the additional K285 was mutated in the 7KR 

construct, Parkin-mediated ubiquitination of VDAC2 was effectively abolished 

(Figure 4.8). As mentioned in Section 4.6, aa 109-171 in VDAC2 are required for 

BAX import by VDAC2 (Chin et al., 2018). Therefore the potential ubiquitination 

of K120 or K121 in this BAX-interacting region of VDAC2, may provide the 

mechanism by which Parkin inhibits BAX. Additionally, interpreting the effect of 

the ectopically expressed VDAC2 constructs was confounded by the presence of 

both endogenous VDAC2 and BAK, both of which can recruit BAX to 

mitochondria during apoptotic signalling (Ma et al., 2014).  

 

The experiments presented in this chapter question the role of BAX ubiquitination 

as a direct mechanism of regulating cell death, with VDAC2 ubiquitination 

providing an alternative model for the control of BAX import to mitochondria 

during apoptosis (Figure 4.5). The evidence for Parkin-mediated ubiquitination of 

BAX has come from sensitive mass spectrometry experiments (Sarraf et al., 
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2013), however this study did not identify the ratio of ubiquitinated to unmodified 

peptides and so the abundance of BAX ubiquitination is difficult to discern. 

Additionally molecular biology experiments implicated BAX as a substrate of 

Parkin using an in vitro assay with recombinant BAX and recombinant ubiquitin 

ligase machinery (Johnson et al., 2012). Parkin requires phospho-ubiquitin to be 

functional in such in vitro experiments (Wauer et al., 2015), yet the assays 

described did not include this, suggesting BAX ubiquitination may have been 

artefactual. Additionally, in cells where Parkin activity was induced, BAX 

immunoprecipitation assays showed high-weight molecular ladders when probed 

with an anti-ubiquitin antibody (Johnson et al., 2012). Whilst this study concluded 

these ubiquitinated proteins were modified forms of BAX, it is also possible that 

these were in fact binding partners of BAX that were ubiquitinated. VDAC2 for 

example is a known interacting partner of BAX and a ‘top tier’ Parkin substrate, 

VDAC2 (Ordureau et al., 2018), and this could be the target of ubiquitination in 

this assay. This seems plausible given BAK, the close relative of BAX, is able to 

associate with the VDAC complex even when Parkin is targeting individual 

VDACs for ubiquitination (Figure 3.12A).  

 

Taken together with the data presented in Chapter 3, this work provides a 

comprehensive model of Parkin as an inhibitor of mitochondrial apoptosis during 

mitophagy. Characterisation of subsets of cells in the brain will provide an 

apoptotic roadmap into the likely mechanisms by which Parkin is controlling 

apoptosis upon mitochondrial damage. In particular, the isolation and 

characterisation of dopaminergic neurons will provide unique insight into the 
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possible pathways by which Parkin regulates apoptosis during PD. Interestingly, 

idiopathic PD can develop without perturbations in the PARK2 and PARK6 genes 

encoding Parkin and PINK1 (Lucking et al., 2000) and is associated with α-

synuclein aggregation in Lewy bodies (Satake et al., 2009; Simon-Sanchez et al., 

2009). Whether idiopathic PD and AR-JP converge on the same apoptotic 

response remains unclear. It may even be the case that the toxicity mediated by 

α-synuclein aggregation overwhelms the cyto-protective effect of Parkin or that 

another cell death pathway can offset inhibition of apoptosis by Parkin.  

  



 
 

149 

5 Investigating Parkin’s Role in Limiting BAK/BAX-

driven Inflammatory Signalling 

5.1 The Role of Animal Models in Studying Mitophagy and 
Disease  

Accurate animal models are essential for studying disease and to trial new 

therapeutics before moving into clinical trials. PD research has long been vexed 

with a difficulty in recapitulating disease in mouse models. Acute neurotoxic 

models have been commonly used to mimic chronic genetic disease (Javitch et 

al., 1985; McCormack et al., 2002), however these models do not recapitulate 

the onset of dopaminergic neuron loss over an extended period of time. Therefore 

there is a need for genetic models of disease and new tools to investigate 

endogenous mitophagy.  

 

Drosophila studies first elegantly characterised Parkin and PINK1 defects in 

muscle and behavioural contexts. These studies were instrumental in genetically 

placing PINK1 upstream of Parkin in mitophagy (Clark et al., 2006; Park et al., 

2006; Ziviani et al., 2010). Only recently have murine models of mitophagy and 

PD become available to interrogate the contribution of PINK1 and Parkin to 

disease in a mammalian context.  

 

5.1.1 Reporter Animal Models 

To assay the effect of mitophagy in vivo, unique model organisms have been 

generated to gauge the effect of mitophagy in both mice and drosophila. The 



 
 
150 

development of the mitochondrial quality-control (mito-QC) reporter mouse 

allowed for the tracking of mitochondria by the dual fluorescence of 

mitochondrially targeted mCherry and GFP (McWilliams et al., 2016). At a 

physiological pH, both the mCherry and GFP fluoresce, but when mitochondria 

enter the endolysosomes, the GFP signal is quenched in the low pH environment 

(McWilliams et al., 2016). This allows for in vivo examination of mitophagy, but 

as it measures the endpoint clearance of mitochondria in the autophagosome it 

does not distinguish between different forms of mitophagy and so makes 

PINK1/Parkin dependent mitophagy indistinguishable from other forms including 

NIX- and BNIP3-dependent mitophagy. A very similar transgenic mouse model 

using a mitochondrially targeted Keima fluorophore (mt-Keima) has also been 

developed (Sun et al., 2015). This technique uses a quantitative ratiometric 

approach in which the Keima molecule is excited at both 458 nm and 543 nm. 

When in acidic environment, such as the autolysosomes, the 543 nm excitation 

wavelength will allow greater emission than at 458 nm (Katayama et al., 2011). 

Both mt-Keima and mito-QC transgenic drosophila have also been generated 

(Lee et al., 2018). Interestingly, homeostatic mitophagy proceeds independently 

of PINK1 signalling in both flies and mice (Lee et al., 2018; McWilliams et al., 

2018), and suggests that other mitophagy mechanisms operate in the 

homeostatic control of the mitochondrial network. This also explains why PINK1 

or Parkin knock-out mice do not show an overt phenotype until they are stressed 

(Clark et al., 2006; Park et al., 2006; Sliter et al., 2018; Ziviani et al., 2010). 
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5.1.2 Drosophila Models of PD 

Genetic knock-out Drosophila strains have been a valuable model for 

characterising the defects associated with deficient mitophagy. Seminal work 

using a Parkin-deleted strain of Drosophila identified apoptotic defects in subsets 

of muscle tissue as well as sterility in male flies (Greene et al., 2003). Mitophagy 

reporter strains of Drosophila have also been generated which question whether 

mitophagy is the main mechanism in which motor defects occur in this model of 

PD (Lee et al., 2018). Although useful, a mammalian system would be preferable 

over Drosophila in modelling PD as this model system would more closely 

recapitulate the humans system and would therefore make discoveries and 

potential therapeutic interventions more amenable to human patients.  

5.1.3 Parkin-/- and Pink1-/- Mice 

Initial studies to establish genetic mammalian models of PD proved problematic. 

Deletion of Park2 or Park6, encoding Parkin and PINK1 in mice respectively, only 

caused minor neuronal defects (Goldberg et al., 2003; Kitada et al., 2007). 

Furthermore, compound genetic deletion of all three of the most commonly 

mutated genes in early onset AR-JP; Parkin, Pink1 and DJ-1, did not cause loss 

of neurons in the substantia nigra of mice (Kitada et al., 2009). One model that 

does recapitulate the PD-associated loss of dopaminergic neurons is the 

overexpression of α-synuclein (Chesselet et al., 2012). These mice have 

behavioural deficits and largely recapitulate sporadic PD (Chesselet et al., 2012), 

but this is not a fitting model for early onset, genetically-linked disease. This is 

because α-synuclein aggregation in Lewy bodies typically occurs in idiopathic 

disease and autosomal dominant forms of the disease, but is absent from AR-JP 
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(Mori et al., 1998; Polymeropoulos et al., 1997; Spillantini et al., 1997). 

Additionally, mice transgenic for α-synuclein mice do not show evidence of 

dopaminergic neuron loss and so themselves are not an ideal model system for 

PD (Masliah et al., 2000). This highlights the need for a genetic model for PD 

which more closely recapitulates the loss of dopaminergic neurons in patients.  

 

One concern in modelling PD in mice is that they do not have a lifespan 

comparable to humans and so mitochondrial damage cannot sufficiently 

accumulate to perpetuate disease as it can in humans. To accelerate the 

pathogenesis of PD in mice, mtDNA ‘mutator’ mice have been crossed to Pink1 

and Pink1- or Parkin-deficient deficient mice. These ‘mutator’ mice have a 

mutation in DNA polymerase γ (Polg), which ablates the proofreading capacity of 

this mitochondrial DNA polymerase, thus accelerating the rate of mtDNA 

mutation (Kujoth et al., 2005). Consequently, Parkin/mutator or PINK1/mutator 

mice develop Parkinson’s like symptoms with the loss of dopaminergic neurons 

in the substantia nigra (Pickrell et al., 2015; Sliter et al., 2018). Most recently, this 

genetic model has revealed a new link between PD and inflammation with the 

accumulation of mitochondrial damage from exhaustive exercise or increased 

mtDNA mutation leading to systemic inflammation in mice that lack Pink1 or 

Parkin (Sliter et al., 2018). Intriguingly, cGAS, the sensor of mtDNA in the cytosol 

that induces pro-inflammatory STING signalling (Li et al., 2013; Shu et al., 2012), 

was implicated to be the link between mitochondrial damage and 

neuroinflammation with the elevation of cyclic adenosine monophosphate-
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guanosine monophosphate (cGAMP) observed in Pink1 or Parkin-deficient mice 

following mitochondrial stress (Sliter et al., 2018).  

 

The cGAS/STING signalling pathway was initially described as an innate immune 

defence against intracellular pathogens be recognising cytosolic DNA (Ablasser 

et al., 2013; Gao et al., 2013). This pathway has also been shown to sense 

damaged mitochondria with cGAS binding to mtDNA in the cytosol (Rongvaux et 

al., 2014; White et al., 2014). Once DNA is bound, cGAS catalyses the formation 

of a secondary messenger cGAMP that can in turn activate STING (Ablasser et 

al., 2013; Gao et al., 2013), leading to the transcription of type I interferons via 

Nuclear Factor Kappa B (NF-κB) and Interferon Regulatory Factor 3 (IRF3) 

(Ishikawa and Barber, 2008; Tanaka and Chen, 2012). This inflammatory switch 

has also been shown to be tripped by the persistence of apoptotic mitochondria 

when caspases are inhibited (Rongvaux et al., 2014; White et al., 2014). High-

resolution imaging has revealed that mtDNA release occurs through an inner 

membrane herniation event through BAK/BAX macropores on the mitochondrial 

outer membrane (McArthur et al., 2018; Riley et al., 2018). Intriguingly, in mouse 

models of PD, this inflammatory pathway has been shown to be activated when 

PINK1 or Parkin are absent.  

5.2 Apoptotic Mitochondrial Damage Drives Parkin Activity 

Given that PINK1 and Parkin have a role in suppressing cGAS/STING signalling 

following mitochondrial damage in mice (Sliter et al., 2018), it was hypothesised 

that Parkin signalling would be induced following BAK/BAX driven apoptosis to 

potentially suppress mtDNA release and subsequent inflammatory signalling 
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(Figure 5.1). To test this, Parkin was ectopically expressed in wild-type HeLa cells 

or HeLa cells deficient for both BAK and BAX (Figure 5.2). These cell lines were 

then treated with the BH3 mimetics ABT-737 and S63485, to rapidly induce 

intrinsic apoptosis. Critically, the cells were pre-treated with the broad spectrum 

caspase inhibitor QVD-OPh to allow compromised mitochondria to accumulate. I 

have previously confirmed that BAK and BAX are activated rapidly with this 

combination of BH3 mimetics (Figure 3.12A, 4.2).  
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 Figure 5.1 The link between PINK1, Parkin and inflammatory signalling 

Schematic representation of the contribution of PINK1 and Parkin to inflammatory 

signalling. Mitochondrial damage in Pink1-/- or Parkin-/- mice induces cGAS’s 

catalytic activity (PDB: 4LEV, Li et al., Immunity, 2013), producing cGAMP, a 

potent activator of STING (PDB: 4EMU, Shu et al., Nat. Struct. Mol. Biol., 2012). 

STING is then able to activate the transcription factors NF-κB and IRF3 to induce 

the production of the type I interferons. mtDNA egress is a known inducer of 

cGAS/STING signalling (White et al., Cell, 2014; Rongvaux et al., Cell, 2014) and 

may be responsible for inducing this pro-inflammatory signalling in mitophagy-

compromised mice.  
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 Figure 5.2 BAK/BAX-dependent apoptosis can trigger Parkin activity 

BAK/BAX double knock-out (DKO) or wild-type (WT) HeLa cells, ectopically 

expressing HA-Parkin were pre-treated with 10 µM QVD-OPh (QVD) for 0.5 h 

prior to treatment with 1 µM of each of ABT-737 and S63485 (BH3) for 3 h. Input 

and UBA-enriched samples were immunoblotted as described, data 

representative of three independent experiments.  
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When ubiquitinated proteins were enriched from these samples, Mfn2 

ubiquitination occurred following the induction of apoptosis, which was dependent 

on the presence of BAK or BAX and Parkin (Figure 5.2). This confirmed that the 

induction of BAK/BAX-mediated pore formation could trigger Parkin’s E3 ubiquitin 

ligase activity. Notably, under apoptotic stimulation, BAK itself showed limited 

evidence of polyubiquitination (Figure 5.2). However, this was independent of 

Parkin expression, suggesting that another E3 ubiquitin ligase was capable of 

ubiquitinating BAK during apoptosis. It is also possible that the apoptotic breach 

that occurs in the mitochondrial outer membrane allows E3 ubiquitin ligases 

access to the normally buried C-terminal K210 residue of BAK. As PINK1 has 

been shown to be essential for both Parkin recruitment and activation, it was 

hypothesised that PINK1 was also responsible for initiating Parkin activity 

following BAK/BAX-dependent mitochondrial permeabilisation.  

5.3 PINK1 is Essential for Parkin Activity Induced by 
Apoptosis 

To determine whether PINK1 was stabilised in response to intrinsic apoptosis, 

cells were treated with BH3 mimetics or AO and immunoblotted for PINK1. AO 

induced a strong stabilisation of PINK1 as expected, but BH3 mimetic treatment 

seemingly did not stabilise detectable PINK1 (Figure 5.3A). One possible 

explanation for this is that antimycin A and oligomycin are potent mitochondrial 

uncouplers and depolarise the entire mitochondrial network whereas BAK and 

BAX mitochondrial foci are on discrete, localised puncta on mitochondria 

(McArthur et al., 2018; Riley et al., 2018) and therefore would only have localised 

regions of damaged membrane for PINK1 stabilisation.  
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To determine whether PINK1 was required for apoptosis-induced Parkin 

signalling, CRISPR/Cas9 gene editing was employed to functionally delete 

PINK1. Two polyclonal HeLa cell lines were generated with independent sgRNAs 

that were deficient for PINK1 in addition to a non-targeting sgRNA control line. 

Each of these lines also ectopically expressed HA-Parkin (Figure 5.3B). The 

reduction in PINK1 protein in these polyclonal cell populations was confirmed 

following induction of mitochondrial damage with AO (Figure 5.3B). PINK1-

deficient cells were confirmed to respond to BH3 mimetics like parental cells 

based on cytochrome c redistribution assays (Figure 5.3C).  
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 Figure 5.3 Generating PINK1-deficient HeLa cell lines 

A) Wild-type HeLa cells were treated with 10 µM QVD-OPh (QVD) for 0.5 h prior 

to treatment with antimycin A (4 µM) and oligomycin (10 µM) (AO) or 1 µM of 

each of ABT-737 and S63485 (BH3) for 3 h. Representative data from two 

independent experiments. Immunoblotted as described. B) HeLa cells ectopically 

expressing HA-Parkin, Cas9 and single guide RNAs targeting PINK1 (sgPINK1a 

and b) or a non-targeting control single guide RNA (sgCON). Cells were treated 

with AO as described in (A) and immunoblotted as described. Representative 

data from two independent experiments. C) Cells described in (B) were pre-

treated with QVD and BH3 mimetics as described in (A) for 1 h and subcellular 

fraction was performed to separate cytosol (C) and heavy membrane (M) 

fractions. Cytosol fractions are demarcated with GAPDH and membrane fractions 

are enriched for TIMM44. Immunoblotted as described, representative of two 

independent experiments.  
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Having concluded that the polyclonal PINK1-deficient cell lines had markedly less 

PINK1 expression and that these cell lines had no deficiency in BAK/BAX-

mediated apoptosis, the effect of PINK1 deletion on apoptosis-induced Parkin 

activity was tested. Parkin activity was induced in response to BH3 mimetics in 

the sgRNA control line as had been observed with wild-type HeLa cells in the 

initial experiments (Figure 5.2, 5.4). Again, as seen previously, limited BAK 

ubiquitination was detected during apoptosis, but this was independent of PINK1 

as it was Parkin (Figure 5.4). Importantly, when PINK1 was depleted, the 

induction of Mfn2 ubiquitination by BH3 mimetics was significantly reduced 

(Figure 5.4), indicating that PINK1 was critical for Parkin-induced ubiquitination 

during apoptosis. Parkin activation during apoptosis occurred in the absence of 

detectable stabilisation of PINK1 and suggests that limited PINK1 is required to 

trigger Parkin activity thus highlighting the importance of genetic studies to 

interrogate this pathway. 
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Figure 5.4 PINK1 is essential for apoptosis-induced Parkin activity 

HeLa cells ectopically expressing HA-Parkin, Cas9 and single guide RNA 

targeting PINK1 (sgPINK1a and b) or a non-targeting control single guide RNA 

(sgCON) were pre-treated with 10 µM QVD-OPh (QVD) for 0.5 h prior to 

treatment with 1 µM of each of ABT-737 and S63485 (BH3) for 3 h. Input and 

UBA-enriched samples were immunoblotted as described, data representative of 

three independent experiments. Ubiquitinated proteins indicated with asterisks.  
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The requirement for PINK1 in apoptosis-induced Parkin activity allows the 

assembly of a model of how mitophagy may suppress inflammation (Figure 5.5A). 

The model proposed involves the formation of BAK and BAX macropores that 

have been visualised previously (Grosse et al., 2016; McArthur et al., 2018; Riley 

et al., 2018; Salvador-Gallego et al., 2016). These pores induce localised 

mitochondrial depolarisation that stabilises PINK1, leading to the recruitment and 

activation of Parkin (Figure 5.5A). These experiments suggest that Parkin has a 

role in quarantining permeabilised mitochondria and preventing the escape of 

pro-inflammatory mtDNA (Figure 5.5B). Taken together with Chapters 3 and 4, 

these data suggest that Parkin acts as a master regulator of mitochondrial 

integrity. To further validate this mechanism in vivo, Parkin knock-in and knock-

out mice were generated. This chapter details initial validation of these mice for 

future study into the effect of Parkin loss in murine models of PD. 
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Figure 5.5 Parkin as a modulator of apoptosis and inflammation 

A) Schematic representation of BAK/BAX-mediated induction of mitophagy 

signalling at the outer membrane (OM) of mitochondria during intrinsic apoptosis. 

Following BAK/BAX pore formation, PINK1 is no longer degraded as local 

membrane potential between the inter-membrane space (IMS) and the matrix has 

been abolished. Parkin is activated by the dual phosphorylation of ubiquitin and 

its ubiquitin-like domain and conjugates ubiquitin onto mitochondrial proteins in 

proximity to the apoptotic pore. This mechanism may be used to induce local 

autophagophore recruitment and subsequent engulfment of escaping mtDNA.  

B) Schematic representation of PINK1 and Parkin activity in slowing the kinetics 

of intrinsic apoptosis and also potentially mtDNA release. This may in turn be the 

link by which PINK1 and Parkin suppress type I interferon production following 

mitochondrial insult.  
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Figure 5.6 CRISPR/Cas9 targeting of Parkin to generate knock-in and 
knock-out alleles 

Schematic representation of the generation of Parkin knock-in alleles using 

CRISPR/Cas9 technology. The Parkin gene is situated on region qA1 of 

chromosome 17 in mice and shares a promoter with the antisense Pacrg gene. 

In brief, an sgRNA targeting the first protein-coding exon of Parkin was introduced 

into fertilised one-cell stage embryos with recombinant Cas9 (PDB: 4CMP, Jinek 

et al., Science, 2014) in addition to a dsDNA construct encoding an N-terminally 

FLAG-tagged Parkin construct with homologous DNA upstream and downstream 

of the sgRNA targeted region. CRISPR/Cas9-induced double-stranded breaks 

allow for homologous recombination with this dsDNA construct, integrating it into 

the single cell embryo’s genome. As this process is error-prone, insertions and 

deletions are also integrated into the CRISPR target site, generating frameshift 

non-functional alleles. 
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5.4 Validation of the Parkin Knock-In and Knock-Out Mice 

CRISPR/Cas9 genome editing has allowed for exquisite manipulation of 

genomes on the level of cells and organisms. This technology has been adapted 

to knock-in epitope tags and fluorophores to accurately track and assay proteins 

in vivo and to analyse protein interactomes at the endogenous level (Yang et al., 

2013). Given the multiple proposed functions for Parkin in mitophagy as well as 

in cell cycling and metabolic pathways (Bernardini et al., 2016; Veeriah et al., 

2010; Zhang et al., 2011), a defined and physiologically relevant profile of 

interacting partners and potential substrates of Parkin under steady state and 

stressful conditions would be invaluable. Similarly, the visualisation of 

endogenous Parkin protein in immunohistochemistry and immunofluorescence 

experiments will provide insight into the recruitment and distribution of Parkin 

protein in vivo. An epitope-tagged Parkin mouse also allows for sensitive 

detection of endogenous interacting partners in discrete tissues and is not 

confounded by overexpression in model cell lines.  

 

Hence, an N-terminally tagged FLAG-Parkin mouse was generated by 

microinjection of one-cell stage embryos (Figure 5.6). sgRNA targeting the start 

codon of the Parkin gene was introduced into embryos in combination with 

recombinant Cas9 and double-stranded DNA (dsDNA) encoding the 5’ region of 

the Parkin gene with an additional N-terminal FLAG tag. This dsDNA also 

contained flanking DNA upstream and downstream of the start site to facilitate 

homologous recombination (Figure 5.6).  
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As a result of this sgRNA-dependent Cas9 endonuclease activity (Jinek et al., 

2014), double stranded breaks were introduced into the genomic DNA, allowing 

for homologous recombination with the FLAG-encoding dsDNA, generating 

stable, genetically-inheritable FLAG-Parkin alleles. Insertion and deletion 

mutations were also generated from this process, resulting in frameshifts and 

functionally knocked-out Parkin alleles. This Parkin knock-out mouse is 

advantageous as it focally interrupts the Parkin gene, leaving the antisense 

Parkin coregulated gene (Pacrg) gene intact. Both the knock-out and FLAG 

knock-in Parkin alleles were propagated with selective breeding of mice. The 

benefit of this mouse model is that it has a focal frameshift mutation at the Parkin 

start site. This is preferable over the removal of large exon fragments as other 

Parkin-/- mouse models have described (Goldberg et al., 2003; Itier et al., 2003; 

Palacino et al., 2004; Von Coelln et al., 2004). 

 
After generating these mice, Parkin expression was assayed from liver and brain 

tissue, both of which have readily detectable levels of Parkin by immunoblotting 

(Stichel et al., 2000; Williams et al., 2015). In both brain and liver tissue, Parkin 

could be detected in wild-type age-matched mice, but was absent in the Parkin 

knock-out mice (Figure 5.7). Given that Parkin expression in the brain was more 

prominent than in the liver, brain tissue was used to validate the expression of 

the FLAG-tagged Parkin knock-in mouse. 
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 Figure 5.7 Characterisation of the Parkin knock-out mouse 

Wild-type (+/+) or Parkin knock-out (-/-) brain and liver tissue from 10-week old 

mice. Data representative of two independent experiments from two mice, 

immunoblotted as described.  
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To determine whether the knock-in mouse strain expressed detectable levels of 

FLAG-Parkin, an immunoprecipitation approach was adopted. Following 

homogenisation and normalisation of brain tissue from wild-type or knock-in mice, 

a-FLAG resin was used to enrich endogenous FLAG-Parkin. Although Parkin 

was not strongly detected in the input fraction with an anti-FLAG antibody, it was 

readily enriched following immunoprecipitation from knock-in mice tissue but not 

from the wild-type control (Figure 5.8).  

 

The combination of the Parkin knock-in and knock-out mice are invaluable tools 

for interrogating the contribution of mitophagy to disease, not only to model PD, 

but also to model solid tumours, such as colorectal cancer, in which perturbations 

in Parkin have been strongly implicated (da Silva-Camargo et al., 2018; 

Poulogiannis et al., 2010). Additionally the Parkin-deficient mouse described here 

has been generated by focal mutation in an early protein-coding exon and would 

not be expected to abrogate the antisense Pacrg gene.  
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Figure 5.8 Immunoprecipitation of endogenous FLAG-Parkin  

Immunoprecipitation of FLAG-Parkin protein from brain tissue lysates of knock-

in (KI/KI) or wild-type (+/+) control mice aged to 10 weeks. Data is representative 

of two independent experiments from two mice. FLAG-Parkin and light chain 

bands are marked by arrowheads. Immunoblotted as described. 
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5.5 Conclusions  

Murine models of Pink1 and Parkin deficiency have confounded researchers for 

many years as these knock-out mice do not develop any PD-associated 

symptoms and appear phenotypically normal when aged (Clark et al., 2006; Park 

et al., 2006; Ziviani et al., 2010). The critical insight has been that mitochondrial 

stress is required to drive PD-like pathogenesis in Pink1 or Parkin knock-out mice 

(Pickrell et al., 2015; Sliter et al., 2018). The lifespan of humans is significantly 

longer than that of mice and offers an explanation as to why humans can 

accumulate mitochondrial damage and PD, whereas laboratory mice deficient for 

Pink1 or Parkin, do not. With this breakthrough observation, Pink1 or Parkin 

knock-out mice in combination with mitochondrial stress, can serve as a model 

of AR-JP. This recent animal model of AR-JP has provided the first link between 

mitophagy-deficiency and neuroinflammation in disease.  

 

The clearance of damaged mitochondria by mitophagy is important for preventing 

the oxidative damage in cells, particularly neurons (Palacino et al., 2004), with 

ROS accumulation a typical manifestation of PD (Cleeter et al., 1992). 

Additionally, recent work has suggested mitophagy may also be suppressing 

inflammatory signalling in PD (Sliter et al., 2018). This inflammatory phenotype, 

characterised by upregulation of IL-6, Interferon b (IFNb) and other cytokines, 

relies on cGAS/STING signalling (Sliter et al., 2018), a pathway associated with 

sensing mtDNA in the cytosol (Rongvaux et al., 2014; White et al., 2014). A 

potential molecular model is that damaged mitochondria in post-mitotic neurons 

or glial cells, are able to persist and release mtDNA into the cytosol to induce 
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neuroinflammation. This signal could then be further amplified by microglia that 

survey the brain for any inflammatory danger signals (Nimmerjahn et al., 2005). 

There is already evidence that the cGAS/STING pathway overlaps with 

mitophagy, with the kinase TBK1 involved in both the recognition of mitochondria 

for destruction (Heo et al., 2015; Moore and Holzbaur, 2016; Richter et al., 2016) 

as well as in amplifying STING signalling (Tanaka and Chen, 2012). However the 

precise mechanism by which damaged mitochondria initiate cGAS/STING 

signalling in murine models of PD is still unclear. A potential explanation is that 

only a small fraction of mitochondria in cells are permeabilised in response to a 

low-grade apoptotic stimulus, a phenomenon termed ‘minority MOMP’ in which 

(Ichim et al., 2015). This ‘minority MOMP’ was shown to induce sublethal caspase 

activity and may be occurring in long-lived cells such as neurons. The elimination 

of this subpopulation of damaged mitochondria by mitophagy may be essential 

in suppressing inflammatory signalling and may provide an explanation as to why 

functional loss of PINK1 and Parkin can lead to inflammatory signalling (Sliter et 

al., 2018). This chapter addresses this disconnect by providing evidence that 

BAK/BAX-dependent apoptosis can induce Parkin activity as a potential 

mechanism for suppressing mtDNA release.  

 

Recently it has been shown that BAK/BAX-dependent mitochondrial damage can 

promote NOD-like receptor protein 3 (NLRP3) siganlling and the production of IL-

1b (Chauhan et al., 2018; Vince et al., 2018). Contrastingly, Parkin-mediated 

mitophagy has also been reported to be activated downstream of NLRP3 

activation (Zhong et al., 2016). Although the exact mechanism by which 
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mitochondrial permeabilisation induces inflammation is unclear, my data suggest 

that activated Parkin downstream of BAX/BAK could limit multiple diverse 

inflammatory signalilng pathways. One such pro-inflammatory signal released 

from damaged mitochondria is mtDNA. 

 

The release of mtDNA has been visualised by super-resolution imaging 

techniques and points to BAK/BAX macropores as the key passageway for 

mtDNA escape into the cytosol (McArthur et al., 2018; Riley et al., 2018). Whilst 

Chapters 3 and 4 have identified a role for Parkin in suppressing mitochondrial 

outer membrane permeabilisation by BAK and BAX, here I show the PINK1-

dependent induction of Parkin’s E3 ligase activity during following pore formation. 

These experiments showed Parkin activity could be induced when apoptotic 

mitochondria persisted in cells following BH3 mimetic treatment (Figure 5.2, 5.4). 

Notably, PINK1 is required to initiate Parkin activity following BH3 mimetic-

induced apoptosis, as occurs during depolarisation-induced mitophagy (Figure 

5.4). It is also important to consider that although AO-induced depolarisation of 

mitochondria is a tractable experimental model for interrogating mitophagy, 

localised and low-level mitophagy induction does also occur and may have a 

profound effect in vivo, particularly in the context of inflammatory signalling.  

 

Previous work has also posited a role for Parkin signalling in the context of 

apoptosis, with the observation that upregulation of pro-apoptotic proteins could 

induce Parkin activity (Hollville et al., 2014). This study concluded that pro-

survival BCL-2 family proteins restricted Parkin activity during mitochondrial 
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depolarisation and that inhibition of pro-survival proteins de-repressed Parkin 

(Hollville et al., 2014). Notably, this previous study relied on overexpression of 

both Parkin and the BCL-2 members which may have caused artefactual results. 

Although MCL-1 has been validated by mass-spectrometry as a substrate of 

Parkin (Sarraf et al., 2013), recent studies do not demonstrate substantial 

ubiquitination of any pro-survival BCL-2 family members in the context of neurons 

with endogenous Parkin (Ordureau et al., 2018). Additionally, Parkin is 

considered a cyto-protective molecule with its loss perpetuating dopaminergic 

neuron loss in the brain (Jiang et al., 2004; Staropoli et al., 2003). Therefore the 

targeting of pro-survival proteins by Parkin seems unlikely as this would suggest 

Parkin is a pro-death protein. Others have suggested that the binding of BH3-

only proteins to pro-survival family members can induce Parkin activity by 

disrupting an interaction between Parkin and BCL-2 proteins (Hollville et al., 

2014). However, my data indicates that although BH3-mimetics do indeed 

promote Parkin activity, this is dependent on BAK/BAX-mediated mitochondrial 

damage (Figure 5.2). This suggests that pore formation and membrane 

permeabilisation are requisite steps in Parkin activation and that BCL-2 family 

inhibition is itself not required to activate Parkin during apoptosis.  

 

As discussed in Chapter 3, HERC1 is the only E3 ligase that has been previously 

reported to ubiquitinate BAK and induce its degradation (Holloway et al., 2015). 

Notably the ubiquitination of BAK described here by Parkin and an alternate E3 

ubiquitin ligase are non-degradative with BAK largely stable over time in both 

cases. Additionally, Parkin-mediated ubiquitination seems reversible, with 
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proteasomal inhibition allowing for the removal of ubiquitin from BAK (Figure 

3.2A, 3.7B), potentially through an antagonistic DUB such as USP30 (Bingol et 

al., 2014). I have identified Parkin as another E3 ubiquitin ligase that targets BAK 

(Chapter 3) and have further revealed ubiquitination of BAK during apoptosis in 

a Parkin-independent fashion (Figure 5.2, 5.4). The consequence of this 

ubiquitination is unclear and the identification of the chain linkage and E3 ligase 

responsible could be addressed in future studies. It is important to note that this 

ubiquitination does not seem to correlate with a decrease in the total level of BAK 

in cells and so may have a non-degradative, signalling role. As described earlier, 

the dimerisation of BAK seemingly occludes the hydrophobic groove and makes 

K113 inaccessible to ubiquitination (Figure 3.12). Therefore the ubiquitination of 

BAK is either occurring on a minor population of inactive BAK during apoptosis 

or alternatively may involve the C-terminal K210 as the site of ubiquitination. This 

is an interesting observation as this residue is thought to reside in the 

intermembrane space (IMS) of mitochondria (Iyer et al., 2015) implying E3 

ubiquitin ligase activity in the IMS or exposure of this residue to the cytosol as a 

result of MOMP. These same BAK/BAX apoptotic pores are the molecular 

passageways through which mtDNA is exported into the cytosol to initiate 

inflammatory signalling.  

 

Parkin knock-out mice have shown utility in modelling AR-JP when coupled with 

mitochondrial damage (Pickrell et al., 2015; Sliter et al., 2018). The nearby 

antisense Pacrg gene shares the same promoter as Parkin (West et al., 2003) 

and must be considered when generating a knock-out mouse strain. The Parkin 



 
 
176 

knock-out mouse validated in this study was generated from a focal frameshift 

mutation at the ATG start codon as a byproduct of generating a FLAG-Parkin 

knock-in mouse (Figure 5.6) and therefore is unlikely alter the expression of the 

adjacent Pacrg gene. This will allow for targeted studies addressing the 

contribution of Parkin to tumourigenesis without the concomitant loss of the Pacrg 

gene. This mouse model has the additional benefit of inducing a focal mutation 

at the Parkin start site, therefore it is not confounded by the deletion of exons, as 

has occurred in the generation of other Parkin-deficient mice (Goldberg et al., 

2003; Itier et al., 2003; Palacino et al., 2004; Von Coelln et al., 2004).  

 

This chapter provides a molecular mechanism for how inflammatory signalling 

might be suppressed by PINK1/Parkin-mediated mitophagy. These experiments 

demonstrate a novel role for Parkin on apoptotic mitochondria, potentially 

inhibiting mtDNA release into the cytosol. Whilst recent work has defined cGAS 

and STING as key mediators of inflammatory signalling during mitochondrial 

damage (Sliter et al., 2018), the molecular mechanism of this is unclear. Similarly, 

the recently observed phenomenon of mtDNA release into the cytosol can only 

occur under conditions of caspase inactivation (Rongvaux et al., 2014; White et 

al., 2014) and is dependent on BAK/BAX macropores (McArthur et al., 2018; 

Riley et al., 2018). This chapter provides a possible explanation as to how 

PINK1/Parkin signalling suppresses inflammation by modulating mtDNA egress 

into the cytosol. This hypothesis is further strengthened by the observation that 

PINK1/Parkin signalling can generate mitochondrially-derived vesicles that are 

trafficked to the endolysosomes (Matheoud et al., 2016; McLelland et al., 2016). 
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Such mitochondrially-derived vesicles could be selectively trafficking mtDNA to 

autolysosomes for degradation as a means by which to suppress errant cGAS 

activation. Parkin knock-in and knock-out mice described here, will serve as the 

ideal experimental models to test this hypothesis and will allow for visualisation 

of the contribution of mitophagy to inflammatory signalling in the aetiology of PD. 
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6 Discussion and Future Directions 

This thesis examined the influence of Parkin signalling on intrinsic apoptosis, 

predominantly through the regulation of the apoptotic effectors BAK and BAX. 

The experiments described here provide a comprehensive overview of how the 

cyto-protective E3 ubiquitin ligase Parkin intervenes in apoptosis by directly 

ubiquitinating BAK, or indirectly modulating BAX. Additionally, I have shown for 

the first time that BAK/BAX-mediated MOMP can promote PINK1-dependent 

Parkin activity. Given that recent evidence has suggested a role for Parkin in 

limiting inflammation due to mtDNA release (Sliter et al., 2018), my studies 

implicate BAK and BAX as the initiators of this inflammation. These studies 

provide a nuanced model for how Parkin acts as a master regulator of cell fate 

during mitophagy, whilst also suggesting a new role for Parkin in suppressing 

mitochondria damaged by BAK and BAX (Figure 6.1). 

 

The initial work presented here in Chapter 3 details the inhibition of BAK by Parkin 

during mitophagy. I have identified ubiquitination on K113 in the hydrophobic 

groove of BAK as the key determinant of Parkin-mediated BAK inhibition. This 

ubiquitination event did not alter BAK localisation or stability, rather it slowed the 

kinetics of BAK activation, dimerisation and oligomerisation on model 

membranes and in cells. Furthermore, it was shown that functional Parkin was 

required to ubiquitinate BAK, with patient-derived mutations proving defective in 

BAK modification.  
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Figure 6.1 Parkin as a master-regulator of mitochondrial fidelity 

Schematic of Parkin’s role in suppressing BAK- and BAX-mediated apoptosis 

during mitophagy (top) and Parkin’s potential role in preventing mtDNA release 

from damaged mitochondria (bottom). During mitophagy, Parkin can directly 

inhibit BAK via ubiquitination whereas BAX is inhibited by an indirect mechanism 

that prevents its mitochondrial localisation, potentially by targeting VDAC2. 

Conversely, mitochondria can persist after they are permeabilised and release 

pro-inflammatory mtDNA. This is potentially inhibited in cells by focal induction of 

PINK1/Parkin-dependent mitophagy at BAK/BAX pores which are responsible for 

mtDNA egress. The outer membrane (OM) and intermembrane space (IMS) are 

indicated. 
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Whilst this work extensively characterised the molecular control of BAK by Parkin, 

a number of outstanding experiments still remain. Further optimisation of mass 

spectrometry workflows and affinity tags on BAK will be required to determine the 

nature of ubiquitin chain-linkages that Parkin conjugates onto BAK. However, 

despite evidence of polyubiquitinated BAK following Parkin activation and 

subsequent enrichment, mono-ubiquitinated BAK is the predominant form during 

mitophagy. Mono-ubiquitination is sufficient to block the apoptotic function of BAK 

on model membranes and mitochondria. Perhaps a more relevant unanswered 

question is why do other Parkin substrates, like Mfns and VDACs, become 

polyubiquitinated during damage-induced mitophagy whereas BAK is 

preferentially mono-ubiquitinated? Additionally, the hypothesis that Parkin has 

pro-survival or pro-apoptotic activity that is dependent on the degree of 

mitochondrial damage (Zhang et al., 2014), should be explored further. The use 

of electron chain uncouplers in this thesis are strong mitophagy inducing stimuli. 

Chronic, low-level mitophagy stimulation, as can be induced with the 

accumulation of unfolded mitochondrial proteins (Fiesel et al., 2017; Jin and 

Youle, 2013), may yield a different cell death phenotype. Although BAK was 

found to be ubiquitinated by Parkin when unfolded mitochondrial proteins 

accumulated with GTPP treatment, the direct effect this had on apoptosis was 

not tested.  

 

Chapter 4 further details the anti-apoptotic activity of Parkin in BAX-mediated 

apoptosis. I confirmed that BAX-mediated apoptosis was attenuated during 

damage-induced mitophagy but this was not due to direct ubiquitination, as very 
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little ubiquitinated BAX accumulated in cells upon Parkin activation. I propose that 

the regulation of BAX by Parkin is likely indirect. I characterised the ubiquitination 

of VDAC2, a known BAX-binding partner (Chin et al., 2018; Ma et al., 2014), as 

a potential alternative mechanism of BAX inhibition. Interestingly, the residues in 

the cytosolic face of VDAC2 that Parkin targets have overlap with the residues 

that have been shown to be vital for BAX recruitment to mitochondria (Chin et al., 

2018). Additional experiments will further clarify whether VDAC2 ubiquitination is 

necessary to slow the kinetics of BAX activation in cells. Whilst ectopic 

expression of VDAC2 has been informative for examining sites of ubiquitination, 

more sophisticated genome editing approaches will be required to delineate the 

contribution of endogenous VDAC2 to BAX import and activation. Furthermore, 

additional VDAC family members of the same membrane complex may also have 

a role in BAX import and they should also be examined. Given that BAX is the 

predominant apoptotic effector expressed in neurons (Krajewski et al., 1996; 

Krajewski et al., 1995), future work will also examine the contribution of 

PINK1/Parkin signalling to BAX-mediated apoptosis in the brain to further 

interrogate the contribution of BAX to the pathogenesis of PD. 

 

The data presented in Chapter 5 illuminates a role for Parkin-signalling on 

apoptotic mitochondria. I identified that Parkin activity was induced in response 

to intrinsic apoptosis with a requirement for BAK and BAX. This novel mitophagy 

signalling was dependent on the upstream kinase PINK1, allowing for the 

assembly of a potential model by which PINK1 and Parkin may inhibit 

inflammation in conditions such as PD. The generation of a FLAG-Parkin knock-
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in mouse as well as a Parkin-deficient mouse on the same defined genetic 

background will be invaluable for testing the relevance of Parkin modulation of 

apoptosis to disease as well as for visualising the molecular dynamics of 

mitophagy in vivo.  

 

The distinct molecular mechanisms by which Parkin coordinate BAK and BAX 

could be further validated in vivo, particularly in brain tissue where mitophagy-

defects and apoptosis clinically manifest. The knock-in and knock-out Parkin 

mice characterised in Chapter 5 are powerful models for interrogating damage-

induced mitophagy in different organs as well as the contribution of Parkin 

signalling to apoptosis in a physiological setting. These insights will then be 

further combined with Parkin expression studies, made tractable with the FLAG-

Parkin mouse.  

 

The protein expression profiling of different cellular subsets from the brain may 

also illuminate candidate cell types that might be the source of cGAS/STING-

driven inflammation reported in mouse models of PD (Sliter et al., 2018), and 

determine whether glial cells or neurons potentially drive pathogenesis. Although 

neurons may seem a likely choice as they are specifically depleted in PD-

patients, the supporting glial cells in the brain may have a role also. It could be 

the case that long-lived support cells, such as astrocytes and microglia, are 

responsible for producing the initial inflammatory signal or perhaps even 

amplifying any danger signals in the brain. Astrocytes are critical for maintaining 

neurons, however evidence shows that they replicate more slowly, display 
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mitochondrial dysfunction and are less-able to maintain neurons when they are 

not expressing functional PINK1 and Parkin (Choi et al., 2013; Schmidt et al., 

2011; Solano et al., 2008). Similarly, resident microglia may be critical regulators 

of neuroinflammation and are implicated with inflammation in the subtantia nigra 

(McGeer et al., 1988). Critically, both astrocytes and microglia have been 

implicated in neuroinflammation previously (Lee et al., 1993; Sawada et al., 

1989). Whilst the link between damaged mitochondria and neuroinflammation in 

PD has been shown in vivo (Sliter et al., 2018), the complete molecular 

mechanism for this phenotype has yet to be elucidated.  

 

A promising link between neuroinflammation and mitochondrial damage in PD is 

mtDNA. The innate immune sensor for cytosolic DNA, cGAS, binds cytosolic 

mtDNA, a molecular marker of damaged mitochondria (Rongvaux et al., 2014; 

West et al., 2015; White et al., 2014). The binding of mtDNA to cGAS generates 

the second messenger c-GAMP which in turn activates STING to induce the 

production of type I interferons. Future work will require a combination of 

biochemical, genetic and cellular approaches to validate whether mtDNA is the 

critical inflammation-inducing agent in mouse models of PD and whether BAK 

and BAX are responsible for its release. High-resolution imaging techniques will 

determine whether mtDNA is released from damaged mitochondria in neurons or 

glial cells in the brain and whether this is dependent on BAK and BAX. 

Additionally, the FLAG-Parkin mouse will allow for in situ visualisation of Parkin 

in the brain to determine if Parkin is recruited to these sites of mitochondrial 

damage. Additionally, when an accurate profile of BAK and BAX expression in 
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cellular subsets of the brain is assembled, conditional BAK or BAX deficient mice 

can be generated to dissect the origin and contribution of apoptosis-induced 

inflammation in a physiologically relevant setting. This will require using the 

tissue-specific knock-out LoxP/Cre-recombinase system with astrocyte, microglia 

and neuron-specific Cre strains that have been reported previously (Gong et al., 

2007; Parkhurst et al., 2013; Srinivasan et al., 2016).  

 

The recently described molecular mechanism implicating a relationship between 

defective mitophagy and inflammation presents new hypotheses for considering 

Parkin-associated diseases including infection with intracellular pathogens 

(Gutierrez et al., 2004a; Manzanillo et al., 2013; Mira et al., 2004). Mycobacterium 

infection in mouse models of leprosy and tuberculosis will provide insight into the 

immune mechanism of Parkin and whether this relies on its autophagic function, 

or its emerging role in modulating inflammatory signalling. In much the same way, 

the heterozygous loss of Parkin that is associated with certain cancers, is a 

vexing problem, and implicates Parkin as a potentially important tumour 

suppressor. Despite this, currently there is no consensus mechanism explaining 

how Parkin prevents tumourigenesis (Bernardini et al., 2016). PINK1 and Parkin 

aberrations are observed most commonly in solid tumours including ovarian, 

lung, glioblastoma, colorectal, breast, hepatocellular and neuroblastoma 

(Poulogiannis et al., 2010; Veeriah et al., 2010). Curiously, heterozygous loss of 

Parkin is sufficient to drive colorectal cancer and points to a different mechanism 

of action compared to Parkin’s role in neurodegenerative settings (da Silva-

Camargo et al., 2018; Poulogiannis et al., 2010). Whilst Parkin has been 
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proposed to regulate cyclins in the context of cancer (Veeriah et al., 2010), the 

mechanism of how Parkin is activated in this context is unclear, particularly since 

the only activating kinase reported is the mitochondrial PINK1. Parkin has also 

been reported to be a p53 target gene that prevent cells switching to a glycolytic 

metabolism, termed the Warburg effect (Zhang et al., 2011). It is possible that 

dysfunctional mitochondria are merely a result of defective mitophagy and thus a 

switch to a glycolytic metabolism in this context would be unavoidable.  

 

In light of my studies and current literature, a new explanation is that Parkin 

suppresses inflammatory signalling initiated by damaged mitochondria. This 

inflammatory signalling is a hallmark of certain cancers, such as colorectal cancer 

(Terzic et al., 2010), and may explain how Parkin acts as a tumour suppressor, 

although further experiments will be required to test this hypothesis. Indeed the 

mechanism by which mitochondria rupture and release their pro-inflammatory 

contents in the context of disease is still unknown. Whilst BAK and BAX are 

promising candidates from this work, damage may also be mediated by other 

factors such as ROS.  

 

In the case of PD, clinical symptoms take decades to manifest, even in 

aggressive familial forms of the disease. This may indicate that mitochondrial 

dysfunction also has to accumulate over the same timeframe, although this may 

differ in distinct tissues. It may also be the case that post-mitotic neurons, or other 

cell types in the brain responsible for mtDNA release, are undergoing minority 

MOMP (Ichim et al., 2015). In this situation, only a minority of the mitochondrial 
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network is damaged and is insufficient to induce cell death. However, only a 

single discrete damaged mitochondrion is required to release pro-inflammatory 

mtDNA to induce a strong pro-inflammatory response that may be amplified by 

surveying glial cells.  

 

The diversity of diseases in which Parkin has been implicated means therapeutic 

interventions in this pathway could be extremely valuable. However, novel 

therapies should be approached cautiously because of the multiple tissues Parkin 

is expressed in and then many pathways it has been shown to influence. Small 

molecule activators of Parkin would prove advantageous in AR-JP associated 

with inactivating mutations in Parkin (Gladkova et al., 2018), and are the focus of 

international drug development efforts. However, the therapeutic benefit of such 

molecules may be limited as Parkin activators still require the correct targeting of 

Parkin to mitochondria by PINK1-mediated phosphorylation of ubiquitin as well 

as at least one functional copy of Parkin. Importantly, small molecule activators 

will not be able to overcome mutations that severely inhibit Parkin’s enzymatic 

activity, such as defects in the catalytic cysteine at position 431. Additionally 

systemic Parkin activation would not be beneficial in a majority of tissues, as 

these tissues rely on their mitochondrial network for generating ATP. This issue 

may be circumvented by targeting only brain cells with high levels of Parkin 

expression. The Parkin-antagonistic DUB, USP30, is also a tempting target for 

small molecule development to release the inhibition of Parkin-mediated 

mitophagy (Bingol et al., 2014).  
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Additionally, I have detailed here that Parkin can modulate apoptosis by inhibiting 

both BAK and BAX. Therefore the ablation of Parkin activity may skew a cell 

towards apoptosis, which may be beneficial in the context of solid tumours, but 

could be detrimental to post-mitotic neurons. Understanding more about the 

expression of Parkin protein and its role in varied tissues may present a 

therapeutic opportunity to target relatively lowly expressing tissues, such as the 

colon, without pharmacologically inhibiting Parkin in brain tissue. 

 

The work presented here offers a comprehensive insight into how Parkin is 

regulating apoptosis by multiple discrete mechanisms. The additional role for 

Parkin recruitment to apoptotic mitochondria also potentially links inflammation 

and mitophagy deficiency and is worthy of interrogation to understand how the 

clearance of mitochondria contributes to a wide range of pathologies.  
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Appendices 

Appendix 1 Construct Details 

Table 1 Vectors for Mammalian and Bacterial Expression 

Construct Selection Source Purpose 

pMIH BAK Hygromycin G. Dewson Mammalian expression 

pMIH BAK K113R Hygromycin - Mammalian expression 

pMIP S-F-BAK Puromycin - Mammalian expression 

pMIP S-F-BAK K113R Puromycin - Mammalian expression 

pMIP BAK C14S K113C 

C166S 

Puromycin - Mammalian expression 

pMIG BAK C14S C166S GFP G. Dewson Mammalian expression 

pMIG Parkin GFP G. Dewson Mammalian expression 

pMIP HA-Parkin Puromycin N. Mizushima 

Addgene #38248 

Mammalian expression 

pMIP 2F-Parkin Puromycin - Mammalian expression 

pMIP Parkin R104W Puromycin - Mammalian expression 

pMIP 2F-Parkin K161N Puromycin - Mammalian expression 

pMIP 2F-Parkin K211N Puromycin - Mammalian expression 

pMIP 2F-Parkin K211N Puromycin - Mammalian expression 

pMIP 2F-Parkin R275W Puromycin - Mammalian expression 

pMIP 2F-Parkin G284R Puromycin - Mammalian expression 

pMIH HA-mVDAC2 Hygromycin M. Li Mammalian expression 

pFUH HA-VDAC2 Hygromycin - Mammalian expression 

pFUH HA-KØ hVDAC2 Hygromycin - Mammalian expression 

pFUH HA-VDAC2 4KR Hygromycin - Mammalian expression 

pFUH HA-VDAC2 7KR Hygromycin - Mammalian expression 

pTYB1 BAK K113C C166S 

∆N22 ∆C25 C-term-His 

- - Bacterial expression 

pGEX-6P3 Ubiquitin G76C - - Bacterial expression 

pFU spCas9 mCherry M. Herold Mammalian expression 

pFTRE3G sgRNA* GFP M. Herold / I. Tan Dox-inducible mammalian 

expression 

pX458 sgRNA* GFP C. Riffkin Transient mammalian 

expression 

* See Appendix 2 for sgRNA sequences  
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Appendix 2 sgRNA Details 

 
Table 2 sgRNA Sequences and Applications 

Target gene Identifier Species Sequence Purpose 

BAK1 A Human GCATGAAGTCGACCACGAAG Cell line KO 

BAK1 B Human GGCCATGCTGGTAGACGTGT Cell line KO 

BAX A Human CTGCAGGATGATTGCCGCCG Cell line KO 

BAX B Human TCTGACGGCAACTTCAACTG Cell line KO 

PARK2 - Human GTGTCAGAATCGACCTCCAC Cell line KO 

PINK1 A Human CCGGCCGGGCCTACGGCTTG Cell line KO 

PINK1 B Human TGTGTCCGCCGGGAGCGTCC Cell line KO 

Park2 - Mouse ACCCGCCCGGTGACCATGAT KI/KO Mouse  

Non-targeting - - ATTGGTGCCAATGCTCGGAT Control 
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Appendix 3 Antibody Details 

 
Table 3 Antibody Details for Immunoblotting and Intracellular FACS 

Reagent Source Identifier Dilution 

Rabbit polyclonal anti-BAK (aa23-28) Sigma-Aldrich #B5897 1:2000 

Mouse monoclonal anti-BAK (G317-

2) 
Becton Dickinson #556382 1:100 

Rat monoclonal anti-BAK (7D10) D.C.S. Huang (Dewson et al., 2008) 1:2000 

Rat monoclonal anti-BAX (3C10) R. Kluck (Iyer et al., 2015) 1:2000 

Rat monoclonal anti-BID (4C1-12-1) D.C.S. Huang - 1:1000 

Mouse monoclonal anti-Cytochrome c 

(7H8.2C12) 
Becton Dickinson #PHM556433 1:2000 

Mouse monoclonal anti-FLAG (M2) Sigma-Aldrich #F1804 1:1000 

Rabbit monoclonal anti-GAPDH 

(14C10) 
Cell Signaling #2118 1:5000 

Rat monoclonal anti-HA (3F10) Roche #11867423001 1:2000 

Mouse monoclonal anti-HSP70 (N6) L. O’Reilly (Dewson et al., 2008) 1:5000 

Rabbit monoclonal anti-Mfn2 (D2D10) Cell Signaling #9482 1:1000 

Mouse monoclonal anti-Parkin 
(PRK8) 

Santa Cruz 
Biotechnologies 

#sc-32282 1:500 

Rabbit polyclonal anti-PINK1 Novus Biologicals #BC100-494 1:1000 

Rabbit polyclonal anti-TIMM44 Sigma-Aldrich #HPA043052 1:500 

Rabbit polyclonal anti-TOMM20 Santa Cruz 

Biotechnologies 

#sc-11415 1:1000 

Mouse monoclonal anti-Ubiquitin 

(P4D1) 
Cell Signaling #3936 1:1000 

Mouse monoclonal anti-VDAC1 

(N152B/23) 
Merck #MABN504 1:1000 

Rabbit polyclonal anti-VDAC2 B. Reljic, M. Ryan (Ma et al., 2014) 1:200 

Goat anti-Mouse Ig, HRP-conjugated Southern Biotech #1010-05 1:3000 

Goat-anti-Mouse Ig, PE-conjugated Southern Biotech #1031-09 1:200 

Goat anti-Rat Ig, HRP-conjugated Southern Biotech #3010-05 1:3000 

Goat anti-Rabbit Ig, HRP-conjugated Southern Biotech #4010-05 1:3000 
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Appendix 4 Parkin and Mitophagy in Cancer  

This work has been published as a review article in Oncogene. It provides an 

overview of the contribution of mitophagy, in particular Parkin-dependent 

mitophagy, to cancer.  

 

I wrote the first draft of the paper. Subsequent editing was performed by Michael 

Lazarou and Grant Dewson. All authors contributed to the preparation of the final 

manuscript. 

 

BERNARDINI, J. P., LAZAROU, M., & DEWSON, G. 2017. Parkin and mitophagy 

in cancer. Oncogene, 36(10),1315-1327. 

 



 
 
192 



 
 

193 
-



 
 
194 



 
 

195 



 
 
196 



 
 

197 



 
 
198 



 
 

199 



 
 
200 



 
 

201 



 
 
202 



 
 

203 



 
 
204 

 



 
 

205 

Appendix 5 Parkin Inhibits BAK and BAX Apoptotic Function by 
Distinct Mechanisms During Mitophagy 

This work has been accepted as a research article in EMBO J. It describes the 

distinct mechanisms by which BAK and BAX are modulated by Parkin during 

damage-induced mitophagy. It also describes evidence of PINK1-dependent 

Parkin activity on apoptotic mitochondria.  

 

Experiments were conceived and designed by myself, Grant Dewson, Peter 

Czabotar and Michael Lazarou. I conducted all reported experiments. Jason 

Brouwer, Iris Tan, Jarrod Sandow, Shuai Huang, Che Staford, Aleksandra 

Bankovacki, Christopher Riffkin and Ahmad Wardak provided technical 

assistance and critical reagents. I wrote the first draft of the paper. All authors 

contributed to the production of the manuscript. 

 

BERNARDINI, J. P., BROUWER, J. M., TAN, I. K. L., SANDOW, J. J., HUANG, 

S., STAFFORD, C. A., BANKOVACKI, A., RIFFKIN, C. D., WARDAK, A. Z., 

CZABOTAR, P. E., LAZAROU, M. & DEWSON, G. 2018. Parkin inhibits BAK and 

BAX apoptotic function by distinct mechanisms during mitophagy. EMBO J, In 

Press. 
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