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Abstract 

Mutations in the genes encoding PINK1 and parkin are known to cause autosomal recessive 

familial Parkinson’s disease (PD). PINK1 and parkin act in a sequential pathway to identify and 

tag damaged mitochondria for selective autophagic degradation, a process termed mitophagy. 

The co-chaperone protein, BAG5, has been shown to interact with both PINK1 and parkin, and 

to inhibit parkin’s E3 ubiquitin ligase activity. Furthermore, BAG5 is known to enhance 

dopaminergic neurodegeneration in rodent models of PD. This thesis investigates the hypothesis 

that BAG5 negatively regulates PINK1 and parkin dependent mitophagy. We confirmed that 

BAG5 can interact with PINK1 and that this interaction requires functional BAG domains by co-

immunoprecipitation. Fluorescence microscopy analysis revealed that BAG5 impairs GFP-

parkin recruitment to depolarized mitochondria. This in turn impaired downstream mitophagy, as 

measured by a flow cytometry assay directly quantifying lysosomal engulfment of mitochondria. 

These findings demonstrate a potential role BAG5 in PD pathobiology.  
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Introduction 

0.1 Parkinson’s Disease 

Parkinson’s disease (PD) is the second most common neurodegenerative disease affecting 

approximately 1-2% of the population over the age of 65 (Pringsheim et al., 2014). It was first 

described in 1817 by Dr. James Parkinson, the British physician from whom the disease derives 

its name, in his seminal work “An Essay on the Shaking Palsy”. He documented the cardinal 

motor features of the disease including tremor, rigidity, akinesia, and postural instability 

(Parkinson, 1817). Today, it is recognized that patients often also suffer from debilitating non-

motor symptoms such as olfactory dysfunction, cognitive impairment, psychiatric symptoms, 

sleep disorders, urinary incontinence, constipation, pain, and fatigue (Kalia and Lang, 2015). 

Both diagnosis and treatment of the disease are limited; Diagnoses of PD are made purely on 

clinical criteria, as there is currently no objective biomarker, and existing treatments are only 

able to target symptoms and lack disease modifying properties. 

Pathologically, PD is characterized by the selective and progressive loss of the dopaminergic 

neurons of the substantia nigra pars (SNpc) and the presence of Lewy pathology in remaining 

neurons. Lewy bodies and neurites are insoluble proteinaceous inclusions primarily composed of 

misfolded α-synuclein found in the neural cell body and processes, respectively. SNpc 

degeneration is extensive with symptoms only becoming apparent after 60-70% loss of 

dopaminergic neurons. The main target of the SNpc dopaminergic terminals is the striatum and 

the loss of dopamine tone here results in dysfunction of the basal ganglia, a subcortical circuit 

responsible for fine tuning of motor control. It is this dysregulation of the excitatory and 

inhibitory connections in the striatum that account for the hypokinesia seen in PD.  
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Current gold standard treatments are directed at correcting this dysfunction of the basal ganglia. 

Dopamine replacement is achieved pharmacologically through the administration of the 

dopamine precursor L-dopa, or other dopamine agonists. While highly effective at managing 

symptoms early in disease progression, L-dopa treatment becomes less effective over time and is 

associated with debilitating side effects including motor fluctuations, impulse control disorders, 

and hallucinations. Motor fluctuations, also referred to as ON-OFF phenomenon, occur when 

brain dopamine levels are closely tied to plasma L-dopa levels and high levels following 

administration result in dyskinesia, while low levels cause the patient to return to a hypokinetic 

state. Surgically, deep brain stimulation (DBS) of the subthalamic nucleus or the globus pallidus 

internus (GPi) directly modifies the electrical activity of the circuit. DBS is effective in 

managing the motor symptoms of PD, but it is reserved for a subset of patients that respond well 

to L-dopa but experience disabling side effects, and do not have cognitive impairment. 

The etiology of PD is complex and unclear with both genetics and environmental factors playing 

a role. Evidence that has emerged from case study, epidemiological, and genetic studies points to 

a central role for mitochondrial dysfunction and disturbed proteostasis in PD pathogenesis. 

0.2 Mitochondrial Dysfunction in Parkinson’s Disease 

Some of the first evidence linking mitochondrial dysfunction to PD emerged from a case study 

documenting several individuals in Northern California who developed severe parkinsonism 

within a week of accidentally injecting 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a 

byproduct in the synthesis of the “synthetic heroin”, 1-methyl-4-phenyl-4-propionoxypiperidine 

(MPPP) (Langston et al., 1983). MPTP exposure faithfully and severely recreated the cardinal 

motor symptoms of PD through the rapid and selective degeneration of the SN (Langston et al., 

1983). The mechanism of this selective degeneration was found to depend on the conversion of 
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MPTP to its toxic metabolite, 1-methyl-4-phenylpyridinium ion (MPP+), by monoamine oxidase 

B (MOA-B) (Heikkila et al., 1984). This conversion occurs in astrocytes (Ransom et al., 1987) 

and serotonergic neurons (Shen et al., 1985) after the lipophilic MPTP has crossed the blood 

brain barrier. The selectivity for dopaminergic neurons in conferred by uptake through the 

dopamine transporter (DAT) (Shen et al., 1985), and uptake is greater in SN dopaminergic 

neurons than the dopaminergic neurons of the ventral tegmental nucleus due to higher 

concentrations of DAT (Kitayama et al., 1993). Once inside the neuron, MPP+ accumulates in 

the mitochondria where it inhibits Complex I of the mitochondrial respiratory chain (Ramsay et 

al., 1986) causing a decrease in ATP (Chan et al., 1991) and potentially increased reactive 

oxygen species (ROS).  

MPTP has been used to create the majority of non-human primate models that have been 

employed in the development of PD therapeutics, although they have been criticized for not 

replicating the chronic nature and Lewy pathology seen in PD (Fox and Brotchie, 2010). 

Interestingly, rodents, especially rats, have a marked resistance to systemic MPTP treatment 

because of high concentrations of MOA in their blood brain barrier which converts MPTP to its 

electrically charged metabolite, MPP+, which prevents it from crossing (Riachi et al., 1988). In 

mice, who have an intermediate susceptibility to MPTP, α-synuclein knockout is shown to confer 

resistance to MPTP administration (Dauer et al., 2002), providing a potential link between 

environmental and genetic PD factors. Additional rodent models also implicate mitochondrial 

dysfunction in PD as parkinsonism can also be induced in rats through the systemic 

administration of rotenone (Betarbet et al., 2000) and paraquat (Cicchetti et al., 2005), two 

pesticides and mitochondrial toxins that inhibit Complex I and generate ROS, respectively. 
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Informed by the specific inhibition of Complex I by MPTP, Schapira et al. compared the activity 

of electron transport chain enzymes from the SN of PD patients to age matched controls. They 

found deficiencies in the Complex I enzymes, NADH cytochrome c reductase and NADH CoQ 

reductase, but not in Complex II or III enzymes, in the samples from PD patients (Schapira et al., 

1990).  Moreover, PD patients are known to accumulate mitochondrial DNA (mtDNA) 

mutations (Bender et al., 2006; Lin et al., 2012). Epidemiological evidence also supports a role 

for mitochondrial dysfunction in PD as population studies indicate that both paraquat and 

rotenone exposure are associated with an increased risk of developing PD (Noyce et al., 2012; 

Tanner et al., 2011). Several clinical trials have attempted to modify PD progression by 

administering antioxidants or bioenergetics aimed at improving mitochondrial function. These 

include trials of vitamin E (The Parkinson Study Group, 1989), mitoquinone (Snow et al., 2010), 

Coenzyme Q10 (The Parkinson Study Group, 2014), and creatine (Kieburtz et al., 2015). These 

trials all showed no significant difference between treatment groups at their endpoints, but these 

failures may be the result of initiating trials too late in the disease progression, or failing to select 

a clinical subpopulation that might benefit the most (Espay et al., 2017).  

Later discoveries of monogenic forms of PD provide further support for the hypothesis that 

mitochondrial dysfunction plays a central role in PD pathogenesis, while also implicating other 

key molecular pathways. 

0.3 Genes that Cause Parkinson’s Disease 

The vast majority of PD cases are sporadic in nature, but monogenic forms of the disease 

account for approximately 5-10% of cases (Lesage and Brice, 2009). Identification of these 

genes and the proteins that they encode has provided tremendous insight into the biological 

mechanisms underpinning PD pathobiology. There are currently five genes known to cause PD 
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that have been well replicated. These include mutations in two genes that cause autosomal 

dominant PD, SCNA (PARK1/PARK4) and LRRK2 (PARK8), and three genes that cause 

autosomal recessive PD, parkin (PARK2), PINK1 (PARK6), and DJ-1 (PARK7). A full collection 

of the mutations in these genes published to date can be found in the Parkinson Disease Mutation 

database (PDmutDB, http://www.molgen.vib-ua.be/PDmutDB). The proteins encoded by the 

three recessive genes (parkin, PINK1, and DJ-1) are known to directly affect mitochondrial 

function and health, and there is evidence that SNCA impairs mitochondrial function.  

In 1997, SNCA, the gene encoding α-synuclein, was the first gene identified to cause PD; Italian 

and Greek families were found to have a pathogenic missense mutation resulting in an alanine to 

threonine substitution at amino acid 53 (Polymeropoulos et al., 1997). Two other point 

mutations, A30P (Kruger et al., 1998) and E46K (Zarranz et al., 2004), as well as triplication 

(Singleton et al., 2003) and duplication (Ibanez et al., 2004) of the SNCA locus have since been 

shown to cause PD. Only months following the discovery of the A53T pathological mutant, 

insoluble α-synuclein was found to makeup Lewy bodies (Spillantini et al., 1997). While Lewy 

bodies were originally postulated to be the neurotoxic form of α-synuclein, cases of PD lacking 

Lewy pathology and the evidence of different types α-synuclein aggregation have implicated 

certain soluble α-synuclein oligomers as the toxic species (Kalia et al., 2013). 

While the mechanisms by which oligomeric α-synuclein species cause neurodegeneration are 

still being elucidated, multiple lines of evidence indicate that it accumulates in mitochondria and 

impairs Complex I of the mitochondrial respiratory chain (Chinta et al., 2010; Devi et al., 2008; 

Liu et al., 2009; Luth et al., 2014). Oligomeric and dopamine-modified species of α-synuclein 

have also been shown to interact the translocase of the outer mitochondrial membrane (TOMM) 

subunit, TOMM20, blocking mitochondrial protein import and impairing mitochondrial 

http://www.molgen.vib-ua.be/PDmutDB
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respiration in rodent PD models (Di Maio et al., 2016). This group also showed that this α-

synuclein-TOMM20 interaction, and impaired mitochondrial import were present in SN 

dopaminergic neurons from human PD brains, but not healthy controls (Di Maio et al., 2016). 

Monomeric α-synuclein may also play a physiological role in mitochondrial function, as α-, β-, 

and γ-synuclein triple knockout mice show deficiencies in mitochondrial respiration and ATP 

synthase efficiency that can be rescued by the addition of low levels of monomeric α-synuclein 

(Ludtmann et al., 2016). 

Mutations in LRRK2, the gene encoding leucine-rich repeat kinase 2 (LRRK2), are found in 4% 

of familial and 1% of sporadic PD, making them the most common cause of genetic PD (Healy 

et al., 2008). The most common LRRK2 mutation, G2019S, causes a toxic enhancement of 

kinase function (Smith et al., 2006). The clinical phenotype seen in patients harbouring LRRK2 

mutations, including the age of onset, is like that of classical PD. The neuropathology, however, 

is heterogenous and can present as typical LB pathology, Alzheimer’s disease-like tau positive 

pathology without LBs, or nigral degeneration without LB or tau pathology (Nuytemans et al., 

2010).  

Deletions and loss of function mutations in the Daisuke-Junko-1 (DJ-1) gene result in early-

onset parkinsonism (Annesi et al., 2005; Bonifati et al., 2003). While the function of DJ-1 is not 

well understood, the protein localizes to the mitochondria (Zhang et al., 2005) and is believed to 

protect cells from oxidative stress (Guzman et al., 2010; Kim et al., 2005; Yokota et al., 2003). 

PINK1 and PARK2 are the most well characterized of the autosomal recessive PD genes. Their 

structure and function, particularly in directing mitophagy, the selective autophagic degradation 

of mitochondria, is discussed in detail below. 
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0.4 PINK1 and Parkin 

0.4.1 Domains and Structure 

Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) is a 581-amino 

acid, 62 kDa, serine threonine kinase (Valente et al., 2004). PINK1 has a N-terminal 

mitochondrial targeting sequence (MTS), a transmembrane domain, a large serine threonine 

kinase domain, and a conserved C-terminal region (CTR) (Sim et al., 2012) (Figure 1). 

Pathological mutations include missense mutations in all of these domains, nonsense mutations, 

and exon rearrangements, with missense and nonsense mutations being the most common (Kalia 

and Lang, 2015). Clinically, patients with PINK1 mutations present with early-onset 

parkinsonism that is otherwise indistinguishable from idiopathic PD (Nuytemans et al., 2010). 

Heterozygous mutations in PINK1 are also a risk factor for PD (Puschmann et al., 2017). 

The crystal structure of human PINK1 has not been solved, but recent reports have described the 

crystal structure of PINK1 from the insect species, Tribolium castaneum (TcPINK1) (Kumar et 

al., 2017), as well as the structure of Pediculus humanus corporis PINK1 (PhPINK1) in complex 

with its substrate, ubiquitin (Schubert et al., 2017). Insect PINK1 orthologues are commonly 

used to study PINK1 in vitro because they share great sequence homology to human PINK1, and 

unlike recombinant human PINK1, they can be efficiently produced and display substantial 

kinase activity in vitro (Woodroof et al., 2011). The N-lobe of the PINK1 kinase domain 

contains three insertions and the structures of TcPINK1 and PhPINK1 both indicate that 

ubiquitin binding occurs on the highly conversed third insertion (Kumar et al., 2017; Schubert et 

al., 2017). The ATP-binding pocket is located in the C-lobe of the kinase domain, and the CTR is 

important for PINK1 stability because it contains four α-helices that pack tightly around the C-

lobe forming an extended hydrophobic core (Schubert et al., 2017). PINK1 is regulated by 
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(auto)phosphorylation at two sites, Ser202 and Ser204 in PhPINK1 and Ser228 and Ser230 in 

human PINK1, that are necessary for the correct positioning of N-lobe insertion 3 and insertion 

2, respectively (Schubert et al., 2017). Interestingly, PINK1 appears to prefer to phosphorylate 

ubiquitin that is in an uncommon C-terminally retracted conformation (Gladkova et al., 2017). 

Parkin is a 465 amino acid, 52 kDa, really interesting new gene (RING)-in-between-RING 

(RBR) E3 ubiquitin ligase (Shimura et al., 2000). Conserved domains include an N-terminal 

ubiquitin-like (Ubl) domain and two C-terminal RING domains, RING1 and RING2, that are 

joined by an in-between RING (IBR) domain and a unique linker termed the repressor element 

of parkin (REP) (Trempe et al., 2013) (Figure 1). Compared to other RBR E3 ligases, parkin has 

a unique third zinc finger, RING0, immediately to the N-terminal side of RING1 (Hristova et al., 

2009). Parkin, like other RBR E3s, uses a RING/HECT hybrid mechanism where its RING1 

domain binds with E2 ubiquitin conjugating (Ubc) enzymes and it transfers ubiquitin to its 

substrates through a high-energy thioester intermediate formed on conserved cysteine 431 in its 

RING2 domain (Wenzel et al., 2011). Like PINK1, pathogenic parkin mutations are found in all 

domains and linker regions (Ferreira and Massano, 2017). Parkin mutations are the most 

common cause of early-onset parkinsonism, accounting for 50% of familial and 15% of sporadic 

cases that have an age of onset before 45 (Lücking  et al., 2000; Periquet et al., 2003). 

Interesting, a majority of parkin mutant PD cases lack Lewy pathology and cognitive 

impairment, and are associated with slow disease progression (Doherty et al., 2013). 

Parkin exists in an autoinhibited state; the crystal structure of parkin shows that this state is 

maintained by a rigid core that is stabilized by hydrophobic interactions between RING0, 

RING1, and RING2 (Trempe et al., 2013). Three key interactions mediate this autoinhibition. 

Interaction between the Ubl and RING1 blocks phosphorylation of the activating Ser65 residue 
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(Trempe et al., 2013). Binding of the REP to RING1 blocks the E2 interaction site on RING1 

(Riley et al., 2013; Trempe et al., 2013; Wauer and Komander, 2013). Lastly, RING0 binding to 

RING2 blocks the catalytic C431 (Riley et al., 2013; Trempe et al., 2013; Wauer and Komander, 

2013). Mutations designed to disrupt any of these interactions activate parkin and enhance its 

function in mitophagy (Tang et al., 2017). These interactions are relieved by binding to phospho-

ubiquitin, a parkin receptor that activates parkin by inducing a conformational changes to expose 

the Ubl for phosphorylation, and places the E2 binding site and Cys431 in close proximity  

(Okatsu et al., 2015; Wauer et al., 2015). Release of the REP:RING1 and RING0:RING2 binding 

are more important than Ubl:RING1 in activating parkin (Tang et al., 2017). The sequential 

activation of PINK1 and parkin by mitochondrial stressors including mitochondrial 

depolarization by pharmacological agents and reactive oxygen species, or misfolded protein 

accumulation triggers mitophagy (Pickrell and Youle, 2015). 

FIGURE 1 

 

Figure 1: Schematic illustrations of PINK1 and parkin primary structure and domains. 



10 

 

0.4.2 PINK1 and Parkin Dependent Mitophagy 

Canonical PINK1/parkin directed mitophagy relies on PINK1 to sense damaged mitochondria 

and activate parkin, which then decorates the mitochondria with polyubiquitin chains. In healthy 

mitochondria, PINK1 is constitutively imported through the TOMM complex into the translocase 

of inner mitochondrial membrane (TIMM) where its mitochondrial targeting sequence is first 

cleaved in the matrix by mitochondrial processing peptidase (MPP) (Greene et al., 2012). PINK1 

is further cleaved in its transmembrane domain by the inner membrane protein rhomboid 

protease, presenilin-associated rhomboid-like protein (PARL) (Jin et al., 2010), generating a 52 

kDa fragment with an N-terminal phenylalanine that is rapidly degraded by the proteasome 

according to the N-end rule (Deas et al., 2011; Yamano and Youle, 2013). Dissipation of 

mitochondrial membrane potential, however, prevents this cleavage by blocking import into the 

TIMM complex, leading to PINK1 accumulation of the mitochondrial surface (Matsuda et al., 

2010; Narendra et al., 2010b). The small TOMM subunit, TOMM7, is required for this 

accumulation (Hasson et al., 2013). PINK1 can also be stabilized on the surface of polarized 

mitochondria in response to abnormal accumulations of misfolded proteins in the mitochondrial 

matrix (Jin and Youle, 2013). While the mechanism of PINK1 stabilization on polarized 

mitochondria is not fully understood, the authors of this study believe that the accumulation of 

misfolded protein in the mitochondria also blocks import by TIMM complex (Jin and Youle, 

2013). 

Stabilization on the mitochondrial membrane allows PINK1 to perform is serine/threonine kinase 

function resulting in parkin activation and recruitment from the cytosol to the mitochondrial 

surface (Matsuda et al., 2010; Narendra et al., 2010b). This is achieved through phosphorylation 

of parkin’s ubiquitin-like domain (Ubl) and more importantly, ubiquitin at serine 65 by PINK1 
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(Kane et al., 2014; Kondapalli et al., 2012; Koyano et al., 2014). Upon activation, parkin 

ubiquitinates itself and several outer mitochondrial membrane (OMM) proteins leading to their 

degradation by the ubiquitin-proteasome system, and autophagosome engulfment of the 

mitochondria (Chan et al., 2011; Narendra et al., 2008; Sarraf et al., 2013). 

Several proteins that modify the PINK1/parkin pathway have been identified. Genome wide 

RNA interference (RNAi) screens have identified ATPase inhibitory factor 1 (ATPIF1) 

(Lefebvre et al., 2013), hexokinases 1 and 2 (McCoy et al., 2014), HSPA1L (Hasson et al., 

2013), and sterol regulatory element binding transcription factor (SREBF) (Ivatt et al., 2014), as 

proteins that when knocked down reduce parkin translocation to mitochondria, indicating that 

they normally function to support parkin recruitment. Conversely, other proteins have been 

identified that when knocked down, enhance parkin translocation to mitochondria, indicating that 

they normally inhibit this process. Some of these proteins include, Bcl-2 associated athanogene 4 

(BAG4) and seven in absentia homolog 3 (SIAH3) (Hasson et al., 2013), and the 

deubiquitinating enzyme (DUB) USP30 (Bingol et al., 2014; Wang et al., 2015). While these 

USP30 antagonizes parkin mediated mitophagy by removing ubiquitin chains from 

mitochondria,  another DUB, USP8, interestingly accelerates parkin recruitment and mitophagy 

by removing K6 linked ubiquitin chains from parkin itself (Durcan et al., 2014). Two more 

DUBs, USP15 and USP35, impair parkin mediated mitophagy without affecting parkin 

recruitment to the mitochondria (Cornelissen et al., 2014; Wang et al., 2015). 

Besides Jin and Youle (2013), who used the expression of a misfolded mitochondrial protein, the 

vast majority of studies examining mitophagy in cells have employed pharmacological treatment 

with ionophores like carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and valinomycin, or 

combinations of the respiratory chain inhibitors, oligomycin and antimycin A, to model 
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mitochondrial dysfunction. This approach leads to complete damage and clearance of whole 

mitochondrial networks. A recent study, however, has demonstrated that PINK1 and parkin can 

direct the selective excision and mitophagy of mitochondrial subdomains containing aggregated 

proteins from the remaining healthy mitochondria (Burman et al., 2017). This selectively was 

found to depend on the function of mitochondrial fission promoting, dynamin-related protein 1 

(Drp1), as Drp1 knockout cells could not separate the aggregate containing mitochondrial 

subdomains and instead underwent wholesale mitophagy (Burman et al., 2017). 

Both PINK1 and parkin were originally believed to be necessary for mitophagy, however, 

PINK1, albeit with decreased efficiency, has been shown to be able to initiate mitophagy in the 

absence of parkin (Lazarou et al., 2015). This finding implies that ubiquitin phosphorylation by 

PINK1 is the key step in inducing mitophagy, and parkin amplifies this feedforward cycle by 

providing more substrate. This phospho-ubiquitin signal on mitochondria recruits specific 

autophagy receptors, proteins that link the cargo tagged for degradation to the autophagosome 

through interactions with both the specific degradation signals on the cargo, and lipidated 

microtubule-associated protein 1A/1B-light chain 3 (LC3) on the autophagosome (Stolz et al., 

2014). The autophagy receptors, optineurin (OPTN) and nuclear dot protein 52 (NDP52), but not 

neighbor of BRCA1 gene 1 (NBR1) and nucleoporin 62 (p62), operate redundantly in mitophagy 

(Lazarou et al., 2015). p62 is, however, required for perinuclear clustering of mitochondria that 

typically precedes mitophagy (Narendra et al., 2010a; Okatsu et al., 2010).  

While some early reports evaluating PINK1/parkin function in primary neuronal cultures found 

that neurons’ reliance on oxidative phosphorylation prevented them from undergoing mitophagy 

(Van Laar et al., 2011), later studies showed that neurons do indeed perform PINK1/parkin 

dependent mitophagy (Ashrafi et al., 2014; Cai et al., 2012; Seibler et al., 2011). Neurons also 
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degrade mitochondria in a PINK1/parkin dependent manner at baseline, unperturbed conditions 

(Bingol et al., 2014). 

0.4.3 PINK1 and Parkin In Vivo 

The first evidence that parkin was important for maintaining healthy mitochondria came from 

parkin null Drosophila that showed pathological phenotypes characterized by reduced lifespan, 

degeneration of flight muscles, and male sterility with underlying mitochondrial pathology 

(Greene et al., 2003). Further studies in Drosophila provided the first evidence that PINK1 acted 

upstream of parkin in the same pathway as PINK1 null flies displayed the same phenotype as 

parkin null mutants and overexpression of parkin could overcome PINK1 deficit, but not vice 

versa (Clark et al., 2006; Park et al., 2006). Using radioisotope labeling in Drosophila brains 

followed by mass spectroscopy, Vincow et al. (2013) showed that parkin null flies had less 

turnover of mitochondrial proteins compared to wild-type flies and that both PINK1 and parkin 

null flies had specific decreases in the turnover of mitochondrial respiratory chain proteins, 

providing direct evidence for mitophagy occurring in vivo. 

Unlike humans and flies, neither single nor double germline knockout of PINK1 and parkin 

result in severe motor or neuropathological phenotypes in mice (Goldberg et al., 2003; Kitada et 

al., 2007; Kitada et al., 2009; Perez and Palmiter, 2005). Resistance to loss of these genes could 

be conferred by abnormal compensation methods and indeed post-natal conditional knockouts of 

parkin have shown nigrostriatal degeneration (Shin et al., 2011; Stevens et al., 2015). 

Furthermore, stressing parkin knockout mice with a proofreading deficiency in mtDNA 

polymerase γ causes an excessive accumulation of mtDNA mutations that leads to specific 

degeneration of dopaminergic neurons, indicating a role for parkin mitochondrial quality control 

in mice (Pickrell et al., 2015). While initial mice studies complicated the role of PINK1 and 
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parkin, substantial evidence from flies and humans supports a model that PINK1 and parkin are 

essential for mitochondrial quality control in vivo. 

0.4.4 Functions Outside of Mitophagy 

PINK1 and parkin participate in several functions outside of wholesale mitophagy, including 

mitochondrial derived vesicle (MDV) formation, mitochondria biogenesis, and cell death. 

PINK1 and parkin can initiate the piecewise degradation of mitochondrial components through 

the generation of MDVs containing oxidized proteins (McLelland et al., 2014). These MDVs 

require syntaxin-17 but not Drp1 for delivery of their cargo to the endolysosomal system 

(McLelland et al., 2016). This makes them distinct from the mitophagy of selective 

mitochondrial fragments that do require Drp1 but not syntaxin-17 for degradation (Burman et al., 

2017). MDV formation and degradation of specific mitochondrial proteins may represent a more 

physiological response to less harsh mitochondrial insult (McLelland et al., 2014). 

In addition to its mitochondrial targets, parkin activation also leads to the ubiquitination of 

several cytosolic substrates (Sarraf et al., 2013). One of these substrates, parkin interacting 

substrate (PARIS), represses transcription of peroxisome proliferator-activated receptor gamma 

(PPARγ) coactivator-1α (PGC-1α), a master regulator of mitochondrial biogenesis, which is 

decreased in SN from human PD patients compared to healthy controls (Shin et al., 2011). Parkin 

promotes mitochondrial biogenesis by ubiquitinating PARIS for degradation by the ubiquitin 

proteasome system (UPS), allowing for expression of PGC-1α target genes including nuclear 

respiratory factor 1 (Nrf-1) (Shin et al., 2011). PARIS accumulation seems to be responsible for 

the specific dopaminergic neurodegeneration seen in conditional parkin knockout mice as 

overexpression of PGC-1α is protective and prevents deficiencies in mitochondrial respiration 

(Lee et al., 2017; Shin et al., 2011; Stevens et al., 2015). PINK1 also plays a role in regulating 
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PARIS accumulation by phosphorylating PARIS to control ubiquitination and clearance by 

parkin (Lee et al., 2017). 

 The general neuroprotective effect of parkin has led to the hypothesis that it is always stress 

protective. Indeed, parkin has been shown to confer apoptosis resistance to a number of cellular 

stressors by enhancing ubiquitination of NF-κB essential modulator (NEMO) (Müller-Rischart et 

al., 2013). Furthermore, parkin has been shown to be protect cells against etoposide and 

staurosporine-induced apoptosis by regulating the proapoptotic, Bcl-2-associated X protein 

(BAX) (Charan et al., 2014; Johnson et al., 2012). Other groups, however, have shown that 

PINK1 and parkin actually enhance apoptosis in response to mitochondrial depolarization by 

ubiquitinating the antiapoptotic Bcl-2 family member, Mcl-1 (Carroll et al., 2014; Zhang et al., 

2014). Together these results suggest that parkin may play a context dependent role in 

moderating cell death. 

0.5 Chaperones 

Chaperone proteins are the highly conserved molecular machinery responsibly for directing the 

folding of nascent polypeptide chains, refolding misfolded proteins, and targeting misfolded 

proteins for degradation. These proteins were initially found to be upregulated in the cellular 

stress response to elevated temperatures and were therefore termed heat shock proteins (Hsp) 

(Tissiéres et al., 1974). Constitutively expressed homologs of these inducible proteins are 

referred to as heat shock cognates (Hsc). Chaperone families were initially classified based on 

their molecular weights and include the Hsp40, Hsp60, Hsp70 Hsp90, Hsp100, and the small 

Hsp families. The growing number and heterogeneity of known chaperone proteins has 

necessitated a revised nomenclature system where DNAJ, HSPD, HSPA, HSPC, HSPH, and 

HSPB replace the respective molecular weight derived names (Kampinga et al., 2009). In this 
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thesis, the more common, older Hsp(kDA) notation will be used when referring to whole 

chaperone families, and the new nomenclature will be used when referring to specific 

chaperones.  

The Hsp70s are the most well studied family of chaperones. Hsp70 accomplishes its protein 

refolding function by binding to exposed hydrophobic domains on misfolded proteins via its C-

terminal substrate binding domain (SBD) and undergoing a multiple ATP hydrolysis cycles at its 

N-terminal nucleotide binding domain (NBD) (Bukau and Horwich, 1998). Hydrolysis of ATP to 

ADP stabilizes Hsp70’s hold on its client protein, increasing the likelihood of spontaneous 

refolding (Ciechanover and Kwon, 2017). ADP-ATP exchange destabilizes the Hsp70-client 

complex, allowing for dissociation of the client or further ATP hydrolysis cycles (Friesen et al., 

2017). Chaperone function in targeting misfolded proteins for degradation is achieved through 

interactions with non-client binding proteins, known as co-chaperones. C-terminal of Hsp70 

interacting protein (CHIP), is an Hsp70 co-chaperone and E3 ubiquitin ligase that targets 

unfolded proteins for degradation by the UPS (Meacham et al., 2001; Murata et al., 2001). 

HSPA8, working with lysosomal-associated membrane protein 2A (LAMP2A) and multiple co-

chaperones, can also identify substrates with a KFERQ-like motif for chaperone-mediated 

autophagy (CMA), a process that leads to the lysosomal degradation of specific proteins 

(Kaushik and Cuervo, 2012). The central nature of disturbed proteostasis and α-synuclein 

aggregation in PD has prompted great interest into the role of chaperones in PD pathogenesis, 

and their potential as therapeutic targets, topics reviewed in detail by my fellow graduate 

students and myself (Friesen et al., 2017). 
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0.5.1 Role in Parkinson’s Disease 

Multiple chaperone proteins have been found to accumulate in Lewy bodies (Sharma et al., 2001; 

Shashidharan et al., 2000). Studies in Drosphilia highlight a neuroprotective role for Hsp70 in 

PD as its overexpression attenuates the dopaminergic neurodegeneration caused by α-synuclein 

overexpression (Auluck et al., 2002). Building on this finding, other groups have shown that the 

overexpression of several Hsp70 and Hsp40 family members antagonize α-synuclein aggregation 

and/or toxicity in yeast (Flower et al., 2005), cells (McLean et al., 2002), and rodents (Klucken et 

al., 2004b; Moloney et al., 2014). The mechanisms by which Hsp70 attenuates α-synuclein 

aggregation and toxicity appear to be separate, as a mutation (K71S) that disrupts the NBD of 

Hsp70 and abolishes its refolding activity fails to protect cells from α-synuclein toxicity but does 

still prevent aggregation (Klucken et al., 2004a).  

Hsp70 interactions with its co-chaperones can also attenuate α-synuclein toxicity through CMA 

and UPS degradation of aggregates. Expression of HSPA8 and lysosome-associated membrane 

protein 2 A (LAMP2A) are elevated in response to α-synuclein overexpression, indicating that 

they normally function to clear aggregates (Mak et al., 2010). Indeed, overexpression of 

LAMP2A, the rate-limiting component of CMA, protected rats from α-synuclein induced 

neurodegeneration (Xilouri et al., 2013). Mutant A53T and A30P α-synuclein, however, block 

CMA and inhibit their own degradation as well as degradation of other substrates by preventing 

their uptake into the lysosome (Cuervo et al., 2004). The co-chaperone, CHIP, can target 𝛼-

synuclein for degradation by either the proteasome or lysosome via its TPR domain or U-box 

domain, respectively (Shin et al., 2005). CHIP also suppresses the formation of toxic α-synuclein 

oligomers by ubiquitinating them for degradation by the UPS (Kalia et al., 2011). However, this 
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CHIP-mediated suppression of α-synuclein oligomer formation is antagonized by another co-

chaperone, BAG5 (Kalia et al., 2011). 

The thesis is primarily concerned with BAG5 functions outside of its role as a co-chaperone, 

specifically in modulating PINK1 and parkin dependent mitophagy.  

0.6 BAG5 

The Bcl-2 associated athanogene (BAG) family is a diverse group of Hsp70 interacting co-

chaperone proteins named for its founding member, BAG1. BAG1 was first identified as a Bcl-2 

interactor in a yeast two-hybrid screen and was subsequently found to confer resistance to cell 

death elicited by apoptosis inducers (Takayama et al., 1995). Further yeast two-hybrid screens by 

the same group using the NBD of Hsp70 as bait identified BAG2 and BAG3 (Takayama et al., 

1999). Sequence homology between the BAG domains, the family’s characteristic C-terminal 

region that mediates their interactions with Hsp70, of BAG3 and the then unidentified, BAG5, 

led to BAG5’s tentative classification as a BAG family member (Takayama et al., 1999). The 

BAG domain is made of a three parallel α-helices, where helices 2 and 3 mediate the interaction 

with the Hsp70 NBD (Sondermann et al., 2001). Compared to BAG1, the BAG domains of 

BAG3, BAG4, and BAG5 are shorter with each α-helix featuring three to four fewer turns 

(Briknarová et al., 2002). In BAG domain of BAG2, the three α-helices are not all parallel and 

actually bind Hsp70 differently, leading some to classify it as its own unique domain termed the 

brand new bag (BNB) domain (Xu et al., 2008). BAG5 is the only BAG protein to contain 

multiple BAG domains, five in total (Arakawa et al., 2010). Following its classification as a 

BAG family member by Takayama et al. (1999), BAG5 remained uncharacterized until it was 

implicated in neurodegeneration. 
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0.6.1 Role in Neurodegeneration 

A role for BAG5 in neurodegeneration was initially hypothesized after it was identified as a 

differentially expressed transcript in the medial forebrain (MFB) axotomy rodent model of PD 

(Kalia et al., 2004). Its overexpression was subsequently shown to exacerbate neurodegeneration 

in that same model, as well as the MPTP model of PD (Kalia et al., 2004). BAG5 is highly 

expressed in both rat and human brain, and co-localizes with Lewy bodies in diseased human 

brain (Kalia et al., 2004). Moreover, BAG5 is also known to interact directly with a number of 

parkinsonian gene products including LRRK2 (Beilina et al., 2014), DJ-1 (Qin et al., 2017), 

parkin (Kalia et al., 2004), and PINK1 (Wang et al., 2014), as well as indirectly modulate α-

synuclein (Kalia et al., 2011) (Figure 2).  

As part of a large protein complex also including cyclin-G–associated kinase (GAK) and RAB7, 

member RAS oncogene family-like 1 (RAB7L1), BAG5’s interaction with LRRK2 serves to 

promote the clearance of the trans-Golgi network in cells and in vivo (Beilina et al., 2014). This 

enhanced clearance leads to a reduction in neurite lengths in primary neuronal cultures (Beilina 

et al., 2014). In cell models of oxidative stress, BAG5 has recently been shown to attenuate DJ-

1’s protective effect on cell death by impairing its dimerization and recruitment to mitochondria 

(Qin et al., 2017).  

The potential for BAG5 participation in PINK1 and parkin dependent mitophagy is highlighted 

by its interactions with both of these proteins. Glutathione S-transferase (GST) pulldown assays 

using parkin deletion constructs have mapped BAG5 interactions with parkin to both parkin’s N-

terminal linker region, and its C-terminal IBR and RING2 domains (Kalia et al., 2004). BAG5 

negatively regulates parkin, inhibiting its E3 ligase activity and autoubiquitination (Kalia et al., 

2004). Reciprocal GST pulldowns with BAG5 and PINK1 deletion constructs indicate that the 
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three N-terminal and the C-terminal BAG domains, but not the fourth BAG domain can interact 

with PINK1 (Wang et al., 2014). Interestingly, full-length GST-BAG5 pulls down both full-

length and PARL-processed PINK1 but any lone BAG domain can only interact with full-length 

PINK1 (Wang et al., 2014). PINK1 interacts with BAG5 through its kinase domain (Wang et al., 

2014).  

BAG5 also plays a role in regulating toxic α-synuclein species. Like other BAG family 

members, BAG5 acts as a nucleotide exchange factor for Hsp70, promoting the release of ADP 

from the NBD and inhibiting Hsp70 refolding capacity, a process known to protect against α-

synuclein toxicity (Auluck et al., 2002; Höhfeld and Jentsch, 1997; Kalia et al., 2004). BAG5 

indirectly impairs the clearance of the α-synuclein oligomers by preventing its ubiquitination by 

another E3 ubiquitin ligase, C-terminal Hsp70-interacting protein (CHIP) (Kalia et al., 2011). By 

inhibiting E3 ubiquitin ligases, BAG5 may also play a role in another neurodegenerative disease 

that can present with a parkinsonian phenotype, spinocerebellar ataxia type-3, by preventing the 

ubiquitination pathogenic mutants of ataxin3 that contain expanded polyglutamine domains, , 

(Che et al., 2015). The generally negative regulatory functions that BAG5 exerts on multiple 

parkinsonian gene products highlights its potential role in the etiology of PD.  
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FIGURE 2  

 

Figure 2: Schematic showing interactions between BAG5 and parkinsonian gene products. 

BAG5 inhibits the refolding activity of Hsp70 (Kalia et al., 2004), which is known to reduce α-

synuclein aggregation (Auluck et al., 2002). It also inhibits the E3 ligase, CHIP, which 

ubiquitinates α-synuclein oligomers for proteasomal degradation (Kalia et al., 2011). BAG5 is part 

of a large complex with LRRK2 which leads to enhanced clearance of the trans golgi complex 

(Beilina et al., 2014). BAG5 attenuates the protective capacity of DJ-1 in response to Complex I 

inhibition (Qin et al., 2017). BAG5 can interact with PINK1 (Wang et al., 2014) and impairs 

parkin’s E3 ubiquitin ligase activity (Kalia et al., 2004).   
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0.7 Research Objectives 

The purpose of this study is to understand if the interactions between BAG5 and the 

parkinsonian gene products, PINK1 and parkin, affect mitophagy. Given that other BAG proteins 

differentially regulate some aspects of the PINK1 parkin pathway (Hasson et al., 2013; Qu et al., 

2015), and that BAG5 interacts with parkin and enhances neurodegeneration (Kalia et al., 2004), 

we hypothesize that BAG5 negatively regulates PINK1 dependent parkin translocation and 

mitophagy. The specific aims were as follows: 

Objective 1: Determine if BAG5 affects accumulation of PINK1 

Objective 2: Determine if BAG5 decreases the translocation of parkin to the mitochondria 

following mitochondrial depolarization 

Objective 3: Determine functional consequences of BAG5 on mitophagy 
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 BAG5 Interacts with PINK1 and Affects its 
Accumulation 

1.1 Introduction 

As described in the introduction of this thesis, it has been previously shown that BAG5 can 

interact with PINK1 (Wang et al., 2014). In this chapter we confirm this interaction and show 

that it is dependent on having functional BAG domains, as the BAG5 mutant BAG5-DARA 

cannot bind PINK1. BAG5-DARA is a mutant where the interaction with Hsp70 is abolished 

(Kalia et al., 2004). This is achieved by mutating key aspartate residues in α-helix 2 and arginine 

residues in α-helix 3 in four of the total five BAG domains to alanine (Kalia et al., 2004). We 

also test the hypothesis that BAG5 affects PINK1 accumulation following mitochondrial 

depolarization. 

1.2 Materials and Methods 

1.2.1 Cell Culture 

Human osteosarcoma U2OS cell stably expressing GFP or GFP-parkin were a gift from Dr. 

Edward Fon (Montreal Neurological Institute and Hospital, McGill University) (Durcan et al., 

2014). U2OS cells were maintained at 37°C and 5% CO2 in DMEM (Life Technologies) 

supplemented with 10% fetal bovine serum (FBS) (Life Technologies), and 1% 

penicillin/streptomycin (Life Technologies). 

1.2.2 Transfection 

For plasmid transfections, cells were plated and incubated overnight. Transfection mixtures were 

prepared in Opti-MEM (Life Technologies) containing plasmid DNA, and Lipofectamine 2000 

(Invitrogen) according to manufacturer’s directions and added to cell cultures. Cells were 

treated/harvested 24 hours post-transfection. 
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1.2.3 Co-immunoprecipitation  

U2OS GFP cells were transfected with combinations of vectors expressing C-terminal myc-

tagged PINK1 (PINK1-myc), N-terminal Flag-tagged BAG5 (FlagBAG5), and N-terminal Flag-

tagged mutant BAG5-DARA (FlagDARA) for 24 hours before lysis in radioimmunoprecipitation 

assay (RIPA) buffer (50 mM Tris, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100) 

with protease inhibitor cocktail (Roche). Cell lysates were incubated for 4 hours at 4°C with 

agarose beads conjugated with anti-Flag M2 antibodies (Sigma). Beads were washed in RIPA 

buffer supplemented with 0.1% SDS 5 times before elution with Flag peptide in TBS for 30 min 

at 4°C in agitation. Samples were then separated by SDS-PAGE and analysed by Western blot. 

1.2.4 CCCP Treatment 

U2OS cells were treated with 20 μM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) 

(Sigma) in DMEM to abolish mitochondrial membrane potential (Δψm) for the indicated lengths 

of time. 

1.2.5 Western Blotting 

Cells were harvested and lysed by radioimmunoprecipitation assay (RIPA) buffer with protease 

inhibitor cocktail (Roche). Whole cell lysates or immunoprecipitations were prepared with SDS-

PAGE sample buffer, boiled for 10 minutes, and run on SDS-PAGE gels, and transferred on to 

polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% skim milk in 

0.1% TBS-Tween (TBST) and probed with antibodies for PINK1 (Cell Signaling Technologies, 

1:500 or 1:250), Hsp70 (Enzo, 1:500), Flag M2 (Sigma 1:2000), or actin (Sigma, 1:2000) for 1 

hour at room temperature or overnight at 4°C and visualized with Amersham ECL substrate (GE 

Healthcare) or Clarity ECL substrate (BioRad) and exposure to autoradiographic film.  
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1.3 Results 

1.3.1 BAG5, but not BAG5-DARA, can interact with PINK1 

To confirm that BAG5 is able to interact with PINK1 in our system, immunoprecipitations using 

antibodies directed towards the Flag epitope were performed from U2OS cell lysates that were 

transfected with combinations of plasmids expressing PINK1-myc, FlagBAG5, and the BAG5 

mutant, FlagDARA, which does not bind Hsp70. Immunoprecipitation of FlagBAG5, but not 

FlagDARA, resulted in the co-immunoprecipitation of PINK1-myc (Figure 3). Both 62 kDa and 

52 kDa PINK1-myc protein was co-immunoprecipitated with FlagBAG5, indicating that BAG5 

can interact in a complex with both full-length and cleaved PINK1 (Figure 3). FlagDARA 

immunoprecipitation did not co-immunoprecipitate PINK1-myc, indicating that the BAG5-

PINK1 interaction may be mediated electrostatic interactions with α-helices 2 or 3 domains that 

are disrupted by the aspartate and/or arginine mutations, or requires a complex with Hsp70. 
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FIGURE 3 

 

Figure 3: Immunoprecipitation of FlagBAG5, but not mutant FlagDARA, co-

immunoprecipitates PINK1-myc. U2OS GFP cells were transfected with the indicated 

combinations of FlagBAG5, FlagDARA, and PINK1-myc. Cell lysates were incubated agarose 

beads conjugated with anti-Flag M2 antibodies and subsequently Western blotted for Flag, Hsp70 

and PINK1. FlagBAG5 immunoprecipitation co-immunoprecipitated both full-length and 

processed PINK1. 
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1.3.2 BAG5 overexpression does not affect PINK1 accumulation 
following CCCP treatment 

To evaluate consequences of the BAG5-PINK1 interaction, the levels of PINK1 protein were 

assessed following dissipation of mitochondrial membrane potential with the protonophore, 

CCCP, a known trigger of PINK1 accumulation (Narendra et al., 2010b). U2OS GFP-parkin 

cells (Durcan et al., 2014) were transfected with empty vector (pcDNA), or plasmids expressing 

FlagBAG5 or FlagDARA and treated with CCCP for the indicated durations. Western blotting 

revealed no difference in PINK1 accumulation between cells transfected with pcDNA, 

FlagBAG5, or FlagDARA (Figure 4). 

FIGURE 4 

 

Figure 4: FlagBAG5 overexpression does not affect PINK1 accumulation following 

mitochondrial depolarization. FlagBAG5, nor FlagDARA, enhanced the accumulation of full-

length PINK1 protein following 20 μM CCCP treatment. Full length PINK1 is 62 kDa, * indicates 

non-specific band. Western blot is representative of 3 independent experiments. 

1.4 Discussion 

Here we have confirmed the purported interaction between BAG5 and PINK1 (Wang et al., 

2014), and shown that this interaction is dependent on having functional BAG domains as 

PINK1 co-immunoprecipitates with BAG5 but not with mutant BAG5-DARA (Figure 3). PINK1 

has previously been shown to interact with Hsp70 (Rakovic et al., 2011; Zheng et al., 2018). 
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Given that the mutant, BAG5-DARA, cannot bind Hsp70 and does not co-immunoprecipitate 

PINK1, it is likely that BAG5’s interaction with PINK1 is mediated by Hsp70. 

The accumulation of PINK1 on mitochondria is an essential upstream step in sensing damaged 

mitochondria and triggering mitophagy (Pickrell and Youle, 2015). Here we have observed that 

FlagBAG5 overexpression does not affect PINK1 accumulation after mitochondrial 

depolarization (Figure 4). The other BAG family members known to affect the PINK1/parkin 

pathway, BAG2 and BAG4, have been examined for their effects on PINK1 in different contexts 

(Hasson et al., 2013; Qu et al., 2015). BAG4 was originally identified as a regulator of parkin 

recruitment to mitochondria and only afterwards was its effect on PINK1 assessed. It was 

determined that, like BAG5, it did not affect PINK1 accumulation following CCCP treatment, 

and it is believed to affect parkin by some other mechanism (Hasson et al., 2013). BAG2, on the 

other hand, was found to enhance the stability of PINK1 under untreated conditions by 

decreasing its ubiquitination (Qu et al., 2015). Qu et al. (2015), however, did not examine 

accumulation of full-length PINK1 in response to mitochondrial depolarization so it is hard to 

know if slowing the degradation of PARL-processed, 52 kDa PINK1 fragments influenced full-

length mitochondrially stabilized PINK1.  

Despite not impacting PINK1 accumulation, BAG4, was shown to interact with parkin and 

impairs its recruitment to mitochondria (Hasson et al., 2013). In contrast, BAG2 is believed to 

accelerate parkin’s recruitment to mitochondria (Qu et al., 2015), but its ability to interact with 

parkin is unknown. Given that BAG5 is also known to interact directly with parkin, and inhibits 

parkin’s autoubiquitination function (Kalia et al., 2004), we hypothesize that despite not 

affecting PINK1 accumulation following mitochondrial depolarization, BAG5 negatively 

regulates parkin recruitment to depolarized mitochondria. 
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 BAG5 Impairs Parkin Recruitment 

2.1 Introduction 

In the previous chapter, we demonstrated that BAG5 interacts with PINK1 in cells and did not 

affects its accumulation following CCCP treatment. Considering this effect and the fact that the 

other BAG family members, BAG2 (Qu et al., 2015) and BAG4 (Hasson et al., 2013), 

differentially impact parkin recruitment we investigated the hypothesis that BAG5 regulates 

parkin recruitment to mitochondria. Multiple imaging techniques were used to evaluate the effect 

of BAG5 knockdown and overexpression on GFP-parkin recruitment to CCCP depolarized 

mitochondria.  

2.2 Materials and Methods 

2.2.1 RNA Interference 

RNAi was used to reduce BAG5 and BAG4 protein levels. Short interfering RNA targeting 

BAG5 (siBAG5)(Ambion, #s18285), BAG4 (siBAG4)(Ambion, #s18289), or non-targeting 

control (siNTC)(Ambion) were transfected into U2OS GFP-parkin cells using Lipofectamine 

RNAiMAX (Thermo Fisher Scientific) according to manufacturers instructions for reverse 

transfection.  

2.2.2 Live Cell Time-Lapse Microscopy 

U2OS GFP-parkin cells were plated into 8-well Nunc Lab-Tek II chambered coverglass (Thermo 

Fisher Scientific) containing siRNA (final concentration 10 nM), Lipofectamine RNAiMAX, and 

OptiMEM 48 hours before imaging. Media was changed 24 h after plating. Cells were infected 

with CellLight mitochondria-RFP (Thermo Fisher Scientific) 16 h prior to imaging to visualize 

the mitochondria. Microscopy was performed on a Nikon A1R scanning confocal microscope 
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equipped with an incubator maintained at 37°C, and 5% CO2. Images were acquired using a 20x 

0.75 NA CFI Plan Apo VC lens with GFP and RFP excited by 488 nm and 561 nm laser lines, 

respectively. Fluorescence images were acquired at 5-min intervals for 120 min. 

2.2.3 Fixed Cell Immunocytochemistry 

U2OS GFP-parkin cells were grown overnight in Nunc Lab-Tek II 8-well chamber slides 

(Thermo Fisher Scientific) before transfection with dsRed, FlagBAG5, or FlagDARA. At 24 

hours post-transfection, cells were treated with 20 μM CCCP (Sigma Aldrich) for the indicated 

lengths of time. Cells were fixed in 4% paraformaldehyde (PFA), permeabilized in 0.2% Triton 

X-100 in PBS, and blocked in 5% BSA in PBS at room temperature. Cells were incubated 

overnight at 4°C with primary antibodies for Flag (M2, Sigma) and TOMM20 (Abcam) and then 

with Alexa Flour (Thermo Fischer Scientific) conjugated secondary antibodies for 1 hour at 

room temperature. DAPI was incorporated into the final PBS wash at a final concentration of 

300 nM. Cells were coverslipped with anti-fade fluorescent mounting medium (Dako). Images 

were acquired using an LSM 880 laser scanning confocal microscope (Zeiss) using a 20x, 0.75 

NA, or 63x, 1.42 NA, lens (Advanced Optical Microscopy Facility at Wright Cell Imaging 

Facility). GFP-Parkin recruitment to mitochondria was quantified by the visualization of 

punctate GFP-Parkin that colocalized with the mitochondria marker, TOMM20.  

2.2.4 Statistical Analysis 

For analysis of live cell time-lapse imaging experiments, a minimum of 200 cells per condition 

were scored by a blinded counter for co-localization between GFP-parkin and mito-RFP across 

three independent experiments, each performed in triplicate (siNTC and siBAG5 conditions), or 

duplicate (siBAG4 conditions). For statistical analysis, a two-way ANOVA followed by 
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Bonferroni post-test was applied to determine significance. ***p<0.001 compared to siNTC, 

†p<0.001 compared to siBAG5. 

 For analysis of fixed cell overexpression experiments, a minimum of 150 transfected cells were 

scored for co-localization between GFP-parkin and the mitochondrial marker, TOMM20, across 

three independent experiments. For statistical analysis, one-way ANOVA followed by Tukey 

post-hoc test was performed. *p<0.05, ns not significant 

2.3 Results 

2.3.1 BAG5 siRNA Mediated Knockdown Accelerates Parkin 
Recruitment to Depolarized Mitochondria 

U2OS GFP-parkin were transfected with non-targeting control, or siRNA targeting BAG5 or 

BAG4. BAG4 was included as a positive control for enhanced parkin recruitment (Hasson et al., 

2013). Efficient knockdown of BAG5 and BAG4 protein levels was confirmed by Western blot 

(Figure 5). siRNA transfected cells were imaged live at 5-minute intervals for 2 h after addition 

of CCCP to a final concentration of 20 μM (Figure 6). Quantification of the percentage of cells 

displaying co-localization between GFP-parkin and mitochondria-RFP was performed by a 

blinded counter. Both BAG5 and BAG4 siRNA were found to significantly enhance the 

percentage of cells displaying GFP-parkin recruitment at timepoints from 30 to 60 minutes 

inclusive after CCCP treatment (Figure 7). BAG4 siRNA was found to accelerate GFP-parkin 

recruitment to an even greater degree than BAG5 siRNA, with a significantly higher proportion 

of siBAG4 transfected cells showing GFP-parkin recruitment at 30 and 40 minutes than siBAG5 

transfected cells. The fact that BAG5 knockdown accelerates GFP-parkin recruitment indicates 

that BAG5’s normal function is to inhibit parkin recruitment. 
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FIGURE 5 

 

Figure 5: Western blot confirming efficient knockdown of BAG5 and BAG4 protein levels. 

U2OS GFP-parkin cells were transfected with non-targeting, BAG5, or BAG4 siRNA (10 nM) for 

48 h. Cells were lysed and analyzed by Western blot for BAG5, BAG4, and actin. 
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FIGURE 6 
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FIGURE 6 CONT’D 

 

Figure 6: BAG5 siRNA-mediated knockdown accelerates parkin recruitment to 

mitochondria. Representative confocal micrographs of 2 h live cell time-lapse imaging of U2OS 

GFP-parkin cells treated with 20 μM CCCP and transfected with non-targeting, BAG5, or BAG4 

siRNA 48 h prior to imaging and infected with CellLight mitochondria-RFP 16 h prior to imaging. 

Scale bar is 50 μm. 
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FIGURE 7 

 

Figure 7: Quantification of GFP-parkin recruitment to mitochondria after siRNA-mediated 

knockdown. Quantification was performed by a blinded counter evaluating the percentage of cells 

displaying co-localization between GFP-parkin and mito-RFP. Experiments were performed in 

triplicate (siNTC and siBAG5 conditions), or duplicate (siBAG4 condition) with at least 200 cells 

counted per condition. The vertical bars represent the mean ± SEM for 3 independent experiments. 

Two-way ANOVA followed by Bonferroni post-test revealed siBAG5 and siBAG4 have 

significantly greater percentage of cells displaying GFP-parkin translocation than siNTC at 

timepoints between 30 and 60 minutes inclusive (***p<0.001 compared to siNTC). siBAG4 also 

had a significantly higher percentage of GFP-parkin translocation than siBAG5 at 30 and 40 

minutes (†p<0.001). 
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2.3.2 FlagBAG5 Overexpression Delays, but does not Abolish, GFP-
Parkin Recruitment to Depolarized Mitochondria 

Next, we investigated the effect of BAG5 on GFP-parkin recruitment in an overexpression 

paradigm. Since BAG5 knockdown accelerated GFP-parkin recruitment to depolarized 

mitochondria, we hypothesized that BAG5 overexpression would have the opposite effect and 

impair GFP-parkin recruitment. Since siNTC transfected cells showed a large, but not complete 

proportion of cells with GFP-parkin recruitment to mitochondria at 60 minutes, we selected this 

timepoint for its dynamic range that could detect both increased or decreased parkin recruitment. 

To control for the selection of transfected cells when counting GFP-parkin recruitment, dsRed 

was used instead of empty vector for comparison with FlagBAG5 and FlagDARA transfection 

conditions. 

U2OS GFP-parkin cells were transfected with dsRed, FlagBAG5, or FlagDARA and treated with 

20 μM CCCP for 60 min before being fixed and stained for Flag and the mitochondrial marker, 

TOMM20 (Figure 8). Quantification of the percentage of transfected cells exhibiting co-

localization between GFP-parkin and TOMM20 in each condition revealed that FlagBAG5 

overexpression did indeed impair GFP-parkin recruitment at this timepoint (Figure 9). 

Interestingly, overexpression of FlagDARA, the BAG5 mutant incapable of binding Hsp70 and 

PINK1, but capable of binding wild-type BAG5 and parkin, also impaired GFP-parkin 

recruitment to the same degree as wild-type FlagBAG5 (Figure 9). 
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FIGURE 8 

 

Figure 8: FlagBAG5 and FlagDARA impair GFP-parkin recruitment to mitochondria at 60 

minutes after CCCP treatment. Representative confocal micrographs of U2OS GFP-parkin cells 

transfected with dsRed, FlagBAG5, or FlagDARA and treated with CCCP. Cells were transfected 

for 24 h before treatment with 20 μM CCCP for 60 minutes. They were then fixed, and 

immunostained for the mitochondrial marker, TOMM20, and imaged. Scale bar is 20 μm. 
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FIGURE 9 

 

Figure 9: Quantification of GFP-parkin translocation after dsRed, FlagBAG5, or FlagDARA 

overexpression 60 min after CCCP treatment. Quantification was performed by evaluating the 

percentage of transfected cells displaying co-localization between GFP-parkin and the 

mitochondrial marker TOMM20. A minimum of 150 cells were counted per experiment. The 

vertical bars represent the mean ± SD for 3 independent experiments. For statistical analysis, one-

way ANOVA followed by Tukey post-hoc test was performed, (*p<0.05).  
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To determine if the effect of FlagBAG5 overexpression is transient or persistent over the entire 

GFP-parkin recruitment time-course, the same fixed cell immunostaining paradigm was 

performed on U2OS GFP-parkin cells transfected with dsRed, FlagBAG5, or FlagDARA after 

90 minutes of 20 μM CCCP treatment (Figure 10).  Quantification of the percentage of 

transfected cells exhibiting co-localization between GFP-parkin and TOMM20 in each condition 

revealed that FlagBAG5, and FlagDARA overexpression no longer significantly impaired GFP-

parkin recruitment at 90 min indicating that the initial effect is eventually overcome (Figure 11). 
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FIGURE 10 

 

Figure 10: At 90 min after CCCP treatment GFP-parkin recruitment in FlagBAG5 and 

FlagDARA cells has caught up to dsRed control. Representative confocal micrographs of U2OS 

GFP-parkin cells transfected with dsRed, FlagBAG5, or FlagDARA and treated with CCCP. Cells 

were transfected for 24 h before treatment with 20 μM CCCP for 90 minutes. They were then 

fixed, and immunostained for the mitochondrial marker, TOMM20, and imaged. Scale bar is 20 

μm. 
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FIGURE 11 

 

Figure 11: Quantification of GFP-parkin translocation after dsRed, FlagBAG5, or 

FlagDARA overexpression and 90 min CCCP treatment. Quantification was performed by 

evaluating the percentage of transfected cells displaying co-localization between GFP-parkin and 

the mitochondrial marker TOMM20. A minimum of 150 cells were counted per experiment. The 

vertical bars represent the mean ± SD for 3 independent experiments. For statistical analysis, one-

way ANOVA followed by Tukey post-hoc test was performed. (ns, not significant) 

2.4 Discussion 

In this chapter we have shown that BAG5 is a novel negative regulator of parkin recruitment as 

its knockdown by RNAi accelerates GFP-parkin translocation to depolarized mitochondria and, 

conversely, the overexpression of FlagBAG5 delays GFP-parkin translocation (Figure 7-10). 

This places BAG5 in company with the two other BAG family members, BAG2 and BAG4, that 

have been shown to regulate parkin recruitment (Hasson et al., 2013; Qu et al., 2015). While 
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BAG2 purportedly accelerates parkin recruitment (Qu et al., 2015), BAG5 acts like BAG4, and 

impedes parkin recruitment (Hasson et al., 2013). The differences between the effects of BAG5 

and BAG4 compared to BAG2 may be a result of different interactions between parkin and/or 

other proteins mediated by the shortened BAG domains of BAG5 and BAG4 (Briknarová et al., 

2002) compared to BAG2’s structurally unique C-terminal brand new BAG (BNB) domain (Xu 

et al., 2008). Indeed, both BAG4 and BAG5 interact with parkin (Hasson et al., 2013; Kalia et 

al., 2004). An interaction between BAG2 and parkin has not been demonstrated, but it is known 

to interact with the and inhibit another E3 ligase, CHIP (Arndt et al., 2005). 

Interestingly, FlagDARA overexpression also impaired GFP-parkin translocation to the same 

degree as wild type FlagBAG5 after 60 minutes of CCCP treatment (Figure 9). This suggests that 

BAG5’s ability to regulate parkin recruitment is independent of its interaction with PINK1, as 

FlagDARA is unable to interact with either full-length or processed PINK1 (Figure 3). While the 

mutations in BAG domains of BAG5-DARA disrupt Hsp70 binding and the PINK1 interaction, 

they do not, however, abolish BAG5’s interaction with parkin (Kalia et al., 2004). Since BAG5 

is known to interact with parkin’s N-terminal linker region and C-terminal IBR and RING2 

domains (Kalia et al., 2004), it is possible that the mechanism by which BAG5 impairs parkin 

recruitment is through stabilization of the one or both of the interactions between parkin’s REP 

and RING1 or RING0 and RING2 domains, key hydrophobic interactions for maintaining 

parkin’s autoinhibited state (Tang et al., 2017; Trempe et al., 2013). Even a slight stabilization of 

parkin’s inhibited state could cause a strong attenuation of parkin recruitment by disrupting the 

feedforward nature of parkin recruitment where activated parkin provides more ubiquitin 

substrate for PINK1 to phosphorylate which in turn activates more parkin (Ordureau et al., 2014; 

Pickrell and Youle, 2015). Indeed, decreasing the ubiquitin chain density is an effective 
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mechanism that has been shown to impair parkin recruitment as the deubiquitinating enzymes, 

USP15 and USP30, delay parkin recruitment by cleaving polyubiquitin chains (Bingol et al., 

2014; Cornelissen et al., 2014; Wang et al., 2015). 

The overexpression GFP-parkin recruitment experiments in this chapter relied on dsRed as a 

transfection control. It was chosen as a non-specific protein that could both be used to identify 

transfected cells and as a control for the non-specific effects of overexpression. This is in 

contrast to other studies on modifiers of GFP-parkin that rely on non-expressing, empty vectors 

which control for the introduction of exogenous DNA by cationic lipid transfection but not for 

any off-target effects that may result from the overexpression of an inert protein (Hollville et al., 

2014; Qu et al., 2015). While dsRed is not absolutely ideal because it does not contain the Flag 

tag that the BAG5 and DARA plasmid do, it is sufficient because Flag is only 8 residues long 

and engineered to be hydrophilic, so it is extremely unlikely to affect solubility or exhibit other 

off-target effects (Hopp et al., 1988). In an effort to address potential criticism over the use of 

dsRed as a control for comparison against Flag-tagged experimental conditions, these same 

experiments were attempted using BAG5 tagged with the blue fluorescent protein, TagBFP, with 

TagBFP alone as the control. However, these experiments were limited by insufficient 

expression of the TagBFP-BAG5 construct (Data not shown).  

Taken together, the data presented in this chapter suggest that BAG5 is a negative regulator of 

parkin recruitment to depolarized mitochondria. Several other proteins that affect parkin 

recruitment including, ATPIF1 (Lefebvre et al., 2013), hexokinases 1 and 2 (McCoy et al., 

2014), USP8 (Durcan et al., 2014), and USP30 (Bingol et al., 2014; Wang et al., 2015), have 

subsequently been shown to also affect mitophagy. In the next chapter, we test the hypothesis 

that impairment of parkin recruitment by BAG5 also leads to an impairment in mitophagy. 
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 BAG5 Impairs Mitophagy 

3.1 Introduction 

In the previous chapter, we showed that BAG5 knockdown by RNAi accelerated GFP-parkin 

recruitment to depolarized mitochondria, while FlagBAG5 and FlagDARA overexpression had 

the converse effect. In this chapter, we investigate the hypothesis that this effect on parkin 

recruitment will in turn impact mitophagy. We employed a sensitive and quantitative 

fluorescence automated cell sorting (FACS) assay that is based on the localization of a 

mitochondrially-targeted, monomeric variant of the fluorescent coral protein, Keima (mito-

mKeima) (Katayama et al., 2011). Keima is a red fluorescent protein that exhibits a large pH-

dependent change in its excitation spectrum as a result of the conformational change induced by 

the protonation of the aspartate residue at position 157 (Violot et al., 2009). Measuring the ratio 

between mito-mKeima emission in response to excitation by 405 nm wavelength (pH 7) and 561 

nm wavelength (pH 4) laser light allows for differentiation between mito-mKeima that is 

localized to the neutral environment of the cytosol, and mito-mKeima that is engulfed in the 

acidic environment of the lysosome (Katayama et al., 2011). This allows for direct detection of 

mitochondria that are being degraded in lysosomes at any given time (Figure 12). 
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FIGURE 12 

 

Figure 12: Schematic illustrating the change in mito-mKeima fluorescence in response to 

engulfment in the acidic environment of the lysosome. Reprinted from Chemistry & Biology, 

Vol 18, Issue 8, Katayama et al, A Sensitive and Quantitative Technique for Detecting 

Autophagic Events Based on Lysosomal Delivery, Pages 1042-1052, Copyright (2011), with 

permission from Elsevier. 

3.2 Materials and Methods 

3.2.1 Mitophagy Assay 

U2OS cells stably expressing both GFP-parkin and ecdysone-inducible mito-mKeima were a gift 

from Dr. Edward Fon and Dr. Matthew Tang (Montreal Neurological Institute and Hospital, 

McGill University) (Tang et al., 2017). U2OS GFP-parkin/mito-mKeima cells were plated into 

6-well plates containing siRNA (final concentration 10 nM), Lipofectamine RNAiMAX, and 

OptiMEM. Media was changed to DMEM containing 10 μM ponasterone A (Sigma) 24 h after 

plating to induce expression of mito-mKeima. Cells were treated with 20 μM CCCP for 4 hours 

at 48 h post-transfection. For flow cytometry analysis, cells were trypsinized, washed, 

resuspended in PBS and analyzed using a LSR Fortessa Cell Analyzer (BD Bioscience) equipped 
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with 405 and 561 nm lasers and 610/20 emission filter (Princess Margaret Hospital Flow 

Cytometry Facility). Lysosomal mito-mKeima was detected through a ratiometric pH 

measurement where pH 7 was detected by excitation with 405 nm laser and pH 4 was detected 

by excitation with 561 nm laser. A 610/20 emission filter was applied to detect emission 

resulting from both excitation wavelengths. For each sample, 50 000 events were collected, and 

cells were gated for GFP-parkin and mito-mKeima expression. Data were analyzed using FlowJo 

X using the approach previously described by Tang et al. (2017). 

3.2.2 Statistical Analysis 

For the mitophagy assay, a one-way ANOVA followed by Tukey’s post-hoc test was performed 

on data from three independent experiments each performed in triplicate. ***p<0.001 

3.3 Results 

3.3.1 BAG5 siRNA Mediated Knockdown Enhances Mitophagy 

U2OS GFP-parkin/mito-mKeima cells were transfected with non-targeting, BAG5, or PINK1 

siRNA. PINK1 siRNA was included as a negative control for the mitophagy assay because it is 

necessary for parkin activation and mitophagy (Lazarou et al., 2015; Narendra et al., 2010b). 

Knockdown of PINK1 was confirmed by Western blotting (Figure 13). Treatment with 20 μM 

CCCP for 1 hour was necessary to induce sufficient levels of PINK1 accumulation to detect the 

difference between non-targeting control and PINK1 siRNA transfected conditions. siRNA 

transfected U2OS GFP-parkin/mito-mKeima cells were treated with 20 μM CCCP for 4 h before 

FACS analysis (Figure 14). Consistent with our result that BAG5 siRNA accelerates GFP-parkin 

recruitment, U2OS GFP-parkin/mito-mKeima cells transfected with BAG5 siRNA displayed a 

significantly greater proportion of cells with lysosomal positive mito-mKeima (Figure 15). This 
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indicates that at baseline, BAG5 acts to blunt mitophagy by impairing parkin recruitment to 

mitochondria. To confirm that the mitophagy observed in this assay is dependent on GFP-parkin 

activity, U2OS mito-mKeima cells also stably expressing catalytically inactive mutant GFP-

parkinC431S were also assessed (Figure 14). No increase in mitophagy was seen in these cells 

following CCCP treatment (Figure 15). 

FIGURE 13 

 

Figure 13: Western blot confirming efficient knockdown of PINK1 protein levels.  U2OS 

GFP-parkin cells were transfected with non-targeting, or PINK1 siRNA for 48h and then treated 

with 20 μM CCCP or vehicle for 1 hr to induce sufficient levels of PINK1 to detect a difference 

between non-targeting and PINK1 knockdown conditions. Cells were lysed and analyzed by 

Western blot for PINK1 and actin. * indicates non-specific band. 
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FIGURE 14 

 

Figure 14: BAG5 siRNA-mediated knockdown enhances mitophagy. Representative FACS 

dot plots of U2OS mito-mKeima/GFP-parkin cells that were untreated or treated for 4 h with 20 

μM CCCP 48 h after transfection with non-targeting, BAG5, or PINK1 siRNA. Lysosomal positive 

mito-mKeima are found in the upper gate and quantification is based on the percentage of cells in 

this lysosomal positive upper gate. 
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FIGURE 15 

 

Figure 15: Quantification of average of mitophagy. The vertical bars represent the mean ± SD 

from three independent experiments each performed in triplicate. For statistical analysis, a one-

way ANOVA with Tukey’s post-hoc test was performed. *** p<0.001 

3.4 Discussion 

In this chapter we have shown that BAG5, consistent with its impairment of parkin recruitment, 

also impairs mitophagy. This indicates that BAG5 acts similarly to USP30, which impairs 

mitophagy by delaying parkin recruitment to mitochondria (Bingol et al., 2014; Wang et al., 

2015). This is distinct from the DUBs, USP15 and USP35, which inhibit mitophagy but do not 

affect parkin recruitment (Cornelissen et al., 2014; Wang et al., 2015). The persistence of 

damaged mitochondria caused by BAG5’s impairment of mitophagy may provides some insight 

into the mechanism through which BAG5 enhances neurodegeneration under certain 

circumstances (Kalia et al., 2004). 

While mitochondria are essential for their role in cellular energy production and calcium 

buffering, they can have a detrimental impact on cellular viability through the production of 

ROS, initiation of the intrinsic apoptosis pathway, and initiation of necrosis (Green et al., 2011). 
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A number of steps in oxidative phosphorylation produce ROS, in the form of the superoxide 

anion (O2
-) (Murphy, 2009). These ROS can initiate a vicious cycle where they damage mtDNA, 

further compromising oxidative phosphorylation leading to increased ROS production (Green et 

al., 2011). Furthermore, mitochondria harbour intracellular proteins such as cytochrome c, that 

when released into the cytosol, initiate the caspase dependent intrinsic apoptosis pathway (Tait 

and Green, 2010), or necrosis (Kinnally et al., 2011). Consistent with their role in maintaining 

healthy pools of mitochondria PINK1 and parkin protect against decreases in mitochondrial 

membrane potential, increased ROS production, impairments in respiration, and ATP synthesis 

(Gandhi et al., 2009; Gautier et al., 2012; Gautier et al., 2008; Heeman et al., 2011). By 

impairing the clearance of dysfunctional mitochondria by PINK1 and parkin dependent 

mitophagy, BAG5 increases the risk that they pose to the cell. This may explain the increased 

neurodegeneration that BAG5 causes following MFB axotomy and MPTP treatment (Kalia et al., 

2004).  

Mechanical lesion of the MFB, the projections that connect the SN to the striatum, causes acute 

and severe degeneration of the SN (Brecknell et al., 1995). While this model does not directly 

damage mitochondria, it does enhance ROS production in the SN (Venero et al., 1997), and the 

response to axonal injury involves enhanced mitochondrial flux to the site of injury and 

increased ATP production to support regeneration (Cartoni et al., 2016; Han et al., 2016). The 

persistence of deficient mitochondria lowers the neuron’s ability to mount a successful response 

to injury, and increases the probability of cell death. 

Neurodegeneration caused by MPTP is the direct result of inhibition of Complex I of the 

mitochondrial respiratory chain. PINK1 and parkin are both shown to be able to be protective 

against the dopaminergic neurodegeneration caused by this mitochondrial dysfunction (Bian et 
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al., 2012; Haque et al., 2008; Yasuda et al., 2011). Furthermore, their function in mitophagy is 

implicated in this protection against MPTP as upregulation of autophagy-related gene 5 (Atg5), a 

protein necessary for autophagosome formation, is also protective against MPTP toxicity (Hu et 

al., 2017). Therefore, impairment of PINK1 and parkin mediated mitophagy may be the 

mechanism through which BAG5 enhances neurodegeneration following MPTP treatment in 

vivo. 

BAG5 may also enhance cell death by more direct means. Emerging evidence suggests that 

PINK1 and parkin may act as a molecular switch that can promote apoptosis in response to 

severe mitochondrial insult by promoting the proteasomal degradation of Mcl-1 (Carroll et al., 

2014; Zhang et al., 2014). This hypothesis is reminiscent of other molecular switches like the 

oncogene, p53, which can promote DNA repair or apoptosis based on the severity of DNA 

damage (Kastan et al., 1991; Lowe et al., 1993). Mcl-1 is a Bcl-2 family member that normally 

prevents apoptosis by blocking the dimerization of components of the mitochondrial membrane 

transition pore that leads to cytochrome c release and caspase activation (Adams and Cory, 

1998). It is possible that by impairing parkin recruitment to mitochondria, BAG5 allows parkin 

to ubiquitinate cytosolic substrates like Mcl-1. However, better understanding of how BAG5 

prevents parkin recruitment to the mitochondria, and whether the cytosolic parkin is in a 

confirmation capable of E3 activity is necessary to speculate on this possibility.  
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 General Discussion and Future Directions 

The aim of this thesis was to evaluate the role of BAG5 in PINK1 and parkin dependent 

mitophagy. Here we have confirmed that BAG5 is able to interact with both full length and 

processed PINK1, and show that this interaction is dependent on the function of the BAG 

domains. We also report that BAG5 is a novel regulator of parkin that hinders parkin’s 

translocation from the cytosol to depolarized mitochondria. This delay in parkin recruitment by 

BAG5 was in turn shown to also impair mitophagy (Figure 16). 

FIGURE 16 

 

Figure 16: Schematic depicting the role of BAG5 in regulating PINK1 and parkin 

dependent mitophagy. BAG5 inhibits parkin recruitment to the mitochondria and impairs 

mitophagy. 

Mitochondria are essential organelles that produce the majority of cellular ATP and are 

signalling hubs that integrate various cell death signals. Mitochondrial dysfunction has long been 

recognized as a component of several neurodegenerative diseases including Parkinson’s disease, 

Alzheimer’s disease, Huntington’s disease, and amyotrophic lateral sclerosis (Lin and Beal, 

2006). Evidence from mitochondrial toxins and genetics indicate that mitochondrial dysfunction 

directly causes parkinsonism (Bonifati et al., 2003; Kitada et al., 1998; Langston et al., 1983; 
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Valente et al., 2004). Considering that BAG5 enhances neurodegeneration in rodent models of 

PD (Kalia et al., 2004), interacts with several of other parkinsonian gene products (Figure 2), and 

impairs PINK1 and parkin dependent mitophagy, there is considerable evidence to suspect that 

BAG5 may play a role in the pathobiology of PD.  

By impairing mitochondrial quality control, BAG5 may also contribute to the normal aging 

process. Age is the single greatest risk factor for PD and other neurodegenerative diseases, and 

mitochondria are hypothesized to play a causative role in the normal aging process (Bratic and 

Larsson, 2013). Mitochondrial number and function have long been known to decrease with age 

in humans (Tauchi and Sato, 1968; Yen et al., 1989), and the premature aging phenotype seen in 

mutator mice that accumulate mtDNA mutations due to defective mtDNA polymerase provides 

direct evidence for their causal role in aging (Kujoth et al., 2005; Trifunovic et al., 2004). 

Furthermore, the extension of life span by caloric restriction is believed to be at least partly due 

to enhanced mitochondrial function (Bratic and Larsson, 2013). The persistence of damaged 

mitochondria by inhibiting PINK1 and parkin directed mitophagy by BAG5 may play a role in 

promoting the normal aging process. 

Interestingly, two other BAG family members, BAG1 and BAG3, are known to constitute an age 

and stress dependent expression switch that modifies protein quality control. BAG1 normally 

functions in protein quality control by promoting protein turnover through proteasomal 

degradation, however, with age or cellular stress its expression decreases and BAG3 expression 

is increased (Behl, 2016). BAG3 then causes a shift from protein turnover through proteasomal 

degradation to autophagic degradation (Behl, 2016). In the future it will be interesting to 

investigate if expression patterns of BAG5 and BAG2 change with age, potentially causing a 

similar functional switch in mitochondrial quality control by differentially regulating parkin. 
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Some of the limitations of this thesis include that only wholesale mitophagy was examined, all 

experiments were carried out in immortalized cell lines, and the mechanism by which BAG5 

impairs parkin recruitment is not fully understood. These limitations leave open several avenues 

for future study including examining the role of BAG5 in MDV generation, mitophagy in vivo, 

and stabilization of parkin’s inhibited state. 

While wholesale mitophagy of mitochondrial networks is an important quality control 

mechanism, it may represent a response to severe mitochondrial damage and MDVs may be a 

more physiological response to moderate stresses (McLelland et al., 2016; McLelland et al., 

2014). The complex III inhibitor, antimycin A, has been shown to model mitochondrial 

dysfunction and ROS production which is less severe than depolarization with ionophores and 

results in MDV formation (McLelland et al., 2014; Soubannier et al., 2012). Directly observing 

the formation of MDVs following antimycin A treatment using high-resolution confocal and/or 

electron microscopy in BAG5 overexpression and knockdown paradigms would allow for 

determination of its role in MDV formation. Considering that BAG5 impairs wholesale 

PINK1/parkin dependent mitophagy, we hypothesize that BAG5 would also impair MDV 

formation. 

In future studies, it will be interesting to see if BAG5 also impairs PINK1/parkin dependent 

mitophagy in vivo. The recent development of two techniques for examining mitophagy in vivo 

will make this type of investigation possible (McWilliams et al., 2016; Sun et al., 2015). Both 

approaches rely on the use of fluorescent reporter proteins. The first system employs mito-

mKeima transgenic mice (Sun et al., 2015). The second approach uses transgenic mice that 

express a tandem fluorescent construct, termed mitoQC, with mCherry and GFP fused to the 

MTS from the OMM protein, FIS1 (McWilliams et al., 2016). Like keima, mitoQC relies on pH 
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change to detect mitophagy. At cytosolic pH, both GFP and mCherry fluoresce, however, acidic 

pH quenches GFP fluorescence differentiating cytosolic and lysosomal localized mitoQC (Allen 

et al., 2013; McWilliams et al., 2016). While each system has advantages and disadvantages, 

either could be applied to study to the effect of BAG5 on mitophagy in vivo. Combining 

conditional knockouts of BAG5 or viral vector mediated modulation of BAG5 protein levels in 

specific areas of the mouse brain will make it possible to evaluates BAG5’s effects in vivo.  

The mechanism by which BAG5 impairs parkin recruitment has not been fully elucidated. Given 

its interactions with PINK1 and parkin there are a number of possible ways that BAG5 may 

affect the PINK1 and parkin dependent mitophagy pathway. Here we show that BAG5 

overexpression does not affect PINK1 protein levels following mitochondrial depolarization by 

CCCP, indicating that altered PINK1 accumulation is not the mechanism for modulating parkin 

recruitment. Since BAG5 impairs mitophagy it is possible that the persistence of mitochondria in 

the cytosol at longer timepoints after depolarization actually could lead to higher full-length 

PINK1 levels as measured as a proportion of whole cell lysate.  

Another possible function of the BAG5-PINK1 interaction that could impair parkin recruitment 

and mitophagy would be suppression of PINK1 phosphorylation of ubiquitin. With the recent 

development of specific phopsho-S65 ubiquitin antibodies (Fiesel et al., 2015), this possibility 

could be tested by quantifying the density of phospo-S65 ubiquitin on mitochondria following 

insult both in the presence and absence of BAG5. However, given that overexpression of 

FlagDARA, which cannot interact with PINK1, also impairs parkin to the same degree as wild-

type FlagBAG5 another mechanism is more likely. 
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A possible mechanism by which BAG5 may delay parkin recruitment is through attenuating the 

strength of the feedforward cycle that leads to recruitment by hindering parkin’s ubiquitin ligase 

activity. This could be achieved by stabilizing parkin’s inhibited state. Consistent with this idea, 

BAG5 does inhibit parkin’s E3 ligase activity as measured by its autoubiquitination activity 

(Kalia et al., 2004), as well as CHIP’s E3 ligase activity (Kalia et al., 2011). BAG5 has been 

shown to interact directly with a number of parkin domains including the N-terminal linker, the 

IBR domain, and the C-terminal RING2 domain (Kalia et al., 2004). Kalia et al. (2004) 

performed this deletion construct interaction study before it was known that parkin contains a 

unique third zinc finger, RING0, to the N-terminal side of RING1 (Hristova et al., 2009), so the 

observed linker region interaction could actually represent an interaction with RING0. 

Furthermore, the REP domain is contained in the IBR domain deletion construct. These 

interactions suggest the possibility that BAG5 can stabilize one or both of parkin’s 

RING0:RING2 or REP:RING1 interactions, two key hydrophobic interactions that maintain 

parkin’s inhibited state (Trempe et al., 2013). Future structural and functional studies examining 

BAG5-parkin interaction and the effect of BAG5 on parkin with activating mutations could be 

undertaken to investigate these possibilities. 

Crystallization of solution containing recombinant parkin and BAG5 followed by X-ray 

crystallography could be used to determine the true nature of the BAG5-parkin interaction. If 

crystallization proves challenging, or to complement a successful crystal structure, inferences on 

the interaction can be drawn from BAG5’s effect on the recruitment of activated mutants. Tang 

et al. (2017) have designed parkin constructs that have mutations in key hydrophobic residues to 

abolish interactions at the RING0:RING2 interface (F146A), the Ubl:RING1 interface (N273K), 

and the REP:RING1 interface (W403A). All of these activating mutations accelerate parkin 
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recruitment kinetics (Tang et al., 2017). Exploring BAG5’s ability to regulate these activated 

mutants would provide support for the hypothesis that BAG5 stabilizes parkin’s autoinhibited 

state. If BAG5 does indeed stabilize the RING0:RING2, but not Ubl:RING1 or REP:RING1 

interfaces, it would be expected to still impair the recruitment of N273K and W403A, but not 

F146A mutants that already have the RING0:RING2 interface released. If BAG5 stabilizes the 

REP:RING1, but not RING0:RING2 and Ubl:RING1 interfaces, it would be expected to impair 

F146A and N273K, but not W403A mutants. If BAG5 stabilizes both RING0:RING2 and 

REP:RING1 interfaces, it should impair recruitment of N273K, and to a lesser degree, impair 

both F146A and W403A single mutants, but not F146A/W403A double mutant parkin. The fact 

that BAG5 interacts with both the regions of parkin that contains RING0 and RING2 suggest 

that stabilization of the RING0:RING2 interface is likely the more important interaction. 

Taken together our findings indicate that BAG5 impairs PINK1 and parkin directed mitophagy 

by delaying parkin recruitment to the mitochondria. Loss of PINK1 or parkin function leads to 

early onset parkinsonism (Kitada et al., 1998; Valente et al., 2004), so BAG5’s impairment of 

one of their primary functions highlights its potential role in the pathobiology of PD. 

Furthermore, BAG5 is known have a generally negative regulatory effect on several other 

parkinsonian gene products. BAG5 acts in a complex with LRRK2 to enhance pathological 

clearance of the trans-Golgi network (Beilina et al., 2014). It also prevents DJ-1’s protection 

against oxidative stress by preventing its dimerization and translocation to mitochondria (Qin et 

al., 2017). BAG5 indirectly affects α-synuclein toxicity by inhibiting its ubiquitination oligomers 

by CHIP, and inhibiting Hsp70, which can mitigate α-synuclein toxicity (Kalia et al., 2011; Kalia 

et al., 2004). Considering these effects together, it is tempting to speculate that BAG5 is a node 

that links together the diverse protein networks that are related to Parkinson’s disease, and for 
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that reason, may represent a good therapeutic target. The contexts in which BAG5 is shown to 

enhance neurodegeneration, however, are limited to acute models of PD. Further study into the 

role of BAG5 in rodent or non-human primate models that better recapitulate the chronic features 

of PD by overexpressing mutant α-synuclein species will be necessary to investigate the 

hypothesis that BAG5 is a valid therapeutic target in PD. 
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