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MBP  Maltose-binding protein 
mDA Midbrain dopaminergic neurons 
MDV  Mitochondrial-derived vesicles 
MES  2-(N-morpholino)ethanesulfonic acid 
Mfn  Mitofusin 
min  Minute 
Miro  Miro Mitochondrial Rho GTPase 
MKL1 Myocardin-related transcription factor A  
mol  mol Mole 
MOM  Mitochondrial outer membrane 
MOPS  3-(N-morpholino)propanesulfonic acid 
MPP  Mitochondrial processing peptidase 
MPTP  1-Methyl-4-phenyl-1,2,5,6-tetrahydro-pyridine 

MRC PPU R&S  Medical Research Council Protein phosphorylation and 
ubiquitylation Reagents & Services 

MRPL22 39S ribosomal protein L22  
MS  Mass spectrometry 
m-DSK MultiDsk-Ubiquitin-binding protein 
mtDNA Mitochondrial DNA 
MTS Mitochondrial targeting sequence 
MUL1 Mitochondrial E3 Ub protein ligase 1 
n  Nano 
NADH  Nicotinamide Adenine Dinucleotide 
NDP52  Nuclear dot protein 52 kDa 

NEDD  Neural precursor cell expressed developmentally 
downregulated 

NF-κB  Nuclear factor kappa light chain enhancer of activated B 



 XVII 

OMS  Outer mitochondrial membrane localisation signal 
OPA1  Optic Atrophy Gene 1 
OPTN  Optineurin 
OXPHOS  Oxidative phosphorylation 
PAGE  Polyacrylamide gel electrophoresis 
PARL  Presenilin-associated rhomboid-like protein 
PBS  Phosphate buffered saline 
PCR  Polymerase chain reaction 
PD  Parkinson’s disease 
PEI  Polyethylenimine 
PGAM5  Phosphoglycerate mutase family member 5 

PGS1 
CDP-diacylglycerol--glycerol-3-phosphate 3-
phosphatidyltransferase  

PINK1  PTEN-induced kinase 1 
p  Pico 
PMSF  Phenylmethylsulphonylfluoride 
POLG  Polymerase subunit gamma 
PPM1H Protein phosphatase 1H 
PRKC Protein kinase C 
PRM Parallel reaction monitoring  
PTEN  Phosphatase and tensin homologue 
PTM  Post-translational modification 
PVDF  Polyvinylidene difluoride 
Rab Ras-related protein  
RBR  RING in between RING 
RDH13 Retinol dehydrogenase 13 
REP  Repressor element of Parkin 
RING  Really interesting new gene 
RNA  Ribonucleic acid 
RNF  RING finger protein 
ROS  Reactive oxygen species 
rpm  Revolutions per minute 
RT Room temperature 
SDS Sodium dodecyl sulphate 
SN Substantia Nigra 
SNpc  Substantia Nigra pars compacta 
SUMO  Small ubiquitin-like modifier 
SYT5 Synaptotagmin-5 
TAX1BP1 Tax1-binding protein 1 homolog 
TBK1 Tank-binding kinase 1 
TBS  Tris buffered saline 
TBST  TBS + Tween 
Tc  Tribolium castaneum 
TCEP  Tris(2-carboxyethyl)phosphine 
TDRKH Tudor KH domain-containing protein 
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TEMED  N,N,N′,N′-Tetramethyl ethylenediamine 
TFA  Trifluoroacetic acid 
TH Tyrosine-hydroxylase 
TIM  Translocase of the inner membrane 
TM  Transmembrane domain 
TMT Tandem mass tagging  
TNF  Tumor necrosis factor 
TOM  Translocase of the outer membrane 
Tris  Tris(hydoxymethyl)methylamine 
TUBE  Tandem-repeated Ub-binding entities 
U  Unit 
Ub  Ubiquitin 
UBA  Ubiquitin-associated domain 
UBD Ubiquitin-binding domain 
UBE  Ubiquitin-Activating Enzyme 
Ubl  Ubiquitin like domain 
UCH  Ub C-terminal hydrolase 
UHPLC  Ultra-high-pressure liquid chromatography 
ULK1  Unc-51 like autophagy activating kinase 1 
UPS  Ubiquitin proteasome system 
USP  Ub-specific proteases 
V  Volt 
v/v  Volume per volume 
V-ATPase  Vacuolar-type H+-ATPase 
VDAC  Voltage dependent anion-selective channel 
VPS Vacuolar protein sorting-associated protein 
WCL Whole cell lysate 
WT  Wild-type 
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V. Amino acid codes 

 
 

Amino acid Three letter code One letter code 

 
Alanine 

 
Ala 

 
A 

Arginine Arg R 

Asparagine Asn N 

Aspartic acid Asp D 

Cysteine Cys C 

Glutamine Gln Q 

Glutamic acid Glu E 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 
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VIII. Preface

A new beginning for the Shaking Palsy’s story 

There are stories with happy beginning and stories with no happy beginning (Snicket and 
Curry, 1999). 

Then, there are stories which share the same beginning: 

“Parkinson’s Disease is a chronic neurodegenerative disorder characterized by motor and 
non-motor symptoms…” 

“Parkinson’s disease is the second most common neurodegenerative disorder and is 
clinically characterized by four key symptoms: rigidity, postural instability, tremor and 
slowness of movement …” 

“Parkinson´s disease is one of the most common neurodegenerative disorders, first 
described by James Parkinson…” 

“Parkinson’s Disease is the second most prevalent neurodegenerative disorder after 
Alzheimer’s disease …” 

I hope you will allow me to introduce my story with a more Italian nuance. 

In its anatomical manuscripts, Leonardo da Vinci wrote (Leonardo et al., 1898): 

“Come i nervi operano qualche volta per loro, senza 
comandamento deili altri ofiziali e dell’anima. Questo chiara mente 
apparisce, impero che tu vederai movere ai paraletici e a freddolenti 
e assiderati le loro tremanti membra, come testa e mani, sanza 
licenza dell’anima; la quale anima, con tutte sue forze, non potra 
vietare a essi membri che non triemino.” 

That in one of the closest and refined translation by Keele is: 

“The movements of paralytics whose head and members move 
without control of the soul; the soul, with all its force, cannot stop 
these extremities from trembling”. 

For most people who will read this thesis, the above historical text would not immediately 

lead to Parkinson’s disease.  Although, for some authors (including myself, I admit my 

personal bias) a quite detailed description of the shaking palsy was done for the first time 

by Leonardo da Vinci (1452–1519), (Calne et al., 1989). 

Despite this ancient text, the first description of Parkinson’s disease as a neurological 

disorder is credited to James Parkinson for his monograph titled “An Essay of Shaking 

Palsy” (1817). Undoubtedly, the great merit of James Parkinson was to carefully describe 
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a handful of patients, compile different clinical observations into a coherent whole and 

define the disease as progressive disorder characterized by the triad of cardinal symptoms 

such as rigidity, bradykinesia and rest tremor (Parkinson, 2002).  

Big minds are often inspired from illogical or fortunate intuitions. The best example is 

the retold anecdote in the history of science about Kekule’s vision on benzene structure. 

Thanks to his habit of falling asleep on a bus or in front of a fireplace (practically 

anywhere)  he dreamed of a snake biting its own tail and then he envisioned the ring 

structure of benzene (Rudofsky and Wotiz, 1988). 

Therefore, my first question for this thesis is what exactly inspired James Parkinson to 

define and write the Shaking Palsy. Was it the mere observation of patients in the streets 

of London? Or perhaps reading Leonardo’s manuscripts over an afternoon tea with King 

George III in the Royal Library of Windsor? Or we may think, he was inspired from the 

Shakespearean words of Duke of York, Lord Say and Ulysses (Shakespeare, 2014). 

In the Richard II, Act II, Scene III: 
Duke of York: 

‘‘How quickly should this arm of mine 
Now prisoner to the palsy….’’ 

 
In King Henry VI, Act IV, Scene VII: 
‘‘Dick: Why dost thou quiver, man? 

Lord Say: It is the palsy, and not fear, 
Provokes me’ 

 
In Troilus and Cressida, Act I, Scene II: 

Ulysses: 
“And then, forsooth the faint defects of age 

Must he the scene of mirth, to cough and spit. 
And, with a palsy fumbling on his gorget, 

Shake in and out the rivet”. 
 

Going back to my first question on what inspired James Parkinson, there is only one 

plausible answer: 

“Not all the questions have a meaning and not all the 
questions with a meaning admit an answer” (Odifreddi, 1999). 

Despite the uncertainty of how it all began, after all these centuries, Parkinson’s disease 

still remains a disease without control of soul. 

Let’s begin… 
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IX. Abstract 

Over the last 30 years, mitochondrial dysfunction has emerged as a common feature of 

age-related neurodegenerative disease like Parkinson’s disease (PD), Alzheimer’s disease 

(AD), Huntington’s disease (HD) or amyotrophic lateral sclerosis (ALS). Parkinson’s 

disease is the second most common neurodegenerative disorder resulting from loss of 

dopaminergic neurons of the substantia nigra, in part due to mitochondrial dysfunction.  

In recent decades, the identification of numerous genes linked to PD have highlighted the 

importance of mitochondrial quality control in the etiology of the disease. The 

mitochondrial kinase PINK1 and the E3 ubiquitin ligase Parkin, found mutated in familial 

early onset recessive forms of PD, play central roles in mitochondrial homeostasis, via a 

signaling cascade in which depolarization-induced PINK1 stabilization and activation on 

the mitochondrial surface promotes recruitment of Parkin, which in turn, ubiquitylates 

proteins on the mitochondrial outer membrane (MOM) and then initiates a downstream 

pathway that eventually leads to mitophagy, a mitochondria-specific type of autophagy. 

How activation of PINK1 and Parkin leads to elimination of damaged mitochondria by 

mitophagy is largely based on cell lines with few studies in neurons. We have undertaken 

proteomic analysis of mitochondria from mouse neurons to identify ubiquitylated 

substrates of endogenous Parkin. Comparative analysis with human iNeuron datasets 

revealed a subset of 49 PINK1 activation–dependent diGLY sites in 22 proteins 

conserved across mouse and human systems. We use reconstitution assays to demonstrate 

direct ubiquitylation by Parkin in vitro. We also identified a subset of cytoplasmic 

proteins recruited to mitochondria that undergo PINK1 and Parkin independent 

ubiquitylation, indicating the presence of alternate ubiquitin E3 ligase pathways that are 

activated by mitochondrial depolarization in neurons. Last, we have developed an online 

resource to search for ubiquitin sites and enzymes in mitochondria of neurons, MitoNUb. 

These findings will aid future studies to understand Parkin activation in neuronal 

subtypes. 
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Introduction 
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Chapter 1 

Introduction 
 

1.1 Overview. 

 
Neurodegenerative diseases are a broad spectrum of chronic and progressive disorders 

characterized by selective, progressive loss of neuronal structure and function in motor, 

sensory, or cognitive system. These diseases generally share certain common 

characteristics, including alterations in energy metabolism, mitochondrial dysfunction, 

increased oxidative stress, failing proteostasis networks, aggregation of misfolded 

proteins, and neuronal cell death (Beal, 1992, Butterfield and Kanski, 2001, Lin and Beal, 

2006, Palop et al., 2006). Although encompassing a wide variety of specific diagnoses, 

neurodegenerative disorders can be broadly classified by their clinical presentations, with 

movement disorders and cognitive or behavioral disorders being the most common.  The 

burden of neurological disorders is reaching a significant proportion in countries with a 

growing percentage of aged population. Aging is the greatest and prevalent risk factor for 

developing a neurodegenerative disease (Hou et al., 2019). The World Health 

Organization has estimated that neurodegenerative diseases will overtake cancer as the 

second leading cause of death worldwide, only behind cardiovascular disease by 2040 

(Gammon, 2014). 

 

1.2 Parkinson’s disease. 

 
Parkinson’s disease (PD) is recognized as the most common movement disorder in the 

world and the second most common neurodegenerative disorder after Alzheimer’s 

disease.  The movement symptoms are attributed to the relatively selective loss 

of dopamine producing neurons in the substantia nigra pars compacta (SNpc), 

that gives rise to the typical clinical features of PD: resting tremor, bradykinesia, and 

muscular rigidity (Massano and Bhatia, 2012). The patients suffer from slowness of 

movement and gait as well as postural instability. However, the pathology is multifaceted 

and includes many non-motor symptoms such as constipation, cognitive impairment, 

olfactory dysfunction, sleep disturbances, psychiatric symptoms, and fatigue. In many 
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cases, the non-motor symptoms precede the motor dysfunction by more than a decade, 

giving a long prodromal phase of the disease before the patient is diagnosed. 

The mean age of onset of PD is 70 years, but in 3-5% of cases the symptoms start before 

the age of 50 (Trinh and Farrer, 2013, Post et al., 2020). The prevalence of PD is about 

1-3 % in individuals over the age of 60 and 2.6% in individuals over the age of 85 (de 

Lau and Breteler, 2006, Schrag and Schott, 2006, Pringsheim et al., 2014, Kalia and Lang, 

2015). It has been estimated that 6 million people in the world are affected by PD with a 

prediction of more than 12 million people will be affected in Europe by 2040 (Dorsey et 

al., 2018). 

Parkinson symptoms display when approximately 30%  neuromelanin-containing A9 

midbrain dopaminergic neurons of the SNpc  (mDA neurons) are lost (Fearnley and Lees, 

1991, Ma et al., 1997) leading to a major decrease in dopamine release in the striatal 

projection areas of these neurons with a corresponding reduction in striatal dopamine 

levels of approximately 80% (Scherman et al., 1989). Other neurotransmitter systems are 

also affected, such as noradrenergic, serotonergic and cholinergic, giving rise to the non-

motor symptoms of the disease (Forno, 1996, Corti et al., 2011). The main 

pathophysiological hallmarks of PD are the degeneration of mDA neurons in the 

substantia nigra pars compacta and the presence of Lewy bodies (LBs) and Lewy neurites 

(LNs), consisting of insoluble protein aggregates in several brain regions. These 

aggregates contain proteins such as synphilin, ubiquitin, neurofilament protein and 

occasionally tau but are predominantly composed of α-synuclein protein (Figure 1.1). 

Glial cells, such as astrocytes and microglia, may also be affected (Dauer and 

Przedborski, 2003, Obeso et al., 2017). 
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Figure 1.1 The main diagnostic neuropathologies for Parkinson’s disease.Schematic representation of 
the normal nigrostriatal pathway (A) and diseased nigrostriatal pathway (B). Dopaminergic neurons in the 
substantia nigra pars compacta (SNpc) project to the basal ganglia and synapse in the striatum (i.e., putamen 
and caudate nucleus). Transverse sections of the midbrain demonstrate the normal pigmentation of the 
SNpc in control brains whilst loss of dark-brown pigment neuromelanin is shown in PD brains. (C) 
Immunohistochemical labelling of midbrain dopaminergic neurons for α-synuclein and ubiquitin, 
identifying Lewy bodies [Adapted from (Dauer and Przedborski, 2003)]. 

 

For over thirty years our understanding of Lewy pathology has been focused primarily on 

the fact that LBs were made by proteinaceous aggregates where α-synuclein appears to 

be one of the major components. However, new recent findings have provided novel 

insight into the underlying pathological process leading to the formation and composition 

of Lewy structures (Shahmoradian et al., 2019b, Moors et al., 2021). A unifying aspect 

of these complementary works, focused on studying different aspects of composition of 

LBs, was the presence of organellar structures and lipids among enriched different forms 

of α-synuclein.  High-resolution imaging and biophysical approaches were used to 

examine samples taken from the different brain regions, including substantia nigra, of PD 
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patients. LBs and LNs showed a lipid-rich core made up of membrane fragments, 

vesicles, lysosomes, misshapen organelles and mixed to α-synuclein immunopositive 

inclusions. Mitochondria were frequently observed surrounding these inclusions 

(Figure1.2). Moreover, the first high-resolution cryoEM structures of pathological α-

synuclein aggregates in human brains showed that α-synuclein inclusions from multiple 

system atrophy (MSA) patients are made of two types of filaments and the structures of 

α-synuclein filaments in MSA revealed the presence of non-proteinaceous molecules. In 

addition, α-synuclein filaments from the brains of patients with MSA differ from those 

with dementia with Lewy bodies (DLB), which suggested that distinct conformers or 

strains characterize specific synucleinopathies. It was also observed the presence of post-

translational modifications, such as ubiquitylation, acetylation and phosphorylation, in 

assembled α-synuclein, but their relevance for assembly remains unclear (Schweighauser 

et al., 2020).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2 Subcellular composition of Lewy pathology. (A) Representative images of SN tissue of PD 
patients showing a surrounding ring of mitochondria (orange arrows) and structures resembling lysosomes 
(cyan arrows) within LBs by serial block-face scanning electron microscopy (SBFSEM) [Adapted from  
(Shahmoradian et al., 2019b)] . (B) Representative image of nigral LBs with protein and lipid signal 
centralized in the structure confirmed the presence of lipids using coherent anti-Stokes Raman scattering 
(CARS), an imaging technique that identifies the chemical composition of substances [Adapted from 
(Moors et al., 2021)]. 

A 

B 
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1.3 The Etiopathogenesis of Parkinson’s Disease. 

 
PD constitutes one of the major neurodegenerative disorders associated with 

dopaminergic cell loss. Today, it has become clear that dopaminergic neurons are an 

anatomically and functionally heterogeneous group of cells, localized in the 

diencephalon, mesencephalon and the olfactory bulb. For historical reasons they are 

classified in nine different groups termed A8-A16 (Vogt Weisenhorn et al., 2016). The 

most prominent dopaminergic cell group resides in the ventral part of mesencephalon, 

which contains approximately 90% of the total number of brain dopaminergic cells. The 

mesencephalic dopaminergic system is only made up of three groups of dopaminergic 

neurons, A8-A10: the A8 group is located in the retrorubral field, the A9 group in the 

SNpc and partially in the SNpr (substantia nigra pars reticulata) and the A10 group in the 

ventral tegmental area (VTA), (Vogt Weisenhorn et al., 2016). As neuronal loss of the 

A9 group of mesodiencephalic dopaminergic neurons (mDANs) is rarely observed in 

other diseases, why this particular group of neurons seems to exhibit a selective 

vulnerability in the specific context of PD is a central unresolved question in the 

neurodegenerative field. Generally, the most severe loss of neurons is observed in the 

SNpc, the amygdala, the basal nucleus of Meynert, the hypothalamus, the locus ceruleus 

and the medullary tegmentum (including dorsal motor nucleus of vagus) (Dickson, 2012). 

For a long time, it has been assumed that motor symptoms only occur when about 70 - 

80% of the dopaminergic neurons in the SNpc are lost, however newer studies 

demonstrated that symptoms are associated with a loss of about 30% of neuronal cell 

bodies and 50 - 60% of axonal terminals (Kordower et al., 2013).  The pathology study 

by Kordower et al., investigated the extend of nigrostriatal degeneration in  PD patients 

at different disease durations from time of diagnosis. Quantitative analysis of optical 

density measurements were carried out in 28 brains of PD patients with post-diagnotic 

intervals of 1-27 years, and 9 brains of  normal elderly control subjects were used as 

controls. Brain sections of the post-commissural putamen and substantia nigra pars 

compacta were processed for markers of dopamine function: a variable (30–60%) loss of 

tyrosine hydroxylase and dopamine transporter optical fibre density was found during the 

first several years post-diagnosis (at years 1–3 after diagnosis), and ~70–90% reduction 

by year 5 after diagnosis, and relatively little change thereafter (Kordower et al., 2013). 
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1.3.1 The Braak staging and the dual-hit hypotheses.  

Braak and colleagues proposed a staging system that explains the process of pathological 

development in some PD patients based on autopsy. They suggested that the advancement 

of symptoms and neurodegeneration can be traced through neuronal pathways by 

observing the presence of Lewy bodies. As Lewy bodies advance through the nuclei of 

the brain which are known to be affected by Parkinson's, cell death and symptoms arise 

(Braak et al., 2003, Braak et al., 2004). In the Braak scheme the evolution of Lewy 

pathology (LP) is graded in six-stages that are roughly aligned with the progression of 

clinical symptoms. LP is thought to be able to spread through the brain caudo-rostrally 

from vagal connections innervating the gut.  The distribution of LP begins in medullary 

structures in the brain stem and olfactory bulbs that corresponds with the clinical 

presymptomatic stages (1-2). LP is then thought to cross into the SNpc, characterised by 

mDA degeneration, and the amygdala and thalamus, as well as in the anterior olfactory 

nucleus, this is related to the early symptomatic stages (3-4). Finally, LP pathology 

spreads into the neocortex affecting motor and sensory areas in the late symptomatic 

stages (5-6). The staging system has been expanded to integrate the “dual hit” theory by 

which the Lewy pathology may originate in the peripheral enteric nervous system (ENS) 

and the olfactory bulb, system as a result of environmental trigger, and later spreads to 

the central nervous system (CNS) following six stages. The pieces of evidence that 

indicate a strong involvement of the gut and the enteric nervous system in PD are 

gastrointestinal symptoms of PD (dysphagia, nausea, constipation) normally precede 

motor symptoms by several years (Savica et al., 2009) and Lewy body pathology has been 

found in the enteric nervous system of people with all stages of PD (Braak et al., 2006). 

At present, it is not known whether the gut stages of pathogenesis precede or succeed the 

olfactory and brain stem phases of disease development, or indeed whether the order of 

these events is consistent between PD patients.  However, the relationship between PD, 

Lewy bodies and gastrointestinal symptoms may be more complex than initially thought. 

Lewy body pathology has been observed in the enteric nervous system of those who 

experienced late-life constipation without developing symptoms of PD (Abbott et al., 

2007). Furthermore, the frequency of bowel movements has been significantly correlated 

with nigral neuron density in an elderly population without Lewy body pathology or a 

diagnosis of PD (Petrovitch et al., 2009). It has also been hypothesized a role of the gut 

microbiota in neurodegenerative diseases, and accumulating evidence has linked gut 

microbes to PD symptomatology and pathophysiology. Although, several studies suggest 
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that the gut microbiota composition is altered in PD patients compared to controls 

(Pfeiffer, 2018, Hasegawa et al., 2015, Keshavarzian et al., 2015, Unger et al., 2016, 

Hopfner et al., 2017, Petrov et al., 2017, Heintz-Buschart et al., 2018) and is also 

dissimilar between groups of PD patients with different phenotypes (Scheperjans et al., 

2015), it is not known whether alterations in the gut microbiome  is a risk factor or a 

consequence of PD.  

 

1.3.2 Bottom-up and Top-down mechanisms of PD pathogenesis. 

Even though the Braak neuropathological staging and the dual hit hypothesis have had a 

major impact on PD research, these hypotheses  are not fully embraced by everyone, and 

it has been suggested to apply to only a subset of patients: 17-49% of all PD patients do 

not follow Braak’s staging and about 10% of patients do not have Lewy pathology in the 

dorsal motor neurons of the vagus while higher brain regions are affected (Jellinger, 

2003a, Jellinger, 2003b, Attems and Jellinger, 2008, Kalaitzakis et al., 2008, Parkkinen 

et al., 2008, Zaccai et al., 2008, Beach et al., 2009) and 27-33% of PD patients do not 

have any Lewy pathology in the enteric nervous system (Lebouvier et al., 2010, Devos et 

al., 2013). To that end, a group of scientists led by Jose Obeso, has proposed a revision 

of Braak hypothesis, particularly the peripheral origin of PD, given that the relationships 

between neurodegeneration, LBs and α-synuclein aggregation, drafted in the Braak 

hypothesis, does not explain consistently the onset and progression of PD. Their 

hypothesis-free approach took into account a three-period motor staging of early PD 

(silent, prodromal and manifested motor periods), and the relationships between motor 

features or circuits and nigrostriatal degeneration. Clinical evidence indicated that the 

onset and evolution of PD may derive not only from the periphery to the brain but also, 

and more likely, from the brain to the periphery. They have proposed a two- way process, 

bottom-up and top-down pathogenic mechanisms of PD, whereby the pathology mainly 

takes place in the nigrostriatal dopaminergic projection, and SNpc is the primary site of 

pathological process which can then propagate in both bottom- up and top- down 

directions (Blesa et al., 2022). In addition, corticostriatal activity may represent a critical 

somatotopic “stressor” contributing to striatal dysfunction, and ultimately leading to 

retrograde neurodegeneration of nigrostriatal neurons in the ventro-lateral SNpc region, 

and focal motor onset of PD corticostriatal activity (Foffani and Obeso, 2018). In further 

support of the top-down pathogenic mechanism, a new study in mice has demonstrated 
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that selective mutations in mitochondrial complex 1 (MCI) subunits in dopaminergic 

neurons are sufficient to trigger a progressive mitochondrial energy-production deficit 

which leads to an early loss of axonal function, like neurodegeneration in PD patients 

(that is, neuro-axonal loss) is mainly related to selective vulnerability within the 

nigrostriatal dopaminergic system. Factors underlying such vulnerability of neurons in 

the ventrolateral SNpc that project to the striatum may explain the mystery of the origin 

of PD. Consistent with this assumption, disruption of striatal dopaminergic signalling 

impaired motor learning and fine motor skills in MCI mice but did not cause gross deficits 

in ambulation. These PD features emerged only late in the evolution of pathology with 

loss of SN dopaminergic signalling. Therefore, both striatal and SN DA depletion are 

necessary for the emergence of PD-like deficits in motor manifestations. Furthermore, 

motor disability in late-stage parkinsonian mice was significantly alleviated after the 

conversion of systemic levodopa to DA, which was selectively induced into SN 

(González-Rodríguez et al., 2021). 

 

1.3.2 The role of genetics in Parkinson’s disease. 

PD was originally known to be an idiopathic disease with mainly non-genetic etiological 

factors.  The majority of twin studies showed no evidence for heritability (Tanner et al., 

1999, Duvoisin et al., 1981, Ward et al., 1983) and some clinical genetic studies reported 

evidence of increased risk of transmission of PD. In 1997, the identification of the first 

gene associated with PD has markedly changed the conception of its etiology from a non-

hereditary disease to a complex disorder with well-established genetic components.  The 

first reported observation of a genetic implication in PD was in an Italian-American 

family (the Contursi Kindred) with autosomal dominant early onset PD who were found 

to have a missense mutation (A53T) in the SNCA gene (Polymeropoulos et al., 1997, 

Golbe et al., 1990, Golbe et al., 1996) which encodes the α-synuclein protein and has a 

role in synaptic vesicle trafficking (Abeliovich et al., 2000, Outeiro and Lindquist, 2003). 

In the same year, another group reported staining for α-synuclein in Lewy bodies and 

Lewy neurites from Parkinson’s patients (Spillantini et al., 1997). Importantly, the PD 

cases studied were non-familial, therefore concluding that aggregation of α-synuclein is 

common in the etiology and pathogenesis of all cases of PD.  Since that time, a number 

of PD-associated genes and risk loci have been identified by mutational analysis and 

genome-wide association studies. To date, twenty-three monogenic forms of PD have 
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been identified (PARK1-23), in which the causative genes are known in nineteen of these 

cases and are described in the Table 1. 

 

 
Table 1. List of Parkinson’s disease associated genes. AD = Autosomal Dominant, AR= Autosomal 
Recessive, NA= Not Assessed 
 

Among the autosomal dominant genes, modification in SNCA, Leucine-rich repeat kinase 

2 (LRRK2) and VPS35 retromer complex component (VPS35) display well-established 

associations with PD, whereas the causal link of genes such as Ubiquitin C-terminal 

hydrolase (UCHL1), HTRA serine peptidase 2 (HTRA2) and Eukaryotic translation 

initiation factor 4 gamma1 (EIF4G1), is less certain. 

 

In contrast to the dominant PD genes, for which between 1 and 7 mutations per gene are 

known to be pathogenic, a large number of mutations have been reported in association 

PARK 
acronym Gene Name Publication 

Number of 
pathogenic mutations 

Mode of 
inheritance Function in PD 

PARK1/4 SNCA (Polymeropoulos et al., 1997) 3 + gene duplication, 
triplication 

AD Synaptic function, vesicle 
trafficking 

PARK2 Parkin (Kitada et al., 1998) >100 AR Mitophagy 

PARK3 Unknown (Gasser et al., 1998) 1 AD NA 

PARK5 UCHL1 (Leroy et al., 1998) 
1 

AD Ubiquitin proteasome 
pathway 

PARK6 PINK1 (Valente et al., 2004) >40 AR Mitophagy 

PARK7 DJ1 (Abou-Sleiman et al., 2003) >20 AR Oxidative stress, chaperone 

PARK8 LRRK2 (Zimprich et al., 2004) 
7 

AD Endo-lysosomal trafficking 
and autophagy control 

PARK9 ATP13A2 (Ramirez et al., 2006) >10 AR Lysosomal ATPase 

PARK10 unknown (Li et al., 2002) unknown Risk loci NA 

PARK11 GIGYF2 (Lautier et al., 2008) 
5 

AD Not clear 
(Receptor signaling) 

PARK12 unknown (Pankratz et al., 2003) 2 X-linked NA 

PARK13 HTRA2 (Strauss et al., 2005) 2 AD Mitochondrial homeostasis 

PARK14 PLA2G6 (Paisan-Ruiz et al., 2009) 16 AR Not clear (A2 
phospholipase) 

PARK15 FBXO7 (Shojaee et al., 2008) 
4 

AR Mitophagy 
Adaptor protein 

PARK16 RAB7L1 (Satake et al., 2009) 2 Risk loci Retrograde trafficking 

PARK17 VPS35 (Vilarino-Guell et al., 2011, 
Zimprich et al., 2011) 1 

AD Endosomes, retromer 
complex 

PARK18 EIF4G1 (Chartier-Harlin et al., 2011) 
1 

AD Neuronal homeostasis, 
translation regulator 

PARK19 DNAJC6 (Edvardson et al., 2012) 
5 

AR Endosomes, Clathrin-
mediated endocytosis 

PARK20 SYNJ1 (Krebs et al., 2013, 
Quadri et al., 2013)                 3 

AR Clathrin-coated vesicle 
disassembly 

PARK21 DNAJC13 (Vilarino-Guell et al., 2014) 4 AD Endosome 

PARK22 CHCHD2 (Funayama et al., 2015) 3 AD Mitochondrial homeostasis 

PARK23 VPS13C (Lesage et al., 2016) 
3 

AR Mitochondrial homeostasis 
and Mitophagy 
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with autosomal recessive inheritance pattern for PD. Some of these are relatively common 

and have been published from several groups and therefore well-established. Other 

mutations have only been found in one or a few patients, and their significance is 

debatable. Listed in order of variant frequency in PD, the genes include parkin RBR E3 

ubiquitin protein ligase (PARK2, also named Parkin), PTEN induced kinase 1 (PINK1), 

and parkinsonism associated deglycase (DJ1), Lysosomal type 5 ATPase (ATP13A2), 

Phospholipase A2 (PLA2G6), DNAJ/HSP40 homolog subfamily c member 6 (DNAJC6) 

and F-box only protein 7 (FBXO7) (Lunati et al., 2018) PD patients carrying homozygous 

variants in these genes typically present with an early-onset form of disease (<40 years). 

Additionally, four genes (PINK1, Parkin, DJ1 and FBXO7) are involved in mitochondrial 

quality control, and pathogenic variants within the genes result in mitochondrial and 

mitophagy dysfunction (Ryan et al., 2015). 

Risk genes for PD have been identified through genome-wide association studies 

(GWAS), showing that monogenic and sporadic PD are not separate entities, and several 

genes might interact to regulate downstream common targets. The prototypic genetic risk 

factor for PD is the variation in the glucocerebrosidase gene (GBA1).  Originally, the 

gene was associated with autosomal recessive Gaucher’s disease, a lysosomal storage 

disease. This was identified because family members of patients with Gaucher’s disease 

displayed increased incidence of PD and many were identified as heterozygous GBA1 

variant carriers (Halperin et al., 2006, Tayebi et al., 2001). Other pathways identified 

through genetic analysis of PD include mitochondrial genes, dopamine metabolism genes, 

and gene linked to the adaptive immune system. The PARK16 locus contains five genes 

in which RAB7L1 has been most studied owing to its expression in the brain and 

susceptibility to PD. RAB7L1 has been shown to interact with LRRK2 and VPS35 and 

seems to play a part in endosomal–lysosomal trafficking (MacLeod et al., 2013). Several 

genome-wide association studies of PD have provided evidence for a link between the 

microtubule-associated protein tau (MAPT) genetic variability and idiopathic PD 

(Pankratz et al., 2012, Skipper et al., 2004). Neuronal subcellular localization and 

molecular function of PD-associated genes are illustrated in Figure 1.3. 
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Figure 1.3 Molecular mechanisms implicated in PD according to the genetic findings.  In the 
illustration are represented: a mDA neuron (green), an axon of a presynaptic glutamatergic cortical neuron 
(blue), and a dendritic spine of a medium spiny neuron (yellow). Subcellular localization of genes predicted 
to be involved in sporadic Parkinson’s disease and related pathogenic models. The most common 
subcellular localization for genes associated with sporadic PD is in the mitochondria, organelles involved 
in vesicular trafficking, Golgi network and lysosome/endosomes [Adapted from (Trinh and Farrer, 2013)]. 

 

1.3.3 The environmental risk factors. 

Epidemiological and experimental studies have linked increased prevalence of PD to 

industrialization and pesticide/herbicide exposure in rural environments (Ball et al., 2019, 

Berry et al., 2010). Chronic exposure to neurotoxins such as metals (iron and copper), 

organic solvents (n-hexane), carbon monoxide, and manganese have been proposed to 

cause PD (Lock et al., 2013, Gorell et al., 1999). Other factors have been proposed as 

protective factors, since they have been shown to have an inverse association with PD. 

Strikingly, the main factor in this category is cigarette smoking, as there is around 50% 

lower risk of PD among active smokers as compared to never smokers (Gallo et al., 2018). 

Like smoking, a number of environmental factors have been implicated with the potential 

to reduce the risk for developing PD, for example, diet, caffeine, alcohol consumption, or 

use of nonsteroidal anti-inflammatory drugs; although these findings appeared to be 

inconclusive (Checkoway et al., 2002, Gagne and Power, 2010). To further address the 

relation between PD and environmental risks, the recent Harvard Biomarkers Study 

(HBS) used a multi-dimensional approach in which  a correlation matrix was used to 
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potentially  correlate the entire group of  sixty-four variables spanning the categories of 

environmental, pharmacological, clinical features and social history factors, overcoming  

the traditional epidemiological approaches to examine the relation between PD, health 

data, and environmental variables serially, i.e. one candidate association at a time (Olsen 

et al., 2022). Using a group of 291 healthy controls and a group of 933 subjects with PD, 

this study confirmed some previously reported associations, such as the inverse 

correlation between smoking and PD, and the positive correlation between head trauma 

and PD, but also found new associations. Among the latter, an inverse relationship 

between PD and a past medical history of asthma or chronic obstructive pulmonary 

disease (COPD) has been demonstrated for the first time. To explain this inverse 

correlation, the authors speculated a possible link with the different drugs used to treat 

asthma and COPD, for examples it was shown that beta2-adrenoreceptor agonists were 

associated with repression of alpha-synuclein expression and reduced risk of developing 

PD (Mittal et al., 2017), whereas the beta 2 antagonist propranolol was associated with 

increased alpha-synuclein expression and increased risk of developing PD (Gronich et 

al., 2018). However, the analysis cannot further clarify this observed association and more 

studies are needed. 

Finally, the correlation between non-steroidal anti-inflammatory drug (NSAID) use and 

PD showed opposite associations based on the use of different drugs, naproxen use was 

negatively associated with PD, whereas ibuprofen use was positively associated with PD. 

The latter association clearly highlighted the complicated relationship between different 

environmental exposures and their presumed mechanism of action (Olsen et al., 2022). 

 
 

1.4 The pathogenic mechanisms of Parkinson’s disease. 

 
To a large extent, although the initial causes of PD are yet unknown, studies based on 

hypothesis models and genetic studies have revealed several cellular pathways that may 

contribute to PD-associated neurodegeneration, and many of the proteins involved have 

several roles in the cellular processes. They include, α-synuclein accumulation, 

dysfunction of protein degradation systems (ubiquitin-proteasome system, autophagy-

lysosome system), mitochondrial dysfunction, neuroinflammation, and oxidative stress 

(Corti et al., 2011). These hypotheses are not mutually exclusive, many of the pathways 

are closely related and overlap with each other and it is quite likely that aspects of each 

play roles in SNpc neuron death and development of PD (Figure 1.4). 
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Figure 1.4 Pathogenesis of PD. A number of mechanisms have been implicated in PD pathogenesis: 
abnormal α-synuclein aggregation, mitochondrial dysfunction, oxidative stress, impaired bioenergetic and 
calcium homeostasis, neuroinflammation and impaired autophagy/lysosomal degradation of 
proteins/organelles. There are two central clearance systems within cells responsible for the removal of 
dysfunctional organelle/proteins: the ubiquitin-proteasome system (UPS) and the autophagy-lysosome 
pathway. The UPS is primarily responsible for breaking down abnormal proteins, and it does so by 
“tagging” them with ubiquitin and transporting them to the proteasome for degradation. The autophagy-
lysosome pathway in PD involves: macroautophagy and chaperone-mediated autophagy (CMA). In 
macroautophagy, proteins and organelles are sequestered inside autophagosome and delivered through 
autophagosome/lysosome fusion. In CMA proteins are selectively delivered to lysosomes upon recognition 
by chaperone proteins and targeting and binding to the lysosome membrane e proteins [Image taken from 
(Poewe et al., 2017)]. 

 

1.4.1 α-Synuclein aggregation and the prion hypothesis.   

α-Synuclein is a presynaptic neuronal protein that is linked genetically and 

neuropathologically to Parkinson's disease (PD). α-Synuclein may contribute to PD 

pathogenesis in a variety of cellular processes and molecular pathways including 

neurotransmitter release, mitochondrial function, ER-Golgi trafficking, axonal dynamics 

and inflammation but it is generally thought that its aberrant soluble oligomeric 

conformations, termed protofibrils, are the toxic species that mediate disruption of 

cellular homeostasis and neuronal death, through effects on various intracellular targets, 

including synaptic function. Several mechanisms have been proposed for the 

conformational changes that lead to abnormal α-synuclein aggregation, including Ser129 

phosphorylation, ubiquitination, and C-terminal truncation. Furthermore, secreted α-
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synuclein may exert deleterious effects on neighboring cells, including seeding of 

aggregation, thus possibly contributing to disease propagation (Fujiwara et al., 2002, 

Barrett and Timothy Greenamyre, 2015). Hence, different species of α-synuclein are 

found in the PD brain, including unfolded monomers, soluble oligomers, protofibrils, and 

high molecular weight insoluble fibrils (Baba et al., 1998). Evidence suggests that soluble 

oligomeric forms of α-syn are the most neurotoxic. These can act as seeds for the 

formation of additional aggregates to potentiate pathology which are resistant to these 

proteolytic pathways (Karpinar et al., 2009, Winner et al., 2011, Ingelsson, 2016). The 

findings of LP in fetal neurons grafted to host brains of PD patients also significantly 

pivoted the field into a new direction of studies suggesting that misfolded α-synuclein 

acts in a prion-like fashion. The prion hypothesis defines that α-synuclein has 

spontaneous misfolding properties and is thought to be secreted and taken up by nearby 

neurons and act as a template for misfolding by oligomerizing with endogenous α-

synuclein and seed formation of aggregates (Luk et al., 2009, Nonaka et al., 2010, Hansen 

et al., 2011, Volpicelli-Daley et al., 2011, Luk et al., 2012, Masuda-Suzukake et al., 

2013). This theory has gained further support by the notion that peripherally administered 

α-synuclein aggregates in transgenic rodent models of PD spread and results in 

neurological symptoms (Holmqvist et al., 2014, Breid et al., 2016, Kim et al., 2019, 

Macdonald et al., 2021). 

1.4.2 Neuroinflammation in PD. 

The CNS is an immune-privileged organ, deriving protection and separation from the 

periphery via the blood-brain barrier (BBB)(Glass et al., 2010). Resident immune cells, 

microglia, are a type of glial cell that protect local micro-environments, act as antigen 

presenting cells, and exhibit phagocytic activity to clear pathogens and cellular debris 

(Aguzzi et al., 2013). Activated microglia release proinflammatory mediators to 

surrounding cells, leading to activation of another glial cell type, the astrocyte, which can 

proliferate to create a “glial scar” (Brambilla et al., 2005).  This cell activation subsequently 

produces an inflammatory milieu within the brain parenchyma. Consequently, blood-derived 

immune cells (lymphocytes and monocyte-derived macrophages) are recruited to and 

infiltrate the CNS. These events augment the relatively delayed disruption of blood-brain 

barrier (BBB) tight junction regulation, leading to increased BBB permeability 

(Obermeier et al., 2013, Ransohoff, 2016, Crotti and Ransohoff, 2016). Collectively, 
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these events disrupt neuronal homeostasis and promote cell death processes that are 

relevant to neurodegenerative disease (Hirsch et al., 2016, Perry, 2004, Perry et al., 2007). 

Neuroinflammatory processes have been associated with the development and 

progression of PD for a long time. McGeer and colleagues first described the presence of 

reactive microglia in the SN of PD patients’ postmortem brains (McGeer et al., 1988). 

Later on, Boka and co-workers detected a high content of tumor necrosis factor-α (TNF-

α) reactive glial cells in the SN of PD patients, which was not observed in the control 

group (Boka et al., 1994). Also, the amount of major histocompatibility complex (MHC) 

class II-positive microglia was increased in the SN of PD patients. It was also 

demonstrated that the inflammatory processes had a positive correlation with the motor 

symptoms of PD and a negative correlation with dopaminergic terminal density (Gerhard 

et al., 2006, Ouchi et al., 2005). Although, neuroinflammatory processes were extensively 

studied in the context of PD development, there is no common opinion whether the 

inflammation is cause or consequence of neurodegenerative events. From one side, it is 

possible that prior infections or systemic inflammation could propagate into the brain and 

activate on site inflammatory events, which in the end will lead to neurodegenerative 

processes. From the other side, it is also possible that the outbreak can happen inside the 

brain, when stressed neurons activate glial cells with following upregulation of 

neuroinflammatory processes with subsequent neurodegeneration as result. It is 

worthwhile to mention, that the dopaminergic neurons of the SN are highly sensitive to 

inflammatory stimuli, such as cytokines. Interestingly, the density of microglial cells is 

very high in the region of the SN (Kim et al., 2000, Tansey and Goldberg, 2010, 

Vivekanantham et al., 2015). Therefore, activated inflammatory processes during the 

development of PD could have more detrimental effects on the neurons of the SN, 

degeneration of which usually is linked with an onset of the motor phenotypes of this 

disorder.  

 

1.4.3 Oxidative stress in PD. 

Oxidative stress is defined as disequilibrium between the levels of reactive oxygen 

species (ROS), such as hydrogen peroxide (H2O2), superoxide radicals, hydroxyl radicals, 

nitric oxide or peroxynitrite (Betteridge, 2000),  produced within cells and the ability of 

these cells to detoxify and clear the ROS through antioxidants (like the antioxidative 

enzymes superoxide dismutases and glutathione peroxidases). This disequilibrium creates 
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a toxic environment that eventually leads to cellular damage (Dias et al., 2013). Oxidative 

stress is considered to be the main cause of aging, and aging is the most important risk 

factor in PD etiology. Levels of basal oxidative stress are generally high in the SN as 

consequence of dopamine metabolism and a high content of iron and neuromelanin 

(Jenner, 2003). The existence of an imbalance in oxidative cell metabolism in PD is 

supported by post-mortem studies that show increased iron levels in parkinsonian brains 

(Sofic et al., 1988, Dexter et al., 1992, Oakley et al., 2007), a decreased amount of 

antioxidative enzymes (Sofic et al., 1992, Sian et al., 1994) and reduced activity of 

mitochondrial complex I (Schapira et al., 1990, Dexter et al., 1994, Sian et al., 1994, 

Abou-Sleiman et al., 2006b). The latter is important in energy generation and ROS 

detoxification. Therefore, it is not surprising that oxidative stress plays a major role in the 

cellular dysfunction and degenerative mechanisms related to PD (Schapira and Jenner, 

2011, Yoritaka et al., 1996). There is also evidence of oxidatively damaged aSYN in the 

SNpc, which could contribute to LB formation (Giasson et al., 2000). Increased lipid 

peroxidation and oxidatively damaged mitochondrial DNA have also been observed in the 

SNpc of PD patients  (Arthur et al., 2009, Yoritaka et al., 1996). Evidence suggests 

mitochondrial dysfunction plays a major role in oxidative stress, leading to degeneration 

of these dopaminergic neurons (Beal, 2005, Schapira and Jenner, 2011, Zhu and Chu, 

2010). Furthermore, there is also evidence of reduced antioxidant activity in SNpc of PD 

patients. Low levels of glutathione (GSH) (Jenner and Olanow, 2006), which is usually 

transported to the mitochondria to act as an antioxidant, and high concentrations of 

polyunsaturated fatty acids, which result in lipid peroxidation and the production of toxic 

byproducts like 4-hydroxyl-2-nonenal (HNE) are major sources of ROS under oxidative 

stress conditions (Liu et al., 2008). Therefore, fatty acid propensity for peroxidation under 

oxidative stress conditions can result in neuronal damage and contribute to PD 

progression. Evidence of this has been given by the fact that HNE is elevated in the SNpc 

(Montine et al., 2004), and in the cerebrospinal fluid (Selley, 1998, Yoritaka et al., 1996) 

of PD patients. However, the cause and consequences for these elevated HNE levels have 

not been defined yet. Furthermore, HNE has been shown to modify mitochondrial 

Complex I subunits (Wu et al., 2015), further implicating the role of mitochondria in PD. 
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1.4.4 Mitochondrial dysfunction in PD. 

Over the past 30 years, an exponential growth in the  number of publications in PD field 

have demonstrated that alterations in mitochondrial function are related to the 

pathogenesis of PD (Vila and Przedborski, 2003). Pathogenic mitochondrial mechanisms 

linked to PD are shown in Figure 1.5. 

 

 

Figure 1.5 Multiple roles of mitochondria in Parkinson’s disease.  Hereditary PD genes (autosomal 
recessive or dominant) may cause alteration in mitochondrial integrity. Genetic and environmental factors 
may contribute to the etiopathogenesis through various mitochondrial aspects, such as bioenergetics, 
dynamics, transport, and quality control [Image taken from (Exner et al., 2012)]. 

 

1.4.4.1 Mitochondrial bioenergetics in PD. 

The link between mitochondrial dysfunction and PD was first observed in 1983, where 

Langston and others reported that accidental exposure of drug abusers to a neurotoxic 

impurity of an opioid analgesic, the  1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine 

(MPTP), an inhibitor of complex I (NADH/ubiquinone oxidoreductase) of the 

mitochondrial electron transport chain, resulted in an acute and irreversible parkinsonian 

syndrome that was almost indistinguishable from PD and symptoms were partially 

rescued by  administration of L-dopa, the dopamine precursor. In the brain, MPTP is 

metabolized into 1-methyl-4-phenylpyridinium (MPP+), (Ransom et al., 1987) which 

acts as a complex I inhibitor of the mitochondrial respiratory chain (Nakamura et al., 

2000). The dysfunction of the electron transport chain leads to the formation of highly 

reactive oxygen species (ROS), which accumulate and cause a variety of mitochondrial 
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damage. These symptoms were reproduced when MPTP, along with other complex I 

inhibitors such as rotenone and paraquat, were administered to rodents and non-human 

primates (Burns et al., 1983, Burns et al., 1984, Betarbet et al., 2000). A biochemical link 

between complex I inhibition and sporadic PD was established when several groups 

reported reduced complex I activity in the brains of patients with PD (Hattori et al., 1991, 

Schapira et al., 1990). Post-mortem analysis also revealed that catalytic subunits of 

complex I derived from PD frontal cortex mitochondria are oxidatively damaged (Keeney 

et al., 2006).  

 

1.4.4.2 Mitochondrial calcium homeostasis in PD.  

The relevance of complex I inhibition to disease pathogenesis remains uncertain and the 

aforementioned findings raise several questions which still remain to be explained: why 

did these mitochondrial insults only significantly affect these specific neurons and cause 

selective degeneration of the dopamine neurons of the substantia nigra pars compacta? 

How does a reduction of only 25% to 30% of complex I activity in PD patients (Schapira 

et al., 1990) play a major role in energy failure in PD-related dopaminergic 

neurodegeneration? 

A hypothesis proposed by Surmeier’s group (Surmeier et al., 2017), suggests that 

substantia nigra pars compacta dopaminergic neurons are exquisitely susceptible to 

mitochondrial damage because they are exceptionally reliant on mitochondrial function 

(Surmeier et al., 2011, Guzman et al., 2010, Goldberg et al., 2012, Surmeier and 

Schumacker, 2013) due to their unique  electrochemical properties, and to date, comprises 

probably the most accredited working model to explain vulnerability of these specific 

neurons in PD.  In contrast to many other neurons, SNpc DA neurons are autonomously 

active in the absence of synaptic input (Grace and Bunney, 1983). Such pacemaking 

activity is necessary to maintain a basal DA tone in the striatum and consequently motor 

control (Surmeier and Schumacker, 2013). Whilst most neurons rely on Na
+ to drive this 

pacemaking activity, SNpc DA neurons intake large amounts of calcium ions via their 

Cav1.3 voltage-gated calcium channels (Bonci et al., 1998, Puopolo et al., 2007). In adult 

SNpc DA neurons, the currents that flow through these channels are of sufficient 

magnitude to sustain a membrane potential oscillation when voltage-dependent 

Na+ channels are blocked with tetrodotoxin. This prominent Ca2+ entry constrains a 

significant mitochondrial burden for excess calcium storage and exposes them to 
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oxidative stress (Surmeier et al., 2011). Under such working conditions, these neurons 

are extraordinarily sensitive to the effects of exogenous mitochondrial insults. On the 

other side, ventral tegmental area (VTA) DA neurons do not manifest these 

Ca2+oscillations as a result of much lower Cav1.3 Ca2+ channel density and higher levels 

of the Ca2+-buffering protein calbindin, wherefore VTA neurons have a significantly 

lower risk of degeneration in PD (Khaliq and Bean, 2010, Kish et al., 1988, German et 

al., 1992). Finally, a proof of the relevance of complex I to PD pathogenesis has been 

recently presented by Surmeier lab. Inducible inactivation of Ndufs2, an essential subunit 

of the mitochondrial complex I, in dopaminergic neurons resulted in a progressive, axonal 

deficit and levodopa-responsive parkinsonism, like the human disease. In this conditional 

Ndufs2-knockout mouse, the progressive loss of the mitochondrial complex I led to the 

neuronal metabolic switch from mitochondrial OXPHOS to glycolysis and suppression 

of Ca2+ pacemaking activity. In parallel, the deficit of striatal dopaminergic signalling 

impaired motor learning and fine motor skills, but the complete loss of motor control and 

ambulation emerged only with loss of SN dopaminergic signalling. In fact, Ndufs2-

knockout mice resulted responsive to systemic levodopa treatment, which in turn reduced 

motor disability in late-stage Parkinsonian mice (González-Rodríguez et al., 2021). 

 

1.4.4.3 Mitochondrial genetics in PD. 

Experimental models and postmortem studies in elderly exhibited an increased load of 

mitochondrial DNA (mtDNA) mutations and deletions and a reduced respiratory chain 

activity (Carelli and Chan, 2014). Whether mitochondria impairment could represent the 

initial cause of neurodegeneration or an epiphenomenon is still a debatable question 

(Borsche et al., 2020). Attempts were made to stress the primary role of mtDNA 

alterations by using mutant mice for the exonuclease domain II of DNA polymerase 

gamma (POLG) that ablates its proofreading activity and induced an accumulation of 

mtDNA deletions (Kujoth et al., 2005). Some studies showed that despite high levels of 

mtDNA deletions, SNpc dopaminergic neurons from these animals did not exhibit gross 

mitochondrial dysfunction or SNpc DA degeneration (Dai et al., 2014, Perier et al., 2013). 

In contrast, other studies in which partial depletion of mtDNA in mice, either by a 

conditional disruption in dopaminergic neurons of mitochondrial transcription factor A 

(TFAM), which regulates mitochondrial DNA transcription (Ekstrand et al., 2007) or by 

expression of a mitochondria-targeted restriction enzyme (PstI), which induces double-

strand breaks in mtDNA (Pickrell et al., 2011) leads to respiratory chain defects and a 
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progressive parkinsonian phenotype in mice, stressing the importance of mtDNA 

integrity in PD. 

 

1.4.4.4 Mitochondrial role in PD-associated genes. 

The genetic level of studies provided strong evidence of the connection between PD and 

mitochondrial quality control, and changed the general understanding of the 

mitochondrial role in PD, by which oxidative stress and α-synuclein accumulation play a 

central role in the development of PD. As previously mentioned, PD pathology has been 

associated with a multitude of genes identified by either genome wide association studies 

(GWAS) or family-based linkage studies. A number of genes have been associated with 

mitochondrial function, metabolism or dynamics (Singleton and Hardy, 2019). 

Autosomal dominant PD such as α-synuclein or LRRK2 (Corti et al., 2011, Funayama et 

al., 2015, Polymeropoulos et al., 1997, Zimprich et al., 2004) have been linked to 

mitochondrial quality control pathways (Ryan et al., 2015). For instance, overexpression 

or oligomerisation of α-synuclein led to the inhibition of the mitochondrial respiratory 

chain complexes (Subramaniam et al., 2014), increased mitochondrial fragmentation 

(Plotegher et al., 2014), and permeabilisation of mitochondrial model membranes 

(Stefanovic et al., 2014). In addition, expression of an α-synuclein PD mutant led to 

elevated mitochondrial fragmentation and increased cellular ROS levels (Khalaf et al., 

2014, Perfeito et al., 2014). LRRK2 is involved in the fission and fusion of mitochondria 

(Wang et al., 2012). Mitochondrial fusion is an important mitochondrial quality control 

process and is normally balanced by mitochondrial fission events (Detmer and Chan, 

2007, Sato et al., 2006a). Interestingly, overexpression of LRRK2 or expression of a 

LRRK2 PD mutant promoted mitochondrial fission events, reduced mitochondrial fusion, 

and damaged neurons (Su and Qi, 2013, Wang et al., 2012). 

Among the recessive form of familial PD (autosomal recessive juvenile Parkinsonism or 

ARJP), the most prominent mitochondria associated pathway dysregulated in PD is  

PINK1 (Valente et al., 2004) and Parkin (Kitada et al., 1998). For the purpose of this 

thesis, PINK1 and Parkin genes and related pathway will be introduced and extensively 

described in the next sections of this chapter. 
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1.4.5 Proteolytic dysfunction in PD. 

Protein quality control involves highly complex, temporally controlled, and tightly 

regulated mechanisms that acts to maintain proteins in the correct concentration, 

conformation, and subcellular location.  Neurons have unique protein quality control 

demands: they have a highly polarized morphology (zones for presynaptic 

neurotransmitter release and postsynaptic receptor activation) and their activity rely on 

synaptic plasticity (which is tightly coupled to changes in the synaptic proteins) (Steward 

and Schuman, 2003, Tai and Schuman, 2008, Bingol and Schuman, 2005, Yi and Ehlers, 

2007, DiAntonio and Hicke, 2004, Murphey and Godenschwege, 2002, Patrick, 2006). 

Also, since neurons are postmitotic cells, they are not able to dispose of aberrant proteins 

through asymmetric cell division, therefore each neuron must thoughtfully protect itself 

against protein misfolding and oxidation (Macara and Mili, 2008). Large number of 

neurodegenerative diseases, including PD, have been associated with excessive protein 

misfolding and degradation leading to loss-of function phenotypes, as well as protein 

aggregation, indicative of a failure in protein quality control (Yi and Ehlers, 2007, 

Ciechanover and Brundin, 2003). For this reason, new lines of investigation aim to understand 

protein quality control mechanisms in normal neurons, how neurons have evolved to meet 

these specialized demands and how they are affected during neurodegenerative conditions. 

The major protein degradation pathways are confined to specialized protein complexes 

(proteasomes) and organelles (lysosomes), to prevent nonspecific proteolysis, and 

respectively associated to the Ubiquitin proteasome system (UPS) and the autophagy-

lysosome pathway (ALP)  (Rubinsztein, 2006). 

 

1.4.5.1 Ubiquitin proteasome system. 

Characterization of Lewy bodies from PD patients revealed the detection of proteasomes 

and lysosomes around ubiquitin-positive aggregates in postmortem brains which implies 

that proteins within these aggregates were marked for degradation but were not efficiently 

removed (Ross and Poirier, 2004, Lowe et al., 1993, Chung et al., 2001, Cummings, 2004, 

Mayer et al., 1996). Degradation of a protein via the ubiquitin-proteasome pathway 

involves three discrete and successive steps: 1) tagging of the substrate by covalent 

attachment of multiple ubiquitin molecules to synthesize the polyubiquitin chain 

proteolytic signal; 2) degradation of the tagged protein by the 26S proteasome complex; 

3) release of free and reusable ubiquitin catalyzed by recycling enzymes, deubiquitinases 

(DUBs). 
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Ubiquitylation is a post-translational modification that forms an isopeptide bond between 

a lysine residue on the protein and the carboxyl terminus of ubiquitin (Ub), a highly 

conserved 8.6 kDa protein, that is used as degradation signal. The ubiquitylation system 

consists of 3 different classes of enzymes: E1–E3 (Dye and Schulman, 2007, Hershko 

and Ciechanover, 1998, Pickart and Eddins, 2004). First, ubiquitin is activated in an ATP-

dependent reaction by high energy thioester bond to the E1 (ubiquitin-activating enzyme), 

and then it is transferred to the Cys residue of the E2 (ubiquitin-conjugating enzyme) to 

form an E2-ubiquitin thioester-linked intermediate by transesterification. The E3 

(ubiquitin–protein ligase) transfers the ubiquitin from the E2 to the substrate protein. A 

Ub molecule is first covalently attached through its C-terminal glycine residue to the 

amino group of the lysine residue on the target protein. After the first ubiquitin has been 

attached (monoubiquitylation), the E3 can elongate the ubiquitin chain by creating 

ubiquitin–ubiquitin isopeptide bonds (Buetow and Huang, 2016), (Figure 1.6). Ubiquitin 

has seven lysine residues (K6, K11, K27, K29, K33, K48 and K63), and a N-terminal 

methionine (Met1) all of which are available and used in vivo for chain extension. There 

are three typical ways of linking the ubiquitin with the substrate. The first is called mono-

ubiquitylation, which refers to the modification of one site of the modification of a 

substrate by a single ubiquitin molecule. The second is multi-mono-ubiquitylation, which 

means adding several ubiquitin molecules repetitively to distinct sites. The third is called 

polyubiquitylation (including linear polyubiquitylation and branched polyubiquitylation), 

in which ubiquitin molecules are added to the same site of a substrate (Mukhopadhyay 

and Riezman, 2007, Ye and Rape, 2009, Behrends and Harper, 2011, Swatek and 

Komander, 2016). Polyubiquitin chains linked by the same Lys are homotypic chains, 

while those linked by different Lys are heterotypic chains or mixed/branched chains 

(Komander and Rape, 2012, Kim et al., 2007). Finally, the polyubiquitin chain formed by 

multiple Ubs bound to Lys48 or Lys11 is then recognized by the 26S proteasome and the 

protein is degraded, a process that is ATP-dependent (Chau et al., 1989, Finley, 2009), 

(Figure 1.6).  However, it is important to note that post-translational modification of a 

target protein through attachment of ubiquitin does not always lead to the proteasomal 

degradation of the target protein. A variety of non-proteolytic processes such as the cell 

cycle, protein trafficking, endocytosis, autophagy, transcriptional modulation, and DNA 

repair can also be regulated through ubiquitylation (Glickman and Ciechanover, 2002, 

Hershko and Ciechanover, 1998, Kirkin et al., 2009). 



 24 

 

Figure 1.6 The ubiquitylation cascade. On the left, enzymatic logic of ubiquitin chain formation: 
ubiquitylation is a multistep reaction involving three enzymes: ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and ubiquitin-protein ligase (E3). On the right, Modification sites on ubiquitin: 
Ubiquitin is a 76-amino acid protein and includes seven Lys residues (K6, K11, K27, K29, K33, K48 and 
K63), plus an eighth chain type, Met1 residue to the N-terminus and generation of different ubiquitylated 
proteins topologies and their biological function [Adapted from (Buetow and Huang, 2016)]. 

 
In humans, there are two known E1 enzymes, roughly 60 E2 enzymes, and 600-1000 E3 

enzymes (Clague et al., 2015) .The  E3 ubiquitin ligase provides the specificity required 

for the selective ubiquitylation process. K48 and K11 chains are the most common signals 

for degradation by the 26S proteasome, while monoubiquitylation and K63 chains do not 

generally specify degradation but have other biological functions including endocytosis, 

DNA repair and translation (Lauwers et al., 2009, Liu et al., 2018, Back et al., 2019, Saito 

et al., 2015). Polyubiquitin chains linked through Lys6 have been indirectly associated 

with DNA repair events through the heterodimeric ubiquitin E3 ligase BRCA1 (breast 

and ovarian cancer-specific tumor suppressor). Although less common, Lys29 chains 

have been shown to target a particular subset of protein substrates for the degradation. It 

has been shown that Lys27 is the major ubiquitin chain type on chromatin upon DNA 

damage and also connected to innate immunity. Finally, Lys33-linked ubiquitin chains 

are associated with anterograde protein trafficking (Akutsu et al., 2016). 

Approximately 100 DUBs have been identified in the human genome which can be 

classified into two major families: ubiquitin-specific processing proteases (UBPs) and 

ubiquitin C-terminal hydrolases (UCHs). UBPs are mainly responsible for cleaving 

ubiquitin–substrate and ubiquitin–ubiquitin isopeptide bonds, reversing protein 

ubiquitylation. UCHs remove small adducts from the ubiquitin to maintain the 
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monomeric form (Clague et al., 2019, Kim et al., 2003).  Among all DUBs, UCHL1 has 

drawn much attention, because it is a neuron-specific DUB and one of the most abundant 

proteins in the brain (1–2% of total protein) (Belin and Westerlund, 2008, Case and Stein, 

2006). Heritable forms of PD caused by mutations in the UCHL1 locus were first 

identified through studies of a German family exhibiting an autosomal dominant pattern 

of inheritance of PD, which provided the first evidence to categorize UCHL1 as a PD-

susceptible gene (Leroy et al., 1998), whether the mutations in UCHL1 are directly related 

to PD is still highly controversial. 

 

1.4.5.2 The Autophagy/Lysosomal pathway. 

The autophagy/lysosomal pathway (ALP) is primarily responsible for degrading long-

lived proteins and organelles such as mitochondria, that are unnecessary or even 

detrimental for cell survival (Damme et al., 2015). Protein quality control and organelle 

recycling are particularly important for neuronal homeostasis because of their abundant 

oxidative metabolism and post mitotic state. The reliance of neurons on proper 

functioning of the ALP is supported by observations that at least seven monogenic causes 

of PD strongly connected with autophagy regulation exist, and some are directly involved 

in lysosomal biology (Klionsky et al., 2021, Dehay et al., 2010, Dehay et al., 2013, Nixon, 

2013). There are three main types of ALP: Chaperone mediated autophagy (CMA), 

microautophagy, and macroautophagy. Chaperone-mediated autophagy (CMA) is a 

related process, wherein chaperones mediate the insertion of proteins directly into 

lysosomes through receptors in the lysosomal membrane (Kaushik and Cuervo, 2012). 

Microautophagy is the least understood and studied type of autophagy and is believed to 

occur by engulfment of small portions of cytoplasm directly by lysosomes (Santambrogio 

and Cuervo, 2011). Macroautophagy is the most prominent type of autophagy and 

therefore usually simply referred as autophagy. In autophagy, a number of proteins 

orchestrate formation of a membranous body called pre-autophagosomal structure 

leading to double membrane-bound structure known as the phagophore. The phagopore, 

which can be identified by phosphoethanolamine conjugated microtubule binding protein 

light chain 3–II (LC3-II) expands to become an autophagore. LC3-II is unique to 

autophagosomes and is commonly used as a marker for autophagy (He and Klionsky, 

2009). The autophagosome sequesters autophagy substrates recruited by LC3-II, which 

interacts directly with autophagy substrates or indirectly through autophagy adaptor 

proteins, including SQSTM-1/p62 which has both ubiquitin and LC3 binding sites 
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therefore can tag ubiquitinated protein aggregates for autophagic degradation (Bjorkoy et 

al., 2005). During maturation, autophagosomes can fuse with late endosomes (Rab7-

positive structures), generating a hybrid organelle called an amphisome, or can directly 

fuse with lysosomes forming an autolysosome. Finally, acidic hydrolases such as 

cathepsin D degrade the sequestered content (Deng et al., 2017, Kang et al., 2011). These 

specialized forms of macroautophagy have their own degradation signals and specific 

ubiquitin-dependent or independent autophagy receptors (Farre and Subramani, 2016, 

Khaminets et al., 2016) (Figure 1.7). 

Interestingly, PD-linked genes PINK1 and Parkin have also shown to play a role in 

specific degradation of damaged mitochondria via autophagy (Narendra et al., 2008, 

Vives-Bauza et al., 2010), a process referred as mitophagy. In keeping with the scope of 

this thesis, mitophagy controlled by PINK1 and Parkin will be further discussed in the 

next paragraphs. 

 

 

Figure 1.7 Molecular signaling regulating autophagy. In response to autophagy stimulus like, nutrient 
depletion or energy exhaustion mTORC1 is inhibited, which in turn actives ULK1 complex, a crucial 
initiating step in autophagy. Stimulation of a regulatory complex, that includes VPS34, promotes 
autophagosomal membrane nucleation. Autophagosomal elongation requires two ubiquitin-like 
conjugation systems: the ATG5–ATG12 conjugation system and the microtubule associated protein light 
chain 3 (LC3–ATG8) conjugation system. The conversion of a cytosolic truncated form of LC3 (LC3-I) to 
its autophagosomal membrane–associated, phosphatidylethanolamine-conjugated form (LC3-II) indicates 
autophagosome formation, process mediated by the ATG7-ATG10-ATG3 system. Upon closure of 
phagophore, the resulting autophagosome contains random or selective targets for degradation (cargo) and 
undergoes to the fusion process with a lysosome to form an autolysosome, culminating with the degradation 
of autophagic subtrates by acidic lysosomal hydrolases [Reproduced with permission from Collier JJ at al., 
2021, Copyright Massachusetts Medical Society (Collier et al., 2021)]. 
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1.5 Molecular understanding of PINK1 and PARKIN role in PD.  
 
As previously mentioned, dopaminergic neurons of the substantia nigra pars compacta 

are selectively vulnerable to neurodegeneration in Parkinson’s disease. A possible 

explanation is that vulnerable dopaminergic neurons are under exceptionally high energy 

demand due their unique features such as, unusually long highly branched axons that are 

unmyelinated or thinly myelinated (Orimo et al., 2011, Braak and Del Tredici, 2004), 

endogenous slow pacemaking properties (their action potentials, or spikes, are 

spontaneously active, also in the absence of synaptic input) and dopamine metabolism 

(Chinta and Andersen, 2005, Prakash and Wurst, 2006, Surmeier and Schumacker, 2013). 

Although multiple factors appear to be responsible of PD, recent lines of evidence suggest 

that the potential stressors and mechanisms affecting energy production of dopaminergic 

SNpc neurons in this disease are converging on potential pathological processes found in 

the interplay between the mitochondria and UPS. Evidence of this is that the 

mitochondrial kinase PINK1 and the cytosolic E3 ligase Parkin, both involved in 

mitochondrial dynamics and quality control, are the main cause of autosomal recessive 

(AR) early-onset PD. Their molecular role has been extensively studied in the last few 

years, revealing that the PINK1-Parkin pathway is responsible for the selective 

degradation of damaged mitochondria, which is necessary for the maintenance of 

mitochondrial homeostasis, especially in non-dividing cells, such as neurons. 

 

1.5.1 PINK1: from the gene to the molecular function. 

PTEN (phosphatase and tensin homolog)-induced putative kinase 1 (PINK1) is a 

mitochondrial serine/threonine kinase. It was initially identified in a screen for proteins 

transcriptionally regulated by the tumor suppressor PTEN and predicted to contain a 

highly conserved serine/threonine-protein kinase domain. While a role in PTEN-signaling 

was considered, the protein gained major attention ever since mutations in the PINK1 

(PARK6) gene were shown to be responsible for hereditary early onset Parkinson’s 

disease (Valente et al., 2004). The PARK6 locus was initially mapped to chromosome 1 

in three different consanguineous families (Valente et al., 2002). Upon sequencing 

candidate genes in the region, PINK1 was confirmed to contain homozygous missense 

mutations (Valente et al., 2004). Additional missense mutations have since been 

identified in several other consanguineous pedigrees (Hatano et al., 2004). It has also been 

estimated that PINK1 mutations are found in 3.7% of EOPD cases worldwide (Kilarski 
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et al., 2012). Several lines of evidence suggest that heterozygous PINK1 mutations can 

also act as risk factors for idiopathic PD (Rogaeva et al., 2004, Bonifati et al., 2005, Abou-

Sleiman et al., 2006a, Valente et al., 2004). A study reported that carrying one copy of 

the rare p.G411S mutation in PINK1 increases risk of PD to a greater degree than other 

disease-associated variants.  The p.G411S variant significantly decreases PINK1 kinase 

activity in neurons and the average age at disease onset is significantly younger in 

p.G411S mutation carriers than in non-carriers. (Puschmann et al., 2017), however this 

risk was very low and the relevance of such mutations in sporadic PD is still strongly 

debated. Over 60 mutations have been identified and are spread over the entire gene, 

which has eight exons, and the most common mutation is a truncation at Q456 in exon 7. 

Most of the mutations lie within the kinase domain or affect its kinase activity (Klein and 

Westenberger, 2012). Neuropathologically, there is surprisingly exclusive loss of 

substantia nigra with some degree of  synucleinopathy findings within the substantia nigra 

and surrounding brainstem, but no involvement of the locus coeruleus (Samaranch et al., 

2010). 

 

Biochemical analysis revealed that PINK1 consists of 581 amino acids, with a predicted 

molecular mass of 62.8 kDa and is ubiquitously expressed, with highest expression in 

heart, skeletal muscle and testis (Unoki and Nakamura, 2001). This protein is 

characterised by an N-terminal mitochondrial targeting sequence (MTS) from residues 1 

to 94, a transmembrane domain (residues 94 to 110) and a linker region from residue 110 

to 156 which connects N-terminal region to a C-terminal serine/threonine kinase domain 

with homology to the calcium/calmodulin family (residue from 156 to 509). The kinase 

domain contains three “Inserts”, numbered from 1 to 3, which are not conserved with 

respect to other kinases and moderately conserved across orthologs. From residue 509 to 

its C-terminus, PINK1 harbors a poorly conserved “C-terminal extension” (CTE) 

(Trempe and Fon, 2013) (Figure 1.8).  
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Figure 1.8 PINK1 gene and PD pathogenic mutations. Schematic representation of exonic regions of 
PINK1 gene and functional domains of PINK1 proteins with associated mutations. Arrows indicate 
missense mutations and nonsense mutations. Red lines show gene deletions [Adapted from (Corti et al., 
2011)]. 

 

In the past, the subcellular localisation of PINK1 has long been debated, since the protein 

has been found predominantly at the outer face of the MOM with the kinase domain 

facing the cytoplasm (Becker et al., 2012, Zhou et al., 2008), but has been reported to be 

found in the intermembrane space (IMS) (Meissner et al., 2011) and in the IMM (Silvestri 

et al., 2005). A fraction of the processed PINK1 fragment was also shown to localize to 

the cytosol (Lin and Kang, 2008).  

In healthy mitochondria, PINK1 precursors synthesized in the cytosol are transported into 

mitochondria through mitochondrial import machineries. Its MTS domain interacts with 

the translocase of the TOM complex (TOM complex: TOM20, TOM22, TOM70) and 

passing through the TOM40 pore (Sekine and Youle, 2018). At this stage, most MTS-

containing proteins pass through the inner mitochondrial membrane (IMM) TIM23 

complex. Once inside the mitochondrion PINK1 undergoes a series of proteolytic 

cleavages, with the 64-kDa full length form being sequentially cleaved into 60- and 52-

kDa fragments. First, full length PINK1 MTS is reported to be cleaved in the IMM by the 

generic mitochondrial processing peptidase MPP, in a 60-kDa PINK1 fragment. The 

IMM resident protease PARL (Presenilin-associated rhomboid-like protein) then 

catalyzes a second cleavage between positions 103 and 104 within the PINK1 sequence, 
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generating a 52-kDa PINK1 fragment (Deas et al., 2011). Upon cleavage by PARL, the 

processed fragment is released from the import machinery. The 52-kDa PINK1 fragment 

associates with the MOM via its very C-terminal hydrophobic portion (Becker et al., 

2012) and it is then retro-translocated back out of the TIM23 and TOM40 channels and 

into the cytosol. There, exposure of its hydrophobic and bulky N-terminal Phe104 

sidechain attracts the E3 ligase enzymes UBR1, UBR2, and UBR4, which ubiquitylate 

and degrade PINK1 via the N-end-rule proteasome pathway (Tasaki et al., 2005, Yamano 

and Youle, 2013, Matsuda et al., 2010). This process of synthesis, import, and degradation 

repeats itself continuously on the surface of functional mitochondria, resulting in a low 

steady-state abundance of PINK1, making its cellular detection at endogenous level 

difficult. However, since this process is dependent on the membrane potential, in an old 

or damaged mitochondrion, or when membrane depolarization occurs, mitochondrial 

damage results in the accumulation of PINK1 on the MOM with the kinase domain facing 

the cytosol, results in its self-dimerization and formation of a supramolecular complex 

through association with the TOM complex leading to its autophosphorylation at Ser228, 

which fully activates the protein kinase (Okatsu et al., 2012, Okatsu et al., 2013, Rasool 

et al., 2018). Autophosphorylation structurally primes PINK1 to phosphorylate its 

substrates ubiquitin (Ub), and the ubiquitin-like domain of Parkin (Ubl) (Okatsu et al., 

2012), ultimately leading to Parkin recruitment. In turn, Parkin initiates the downstream 

mitophagy process (Pickrell et al., 2011). 

 

1.5.2 Parkin: from the gene to the molecular function. 

Parkin (encoded by the gene PARK2) is a cytosolic E3 ubiquitin ligase. It was first 

discovered in 1998 in a group of Japanese patients with early onset autosomal recessive 

Parkinson’s disease (Kitada et al., 1998). The PARK2 gene is the second largest gene in 

the human genome, with its exonic length measuring 1.53Mb (Klein and Westenberger, 

2012), and is located on chromosome 6 (Matsumine et al., 1997). It contains twelve exons 

and a bidirectional promoter, with the neighbouring gene called parkin coregulated gene 

(PACRG). A few and rare exonic deletions extending into exon 1 of PACRG have been 

also associated with PD (Lesage et al., 2007). PD-linked Parkin mutations consist of more 

than 120 known pathogenic mutations, with exon deletions being the most common 

(Nuytemans et al., 2010). In fact, exons 2-4 account for roughly 50% of total deletions, 

with exon 3 having the highest number of mutations overall (Hedrich et al., 2001, Choi 

et al., 2008, Macedo et al., 2009, Pankratz et al., 2009, Hayashi et al., 2000) that result in 
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a complete loss of detectable Parkin protein expression in human tissue (Shimura et al., 

1999). 

Intriguingly, there does not appear to be a specific region targeted by missense or 

nonsense mutations as they are found to lie indiscriminately within its primary structure. 

Although not all mutations can currently be explained, it is generally believed that they 

cause Parkin loss-of-function either by reducing its solubility, reducing its function as an 

E3 ligase enzyme, which would result in accumulation of undegraded substrates, or by 

inhibiting its ability to properly remove damaged mitochondria, which would lead to an 

increase in neurotoxic species  and/or decline in adenosine triphosphate (ATP) synthesis 

(Wauer and Komander, 2013, Spratt et al., 2013). As for PINK1, a large meta-analysis 

on sporadic PD patients, who were also carriers of heterozygous PARK2 mutations 

suggested that these mutations were likely incidental or at best a risk factor for the disease 

(Huttenlocher et al., 2015). Neuropathologically, Parkin-PD specimens show specific cell 

loss in the substantia nigra and locus coeruleus, and LBs are present in very rare cases of 

advanced-aged subjects. Given the rarity of LBs and the advanced age of these subjects, 

they likely represent age-related incidental LBs (Doherty and Hardy, 2013, Takahashi et 

al., 1994, Farrer et al., 2001, Pramstaller et al., 2005), or inclusions formed by the 

enhanced aggregation of specific Parkin mutations. 

Parkin gene encodes for a highly conserved 465 amino acid (aa) protein with a molecular 

weight of ~52 kDa, and was found abundantly expressed in the cytoplasm of tissues 

experiencing high oxidative stress, e.g. heart, muscle and brain.  Parkin was initially 

classified as a RING-like E3 ligase. RING (Really Interesting New Gene)-type enzymes 

are essentially scaffolds, binding to both the E2 and the substrate, allowing the E2 to 

directly ubiquitinate the substrate, moreover RING domains are characterised by several 

cysteines and histidines involved in the coordination of zinc ions and crucial for the 

structure and folding of the ligase. However, further investigations classified the protein 

as part of the newly reported family of RING in-between-RING RING (RBR), which 

have been described as a hybrid between RING and HECT E3 ligases (Wenzel et al., 

2011). HECT (Homologous to the E6-AP Carboxyl Terminus)-type enzymes ubiquitylate 

the substrate themselves after having the Ub transferred to their own catalytic cysteine 

(Trempe and Fon, 2013).  Parkin structure comprises a N-terminal Ubiquitin like (Ubl) 

domain, a RING0 domain, a RING1 domain, an in-between-rings (IBR) domain and a 

RING2 domain. The Ubl domain shares roughly 62% homology with the ubiquitin (Ub) 

protein and spans residues 1-76. It is separated from RING0 by the first linker region, 
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which contains a poorly conserved peptide sequence and a primate sequence specific 

Cys95 residue. RING0 domain, aa 145-215, is often described as the unique Parkin 

domain (UPD) (Hristova et al., 2009), while RING1 is the E2 binding domain spans aa 

226-292. The third RING structure is described as an in-between RING (or IBR) and 

spans aa 327-378. It is separated from the final RING domain by the second linker, which 

contains the repressor element of parkin (REP) with conserved α-helix structure spanning 

aa 391-403. The final domain, RING2 spans aa 417-448 and contains a catalytic cysteine 

at position 431, that forms a thioester intermediate with ubiquitin in a HECT-like fashion 

(Lazarou et al., 2013) and it is important for E3 ligase function (Wenzel et al., 2011, 

Wauer and Komander, 2013, Spratt et al., 2013, Trempe et al., 2013, Riley et al., 2013) 

(Figure 1.9). 

 

Figure 1.9 Parkin gene and PD pathogenic mutations. Schematic representation of exonic regions of 
Parkin gene and functional domains of Parkin proteins with associated mutations.  (A) Arrows indicate 
frameshift mutations, missense mutations and nonsense mutations. (B) Red lines show gene deletions, green 
lines gene duplications and blue lines gene triplications [Adapted from (Corti et al., 2011)]. 

B 

A 
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In steady-state condition, Parkin subcellular localisation is mainly cytosolic (Shimura et 

al., 2000), moreover it has been found in Golgi apparatus (Huynh et al., 2007, Kubo et 

al., 2001), endoplasmic reticulum (ER) (Imai et al., 2001), mitochondria (Darios et al., 

2003, Narendra et al., 2008). 

Parkin normally exists in a closed, autoinhibited conformation, until it binds pUb and is 

itself phosphorylated by PINK1. Biochemical and structural analysis, from in vitro assays 

to crystallography, has shown that the Ubl and the REP occlude the RING1 E2 binding 

site. In this conformation the catalytic Cys431 on RING2 is inaccessible due to 

interactions with RING0 (Trempe and Fon, 2013, Wauer and Komander, 2013, Riley et 

al., 2013). Activation of this ligase is therefore a tightly regulated multi-step process and 

requires a large conformational rearrangement to unlock both the E2 binding site and the 

RING2 catalytic site. Numerous lines of evidence, from in vitro assays to crystallography, 

show that Parkin remains repressed by several intramolecular interactions until it binds 

pUb and is itself phosphorylated by PINK1 (Chaugule et al., 2011, Trempe et al., 2013, 

Riley et al., 2013, Wauer and Komander, 2013). Firstly, the Ubl and the REP occlude the 

RING1 E2 binding site. Secondly, the catalytic Cys431 on RING2 is inaccessible due to 

interactions with RING0. Activation of Parkin therefore requires a large conformational 

rearrangement to unlock both the E2 binding site and the RING2 catalytic site. PINK1 

was demonstrated to directly phosphorylate Parkin at Ser65 within the Ubl domain 

(Kondapalli et al., 2012). This phosphorylation was initially proposed to fully activate 

Parkin enzymatic activity (Kondapalli et al., 2012, Shiba-Fukushima et al., 2012). A 

series of experiments using Parkin mutated at its phosphorylation site  Ser65Ala or 

lacking the Ubl domain still showed Parkin translocation to mitochondria in a PINK1-

dependent manner (Kane et al., 2014). Subsequent discoveries have demonstrated that on 

damaged mitochondria PINK1 phosphorylates nearby pre-existing Ub moieties at Ser65 

(homologous to Ser65 in the Parkin Ubl domain). Parkin is then attracted from the cytosol 

to the MOM where it binds pUb through interactions with RING0 and IBR, as well as 

RING1 (Sauve et al., 2015). The binding of pUb triggers the allosteric release of the Ubl 

on the opposite side of RING1 this allows it to be phosphorylated by PINK1 at Ser65. 

Then, Parkin is recruited to the damaged mitochondrion with pUb acting as its receptor  

(Okatsu et al., 2015), while its Ubl is phosphorylated (pUbl) and free from RING1. These 

conformational changes lead to the exposure of its catalytic Cys431 and the final 

activation of Parkin.  



 34 

Further evidence that a primary mechanism of Parkin activation requires pUb binding to 

Parkin was shown in a study in which HeLa cells expressing the Parkin H302A mutant, 

that has an impaired pUb binding capacity, exhibited a significantly reduction of Parkin 

phosphorylation, suggesting that initial binding of pUb to Parkin is required for a more 

effective Parkin phosphorylation by PINK1 in cells (Pao et al., 2016). 

In its activated state, Parkin can catalyse ubiquitin linkage on mitochondrial proteins 

mainly via mono-or multi-mono-ubiquitylation. It has also been suggested that Parkin can 

targets mitochondrial proteins in a wave-flow fashion, where at first Parkin acts on MOM 

and mitochondrial matrix proteins followed by a second wave of targets on IMM proteins 

(Sarraf et al., 2013, Rose et al., 2016, Ge et al., 2020).  Parkin has also been found to 

ubiquitylate many cytosolic targets (Sarraf et al., 2013), though it is unclear whether these 

targets are recruited on mitochondria surface where Parkin activity take place or whether 

there may also be cytosolic activation of Parkin. Indeed, a new discovery has 

demonstrated that cytosolic Parkin can be phosphorylated by ULK1 at Ser108. This 

modification seems to be required for rapid and maximal Parkin phosphorylation at Ser65 

by PINK1 after mitochondrial damage (Hung et al., 2021a). 

The ubiquitylation of mitochondrial substrates is believed to be a key step in the initiation 

of the autophagosome formation and in mitochondrial clearance by mitophagy. Disease-

associated Parkin mutations not only impact on the ligase activity, but also on its 

recruitment dynamics, since both lower activity and delayed recruitment onto damaged 

mitochondria will affect Parkin-mediated ubiquitylation. 

 
 

1.5.3 PINK1 and Parkin team players against mitochondrial disfunction. 

Pioneering investigation has shown that PINK1 acts as a sensor of mitochondrial damage 

and Parkinacts as a shaper of mitochondrial proteome, then their actions are synergically 

combined in a common pathway aimed to remove damage mitochondria (Narendra et al., 

2008). The first lines of evidence supported the hypothesis that PINK1 kinase activity 

was necessary for phosphorylation and translocation of Parkin on the outer mitochondrial 

membrane, though at beginning it has been difficult to prove direct phosphorylation and 

how they interacted with each other (Matsuda et al., 2010, Narendra et al., 2010). In vitro 

experiments using recombinant PINK1 demonstrated that the highly conserved residue 

Ser65 within the Ubl domain of Parkin was directly targeted by PINK1 (Kondapalli et al., 

2012, Shiba-Fukushima et al., 2012). Phosphorylation on Ser65 enhanced Parkin E3 
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ligase activity in in vitro ubiquitylation reaction and was also detected by mass 

spectrometry on immunoprecipitated Parkin after mitochondrial depolarization in the 

presence of PINK1 (Kondapalli et al., 2012). This finding provided a clear-cut 

explanation of how Parkin is activated in PINK1-dependent manner.  

Recruitment and activation of Parkin are not the only steps controlled by the 

mitochondrial kinase PINK1. Three independent reports have subsequently identified 

PINK1 as the first kinase to phosphorylate ubiquitin (Koyano et al., 2014, Kazlauskaite 

et al., 2014, Kane et al., 2014). Once accumulated at the MOM, PINK1 phosphorylates 

both Parkin (Ubl domain) and ubiquitin at the same conserved serine 65.  Ubiquitin 

phosphorylation represents another step of complexity in the activation of Parkin. 

Phosphorylation of Parkin at Ser65 leads to a conformational change of the E3 ligase 

enzyme that further enhance activation by phospho-Ser65-ubiquitin binding which in turn 

activates Parkin E3 activity. Once Parkin is fully activated and stabilised on damaged 

mitochondria, it can ubiquitylate its substrates. Here, the ubiquitylation process is further 

regulated by a self-amplifying or feed-forward loop. Parkin synthesizes poly-ubiquitin 

chains on MOM proteins which are phosphorylated by PINK1 and which in turn recruit 

and activate additional Parkin molecules (Feed-Forward amplification model) (Ordureau 

et al., 2014). Parkin ubiquitylates  a panoply of mitochondrial substrates  that triggers the 

recruitment of autophagy receptors such as optineurin (OPTN), p62 and  nuclear dot 

protein 52 kDa (NDP52) to the mitochondria (Wong and Holzbaur, 2015, Wong and 

Holzbaur, 2014). These, in turn, lead to the recruitment of phagophores containing the 

microtubule-associated protein 1A/1B-light chain 3 (LC3) that promote lysosomal 

degradation of the engulfed mitochondria (Narendra et al., 2010, Harper et al., 2018), 

process named mitophagy (Figure1.10). 
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Figure 1.10 Mechanism of PINK1/ Parkin pathway. Under conditions of mitochondrial stress, full-
length PINK1 accumulates on the mitochondrial surface and phosphorylates both ubiquitin (Ub) and Parkin 
Ubl domain at Ser65, which is essential for the translocation of Parkin to mitochondria. Parkin Ubl domain 
phosphorylation exposes a phospho-Ser65 ubiquitin binding site, and phospho-ubiquitin binding in turn 
activates Parkin E3 activity.  Parkin ubiquitylates mitochondrial proteins at the OMM. Ubiquitin units 
within newly synthesized ubiquitin chains are then phosphorylated by PINK1 on S65. This, in turn, further 
activates PARKIN, leading to retention of PARKIN on poly-ubiquitinated mitochondria (feed-forward 
amplification model). Polyubiquitin chains recruit adaptor proteins, such as p62, OPN, and NPD52 which 
link ubiquitinated cargo to the autophagic machinery. Damaged mitochondria are engulfed by phagophores, 
which mature into autophagosomes and fuse with lysosomes to autolysosomes and eliminated via 
mitophagy. P=phosphate, Ub= ubiquitin, P-polyUb= Phospho-poly-ubiquitin. 

 
 
As reported by a proteomic study (Sarraf et al., 2013),  Parkin  mediates the ubiquitylation 

of more than 100 substrates and catalyses K27-, K48- and K63-type ubiquitin linkages 

(Chan et al., 2011, Geisler et al., 2010, Narendra et al., 2010) and  K6-, K11-type ubiquitin 

linkages as determined by PRM-based quantitative proteomics (Ordureau et al., 2014). 

Among of Parkin substrates, the most well characterised are the Mfn1 and Mfn2, VDAC1, 

Drp1, Tom20 and 70 (Geisler et al., 2010, Wang et al., 2011a, Ziviani et al., 2010, Yoshii 

et al., 2011, Poole et al., 2010, Sarraf et al., 2013). 

Furthermore, USP30 which is a type of mitochondrion-localised deubiquitinating enzyme 

(DUB), has been shown to preferentially remove Parkin-catalysed K6- and K11-linked 

ubiquitin chains on depolarised mitochondria (Cunningham et al., 2015). The cytosolic 

DUB USP15 has also been found to counteract Parkin action. Silencing approaches of 

both proteins leads to Parkin-mediated ubiquitination and mitochondrial clearance upon 

damage (Bingol et al., 2014, Cornelissen et al., 2014). In contrast, USP8 regulates 
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mitophagy positively by removing K6-linked ubiquitin conjugates from Parkin (Durcan 

et al., 2014). It is not yet clear how Parkin-mediated noncanonical ubiquitylation (K6 and 

K11) is relevant to the PD pathogenesis.  
 

1.6 Mapping PINK1 and Parkin expression in CNS. 
   
The human brain consists of differentiated regions each having a specific distribution of 

cell types and a fine regulated interconnection between different cell types and their 

anatomical organization. This brain network is the results of the differential expression 

of unique gene patterns from early developmental stages to adult life. 

Genetic studies have investigated the association of genetic variants with a variety of 

brain disorders in large population studies, therefore defining a comprehensive analysis 

of PINK1 and Parkin expression pattern in the human brain and murine models may shed 

light on their roles in neuronal pathophysiology. 

Pioneering reports in human samples have indicated that Parkin is expressed in a wide 

range of tissues. In the brain, northern blot analysis revealed widespread expression of 

Parkin mRNA in almost all regions, with the highest mRNA level in the striatum and the 

cortex (Kitada et al., 1998).  Complementary studies performed in mouse and rat central 

nervous system showed a relatively similar distribution of Parkin mRNA. Slight 

differences were found in rat brain, where the hippocampus exhibited a highest Parkin 

mRNA expression, whereas low expression was found in striatum and brainstem (Kitada 

et al., 2000, D'Agata et al., 2000).  

Whilst the transcriptome profile has revealed a widespread expression of Parkin in the 

brain, there have been some conflicting reports surrounding its proteomic expression 

pattern. In Stichel et al., the authors showed that Parkin protein was widely distributed in 

all subregions of mouse brain, remarkably Parkin expression was undetectable in 

dopaminergic cells of the ventral tegmental area and substantia nigra pars compacta, 

whereas Parkin protein was present in striatal terminals. This discrepant observation led 

the author to argue in a local synthesis of Parkin in axon terminals or in an anterograde 

transport of the protein (Stichel et al., 2000). Thereafter, more detailed topographic 

studies continued to contribute to our understanding of Parkin expression in brain. Indeed, 

Parkin was shown to be widely expressed in the regions involved in PD, and also in the 

cortex, hippocampus  and cerebellum (Gu et al., 2000).  An early and widespread 

expression of Parkin mRNA and protein in the CNS has been observed in embryonic 

stages with a marked increase in expression level after embryonic day E18 in the CNS 
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followed by a steady increase until adulthood (Kuhn et al., 2004). Along with these 

findings, Parkin expression has been shown to increase during maturation of primary 

cortical neurons with a sustained expression in the later stage of specification (Barini et 

al., 2018).  

A subcellular expression of Parkin has been detected in presynaptic and postsynaptic 

process and cell bodies of many neurons (Schlossmacher et al., 2002). The association of 

Parkin with actin filaments in both neuronal and non-neuronal cells has pointed out a 

potential role of Parkin in vesicle transport (Huynh et al., 2000). Converging with this 

idea, a recent study showed a role of Parkin in glutamatergic synaptic function in 

hippocampal neurons (Zhu et al., 2018). Furthermore, Parkin together with PINK1, may 

also inhibit the movement of dysfunctional mitochondria into neurites marking these 

organelles for degradation (Wang et al., 2011a).   

 

Whilst the aforementioned investigation provided an extensive profile of Parkin 

expression in CNS, a complete expression map of PINK1 is still missing. To our 

knowledge only a few studies have attempted to outline the expression profile of PINK1.  

One of these showed that PINK1 is expressed in human brain and peripheral tissues 

including heart, skeletal muscle or testis (Unoki and Nakamura, 2001). Also, PINK1 

mRNA is homogeneously expressed throughout brain regions and the neuroanatomical 

distribution is similar in both mouse and rat (Taymans et al., 2006). In parallel with the 

above studies, a ubiquitous distribution of PINK1 in human and rodent brains has also 

been shown (Gandhi et al., 2006, McWilliams et al., 2018b). Human DAergic neurons 

derived from differentiation of NSCs showed high levels of PINK1, which also 

colocalized with TH markers in colabelling immunofluorescence studies and PINK1 

mRNA expression increased along neuronal day differentiation in vitro (Wood-Kaczmar 

et al., 2008). A distribution of PINK1 and Parkin expression in mouse brain and neuronal 

development is pictured in Figure 1.11. 
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Figure 1.11 Topologic representation of PINK1 and Parkin expression in mouse brain and in 
neurons. (A) Representation of PINK1 and Parkin expression in mouse development from embryonic to 
adult stage, and in neuronal primary culture from the progenitor neuronal stem cell (NSC) to terminal 
differentiated neurons, according to literature review. Parkin expression increases along mouse 
development and neuronal maturation. PINK1 expression in differentiated human DAergic neurons 
reported in  (Wood-Kaczmar et al., 2008), no reports for PINK1 expression in the mouse brain development. 
(B) Distribution of PINK1 and Parkin in adult mouse brain. On the left panel ISH expression throughout 
brain regions and on the right panel data are visualized as expression energy in color scheme. Histograms 
represent the gene-expression energy intensity. Abbreviations: Isocortex; OLF, olfactory bulb; HPF, 
hippocampal formation; CTXsp, cortical subplate; STR, striatum; PAL, pallidum; TH, thalamus; HY, 
hypothalamus; MB, midbrain; P, pons; MY, medulla; CB, cerebellum. Data were obtained from the Allen 
Brain Atlas website (www.brain-map.org). Image credit: Allen Institute. 
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Although the integration of genetic and pathological findings have defined a 

neuroprotective role of Parkin and PINK1 specifically for dopaminergic neurons, a few 

questions may be raised. Can Parkin and PINK1 further extend their roles to the others 

neuronal subtypes and glial cells, or are their roles intrinsically linked to the dopaminergic 

neuronal populations?  In the latter case, what are the unique aspects that melanised 

neurons exert to regulate Parkin and PINK1 activities?  

In the past few years, the emphasis in PINK1 and Parkin research has been primarily 

placed  in the neuronal context, although some authors reported that Parkin is not 

expressed in glial cells (Shimura et al., 1999).  Choi and co-workers reported that PINK1 

is a crucial protein for the development and function of astrocytes. Its expression was 

found increased in astrocytes during mouse brain development and that PINK1 levels 

affected the number of glial fibrillary acidic protein (GFAP)-positive astrocytes. 

However, the molecular mechanism remains elusive (Choi et al., 2016).  To date very 

little is known about PINK1 and Parkin expression in glial cells and most of investigation 

have been mainly focused on functional studies.  In more recent work it has been shown 

that ubiquitin phosphorylation by PINK1 is increased in primary astrocyte cultures, when 

compared with other primary brain cell cultures (neurons, oligodendrocytes and 

microglia). Whether this result reflected a different protein expression level of PINK1 

and/or Parkin across the several neural cells  has not been demonstrated (Barodia et al., 

2019). It is worth noting that different culturing conditions between these primary 

cultures may influence the final readout. Astrocytes and microglia cells in vitro show sign 

of reactivity, even in the absence of stimulus.  Astrocytes express high levels of GFAP 

(lineage marker also used as marker of astrogliosis) in vitro, and usually have a flat, 

polygonal morphology, very different from the star-like morphology observed in vivo. 

They achieve the canonical stellate morphology and physiological GFAP expression 

when cultured with neurons, suggesting that neurons release factors that maintain 

astrocytes in a resting state, mimicking an in vivo quiescent astrocyte phenotype 

(Guttenplan and Liddelow, 2019, Lange et al., 2012, Ben Haim et al., 2015). Therefore, 

more physiological and in vivo studies are needed to better clarify the degree to which 

PINK1 and Parkin act in brain cells. No direct evidence shows expression of PINK1 and 

Parkin protein expression in microglia. The traces of their expression may be ascribed to 

their role in neuroinflammation. The absence of PINK1 induced abnormal innate immune 

response, with increased inflammation-induced nitric oxide (NO), pro-inflammatory 

released cytokines (TNF-α, IL-1β, and IL-6) in mouse brain (Choi et al., 2016, Kim et 
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al., 2013). A few years ago, it was shown that PINK1 and Parkin have an important role 

in adaptive immunity through the repression of MitAP (mitochondrial antigen 

presentation) (Kim et al., 2013) and  Gram-negative bacterial infection in the intestines 

of PINK1 knock-out mice increases MitAP and autoimmune mechanisms leading to a 

decrease in dopaminergic neuron density (Matheoud et al., 2019). 

 

In conclusion, more physiological settings and in vivo studies are needed to better clarify 

the degree to which PINK1 and Parkin are expressed and act in each brain cell types. 

In an effort to decipher the molecular mechanisms underlying brain aging, large-scale 

datasets of single-cell RNA sequencing from young (2-3 months) and old (21-22 months) 

mouse brains has been generated. This resource is available online (accessible from 

https://singlecell.broadinstitute.org/single_cell/study/SCP263/aging-mouse-brain) and 

allows to perform an extensive data analysis of genes, pathways and ligands-receptor 

interactions for aging-related variation of all the mouse brain cell types (Ximerakis et al., 

2019). With regard to the goal of this section, transcriptomic expression of PINK1 and 

Park2 genes per clusters have been analyzed and shown in detail in Figure 1.12.  

Similar to the ISH expression for the Allen Brain Atlas, Park2 gene mRNA expression 

seems to be less detectable than Pink1 gene. Analyzing the single cell expression data, 

Park2 is uniformly expressed in mature neurons, oligodendrocytes and astrocyte with a 

near expression in microglia and neuroendocrine cells (Figure 1.12 A).  Pink1 shows a 

higher expression in oligodendrocytes, endothelial cells, mature neurons and a lower 

expression in astrocytes and microglia (Figure 1.12B).  
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Figure 1.12 Identification of Pink1 and Park2 genes in mouse brain cells. Single cell-RNA 
transcriptomics for Park2 in (A) and Pink1 in (B). Left Y-axis normalized gene expression (log scale) and 
right Y-axis percentage of gene detection for cluster of brain cells. Abbreviation: ABC= Arachnoid barrier 
cells; ARP= Astrocyte-restricted precursors; ASC= Astrocytes; CPC= Choroid plexus epithelial cells; DC= 
Dendritic cells; EC= Endothelial cells; EPC= Ependymocytes; Hb_VC= Hemoglobin-expressing vascular 
cells; HypEPC= Hypendymal cells; ImmN=Immature neurons; MAC= Macrophages; MG= Microglia;  
MNC= Monocytes; mNEUR= Mature neurons; NendC= Neuroendocrine cells; NEUT: Neutrophils; NRP: 
Neuronal-restricted precursors; NSC= Neural stem cells; OEG= Olfactory ensheathing glia; OLG= 
Oligodendrocytes; OPC= Oligodendrocyte precursor cells; PC= Pericytes; TNC= Tanycytes; VLMC= 
Vascular and leptomeningeal cells; VSMC= Vascular smooth muscle cells. Charts generated by 
http://shiny.baderlab.org/AgingMouseBrain/AgingMouseBrain_SCV/ 

 

 

 

 
 
 
 
 
 

B 

A 



 43 

1.7 Seeking a role for PINK1 and Parkin in neurodegeneration: 
mitophagy and beyond. 

 

The correlation between the absence of PINK1 or Parkin and degeneration of 

dopaminergic neurons in patients carrying mutations in these genes suggested that both, 

PINK1 and Parkin have an important neuroprotective function (Shimura et al., 1999, 

Valente et al., 2004) which is also demonstrated in studies using cellular or animal models 

(Darios et al., 2003, Higashi et al., 2004, Jiang et al., 2004, Staropoli et al., 2003). Despite 

ongoing debate over the role of PINK1-Parkin-mitophagy axis in neuroprotection, there 

is large evidence indicating that PINK1 and Parkin play several roles in promoting 

mitochondrial health, including: maintaining appropriate mitochondrial function, 

protecting from mitochondria specific stressors and modulating mitochondrial trafficking 

and dynamics. 

 

1.7.1 Multiple roles for PINK1 in neurodegeneration. 

The first functional evidence of PINK1 activity came from studies in Drosophila, where 

PINK1 knock out resulted in loss of dopaminergic neurons, male sterility, muscle 

degeneration, defective locomotion, altered mitochondrial morphology (including 

fragmented cristae) and increased sensitivity to multiple stress (i.e., oxidative stress). 

Interestingly, in these experiments it was reported that Parkin overexpression in PINK1 

mutant flies rescued the male sterility and mitochondrial morphology defects of PINK1 

mutants (Clark et al., 2006, Yang et al., 2006, Park et al., 2006), but in experiments carried 

out in mammalian cells, Parkin overexpression does not compensate for PINK1 loss, 

suggesting the existence of non-conserved mechanisms between species.  

PINK1 disease-linked mutations have been associated with several biological functions 

such as increased oxidative stress, decreased respiratory activity and ATP production, 

mitochondrial calcium overload and synaptic deficits (Deas et al., 2009, Gandhi et al., 

2009, Exner et al., 2012).  

It has been shown that calcium dysregulation results in increased ROS levels in PINK1 

KO mouse neurons, leading to an impaired respiration and mitochondrial permeability 

transition pore (PTP) opening, ultimately promoting neuronal death (Gandhi et al., 2009). 

This mechanism may be more relevant for neurons from the substantia nigra as they are 

more susceptible to calcium influxes and increased oxidative stress. 
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Most of the investigation concerning PINK1 function have been confined to full length 

PINK1 activity. Lately, a particular interest has been shown to the cytosolic forms of 

PINK1 and their ability to act as neurotrophic factors. Cytosolic PINK1 (cPINK1) seemed 

to play a role in developmental neuronal differentiation (Choi et al., 2016),  promote adult 

neurogenesis (Steer et al., 2015), enhance neurite outgrowth (Dagda et al., 2014), promote 

dendritic branching via phosphorylation of membrane-fusion cofactor NSFL1 (Wang et 

al., 2018) and stimulate neuronal plasticity by modulating the level of other neurotrophic 

factors (such as BNDF) in a kinase dependent manner (Soman et al., 2021). A recent in 

vivo study has demonstrated that PINK1 can have a functional role in adult neurogenesis 

of dopaminergic (DA) neurons in a Zebrafish model PINK1-deficiency with reduced DA 

neurogenesis in these populations. This finding has been further corroborated in human 

isogenic organoid models, in the same study. Global neuronal differentiation was not 

affected but PINK1-deficient organoids display impeded DA neurogenesis organoids 

compared to the isogenic controls (Brown et al., 2021). 

 

1.7.2 Multiple roles for Parkin in neurodegeneration. 

Some line of evidence showed that Parkin protects dopaminergic neurons from 

neurotoxins and oxidative stress by attenuating stress-activated protein kinase pathways 

(Hasegawa et al., 2008, Jiang et al., 2004, Petrucelli et al., 2002). It has also been found 

that Parkin mediates neuroprotection by activating the NF-κB (nuclear factor kappa-light-

chain-enhancer of activated B cells) signaling pathway that plays a crucial role in 

neuronal integrity and synaptic plasticity (Henn et al., 2007, Karin and Lin, 2002). Upon 

cell stress, the linear ubiquitin chain assembly complex (LUBAC) recruits Parkin, which 

in turn promotes degradation-independent ubiquitylation of IKKγ/NEMO (NF-κB 

essential modifier) and TRAF2 [TNF (tumor necrosis factor) receptor-associated factor 

2], two critical components of the NF-κB pathway. Midbrain sections of Parkin-linked 

PD patients showed high level of Cyclin E, a Parkin substrate and a positive regulator of 

neuronal apoptosis. Overexpression of wild type parkin in neuronal cultures decreased 

the cyclin E levels conferring resistance to excitotoxic stimuli (Staropoli et al., 2003). A 

neuroprotective effect of Parkin may arise from its ability to increase the cellular response 

to EGF through an Akt-dependent pathway (Fallon et al., 2006), since EGF receptors are 
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known to protect dopamine neurons and are altered in the striatum of patients with PD 

(Iwakura et al., 2005). 

 

Neuronal subcellular Parkin expression in both presynaptic and postsynaptic structures, 

including synaptic vesicles and dendritic vesicles as well as glial cell bodies (Mouatt-

Prigent et al., 2004),  suggest a potential role of Parkin at synapses. Parkin formed a 

biochemical complex with NMDA receptors and PSD-95 core components of the 

postsynaptic density at glutamatergic synapses (Fallon et al., 2002). Consistent with a 

role in synaptic transmission, mice lacking Parkin showed subtle behavioral deficits as 

well as altered excitability in the hippocampus and striatum (Goldberg et al., 2003, Itier 

et al., 2003, von Coelln et al., 2004). 

One of the most compelling pieces of evidence regarding Parkin’s role in PD has been 

demonstrated by LaVoie et al. (LaVoie et al., 2005) This research work demonstrated that 

oxidized dopamine covalently modifies Parkin and inactivates its ubiquitin ligase activity. 

Exposure with an excess of dopamine can also lead to a loss of soluble Parkin generating 

a high level of insoluble parkin species. Insoluble Parkin aggregates were also found in 

brain homogenates of idiopathic PD. This mechanism may explain how a progressive and 

selective loss of Parkin activity leads to a selective vulnerability of dopaminergic neurons 

during sporadic Parkinson’s disease (LaVoie et al., 2005).  

Over the years there have also been suggested that impaired mitochondrial biogenesis 

may contribute to PD. Some evidence   suggests that the degeneration of DA neurons 

related to the loss of Parkin may result from the dysregulation of 2 key proteins, 

AIMP2 (aminoacyl tRNA synthetase complex--‐interacting multifunctional protein 

2) and PARIS (Parkin Interacting Substrate) that accumulate in the absence of 

Parkin’s E3 ligase activity (Lee et al., 2013, Shin et al., 2011).  Accumulation of 

AIMP2 and PARIS, has been found in adult conditional Parkin knockout mice and in 

patients with Parkin mutation. PARIS was responsible for the degeneration of DA 

neurons that occurred following the adult inactivation of Parkin whilst PARIS 

knockdown attenuates the loss of DA neurons (Shin et al., 2011). PARIS may mediate 

neurodegeneration via transcriptional repression of peroxisome proliferator--‐activated 

receptor gamma (PPARγ) coactivator-1α (PGC-1α), a master regulator of mitochondrial 

(St-Pierre et al., 2006, Zhu et al., 2013).  
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1.7.3 PINK1 and Parkin mediate mitochondrial quality control in neurons. 

PINK1 and Parkin were shown to participate in the functional and morphological 

maintenance of mitochondrial network. As the dopaminergic neurons of the substantia 

nigra appeared to be especially sensitive to mitochondrial damage and their loss has been 

linked to mutation of PINK1 and Parkin, a considerable number of studies have been 

carried out to thoroughly examine the role of these two PD gene in mitophagy. 

 

1.7.3.1 PINK1-Parkin dependent mitophagy. 

Initial investigation of the mitophagy pathway linked to PINK1 and Parkin have been 

performed in immortalized cell lines, where these proteins were found to be critical for 

the clearance of damaged mitochondria. Since then, further investigations tried to 

understand whether mitophagy may be a neuroprotective mechanism. Early discoveries 

reported controversial evidence. In rat primary neuronal cell culture (Van Laar et al., 

2011) and human induced pluripotent stem cell-derived neurons (Rakovic et al., 2013), 

chemical uncouplers used at relatively high concentrations failed to active mitophagy 

through mitochondria depolarization. Consequently, it has been proposed that the 

bioenergetic properties of neurons may compromise the ability of Parkin to translocate 

on mitochondrial membrane and regulate mitophagy by distinct mechanisms in these cells 

(Van Laar et al., 2011).  

However, later studies have provided direct evidence for mitophagic events in neurons. 

In Cai et al. has been found that incubating cortical neurons with a mitochondrial 

uncoupler agent could lead to Parkin translocation and that mitochondria are engulfed by 

lysosomal vesicles. Upon acute mitochondrial stress, massive neuronal death can occur 

and mask mitophagic events therefore specific culturing conditions are required, such as 

apoptosis inhibitors and co-culture with glia (Cai et al., 2012).  

Interestingly, the use of antioxidants in neuronal culture medium seemed to prevent 

Parkin translocation, whereas Parkin translocation occurred in cortical neurons after 

mitochondrial depolarisation when antioxidants were removed. This suggested that 

Parkin translocation to mitochondria does occur in primary neurons in a ROS-dependent 

manner (Joselin et al., 2012). 

Moreover, it has been observed that antioxidant treatment can prevent mitophagic events 

in experiments by using the fluorophore mt-KillerRed, which causes ROS formation upon 
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acute mitochondrial photosensitization in individual mitochondria in the axon. Also, 

recruitment of Parkin and autophagosomes to axonal mitochondria failed in these PINK1-

deficient and Parkin deficient hippocampal neurons (Ashrafi et al., 2014). 

Although these reports furthered our understanding of potential mechanisms that underlie 

mitophagy in neurons, all the above studies depend on overexpression of human Parkin, 

thus it may be asked, what is the role of endogenous Parkin in physiological and 

pathological conditions? To date only one study has shown a role of endogenous Parkin 

in mitochondrial turnover in primary hippocampal neurons (Bingol et al., 2014) and no 

study has been focused on how PINK1 and Parkin regulate mitophagy in dopaminergic 

neurons.  

The effort of deciphering mitophagy in in vivo has also proven to be more challenging 

than in vitro. The first in vivo report that showed a role of PINK1-Parkin pathway in 

mitophagy, has been performed in Drosophila melanogaster. Here, using a proteomic 

assay, the authors have found that Parkin mutant flies had a significantly decreased rate 

of mitochondrial protein turnover, and both Parkin and PINK1 are involved in selective 

turnover of respiratory chain subunits (Vincow et al., 2013).  One puzzling aspect is that 

the in vivo mitochondrial quality control mediated by PINK1-Parkin pathway in 

mammalian brain seems to be elusive (McWilliams et al., 2018b, Sun et al., 2015). This 

difference in mitochondrial quality control could rely on tightly controlled changes during 

the evolutionary development and it is becoming ever clearer that PINK1- and Parkin-

mediated mitochondrial quality control is a complex process with multiple layers of 

regulation. In line with the “two-hit” model, some authors showed that PINK1-Parkin 

mitophagy is activated in the brain, and loss of Parkin (first ”hit”) could affect mitophagy, 

but to trigger the process, a second “hit” is needed, such as oxidative damage or 

accumulation of mtDNA mutations (Sterky et al., 2011, Pickrell et al., 2015).  

Completing these observations and further reinforcing the neuroprotective role of PINK1-

Parkin pathway in neurons via mitophagy, an interesting study has shown mitochondrial 

dysfunction or mitophagy defect in dopaminergic neurons of human A53T a-synuclein 

mouse model and genetic deletion of either PINK1 or Parkin in these mice exacerbated 

the mitochondrial pathology (Chen et al., 2015).  In the light of two recent complementary 

studies, the examination of samples taken from the substantia nigra of PD patients and by 

using new high resolution microscopic techniques, the researchers have found that 

midbrain Lewy bodies are enriched of lipid structures, rather than proteinaceous 

filaments. Mitochondria appeared frequently and packed together with lysosomes, 
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vesicles and membrane fragments (Moors et al., 2018, Shahmoradian et al., 2019a). 

Together these new discoveries add greater and appealing insight in the importance of a 

healthy mitochondrial network for DA neurons and enhancing the neuroprotective 

function of PINK1 or Parkin could represent an important avenue to investigate in the 

development of new treatment for PD. 

 

1.7.3.2 PINK1-Parkin independent mitophagy. 

The majority of the work on the physiological relevance of PINK1 and Parkin rely on 

mitophagy pathway. Nevertheless, there is yet to be a convincing demonstration that 

PINK1/Parkin play a major role in driving mitophagy in the mature CNS in vivo.  There 

is evidence demonstrating that high energy-demanding cells like DA-neurons have higher 

basal mitophagy. Despite that, mitophagy activation occurs independently of the 

PINK1/parkin pathway in brain cells. In fact, the mito-QC and the mt-Keima mouse 

models generated for studying of mitophagy pathways have unraveled the striking and 

widely heterogeneous nature of basal mitophagy occurring in a PINK1 and Parkin 

independent fashion (McWilliams et al., 2018b, Sun et al., 2017).  

This does not rule out the possibility that PINK1/Parkin-independent mitophagy 

pathways play a role in the CNS. Indeed, a recent work by Ordureau et al. provided a rich 

proteomic resource of data on temporal changes in neuronal differentiation.  They found 

high mitophagy levels in differentiated iNeurons when compared to human embryonic 

stem cells (hESCs), and mitophagy flux was PINK1/Parkin independent. Temporal 

analysis of mitophagy during the hESC-to-iNeurons transition revealed a large increase 

of mitophagy at day 4 which persisted throughout the 12-day differentiation period. An 

important part of the reprogramming process appeared to be linked to the switch from 

aerobic glycolysis to oxidative phosphorylation (OXPHOS). The mitophagy receptor 

BNIP3L emerged as regulator of mitophagy, its levels were significantly upregulated at 

the same time as mitophagy levels increased and mutation of the LIR motif in BNIP3L 

resulted in near complete loss of differentiation-dependent mitophagic flux (Ordureau et 

al., 2021). BNIP3L also supported mitophagy in dopaminergic (DA) neurons derived 

from hESCs (Gao et al., 2015).  

There are several LIR (LC3-interacting region) containing autophagic receptors that are 

constitutively localized OMM. These receptors can bind to LC3  proteins anchored in the 

membrane of the phagophore, thereby linking the autophagy vesicle to the targeted 

mitochondria, directly inducing mitophagy in a Parkin-independent manner (Villa et al., 
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2018). Parkin-independent mitophagy occurs either by receptor mediated or non-Parkin 

ubiquitin ligase-mediated mechanisms that are induced without the use of uncoupling 

agents, e.g. elevated hypoxia or ROS (Liu et al., 2019a, Villa et al., 2018). Mitochondrial 

receptor proteins, including: B-cell lymphoma 2 (BCL2)/adenovirus E1B 19 kDa 

interacting protein 3 (BNIP3) (Hanna et al., 2012), BCL2/adenovirus E1B 19 kDa 

interacting protein 3 like (NIX/BNIP3L) (Rogov et al., 2017), and FUN14 domain-

containing protein 1 (FUNDC1) (Liu et al., 2012a). In addition, the lipid, cardiolipin can 

also directly bind LC3 and induce mitophagy, via its stress-induced translocation to the 

MOM (Chu et al., 2013).   

Moreover, Parkin is not the only E3 involved in promoting mitophagy. Two other E3 

ligases, ariadne-1 homolog 1 (ARIH1) (Villa et al., 2017) and mitochondrial ubiquitin 

ligase activator of NF-kB1 (MUL1) (Yun et al., 2014), were found to induce mitophagy 

in PINK1- dependent and independent pathways, respectively.  

An alternative mitophagy mechanism proposed is that, following protein oxidation by 

ROS, PINK1 and Parkin promote the development of vesicles from the mitochondria (or 

mitochondrial derived vesicles, MDVs) in a process that is independent of Drp1-mediated 

fission and mitophagy.  Also, MDVs co-localize with Parkin staining. Finally, MDV have 

been shown to be integrated into multi-vesicular bodies (MVB), or directly fuse with 

lysosomes for degradation, for preserving mitochondrial integrity, thus taking part not 

only in mitophagy, but also in the physiological removal of damaged parts of the 

mitochondrion (Soubannier et al., 2012, McLelland et al., 2014). 

Because most of these potential alternative mitophagy pathways were studied in non-

neuronal cell lines and tissues (Villa et al., 2018), further experiments are needed to 

establish their role in the nervous system. 
 

 

1.8 Modelling Parkinson’s disease for PINK1 and Parkin genes in 
mice. 

 
The general expectation on cellular models or, especially animal models, is that they have 

to recapitulate all PD neuropathological features, or at least most of them. As with most 

neurodegenerative disease, there is no complete model that accomplishes the full 

complement of PD features. Cellular models do not mirror the complexity of 

neuroanatomical brain connectivity and several factors can affect the reproducibility of 

PD in mouse models, such as genetic background, short lifespan, absence of infections, 
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controlled food and sterile and controlled housing conditions. The prevalent assumption 

is that none of main animal models has reproduced key PD features, such as motor 

impairments, dopaminergic neuronal loss, development of true Lewy bodies and common 

to all mouse models is the absence of neuromelanin (pigment present in SN dopaminergic 

neurons in primates that might be involved in PD).  It is worth to highlight that one model 

cannot likely reproduce all aspects of a complex disorder: the pathogenesis of PD is 

complex and multifactorial and just as a PD patient will not exhibit all these features, 

neither will any single animal model.   

With the above premise in mind, this section aims to provide a summary of the main 

characteristics of the most popular PD models. Within the framework of this thesis, it will 

be described genetic mouse models for PINK1 and Parkin. 

As mutations in genes for autosomal recessive parkinsonism give loss-of-function, most 

of the models generated for these mutations are knockout. Current Parkin and PINK1 

knockout mice models do not exhibit dopaminergic cell loss or motor deficits and only 

one Parkin model displays changes in dopamine neurotransmission and mitochondrial 

dysfunction.  However, they have been valuable for identification of molecular and 

biochemical pathways involved in the disease pathogenesis. The lack of DA degeneration 

does not make these mouse models less strong. The utility of PINK1 and Parkin models 

can be considered for studying the pre-symptomatic stages of PD, to understand the 

earliest abnormalities in nigrostriatal DA system that occur due to these mutations. They 

might also be particularly useful for understanding the molecular mechanisms underlying 

compensation occurring in mice. As it will explain in the next sections, conditional 

expression approaches or additional stimulation with neurotoxic factors have provided an 

opportunity to create models of PD where degeneration of DA neurons occurred in the 

lifespan of a mouse, giving evidence of the multiple-hit hypothesis for PD, by which 

interaction between multiple factors is needed to trigger the pathology. 

Taking into account the strengths and limitations of each model, combinatorial study of 

these different models may represent the best strategy to validate a pathogenetic 

mechanism or to test a therapeutic approach. After all: 

 
“Ideas are cheap; models are cheap; experiments are golden”  

Chirstopher A. Walsh (2018). 
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1.8.1 Mouse models of PINK1. 

Several PINK1 loss-of-function mouse models have been developed in order to 

recapitulate the pathological features presented in human patients and to contribute to the 

understanding of human PD.  

In 2007, Zhou et al., described one of the first PINK1 mouse models that used a transgenic 

RNA interference (RNAi) approach to generate a conditional PINK1-silenced mouse 

(Zhou et al., 2007). The activation of the RNAi transgene resulted in the silencing of the 

PINK1 gene expression in more than 95% in mouse brain. The silencing of the PINK1 

gene expression did not cause a loss of the dopaminergic neurons in the SNpc, alteration 

in dopamine (DA) and DA metabolites levels in the striatum, or abnormalities in motor 

function. In the same year, Kitada et al described a PINK1 KO mice generated by 

germline deletions of exons 4–7 (Kitada et al., 2007). Similarly, the number of 

dopaminergic neurons was not altered in PINK1 KO mice. DA was unchanged in the 

striatum in these PINK1 KO mice which correlated with the unchanged mRNA and 

protein levels as well as with the activity of the TH enzyme. The lack of PINK1 caused a 

marked decrease in the evoked DA release in striatal slices that compromised striatal 

synaptic plasticity, with a reduction in corticostriatal long-term potentiation (LTP) and 

long-term depression (LTD), which was restored by either DA receptor agonists or agents 

that increase DA release, such as amphetamine or L-DOPA. Another study using the same 

mouse model showed that the loss of PINK1 also resulted in mitochondrial dysfunction 

(Gautier et al., 2008). There was no alteration in the ultrastructure and total number of 

mitochondria in the striatum but an increased number of larger mitochondria was 

observed in the striatum of PINK1 KO mice at 3–4 and 24 months. Mitochondrial 

respiration was also impaired in young PINK1 KO mice, and the activity of complex I, 

complex II and aconitase was reduced in the striatum but not in the cerebral cortex. 

However, in 2 years old mice, mitochondrial respiration was also affected in the cerebral 

cortex, indicating an age-dependent impairment of mitochondrial function. The 

mitochondria in the cerebral cortex were found to be more sensitive to oxidative stress 

(Gautier et al., 2008). 

Further studies in PINK1 KO mice or PINK1 shRNA-mediated knockdown (KD) 

exhibited a significantly higher degeneration of dopaminergic neurons in the SN and 

reduction of dopamine transporter (DAT) positive fibers in the striatum when exposed to 

the neurotoxin MPTP. Dopaminergic neuronal loss induced by MPTP in PINK1 KO was 
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tackled by viral-mediated expression of DJ-1 and Parkin (Haque et al., 2012). Loss of 

dopaminergic neurons in SNpc was also shown in PINK1 KO mice (deletion of exon 1) 

upon α-synuclein overexpression (Oliveras-Salvá et al., 2011). 

Glasl and colleagues generated a conditional PINK1-deficient mouse by deleting exons 2 

and 3 (Glasl et al., 2012). PINK1 mutant mice with an age of 3 and 24 - 26 months did 

not exhibit impairment in their spontaneous locomotor activity in in open field and rotarod 

testing compared to wild type mice.  However, using the more sophisticated CatWalk 

system, behavioral analysis revealed alterations, especially in the hind paws, and 

olfactory dysfunction, symptoms resembling the early phases that precede the severe 

motor-phase of PD. Similar to the other models, there was no dopaminergic 

neurodegeneration or loss of the striatal DA content at 6 or 19 months of age. 

Interestingly, these mice showed a specific decreased innervation of serotonergic neurons 

in the glomerular layer of the olfactory bulb (OB) but number of serotonergic neurons in 

the raphe nuclei were not altered.  In line with the pre-symptomatic phase of PD, Kelm-

Nelson and al. used a PINK1 KO mouse (the same generated by Kitada et al.) and found 

the knockout mice for PINK1 exhibited impaired vocalization, a severe impairment of 

limb motor skills in the spontaneous motor activity and motor coordination on the pole 

test. These motor deficits were not correlated to the absence of DA neuron in the SNpc 

or a reduction in TH optical density in the striatum (Kelm-Nelson et al., 2018). 

In another PINK1 mouse model, the human pathogenic G309D-PINK1 missense 

mutation was inserted into the mouse gene resulting in loss of PINK1 protein (Gispert et 

al., 2009). PINK1 mRNA showed a 97% reduction in the brain of homozygous mice and 

this mutation induced a loss-of-function, resulting in a PINK1 KO mouse. Mutant mice 

showed a significant reduction of body weight at an age of 12 and 16 months but not at 

an age of 4 months. Furthermore, mutant mice at 16 months showed significantly 

decreased locomotor activity in open field but no impairments in acoustic startle reflex. 

There was a significant reduction of striatal DA content at an age of 9 and 22 - 24 months, 

but not degeneration of dopaminergic neurons in SNpc and striatal innervation. In 

addition, no Lewy body formation or nigrostriatal degeneration was observed up to 18 

months of age. However, impaired bioenergetics and progressive mitochondrial 

dysfunction in the brain were detected. Mutant PINK1 KO mice exhibited a significant 

progressive deficit of mitochondrial pre-protein import with age (3, 8 - 9 and 18 months) 

that correlated with deficits in mitochondrial respiration and thus ATP production. An 
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increased mitochondrial fission and increased aggregation could only be observed under 

challenging conditions, such as proteasomal stress. 

Significant reduction of DA content in striatum was also observed in another PINK1 KO 

mouse model generated by Akundi and colleagues, where exons 4 – 5 in PINK1 gene 

have been excised (Akundi et al., 2011). There was also increased turnover 

(DOPAC+HVA/DA) of striatal DA while the number of dopaminergic neurons did not 

differ in 12-month-old mice. In addition, PINK1 deficiency caused an aberrant expression 

of genes that regulate the innate immune response. Mitochondria from 2-month-old 

mutant mice showed a decreased calcium loading capacity. 

Finally, another PINK1 KO mouse line was generated by deletion of exons 2 - 5 (Wood-

Kaczmar et al., 2008). In vitro studies on primary neuronal cultures showed an age-

dependent reduction in long-term viability and higher cytotoxicity in PINK1 KO neurons 

compared to the control neurons, with an increase in cell death and apoptosis. PINK1 KO 

primary cortical and midbrain neurons increased Ca2+ levels, causing mitochondrial Ca2+ 

overload and excess ROS production. PINK1 deficiency was also associated with reduced 

glucose uptake that resulted in the global impairment of respiration and the loss of 

mitochondrial membrane potential, which sensitized the mitochondria to the opening of 

the mitochondrial permeability transition pore (mPTP). 

 

1.8.2 Mouse models of Parkin. 

Several Parkin mouse models have been generated to gain insight into Parkin function 

and its role in PD. Among all the Parkin models 7 are Parkin KO and 3 bearing deletion 

of exon 3. 

In 2003, Itier and al. described the first Parkin KO mouse model by replacing murine 

Park2 exon 3 with the PGK-NeoR cassette (Itier et al., 2003). Parkin KO mice were viable 

and fertile, with normal brain morphology, brain weight and size. The bodyweight and 

body temperature were characteristically low in knockout mice. No differences were 

found in TH-immunoreactivity in SNpc and striatum. The immunohistochemical 

examination of the dopamine transporter (DAT) showed no significant differences 

between the WT and mutant mice. However, the levels of DAT and vesicular monoamine 

transporter type-2 (VMAT2) were significantly reduced in the striatum of the Parkin KO 

mice at 15 months of age. Behavioral tests showed that the Parkin KO mice displayed a 

deficit in learning and memory.  
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The same year, Goldberg and colleagues developed another Parkin KO mouse model 

carrying an exon 3 deletion (Goldberg et al., 2003). Similar to the above model, Parkin 

KO mice were viable, fertile, and exhibited normal brain morphology. Quantitative in 

vivo microdialysis revealed higher extracellular DA concentration in the striatum of 

Parkin KO mice. Intracellular recordings of medium-sized striatal spiny neurons showed 

a reduction in their synaptic excitability. Parkin KO mice exhibited deficits in behavioral 

tasks, such as beam and rotarod tests. This model was further used to investigate whether 

the loss of Parkin function resulted in a change of protein abundances in the ventral 

midbrain, and two-dimensional gel electrophoresis followed by mass spectrometry 

revealed a decrease in several proteins involved in mitochondrial function or oxidative 

stress (Palacino et al., 2004). 

Mitochondrial changes were also found in another exon 3-deleted Parkin mutant models 

(Stichel et al., 2007). Mitochondria in SNpc neurons showed electron-dense inclusion 

bodies and dilated, disorganized cristae. These alterations coincided with a reduced 

complex I capacity in the SNpc. Neither SNpc DA neuron neurodegeneration nor motor 

disabilities were observed. 

Deletion of exon 2 in two Parkin mouse models were not able to elicit dopaminergic cell 

loss and motor impairment (Perez and Palmiter, 2005, Sato et al., 2006b), even though 

one Parkin KO model showed low levels of DA release, suggesting an pre-symptomatic 

phase of dopaminergic loss (Sato et al., 2006b). 

Furthermore, exonic 7-deletion of Parkin showed the early loss of catecholaminergic 

neurons in the locus coeruleus. In addition, there was a reduction in the norepinephrine-

dependent acoustic startle response. A lower concentration of norepinephrine was also 

found in the olfactory bulb and in the spinal cord, two major target regions of projecting 

axons from the LC. This evidence can be associated to the loss of LC neurons occurring 

in patients with PARK2 mutations. There was no impairment of the nigrostriatal 

dopaminergic system (von Coelln et al., 2004). 

Given the scarcity of PD phenotype in Parkin KO mice and being an age-associated 

disease, it was suggested that embryonic gene deletions of some genes often have no 

effects while conditional KO of the same genes in adult animals leads to mice with 

profound neurodegeneration. Therefore, Shin et al. generated a conditional Parkin exon 

7 KO mouse using the lentiviral delivery of GFP-tagged Cre-recombinase delivered 

stereotaxically to the midbrain of adult mice. Following this strategy, a progressive loss 
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of DA neurons could be observed. Increased levels of PARIS were also observed (Shin 

et al., 2011). Furthermore, deletion of PARKIN in adult mice led to a decrease in 

mitochondrial size, mitochondria number, and protein markers in the ventral midbrain, 

consistent with a defect in mitochondrial biogenesis (Stevens et al., 2015). 

The spontaneous mouse mutant Quaking(viable) carries a large deletion of approximately 1 

megabase on mouse chromosome 17. The Quaking(viable) mouse has been extensively 

studied for the dysmyelination of the CNS. This deficiency alters the expression of 

transcripts from the qkI locus in oligodendrocytes, resulting in improper myelination of 

the CNS in animals homozygous for the deletion. The analysis of the sequence of the 

deleted region revealed that the mouse homolog of the human gene Parkin is partially 

contained in this interval, and its deletion eliminates the expression of the mouse Park2 

gene and generates a mouse Parkin KO. Alterations in the DA metabolism have been 

reported in the Quaking(viable) mouse with no dopaminergic degeneration in SNpc. 

Quaking(viable) homozygotes showed reduced locomotor activity (Lorenzetti et al., 2004). 

However, the dysmyelination phenotype renders this model not fully suitable for 

behavioral, neuropathological and biochemical analysis. 

In order to test the hypothesis that Parkin mutants may have toxic effects on DA neurons, 

it was generated a bacterial artificial chromosome (BAC) transgenic mouse expressing 

the truncated human ParkinQ311X mutation in DA neurons, by a DAT promoter. 

Overexpression of the full human homolog carrying the PD-causing point mutation 

Q311X led to the age-dependent dopaminergic neurodegeneration in the SNpc associated 

with a marked loss of DA neuron terminals in the striatum and reduction in the striatal 

dopamine content in mutant mice. These biochemical findings correlated with 

progressive hypokinetic motor deficits. Finally, mutant ParkinQ311X mice exhibited the 

age-dependent accumulation of α-synuclein aggregates in the SNpc and increased levels 

of nitrotyrosine, a marker for oxidative protein damage (Lu et al., 2009).  

Given that Parkin is thought to be involved in mitochondrial health and turnover, two 

groups attempted to generate murine PD models by introducing mtDNA defects in Parkin 

KO mice. First, Sterky et al., found that removing the mitochondrial transcription factor 

A (Tfam KO) caused no changes in Parkin KO phenotype (Sterky et al., 2011). However, 

Pickrell et al., by introducing a deficiency in the genomic proofreading enzyme DNA 

polymerase γ (Polg), caused progressive accumulation of mtDNA mutations in Parkin 
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KO mice (Mutator mice), which resulted in L-dopa -responsive motor defects (Pickrell et 

al., 2015). 

Finally, to test the importance of Parkin Ser65 phosphorylation in vivo, a Parkin Ser65Ala 

(S65A) knock-in mouse model has been generated, in which the codon encoding Parkin 

Ser65 was altered to prevent its phosphorylation by PINK1.  Parkin S65A/S65A mice 

showed selective motor disruption to the beam test but no clear neurodegeneration or 

nigrostriatal mitophagy impairment. Mouse cortical neuronal cultures derived from 

Parkin S65A/S65A mice showed a disrupted signaling activation after mitochondrial 

depolarization, thus pointing toward an actual critical role of Parkin Ser65 

phosphorylation in mitochondrial homeostasis (McWilliams et al., 2018a). 
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1.9 Aim of the thesis. 

Loss of function mutations in PINK1 and Parkin are the most commonly known causes 

of autosomal recessive and early onset PD. It is interesting to observe that the clinical 

presentation of PINK1/Parkin PD is in its relatively pure motor phenotype compared to 

other cases of PD and the robust and long-lasting responsiveness to dopamine 

replacement therapy, suggesting that these patients may experience a disease process that 

is largely confined to the SNpc DA system. 

Over the years, pioneering works have provided enlightening insights into how the 

intricate interplay between PINK1 and Parkin takes action. A prevailing model for 

PINK1/Parkin function has suggested that they sense mitochondrial damage and 

accumulate on the outer mitochondrial membrane, where PINK1 phosphorylates its 

substrates and Parkin targets mitochondrial substrates with ubiquitin. Their activity to 

maintain mitochondrial quality control in response to mitochondrial damage triggers the 

macroautophagy of mitochondria (mitophagy). 

The broad spectrum of Parkin mitochondrial substrates has been identified in a 

proteomics screen of immortilized cell lines over-expressing Parkin by Sarraf et al., and 

this dataset also suggests that the overall increase in ubiquitylation signal, rather than a 

specific substrate is crucial for the subsequent signalling process. Notably, much of 

investigation into PINK1/Parkin activity has been performed in non-neuronal cells, and 

the role of these proteins in neurons in in vivo and in vitro is still poorly understood. 

Because PD is fundamentally a disease affecting neurons in the substantia nigra, better 

understanding of PINK1/Parkin activation in neurons is a current challenge in the field. 

 
In light of these considerations, the overall aim of this project was: 

1. To establish a robust system to investigate PINK1-Parkin signaling in primary 

mouse cortical neurons and carry out a comprehensive characterization of this 

system, covering molecular, proteomic and physiological components. 

2. To provide information about how the PINK1-Parkin pathway regulates the 

mitochondrial proteome to control mitochondrial fate, in primary neuronal 

cultures. This is addressed by performing a quantitative proteomics analysis of 

cellular proteins that are ubiquitylated and phosphorylated in response to 

mitochondrial damage in a PINK1-Parkin-dependent manner.
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Chapter 2  
Materials and Methods 

Drawing of sensory ganglia form chick embryos. Rita Levi-Montalcini 1986 
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Chapter 2  

Materials and Methods 
2.1 Materials. 

 

Table 2. List of key resources 
REAGENT COMPANY CAT. NUMBER RRID 

Antibodies 

Anti-CPT1α Abcam ab128568 RRID:AB_11141632 

Anti-CISD1 Proteintech 16006-1-AP RRID:AB_2080268 

Anti-CISD1 Cell Signaling Technology 83775 RRID:AB_2800031 

Anti-ACSL1 Cell Signaling Technology 4047 RRID:AB_2222411 

Anti- ACSL6 Sigma-Aldrich HPA040470 RRID:AB_10794033 

Anti-PARKIN Santa-Cruz sc-32282 RRID:AB_628104 

Anti-Ubiquitin BioLegend  646302 RRID:AB_1659269 

Anti-pS65-Ubiquitin  MRC PPU Products & Reagents 
 

_ _ 

Anti-pS65-Ubiquitin Cell Signaling Technology 
 

62802 RRID:AB_2799632 

Anti-pS65-Parkin Michael J. Fox Foundation for Research 
 

_ _ 

Anti-PINK1 (Mouse 235–580aa) 
 

MRC PPU Products & Reagents 
 

S774C (DU17570) 
 

_ 

Anti- PINK1 (Mouse 175–250 aa) 
 

MRC PPU Products & Reagents 
 

S086D (DU34559) 
 

_ 

Anti-AGPAT5 Abcam 
ab82783 
 

RRID:AB_1859760 

Anti-ATAD1 UC Davis/NIH NeuroMab Facility 
 

N125/10  
 

RRID:AB_2877348 

Anti-ABCD3 Aviva Systems Biology  
 

ARP43641_P050 
 

RRID:AB_10642411 

Anti-MFN1 Abcam 
ab126575 
 

RRID:AB_11141234 

Anti-MFN2 Proteintech 
12186-1-AP 
 

RRID:AB_2266320 

Anti-MFN2 Abcam 
ab124773 RRID:AB_10999860 

Anti-CYB5R3 Sigma-Aldrich  
SAB2501315 RRID:AB_10628632 

Anti-CYB5B Novus 
NBP188039 
 

RRID:AB_11029659 

Anti-MARC2 Sigma-Aldrich 
 

HPA015085 
 

RRID:AB_1848780 

Anti-MAO-B Abcam  ab137778  

Anti-MAO-A Proteintech 
 

10539-1-AP 
 

RRID:AB_2137251 
 

Anti-RHOT2 Proteintech 
 

11237-1-AP 
 

RRID:AB_2179539 

Anti-TOMM70 Aviva Systems Biology 
OAAN01138 
 

_ 

Anti- DCAKD Aviva Systems Biology 
OAAB13160 
 

_ 

Anti-FAM213A Novus  NBP2-48573 _ 

Anti-GK Abcam 
ab126599 
 

RRID:AB_11129767 

Anti-TDRKH Proteintech 
 

13528-1-AP 
 

RRID:AB_2303299 

Anti-HK1 Thermo Fisher Scientific  
 

MA5-15680  RRID:AB_10979325 
 

Anti-HK1 Cell Signaling Technology 
 

2024 RRID:AB_2116996 

Anti-RAB5c MyBiosource 
MBS448070 
 

_ 

Anti-ARHGAP33 Sigma-Aldrich 
HPA030117  
 

RRID:AB_10599306 

Anti-CaMKII alpha Thermo Fisher Scientific 
 

 13-7300 
 

RRID:AB_2533032 

Anti-CaMKII beta Thermo Fisher Scientific 
 

13-9800 RRID:AB_2533045 
 

Anti-CDK16 Biorbyt orb353214 _ 
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Anti-DCAMKL2 Abcam ab106639 RRID:AB_10887397 

Anti-Nav1.7  Novus  NBP2-12904 _ 

Anti-PKC Gamma  Proteintech 66429-1-Ig RRID:AB_2881800 

Anti-RIMS4 Proteintech 20091-1-AP RRID:AB_10667403 

Anti-RUFY3 Aviva Systems Biology  
 

ARP34340_P050  RRID:AB_2184076 
 

Anti-SH3BP4 Novus 
NBP1-77031  
 

RRID:AB_11033475 

Anti-SNX3 Sigma-Aldrich 
 

SAB1404616 
 

RRID:AB_10759530 

Anti-CAD Novus 
 

NB100-61613  RRID:AB_959373 
 

Anti- FBXO41 Proteintech 24519-1-AP  RRID:AB_2879586 

Anti-CNN3 Sigma-Aldrich 
 

SAB140886 
 

_ 

Anti-MAPRE2 Proteintech 
10364-1-AP  RRID:AB_2141649 

 

Anti-p23 Thermo Fisher Scientific  
 

MA3-414 RRID:AB_2175197 
 

Anti-HSDL1 Proteintech 
 

16988-1-AP  RRID:AB_2120235 
 

Anti-GAPDH Santa Cruz Biotechnology 
 

sc-32233   
 

RRID:AB_627679 

Anti-VPS35 Abcam 
ab157220 
 

RRID:AB_2636885 

Anti-OPA1 Cell Signaling Technology 
 

80471S RRID:AB_2734117 
 

Anti-Rab8A Cell Signaling Technology 
 

6975  RRID:AB_10827742 
 

Anti-Rab8A (phospho S111) [MJF-R27-
30] Abcam 

ab267492 _ 

Anti-VDAC Cell Signaling Technology 4661 RRID:AB_10557420 

Anti_MAP2 Sigma-Aldrich M2320 RRID:AB_609904 

Anti-GFAP Abcam ab7260 RRID:AB_305808 

Anti-Rabbit IgG (H+L), HRP Conjugate Thermo Fisher Scientific  
 

 31460  
 

RRID:AB_228341 

Anti-Mouse IgG (H+L), HRP Conjugate Thermo Fisher Scientific  
 

31450  
 

RRID:AB_228427 

Donkey Anti-Mouse Alexa-Fluor-488  Thermo Fisher Scientific  
 

 A32766 RRID:AB_2762823 

Donkey Anti-Rabbit Alexa-Fluor-594 Thermo Fisher Scientific  
 

A32754 RRID:AB_2762827 

PTMScan Ubiquitin Remnant Motif (K-
ε-GG) (D4A7) Cell Signaling Technology 

Custom order _ 

Chemicals  

Hoechst33342 Thermo Fisher Scientific  62249  

Oligomycin A Sigma-Aldrich 75351  

Antimycin A Sigma-Aldrich A8674  

Phosphatase Inhibitor Cocktail 3 Sigma-Aldrich P0044 
 

Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich P5726 
 

cOmplete™ EDTA-free Protease 
Inhibitor Cocktail Merck 11873580001 

 

TCEP Gold Biotechnology TCEP2  

Hydrogen Peroxide Sigma-Aldrich H1009  

Formic Acid Sigma-Aldrich 94318  

Trysin Promega V511C  

Lys-C Wako Chemicals 129-02541  

EPPS Sigma-Aldrich E9502  

2-Chloroacetamide Sigma-Aldrich C0267  

PR-619 Selleck Chem S7130  

Protein A Plus Ultralink resin Thermo-Fisher Scientific 53142  

Halo-Link Resin Promega G1913  

Recombinant Proteins 

His-Halo-TUBE 
 

MRC PPU Products & Reagents 
 

DU23799 
 

 

His-Halo-multiDSK 
 

MRC PPU Products & Reagents 
 

DU55458 
 

 

His-Halo-multiDSK mutant 
 

MRC PPU Products & Reagents 
 

DU55636 
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Critical Commercial Assays 

Pierce™ High pH Reversed-Phase 
Peptide Fractionation Kit Thermo Fisher Scientific 84868 

 

High-Select™ Fe-NTA Phosphopeptide 
Enrichment Kit Thermo Fisher Scientific A32992 

 

Tandem Mass Tags Thermo Fisher Scientific 90406  

Quantitative Colorimetric Peptide Assay Thermo Fisher Scientific 23275  

Bio-Rad Protein Assay Dye Reagent 
Concentrate Bio-Rad 5000006 

 

Experimental Models  

Mouse model:C57BL/6J Charles River Laboratories Kent-UK N/A  

Mouse model: Pink1 KO mice 
 

Dr. L. Miguel Martins, Leicester UK; (Mice 
generated by Lexicon Pharmaceuticals, Inc.) 
 

N/A  

Mouse model: Parkin KO mice 
 

Dr. Olga Corti, Paris FRANCE N/A  

Mouse model: VPS35 D620N mice 
 

Dr. M.J.Farrer, The University of British 
Columbia;  (Mice generated by The Jackson 
laboratory and Ozgene) 

N/A  

Recombinant DNA  

pET15 His-SUMO-Parkin MRC PPU Products & Reagents 
 

DU42315  

pMal4C MBP-TcPink1 (1-570) MRC PPU Products & Reagents 
 

DU34701  

pMal4C MBP-TcPink1 (1-570) D359A MRC PPU Products & Reagents 
 

DU34832  

pMEX3Cb MBP-3C-CamK2α MRC PPU Products & Reagents 
 

DU61023  

pMEX3Cb MBP-3C-CamK2β  MRC PPU Products & Reagents 
 

DU61028  

pGEX6P1 GST-3C-MAOA MRC PPU Products & Reagents 
 

DU63463  

pGEX6P1 GST-3C-MAOB MRC PPU Products & Reagents 
 

DU63466  

pGEX6P1 GST-3C-Fam213A MRC PPU Products & Reagents 
 

DU63451  

pGEX6P1 GST-3C-Miro1 (1-592) MRC PPU Products & Reagents 
 

DU43034  

pET15 His-SUMO-SNX3 MRC PPU Products & Reagents 
 

DU61034  

pET15 His-SUMO-ACSL1 (T46-end) MRC PPU Products & Reagents 
 

DU67025  

pET15 His-SUMO-CPT1a (R145-K773-
end) 

MRC PPU Products & Reagents 
 

DU63833  

pET24-Ubiquitin (silent a220c) MRC PPU Products & Reagents DU20027  

pFastBac HTb Ube1 MRC PPU Products & Reagents DU32888  

pGEX6P-1-UBCH7 MRC PPU Products & Reagents DU3772  

B58 mod -6His-SUMO-parkin MRC PPU Products & Reagents DU42598  

Software and Algorithms  

PyMOL The PyMOL Molecular Graphics System, 
v.1.8.6.0, Schrodinger, LLC 

https://pymol.org  

Prism GraphPad, v7 https://www.graphpad.co
m/scientific-
software/prism/ 

 

In-house mass spectrometry data 
analysis software 

Huttlin et al Cell. (2010) 143:1174-89. N/A  

SEQUEST Eng et al., 1994 N/A  

Comet Eng et al., 2012 http://comet-
ms.sourceforge.net/ 

 

Perseus Tyanova et al., Nat Methods. (2016) 13:731-40. http://www.perseus-
framework.org 

 

Other  

Orbitrap Fusion Lumos Mass 
Spectrometer 

ThermoFisher Scientific IQLAAEGAAPFADBM
BHQ 

 

Easy-nLC 1200 ThermoFisher Scientific LC140  

Aeris™ 2.6 μm PEPTIDE XB-C18 100 Å 
250 x 4.6 mm 

Phenomenex 00G-4505-E0  

Sep-Pak tC18 1cc Vac Cartridge, 50 mg Waters WAT054960  

SOLA HRP SPE Cartridge, 10 mg Thermo Fisher Scientific 60109-001  

Empore™ SPE Disks C18 3M Bioanalytical Technologies 2215  

Bio-Rad Protein Assay Dye Reagent 
Concentrate 

Bio-Rad 5000006  
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2.2 Mouse breeding and maintenance. 

The C57BL/6J mice were obtained from Charles River Laboratories (Kent-UK); the 

PINK1 and Parkin KO mouse models used in this study were generated as previously 

described (McWilliams et al., 2018a) housed in a specific pathogen–free facility in 

temperature-controlled rooms at 21°C, with 45 to 65% relative humidity and 12-hour 

light/12-hour dark cycles. Mice had ad libitum access to food and water and regularly 

monitored by the School of Life Science Animal Unit Staff. All animal studies and 

breeding were approved by the University of Dundee Ethical Review Committee and 

further subjected to approved study plans by the Named Veterinary Surgeon and 

Compliance Officer (N. Dennison). Experiments were conducted in accordance with the 

Animal Scientific Procedures Act (1986) and with the Directive 2010/63/EU of the 

European Parliament and of the Council on the protection of animals used for scientific 

purposes (2010, no. 63). 

 

2.3 Cell culture methods. 

All procedures were carried out under aseptic conditions meeting biological safety 

requirements. Cells were grown in a water-saturated incubator at 37 °C and 5% CO2. 

 

2.3.1 Primary cortical neuron preparation and culture. 

A detailed protocol describing the preparation of primary cortical mouse neurons has been 

published (Antico and Muqit, 2021a). 

Primary mouse cortical neurons were isolated from the brains of C57Bl/6J, PINK1 KO 

and WT, Parkin KO and WT embryos of either sex at E16.5. Embryonic cortices were 

collected in Hanks’ balanced salt solution, and cells were dissociated by incubation with 

trypsin-EDTA (#25300-054, Gibco) at 37°C. Cells were then diluted in Neurobasal 

medium containing B27 supplement, GlutaMAX, and penicillin-streptomycin and plated 

at a density of 5.0 x 105 cells per well on six-well plates coated with poly-L-lysine (0.1 

mg ml−1; Sigma-Aldrich). Neurons were cultured at 37°C in a humidified incubator with 

5% CO2. Every 5 days, the medium was replaced with fresh medium containing B27. To 

depolarize mitochondrial membrane potential in neurons, cultures were treated for 5 

hours with 10 μM antimycin A (Sigma-Aldrich) and 1μM oligomycin (Sigma-Aldrich) 

in DMSO at 37 °C. Mouse neurons were cultured for 21 days in vitro (DIV) for most 

experiments. Different times were also used and specified in the text. 
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2.3.2 Mouse embryonic fibroblast preparation and culture. 

Mouse embryonic fibroblasts were isolated from E13.5 wild-type and PINK1 KO 

embryos. Embryos were collected in PBS and washed twice to remove any 

contamination. Heads and all dark parts of the embryo were removed, followed by 

decapitation. A small section of tissue was placed into PCR tube for genotype 

sequencing, ensuring no contamination of the parent or other embryos occurred. The 

remainder of the embryo was finely chopped using a scalpel, followed by incubation 

with Trypsin/EDTA for 15 min at 37 °C. DMEM containing 10 % heat inactivated FBS, 

2 mM L-glutamine, 100 U/mL penicillin, 0.1 mg/ml streptomycin, 1 % NEAA and 1 % 

sodium pyruvate was added to the tissues, followed by re-suspension by pipetting The 

cell mixture was then centrifuged at 800 rpm for 5 min. The supernatant was removed 

and cell pellet resuspended into a plate with fresh media. Dishes were incubated at 37 

°C until the following day when half the cells were frozen as stock and the remain cells 

maintained for experiments.  

2.3.3 HeLa and SH-SY5Y cell culture conditions. 

HeLa cells (CCL-2, ATCC) were maintained in DMEM containing 10% (v/v) FBS, 2 mM 

L-glutamine, 100 U/mL penicillin and 0.1 mg/mL streptomycin. SH-SY5Y cells (CRL-

2266, ATCC) were maintained in DMEM-F12 containing 15% (v/v) FBS, 2 mM L-

glutamine, 100 U/mL penicillin and 0.1 mg/mL streptomycin, 1% NEAA and 1% sodium 

pyruvate. The passaging of cells was performed by washing the cells (80-90% 

confluency) with PBS followed by incubation with Trypsin/EDTA.  Pre-warmed cell 

culture medium was added after 5 min to inactive Trypsin/EDTA (1:1), and cells 

centrifugated at 1200 rpm for 3 min to remove Trypsin/EDTA. Cells were resuspended 

in pre-warmed cell culture medium.  The cell number in the suspension was counted using 

an automated cell counter followed by seeding the cells into new culture dishes at required 

densities. Cells were used for no more than 15 passages. 

 

2.3.4 Freezing and thawing cells. 

To freeze cells, a confluent 15 cm dish was washed with PBS, cells were detached using 

Trypsin/EDTA and the suspension was briefly centrifuged to pellet the cells at 1200 rpm 
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for 3 min. Trypsin/EDTA was removed and cells were resuspended in 6 ml FBS 

containing 10% (w/v) DMSO. The cells were then equally split into six 1.5 ml cryogenic 

vials and placed in a Mr. Frosty Freezing Container (Thermo Scientific) for 24h at -80 

°C. Cryogenic vials were transferred to liquid nitrogen for long-term storage. To thaw 

cells, cryogenic vials were placed into a 37 °C water bath for 3 min. The cells were 

resuspended with media, centrifuged at 1200 rpm for 3 min and the freezing medium was 

aspirated off. The cell pellet was resuspended with media and transferred to a cell culture 

dish containing pre-warmed growth media. 

 

2.3.5 Treatment of cells with compounds. 

To induce mitochondrial damage, cells were treated with 10 μM of the mitochondrial 

uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (discharges the proton 

gradient by dissolving the phospholipid bilayers) or with a combination of 1μM 

Oligomycin (inhibitor of ATP synthase by blocking its Fo subunit proton channel that is 

required for oxidative phosphorylation of ADP to ATP) and 10 μM Antimycin A 

(inhibitor of cytochrome c reductase by binding to its Qi site leading to inhibition of the 

oxidation of ubiquinone and therefore prevents ATP generation). The equivalent volume 

of DMSO served as a negative control. The compounds were added to the cell culture 

media and incubated for various indicated time-points. 

 

2.4 Cellular protein extraction and enrichment methods. 

 

2.4.1 Whole-cell lysate preparation. 

A detailed protocol describing the lysis of primary cortical mouse neurons has been 

published (Antico and Muqit, 2021b). 

Primary cortical neurons and SH-SY5Y cells were sonicated in lysis buffer containing 

Tris·HCl (50 mM, pH 7.5), EDTA (1 mM), EGTA (1 mM), Triton (1%, w/v), sodium 

orthovanadate (1 mM), sodium glycerophosphate (10 mM), sodium fluoride (50 mM), 

sodium pyrophosphate (10 mM), sucrose (0.25 mM), benzamidine (1 mM), PMSF (0.1 

mM) protease inhibitor cocktail (Roche), phosphatase inhibitor cocktail 2 and 3 (Sigma-

Aldrich), and chloroacetamide (200 mM). Following sonication, lysates were incubated 

for 30 min on ice. Samples were spun at 20,800g in an Eppendorf 5417R centrifuge for 
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30 min. Supernatants were collected, and protein concentration was determined by using 

the Bradford kit (Pierce).  

 

2.4.2 Isolation of mitochondrial enriched membrane fraction. 

A detailed protocol describing the isolation of mitochondrial-enriched fractions from 

cortical mouse neurons has been published (Antico et al., 2021a). 

Cells were collected in ice-cold PBS containing sodium orthovanadate (1 mM), sodium 

glycerophosphate (10 mM), sodium fluoride (50 mM), sodium pyrophosphate (10 mM), 

phenylmethylsulfonyl fluoride (PMSF; 0.1 mM) protease inhibitor cocktail, and 200 mM 

chloroacetamide and centrifuged at 500g for 3 min at 4°C. Cell pellets were resuspended 

and lysed in homogenization buffer containing 250 mM sucrose, 300 mM imidazole, 1 

mM sodium orthovanadate, phosphatase inhibitor cocktail 3 (Sigma-Aldrich), and 

protease inhibitor cocktail (Roche) and supplemented with 200 mM chloroacetamide at 

4°C. Cells were disrupted using a metal handheld homogenizer (40 passes), and the 

lysates were clarified by centrifugation (2000 rpm at 4°C for 5 min). The supernatant was 

harvested and subjected to an additional centrifugation step at 40000 rpm for 1 hour at 

4°C. The resulting pellet containing the membrane-enriched fraction that was 

resuspended in Mitobuffer [270 mM sucrose, 20 mM Hepes, 3 mM EDTA, 1 mM sodium 

orthovanadate, 10 mM sodium β-glycerophosphate, 50 mM sodium fluoride, 5 mM 

sodium pyrophosphate (pH 7.5), and protease inhibitor cocktail (Roche) supplemented 

with 200 mM chloroacetamide at 4°C] and solubilized with a probe sonicator (5 s, 20% 

amplitude).  

 

2.5 Biochemical methods. 

 
A detailed protocol describing the biochemical analysis of PINK1-Parkin pathway in 

primary cortical neurons by immunoblotting has been published (Antico and Muqit, 

2021a). 

 

2.5.1 Quantification of protein concentration with Bradford assay. 

Protein concentration was measured using the Bradford assay, which is a colorimetric 

approach (Bradford, 1976). An absorbance shift from 465 nm to 595 nm is observed, 

once the Coomassie dye binds to proteins in acidic medium. A standard curve was 
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generated by plotting absorbance against a serial dilution of BSA standards (0.1–1 

mg/mL) to allow normalisation between lysate samples. Samples were diluted in water 

by a factor of 10 and were added to a 96-well plate in duplicates (10 μl) along with 200 

μl of Bradford reagent (Coomassie Brilliant Blue) and a blank probe. After incubation 

for 5 min at RT, absorbance at 595 nm was measured with a BioTek microplate reader 

and Gen5 software. The protein concentration of each sample was calculated from the 

average absorbance by reference to the standard curve. 

 

2.5.2 Quantification of protein concentration with Bicinchoninic acid (BCA) 
assay. 

Protein concentration for samples lysed with SDS 2% was measured using the BCA assay 

(Pierce™ BCA Protein Assay Kit Catalog number: 23225). The BCA assay was 

performed using the protocol instructions. Briefly, the BCA assay requires two chemical 

reactions in order to produce the purple-colored product that can be measured by 

spectrophotometry at 562 nm.  The method utilizes a copper (Cu2+) salt which can be 

reduced to the cuprous state by protein(s). The generated Cu2+ ion forms an intensely 

colored complex with the bicinchoninic acid reagent with a very strong absorbance band 

centered at 562 nm. Samples were diluted in water by a factor of 10 and were added to a 

96-well plate in duplicates (10 μl) along with 200 μl of BCA reagents and a blank probe. 

After incubation for 30 min at 37 °C, absorbance at 562 nm was measured with a BioTek 

microplate reader and Gen5 software. The protein concentration of each sample was 

calculated from the average absorbance by reference to the standard curve. 

 

2.5.3 Ubiquitin enrichment. 

For ubiquitylated protein capture, Halo-tagged UBDs of TUBE, multi-DSK (yeast Dsk1 

ubiquitin binding protein) and multi-DSK mutant were incubated with HaloLink resin 

(200 µl; Promega) in binding buffer [50 mm Tris·HCl (pH 7.5), 150 mm NaCl, and 0.05% 

NP-40] overnight at 4°C. Membrane-enriched fractions or whole cell-lysates (400 µg) 

were used for pulldown with HALO-UBDs. Halo tube beads (20 µl) were added to 

samples and incubated O/N at 4°C. The beads were washed three times with lysis buffer 

containing 0.25 mM NaCl and eluted by resuspension in 1X- LDS sample buffer (20 µl) 

with 1 mM dithiothreitol (DTT) or 2.5% 2-mercaptoethanol.  
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2.5.4 PINK1 immunoprecipitation. 

Covalent coupling of PINK1 antibody (S774C; MRC PPU Reagents and Services) for 

immunoprecipitation was performed. Amintra Protein A/G beads were washed three 

times in PBS followed by coating with 1 μg of antibody per 1 μl of resin (ratio 1:1) for 

1h at 4 °C.  The beads were washed three times with 100 mM sodium tetraborate (pH 

9.3), to remove the unbound antibody, and incubated twice with 20 mM DMP in 100 

mM sodium tetraborate twice for 30 min at RT. Subsequently, the beads were washed 

four times with 50 mM glycine (pH 2.5). To neutralise the pH, two washes were 

performed with 200 mM Tris-HCl (pH 8). Finally, beads were incubated in 200 mM 

Tris-HCl (pH 8) at 4 °C overnight, before storing in PBS at 4 °C. 

For immunoprecipitation of endogenous PINK1, 500 µg of whole cell lysate or 

membrane fraction was incubated overnight at 4°C with 10 µg of PINK1 antibody  

coupled to Protein A/G beads (10 µl of beads per reaction) The immunoprecipitants 

were washed three times with lysis buffer containing 150 mM NaCl and eluted by 

resuspending in 10 µl of 2X- LDS sample buffer and incubating at 37°C for 15 min 

under constant shaking (2000 rpm) followed by the addition of 2.5% (by volume) 2-

mercaptoethanol. 

 

2.5.5 Resolution of protein samples via SDS-PAGE. 

To separate proteins according to their size and based on electrophoretic mobility, 

polyacrylamide gel electrophoresis (PAGE) was used.  Commercial pre-cast 4-12% Bis-

Tris gels were used to resolve different proteins.  Samples were made in 1 x LDS buffer 

with 4% β-mercaptoethanol and denaturated by heating at 95 °C for 3 min. 1-40 μg of 

protein from lysate or 200-1,000 μg of immunoprecipitates were loaded per lane 

alongside pre-stained protein standards. Electrophoresis of precast gels was carried out in  

XCell SureLock Mini-Cell or XCell4 SureLock Midi-Cell Electrophoresis System 

filled with 1 x MOPS Running Buffer, to resolve medium-high molecular weight proteins 

or 1 x MES Running Buffer, to resolve low molecular weight proteins.  To resolve 

proteins with highest molecular weight above 200kDa pre-cast 3 to 8% tris-acetate gels 

and 1X tris acetate Running Buffer were used. Electrophoresis was performed at constant 

voltage of 80 V for 10 min, and 120 V until the end of the run. 
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2.5.6 Transfer of proteins onto nitrocellulose membranes or PVDF. 

Following their resolution by SDS-PAGE, protein samples were transferred onto 

nitrocellulose or PVDF membranes. PVDF was activated in 100% methanol 

immediately prior to transfer assembly. Gels were sandwiched between nylon sponges, 

filter papers and nitrocellulose or PVDF soaked in transfer buffer. The transfer cell was 

submerged in transfer buffer in Trans-Blot Cell and transfer was carried out at 80 V for 

1 h 30 min kept on ice. To visualise protein transfer efficiency in a reversible manner, 

nitrocellulose membranes were immersed in Ponceau S staining solution for 1 min. The 

membranes were rinsed with TBST to remove background staining. If necessary, the 

membranes were cut with a scalpel into smaller strips, to enable the probing of proteins 

of different molecular weights at the same time. Membranes were further washed with 

TBST until Ponceau S staining completely disappeared. To visualise protein transfer 

efficiency for IPs and Ubiquitin pull-downs, MemCode was used following the 

manufacturer's instructions. 

2.5.7 Immunoblotting. 

After transfer, membranes were blocked with 5% (w/v) BSA in TBST for 1 hat RT on 

a rocking shaker. Membranes were incubated with primary antibodies diluted in either 

5% (w/v) milk or BSA in TBST at 4 °C overnight. Membranes were washed three times 

each 10 min with TBST at RT followed by the incubation with either HRP-conjugated 

secondary antibodies diluted at 1:5000 in 5% (w/v) BSA in TBST or with near-infrared 

fluorescent IRDye secondary antibodies diluted at 1:10000 in TBST for 1h at RT. The 

membranes were then washed four times with TBST and incubated with either ECL 

substrate, exposed to X-ray films and developed using an automatic film developer 

(SRX-101A–Konica Minolta) or visualised using the LI-COR Odyssey CLx 

immunoblot imaging system. 
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2.5.8 Reconstitution of Parkin ubiquitylation activity in vitro in purified 
mitochondria. 

A detailed protocol describing the reconstitution Parkin in vitro ubiquitylation assay has 

been published  (Antico et al., 2021b). 

 

2.5.8.1 Mitochondrial isolation. 

Wild-type and PINK1 KO MEFs or Hela cells were stimulated with 10 µM Antimycin A 

and 1 µM oligomycin (4 hours for MEFs and 2 hours for HeLa) to induce PINK1 

stabilization on mitochondrial outer membrane. Cells were washed twice with ice-cold 

PBS and resuspended in hypotonic buffer containing 20 mM Hepes (pH 7.8), 5 mM KCl, 

1.5 mM MgCl2, 2 mM DTT, 1 mM PMSF, and protease inhibitor cocktail (Roche) for 15 

min on ice. Cells were disrupted using a metal handheld homogenizer (45 passes for 

MEFs and 25 passes for HeLa); then, 2.5x mannitol-sucrose buffer [2.5xMSH; 20 mM 

Hepes (pH 7.8), 525 mM mannitol, 175 mM sucrose, 5 mM EDTA, 1 mM PMSF, and 

protease inhibitor cocktail (Roche)] was added to the disrupted cells, and the cell 

homogenates were clarified by centrifugation (700g at 4°C for 10 min) to remove nuclei 

and cell debris. Supernatants were collected and spun down at 9000g for 10 min. 

Mitochondrial pellets were resuspended and washed twice in 1x MSH [20 mM Hepes 

(pH 7.8), 210 mM mannitol, 70 mM sucrose, 2 mM EDTA, 1 mM PMSF, and protease 

inhibitor cocktail (Roche)] and centrifuged at 9000g for 10 min at 4°C. In the final step, 

mitochondrial pellets were resuspended in Mito ubiquitylation buffer [MUB; 50 mM tris 

HCl (pH 7.5), 70 mM sucrose, 210 mM sorbitol, 50 mM sodium fluoride, 5 mM sodium 

pyrophosphate, and 10 mM sodium 2-glycerophosphate].  

 

2.5.8.2 Ubiquitylation assay. 

Mitochondria were isolated from cells and resuspended in MUB. Mitochondrial 

preparations (5 µg) were used as substrates for the in vitro ubiquitylation assay. Wild-

type Parkin (1 µM) was incubated with 0.1µM His-UBE1 expressed in Sf21 insect cells, 

1 µM human UBE2L3, and 30 µM ubiquitin for 120 (MEFs) or 90 min (HeLa) at 30 °C 

in a thermo shaker at 1000 rpm in 50 µl of reaction buffer [50 mM tris-HCl (pH 7.5), 5 

mM MgCl2, 0.5 mM TCEP, and 2 mM ATP]. Reactions were terminated by the addition 

of 4x LDS loading buffer, containing 10% 2-mercaptoethanol. The final volume (20 µl) 
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was resolved using SDS-PAGE on a 4 to 12% bis-tris gel and immunoblotted using 

antibodies against the substrate being tested.  

 

2.6 Immunofluorescence and confocal microscopy. 

Image acquisition and data analysis have been carried out by Dr Alan Prescott. 

Mouse cortical neurons were seeded on poly-L-lysine–coated glass coverslips and fixed 

for 20 min on ice in 4% paraformaldehyde (Sigma-Aldrich)/4% sucrose solution in 

phosphate-buffered saline (PBS; Gibco). Neurons were permeabilized for 1 hour in 

blocking solution, containing 0.2% Triton X-100 (Sigma-Aldrich) and 10% donkey 

serum (Sigma-Aldrich), and incubated overnight at 4°C with the primary antibodies 

MAP2 (1:100; Sigma-Aldrich, M2320), GFAP (1:100; Abcam, ab7260) and pSer65 

Ubiquitin (1:100; CST, 62802S) in blocking solution. Then, neurons were washed with 

PBS and incubated for 1 hour at room temperature with Hoechst and with anti-rabbit or 

anti-mouse secondary antibodies conjugated with Alexa Fluor 488 and Alexa Fluor 594 

(1:1000; Thermo Fisher Scientific) in blocking solution. After three washes in PBS, 

neurons were mounted using VECTASHIELD. Images were acquired with an LSM 710 

laser scanning confocal microscope (ZEISS; Plan-Neofluar X40 objective) using ZEISS 

Zen Software. Images were quantified for MAP2-positive and GFAP-positive cells using 

Volocity 3D Image Analysis Software (Quorum Technologies, Ontario) using a custom 

written protocol. 

 

2.7 Mass spectrometry methods. 

2.7.1 Copy number proteomics. 

Copy number proteomics in mouse cortical neuronal culture has been carried out by Dr 

Raja Nirujogi. 

2.7.1.1 Sample preparation. 

Three biological replicates of C57Bl/6J mouse cortical neurons (two technical replicates 

each) were treated for 5 hours with 10 µM Antimycin A and 1 µM oligomycin (AO) in 

DMSO at 37°C in. Neurons were lysed in lysis buffer containing Tris-HCl (10 mM, pH 

8.0), SDS (2%, w/v), sodium orthovanadate (1 mM), sodium glycerophosphate (10 mM), 

sodium fluoride (50 mM), sodium pyrophosphate (5 mM), protease inhibitor cocktail 

(Roche), and microcystin-LR (1 µg/ml). Lysates were boiled for 10 min at 95°C, followed 



 71 

by Bioruptor sonication for 10 min (30-s on and 30-s off, 10 cycles) at 4 °C. Samples 

were spun at 20,000g in a centrifuge at 4 °C for 20 min. Supernatants were collected, and 

protein concentration was determined by using the BCA kit (Pierce). Fifty micrograms of 

protein for each sample (n = 6 AO and n = 6 DMSO) and 300 µg of pooled cortical 

neurons for deep proteomic profile of cortical neurons were aliquoted and subjected to S-

Trap assisted workflow as described in (Nirujogi et al., 2021). Briefly, protein lysate was 

reduced with 10 mM TCEP and alkylated with 40 mM Iodoacetamide. Samples were then 

processed using S-Trap micro and mini columns. Samples were purified by washing with 

S-Trap wash buffer [100 mM TEABC (pH 7.2) in 90% methanol] four times. On-column 

Lys-C ± trypsin was added atv1:20 ratio and incubated at 47°C for 1.2 hours and then 

incubated overnight at room temperature. Peptides were eluted with sequential elution 

using 50 mM TEABC buffer, 0.15% formic acid (v/v), and 80% acetonitrile (ACN) in 

0.15% formic acid (v/v); eluates were pooled and vacuum dried. Pooled cortical neuron 

tryptic peptide digests were further fractionated using high-pH RPLC fractionation, and 

45 fractions were used for data-dependent acquisition (DDA) analysis. OA and DMSO 

treated samples were then dissolved in LC buffer [3% ACN in 0.1% formic acid (v/v)], 

and 2 µg of peptide was injected for DIA analysis. The main methods are described in a 

recent study (Nirujogi et al., 2021). 

2.7.1.2 Copy number total proteomic analysis using DDA and DIA. 

Forty high-pH fractions were analyzed on Orbitrap Exploris 480 mass spectrometer 

coupled in line with Dionex 3000 RSLC nano liquid chromatography (LC) system. Each 

fraction of ~2 µg was dissolved in 15 µl of LC buffer [3% ACN in 0.1% formic acid 

(v/v)]. Sample was injected onto trap column (Acclaim PepMap 2 cm, 3 µm particle; 

C18#164569) and separated on a 50-cm analytical column at 300 nL/ min (ES803; 50 cm, 

C18 2µ particle) and directly electrosprayed into the mass spectrometer using EASY 

nanoLC source. An 80-min nonlinear gradient was used to separate the peptides with a 

total run time of 100 min for each run. Data were acquired in a DDA mode by acquiring 

full MS at 60,000 resolution at a mass/charge ratio (m/z) of 200 and analyzed using 

Orbitrap mass analyzer. MS2 data were acquired at top speed for 2 s to acquire as many 

data-dependent scans by using 1.2-Da isolation window using quadrupole mass filter and 

fragmented using normalized 30% HCD (high-energy collision-induced dissociation); the 

MS fragment ion was measured at 15,000 resolution at m/z of 200 using Orbitrap mass 

analyzer. Automatic gain control (AGC) targets for MS1 were set at 300% and MS2 at 

100% with a maximum ion-injection accumulation time at 25 and 80 ms, respectively. 
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For the DIA (data independent acquisition) analysis, 2 µg of peptide amount from each 

of the cortical neuron–treated samples (n = 6 AO and n = 6 DMSO) was acquired on an 

Orbitrap Exploris 480 mass spectrometer. Peptides were loaded on trap column and eluted 

on an analytical column by using a nonlinear gradient of 120 min and a total of 145-min 

run. MS1 data were acquired at 120,000 resolution at m/z of 200 and measured using 

Orbitrap mass analyzer. Variable DIA scheme was used by using a Quadrupole mass filter 

in the mass range of 400 to 1500 m/z. Peptides were fragmented using a normalized 

steeped HCD collision energy (26, 28, and 30) and measured at 30,000 resolution at m/z 

of 200 using Orbitrap mass analyzer. AGC target for MS1 was set at 300% and for MS2 

was set at 3000% with a maximum ion-injection accumulation time of 25 and 80 ms, 

respectively.  

2.7.1.3 Mass spectrometry data analysis.  

DDA raw MS data were processed using Frag pipe software suite (version 15.0) using an 

in-built MS-Fragger search algorithm (Kong et al., 2017, Teo et al., 2021). Default closed 

search workflow was used and searched against Mouse UniProt database (March 2021, 

34,350 entries). Precursor mass tolerance was set at −50 and ±50 ppm (parts per million), 

and fragment mass tolerance was set at 20 ppm. Trypsin as a strict protease by allowing 

a maximum missed cleavage of 2 and peptide length of 7 amino acid as minimum and 50 

amino acid as maximum. Oxidation of Met and protein N-terminal acetylation as a 

variable modification. Carbamidomethylation of Cys as a fixed modification was used. 

MS1 quantification was performed using Ionquant algorithm by allowing match between 

runs. One percent false discovery rate (FDR) at peptide-spectrum match (PSM), peptide, 

and protein level was applied for the final output files. Protein group table was further 

processed using Perseus software suite to estimate copy numbers using histone proteomic 

ruler (Wisniewski et al., 2014, Tyanova et al., 2016). The DDA data were used to generate 

a spectral library using Spectronaut version 15 (Biognosys) pulsar search engine 

(Bruderer et al., 2015). This library was used for the library-based search for DIA data by 

using the default search parameters and enabling cross-run normalization. The search 

output protein group table was exported and processed using Perseus for further analysis. 

Student t test was carried out between AO and DMSO-treated cortical neurons by 

applying 1% permutation-based FDR for the identification of differentially regulated 

proteins (Tyanova et al., 2016). The main methods are described in a recent study (Teo et 

al., 2021). 

 



 73 

2.7.2 Tandem mass tags (TMT) quantitative proteomics. 

TMT proteomics in mouse cortical neuronal culture has been carried out by Dr Alban 

Ordureau and Prof. J. Wade Harper. 

 

2.7.2.1 General sample preparation for TMT analysis. 

A detailed protocol describing TMT proteomics has been reported (Harper, 2021). 

Protein extracts lysed in 8 M urea were subjected to disulfide bond reduction with 5 mM 

TCEP (room temperature, 10 min) and alkylation with 25 mM chloroacetamide (room 

temperature, 20 min). Methanol chloroform precipitation was performed before protease 

digestion. Briefly, four parts of neat methanol were added to each sample and vortexed, 

one part chloroform was then added to the sample and vortexed, and last, three parts water 

was added to the sample and vortexed. The sample was centrifuged at 6000 rpm for 2 min 

at room temperature and subsequently washed twice with 100% methanol. Samples were 

resuspended in 100 mM EPPS pH 8.5 containing 0.1% RapiGest and digested at 37°C for 

4 hours with LysC protease at a 200:1 protein-to-protease ratio. Trypsin was then added 

at a 100:1 protein-to-protease ratio, and the reaction was incubated for a further 6 hours 

at 37°C. Samples were acidified with 1% formic acid for 15 min and subjected to C18 

solid-phase extraction (Sep-Pak, Waters). The Pierce Quantitative Colorimetric Peptide 

Assay (catalog no. 23275) was used to quantify the digest and to accurately aliquot the 

desired amount of peptides per sample needed for downstream application.  

 

2.7.2.2 Total proteomic analysis using TMT. 

A detailed protocol describing whole-cell proteomics and TMT-based proteomics has 

been reported (Kraus et al., 2021) . 

Tandem mass tag labeling of each sample (100 µg of peptide input) was performed by 

adding 10 µl of the stock (20 ng/µL) of TMT reagent along with ACN to achieve a final 

ACN concentration of approximately 30% (v/v). Following incubation at room 

temperature for 1 hour, the reaction was quenched with hydroxylamine to a final 

concentration of 0.5% (v/v) for 15 min. The TMT-labeled samples were pooled together 

at a 1:1 ratio. The sample was vacuum-centrifuged to near dryness and subjected to C18 

solid-phase extraction (50 mg; Sep-Pak, Waters). Dried TMT-labeled sample was 

resuspended in 100 µL of 10 mM NH4HCO3 (pH 8.0) and fractionated using BPRP high-

performance LC (HPLC) (Wang et al., 2011b). Briefly, samples were offline-fractionated 
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over a 90-min run, into 96 fractions by high-pH reverse-phase HPLC (Agilent, LC1260) 

through an Aeris peptide xb-c18 column (Phenomenex; 250 mm by 3.6 mm) with mobile 

phase A containing 5% ACN and 10 mM NH4HCO3 in LC-MS grade H2O and mobile 

phase B containing 90% ACN and 10 mM NH4HCO3 in LC-MS grade H2O (both pH 

8.0). The 96 resulting fractions were then pooled in a noncontinuous manner into 24 

fractions [as outlined in figure S5 of (Paulo et al., 2016a)], and 12 fractions (even 

numbers) were used for subsequent mass spectrometry analysis. Fractions were vacuum-

centrifuged to near dryness. Each consolidated fraction was desalted via StageTip, dried 

again via vacuum centrifugation, and reconstituted in 5% ACN and 1% formic acid for 

LC–tandem MS processing. Mass spectrometry data were collected using an Orbitrap 

Fusion Lumos mass spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled to a 

Proxeon EASY-nLC1200 LC pump (Thermo Fisher Scientific). Peptides were separated 

on a 100–µm–inner diameter microcapillary column packed in house with ∼35 cm of 

Accucore150 resin (2.6 µm, 150 Å; Thermo Fisher Scientific, San Jose, CA) with a 

gradient consisting of 5 to 21% (0 to 125 min), 21 to 28% (125 to 140 min) (ACN and 

0.1% formic acid) over a total 150-min run at ∼500 nl/min. For analysis, we loaded one-

tenth of each fraction onto the column. Each analysis used the Multi-Notch MS3-based 

TMT method (McAlister et al., 2014) to reduce ion interference compared to MS2 

quantification (Paulo et al., 2016b). The scan sequence began with an MS1 spectrum 

(Orbitrap analysis; resolution 120,000 at 200 Th; mass range of 400 to 1400 m/z; AGC 

target, 5 x 105; maximum injection time, 50 ms). Precursors for MS2 analysis were 

selected using a Top10 method. MS2 analysis consisted of collision-induced dissociation 

[quadrupole ion trap analysis; Turbo scan rate; AGC, 2.0 x 104; isolation window, 0.7 Th; 

normalized collision energy (NCE) 35; maximum injection time, 90 ms]. Monoisotopic 

peak assignment was used, and previously interrogated precursors were excluded using a 

dynamic window (150 s ±7 ppm), and dependent scans were performed on a single charge 

state per precursor. Following acquisition of each MS2 spectrum, a synchronous-

precursor-selection MS3 scan was collected on the top 10 most intense ions in the MS2 

spectrum (McAlister et al., 2014). MS3 precursors were fragmented by HCD and analyzed 

using the Orbitrap (NCE, 65; AGC, 3 x 105; maximum injection time, 150 ms, resolution 

was 50,000 at 200 Th).   
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2.7.3 Ubiquitin di-Glycine (diGLY) proteomics. 

diGLY immunoprecipitation proteomics in mouse cortical neuronal culture has been 

carried out by Dr Alban Ordureau and Prof. Wade J. Harper. 

Detailed protocols describing the analysis for diGLY immunoprecipitation and TMT  

proteomics (Harper, 2021) and whole-cell TMT proteomics (Kraus et al., 2021) have 

been reported. 

 

2.7.3.1 Immunoprecipitation of diGLY-containing peptides. 

diGLY capture was performed largely as described (Rose et al., 2016). The diGLY 

monoclonal antibody (Cell Signaling Technology; D4A7 clone) (32 µg of antibody/1 mg 

of peptide) was coupled to Protein A Plus Ultralink resin (1:1 µl of slurry/µg of antibody) 

(Thermo Fisher Scientific) overnight at 4°C before its chemical cross-linking reaction. 

Dried peptides (1-mg starting material) were resuspended in 1.5 ml of ice-cold IAP buffer 

[50 mM Mops (pH 7.2), 10 mM sodium phosphate, and 50 mM NaCl] and centrifuged at 

maximum speed for 5 min at 4°C to remove any insoluble material. Supernatants (pH ∼ 

7.2) were incubated with the antibody beads for 2 hours at 4°C with gentle end-over-end 

rotation. After centrifugation at 215g for 2 min, beads were washed three more times with 

ice-cold IAP buffer and twice with ice-cold PBS. The diGLY peptides were eluted twice 

with 0.15% trifluoroacetic acid, desalted using homemade StageTips, and dried via 

vacuum centrifugation, before TMT labeling.  

 

2.7.3.2 diGLY proteomic analysis using TMT. 

TMT-labeled diGLY peptides were fractionated according to the manufacturer’s 

instructions using high-pH reversed-phase peptide fractionation kit (Thermo Fisher 

Scientific) for a final six fractions and subjected to C18 StageTip desalting before MS 

analysis. Mass spectrometry data were collected using an Orbitrap Fusion Lumos mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled to a Proxeon EASY-

nLC1200 LC pump (Thermo Fisher Scientific). Peptides were separated on a 100–µm–

inner diameter microcapillary column packed in house with ∼35 cm of Accucore150 resin 

(2.6 µm, 150 Å; Thermo Fisher Scientific, San Jose, CA) with a gradient consisting of 3 

to 26% (0 to 130 min) and 26 to 32% (130 to 140 min) (ACN and 0.1% formic acid) over 

a total 150-min run at ∼500 nL/min. For analysis, we loaded one-half of each fraction 

onto the column. Each analysis used the Multi-Notch MS3-based TMT method (74). The 
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scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution, 120,000 at 200 

Th; mass range, 400 to 1250 m/z; AGC target, 1 x 106; maximum injection time, 100 ms). 

Precursors for MS2 analysis were selected using a Top 4 s method. MS2 analysis consisted 

of collision-induced dissociation (quadrupole Orbitrap analysis; AGC, 1 x 105; isolation 

window, 0.7 Th; NCE, 35; maximum injection time, 300 ms; resolution was 7500 at 200 

Th). Monoisotopic peak assignment was used, and previously interrogated precursors 

were excluded using a dynamic window (120s ±7 ppm). As described previously, only 

precursors with a charge state between 3 and 6 were selected for downstream analysis 

(Rose et al., 2016). Following acquisition of each MS2 spectrum, a synchronous-

precursor-selection MS3 scan was collected on the top 10 most intense ions in the MS2 

spectrum (McAlister et al., 2014). MS3 precursors were fragmented by HCD and analyzed 

using the Orbitrap (NCE, 65; AGC, 2 x105; maximum injection time, 500 ms; resolution 

was 50,000 at 200 Th).  

 

2.7.3.3 diGLY proteomic-Data analysis. 

Mass spectra were processed using a SEQUEST-based or Comet-based (2014.02 rev. 2) 

in-house software pipeline (Eng et al., 2013, Huttlin et al., 2010). Spectra were converted 

to mzXML using a modified version of ReAdW.exe. Database searching included all 

entries from the Mouse Reference Proteome (2017-05) UniProt database, as well as an 

in-house curated list of contaminants. This database was concatenated with one composed 

of all protein sequences in the reversed order. Searches were performed using a 20-ppm 

precursor ion tolerance for total protein level analysis. The product ion tolerance was set 

to 0.9 Da (0.03 Da for diGLY searches). These wide mass tolerance windows were chosen 

to maximize sensitivity in conjunction with SEQUEST searches and linear discriminant 

analysis (Huttlin et al., 2010, Beausoleil et al., 2006). TMT tags on lysine residues and 

peptide N termini (+229.163 Da) and carbamidomethylation of cysteine residues 

(+57.021 Da) were set as static modifications, while oxidation of methionine residues 

(+15.995 Da) was set as a variable modification. For phosphorylation dataset search, 

phosphorylation (+79.966 Da) on serine or threonine and deamidation (+0.984 Da) on 

asparagine or glutamine were set as additional variable modifications. For diGLY dataset 

search, GlyGly modification (+114.0429 Da) was also set as a variable modification. 

PSMs were adjusted to a 1% FDR (Elias and Gygi, 2007). PSM filtering was performed 

using a linear discriminant analysis, as described previously (Huttlin et al., 2010), while 

considering the following parameters: XCorr (or Comet Log Expect), ΔCn (or Diff Seq. 
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Delta Log Expect), missed cleavages, peptide length, charge state, band precursor mass 

accuracy. For TMT-based reporter ion quantitation, we extracted the summed signal-to-

noise ratio for each TMT channel and found the closest matching centroid to the expected 

mass of the TMT reporter ion (integration tolerance of 0.003 Da). For protein-level 

comparisons, PSMs were identified, quantified, and collapsed to a 1% peptide FDR and 

then collapsed further to a final protein-level FDR of 1%. Moreover, protein assembly 

was guided by principles of parsimony to produce the smallest set of proteins necessary 

to account for all observed peptides. Phosphorylation or ubiquitylation site localization 

was determined using the AScore algorithm (Beausoleil et al., 2006). AScore is a 

probability-based approach for high-throughput protein phosphorylation site localization. 

Specifically, a threshold of 13 corresponded to 95% confidence in site localization. 

Proteins and phosphorylated or ubiquitylated peptides were quantified by summing 

reporter ion counts across all matching PSMs using inhouse software, as described 

previously (Huttlin et al., 2010). PSMs with poor quality, MS3 spectra with isolation 

specificity less than 0.7, or with TMT reporter summed signal-to-noise ratio that were 

less than 150 or had no MS3 spectra were excluded from quantification (McAlister et al., 

2014). Protein or peptide quantification values were exported for further analysis in 

Microsoft Excel, GraphPad Prism, and Perseus (Tyanova et al., 2016). For whole-

proteome analysis, each reporter ion channel was summed across all quantified proteins 

and normalized assuming equal protein loading of all samples. For diGLY samples, the 

data were normalized to each individual protein abundance measured in parallel when 

available to correct for variation in protein abundance between treatments. 

Supplementary tables list all quantified proteins and associated TMT reporter ratio to 

control channels used for quantitative analysis. Annotations for bona fide organellar 

protein markers were assembled using the proteins which had scored with confidence 

“very high” or “high” from the HeLa dataset previously published by Itzhak et al. (Itzhak 

et al., 2016). The following database containing mitochondrial protein was used: 

MitoCarta 3.0 (Rath et al., 2021). 
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2.7.4 Absolute quantification of Ubiquitin (AQUA) Proteomics. 

AQUA proteomics in mouse cortical neuronal culture has been carried out by Dr Alban 

Ordureau and Prof. Wade J. Harper. 

 

2.7.4.1 Mitochondrial UB and poly-UB capture and proteomics. 

Mitochondrially derived ubiquitylated proteins were purified using Halo-4x UBAUBQLN1 

and Halo-5xUBADSK2 as described (Ordureau et al., 2014, Ordureau et al., 2015a). 

Briefly, whole-cell extracts (0.5 mg) or mitochondrial extracts (0.5 mg) that were lysed 

in lysis buffer containing 50 mM chloroacetamide were incubated at 4 °C for 16 hours 

with 25 µl of Halo-4xUBAUBQLN1 beads (pack volume). Subsequently, the supernatant 

was incubated with 15 µl of Halo-5xUBADSK2 for 2 hours to capture any possible residual 

mono-ubiquitylated proteins. Halo beads were combined and following four washes with 

lysis buffer containing 0.5 M NaCl and one final wash in 10 mM Tris (pH 8.0); proteins 

were released from the Halo-UBA resin using 6M guanidine HCl. Samples were 

subjected to TCA precipitation and digested overnight at 37°C with Lys-C and trypsin [in 

100 mM tetraethylammonium bromide, 0.1% Rapigest (Waters Corporation), 10% (v/v) 

ACN]. Digests were acidified with an equal volume of 5% (v/v) formic acid to a pH of 

∼2 for 30 min, dried down, resuspended in 5% (v/v) formic acid, and subjected to C18 

StageTip (packed with Empore C18; 3 M Corporation) desalting. Samples were analyzed 

by LC/tandem MS for AQUA proteomics as described below. 

 

2.7.4.2 UB-AQUA proteomics. 

UB-AQUA was performed largely as described previously (Ordureau et al., 2014, 

Ordureau et al., 2015a). A collection of 21 heavy-labeled reference peptides, each 

containing a single 13C/15N-labeled amino acid, was produced at Cell Signaling 

Technologies and quantified by amino acid analysis. UB-AQUA peptides from working 

stocks [in 5% (v/v) formic acid] were diluted into the digested sample [in 5% (v/v) formic 

acid] to be analyzed to an optimal final concentration predetermined for individual 

peptide such that each peptide’s intensity would range between 106 and 108. Samples and 

AQUA peptides were oxidized with 0.1% hydrogen peroxide for 30 min, subjected to 

C18 StageTip, and resuspended in 5% (v/v) formic acid. Replicate experiments were 

performed and analyzed sequentially by LC/MS on an Orbitrap Fusion Lumos instrument 
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coupled to an Easy-nLC 1200 (Thermo Fisher Scientific) ultra-HPLC pump. Peptides 

were separated on a 100–µm–inner diameter microcapillary column packed in house with 

∼35 cm of Accucore150 resin (2.6 µm, 150 Å; Thermo Fisher Scientific, San Jose, CA). 

The column was equilibrated with buffer A (3% ACN + 0.125% formic acid). Peptides 

were loaded onto the column in 100% buffer A. Separation and elution from the column 

were achieved using a 75-min 0 to 28% gradient of buffer B [100% (v/v) ACN + 0.125% 

formic acid]. The scan sequence began with FTMS1 spectra (resolution of 120,000; mass 

range, 300 to 1000 m/z; AGC target 5 x 105; maximum injection time of 100 ms). The 

second scan sequence consisted of a targeted-MS2 method that was MS2 precursors of 

interest was isolated using the quadrupole and analyzed in the Orbitrap (FTMS2) with a 

0.7 Th isolation window, 30,000 resolution, 5 x 104 AGC target, and a maximum injection 

time of 54 ms. MS2 precursors were fragmented by HCD at an NCE of 32%. LC-MS data 

analysis was performed using Skyline software  (MacLean et al., 2010) with manual 

validation of precursors and fragments. The results exported to Excel and GraphPad 

Prism for further analysis and plotting. Total UB was determined as the average of the 

total UB calculated for each individual locus, unless specified otherwise. 

 

2.7.4.3 Ubiquitylated site ranking analysis. 

In addition to TMT-based reporter ion quantitation, we also extracted the MS1 precursor 

abundance (intensity-based) for each diGLY peptide, a value indicative of the relative 

abundance of the peptide in the tryptic sample. Each MS1-based abundance measured 

should be a representation of the sum of all the respective TMT-labeled peptides 

combined. Therefore, for a rudimentary metric of site abundance across samples, we 

divided the total MS1 abundance for individual diGLY peptides by their respective TMT 

summed signal to-noise ratio to each TMT channel. 
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2.8 Recombinant protein expression. 

Protein production has been carried out by Dr Michael Stevens (Muqit Lab) and plasmid 

production by Rachel Toth (MRC PPU R&S). 

2.8.1 Parkin. 

A detailed protocol describing expression and purification of recombinant human Parkin 

has been published (Stevens and Muqit, 2021). 

His6-SUMO cleaved wild-type Parkin was expressed on the basis of the method 

(Kazlauskaite et al., 2014). Briefly, plasmids were transformed in BL21-CodonPlus 

(DE3)-RIL E. coli, overnight cultures were prepared and used to inoculate 12x 1 liter of 

LB medium containing carbenicillin (50 µg/mL) and 0.25 mM ZnCl2. These were initially 

incubated at 37°C until the cultures reached an optical density at 600 nm (OD600) of 0.4; 

the incubator temperature was lowered to 15 °C, and once cultures reached an OD600, of 

0.8 to 0.9 expression was induced by the addition of 25 µM isopropyl-β-d-

thiogalactopyranoside (IPTG). After overnight incubation (16 hours), cells were pelleted 

by centrifugation (4200g, 25 min), the medium was removed, and the cell pellet was 

suspended in lysis buffer [50 mM Tris-HCl (pH 7.5), 250 mM NaCl, 15 mM imidazole 

(pH 7.5), and 0.1 mM EDTA with 1 µM AEBSF and leupeptin (10 µg/ml) added]. Cells 

were burst by sonication; cell debris were pelleted by centrifugation (35,000g for 30 min 

at 4°C), and the supernatant was incubated with Ni–nitrilotriacetic acid (Ni-NTA) resin 

for 1 hour at 5° to 7°C. Ni-NTA resin was washed five times in 7x the resin volume of 

lysis buffer and twice in 7x the resin volume of cleavage buffer [50 mM Tris (pH 8.3), 

200 mM NaCl, 10% glycerol, and 1 mM TCEP]. Parkin was cleaved from the resin at 

4°C overnight by the addition of a 1:5 mass ratio of His-SENP1 to total protein mass 

bound to the resin. After cleavage, Parkin was concentrated and further purified using 

size exclusion chromatography on a Superdex S200 column (16/600). Parkin was eluted 

after 80- to 90-ml fractions were pooled and concentrated, and the purity was tested using 

SDS-PAGE. 

 

2.8.2 Cpt1α. 

A catalytic domain-containing fragment of Cpt1α (residues 145 to 773; missing the 

transmembrane domain) was expressed as His-SUMO–tagged fusion protein. The cDNA 

of the protein coding sequences was subcloned into pET15b plasmid vectors and 
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transformed into BL21-DE3. A 150-mL starter culture was inoculated using a swipe from 

the cell plate and incubated at 37 °C overnight. One liter of LB medium (12x) containing 

carbenicillin (50 µg/ml) was each inoculated with 20 ml of started culture. When cell 

cultures reached an OD600 of 0.8 to 0.9 and a temperature of 15°C, expression was 

induced by the addition of 50 µM IPTG. Cell cultures were left to express at 15°C 

overnight (~16 hours) and then harvested by centrifugation at 5020g for 25 min; the 

medium was removed, and the cell pellet was suspended in 25 ml per 1 liter (~5-ml pellet) 

of lysis buffer [50 mM tris-HCl (pH 7.5), 250 mM NaCl, 15 mM imidazole (pH7.5), and 

0.1 mM EDTA with 1 µM AEBSF and leupeptin (10 µg/ml) added]. Cells were burst by 

sonication at 50% amplitude on ice using 6x 15 s pulses; glycerol (10%) was added, and 

the lysis buffer was made up to 500 mM NaCl. Cell debris were pelleted by centrifugation 

at 35,000g and 4°C for 30 min; then, the supernatant layer was transferred to Ni-NTA 

resin. The supernatant was incubated with Ni-NTA resin for 1 hour at 5° to 7° and washed 

six times in 7x  the resin volume of wash buffer [50 mM tris-HCl (pH 7.5), 500 mM NaCl, 

15 mM imidazole (pH 7.5), 0.5 mM TCEP, and 10% glycerol]; then, His-SUMO-Cpt1α 

145-773 was eluted by incubation with 4X the resin volume of elution buffer (wash buffer 

containing 400 mM imidazole) at 5° to 7 °C for 1 hour. The solvent layer was dialyzed 

against 5 liters of dialysis buffer [50 mM tris-HCl (pH 7.5), 200 mM NaCl, 0.5 mM 

TCEP, and 10% glycerol] overnight at 4°C with a 1:10 mass ratio of His-SENP1:eluted 

protein mass added. Uncleaved Cpt1α and contaminants were depleted by incubating with 

Ni-NTA resin for 1 hour at 5° to 7°C. The solvent layer was concentrated and purified 

using size exclusion chromatography in dialysis buffer using a 16/600 Superdex SD200 

column. Fractions containing Cpt1α 145-773 (peak at ~75 mL) were pooled and 

concentrated to give the recombinant. 

 

2.8.3 GST-Miro1. 

GST-Miro1cDNA was subcloned into a pGEX6 plasmid vector and transformed into 

BL21-CodonPlus (DE3)-RIL E. coli. A 150-mL starter culture was inoculated using a 

swipe from the cell plate and incubated at 37°C overnight. One liter of LB medium (12×) 

containing carbenicillin (50 µg/mL) was each inoculated with 20 mL of started culture. 

When cell cultures reached an OD600 of 0.8 to 0.9 and a temperature of 15°C, protein 

expression was induced by the addition of 50 µM IPTG. Cell cultures were left to express 

at 15 °C overnight (~16 hours) and then harvested by centrifugation at 5020g for 25 min; 
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the medium was removed, and the cell pellet was suspended in 25 ml per 1 liter (~5-ml 

pellet) of lysis buffer [50 mM tris-HCl (pH 7.5), 250 mM NaCl, 1 mM ß-mercaptoethanol, 

and 0.1 mM EDTA with 1 µM AEBSF and leupeptin (10 g/ml) added]. Cells were burst 

by sonication at 50% amplitude on ice using 6× 15-s pulses. Cell debris were pelleted by 

centrifugation at 35,000g and 4°C for 30 min; then, the supernatant layer was transferred 

to glutathione resin. The supernatant was incubated with the GSH resin for 1 hour at 5° 

to 7 °C; the GSH resin was washed six times in 14× the resin volume of wash buffer [50 

mM Tris-HCl (pH 7.5), 200 mM NaCl, 0.5 mM TCEP, and 10% glycerol], and the 

protein was eluted by incubation with wash buffer containing 10 mM glutathione for 1 

hour at 5° to 7 °C. The eluted depleted against 5 liters of wash buffer at 5° to 7°C 

overnight and concentrated. 

 

2.8.4 ACSL1 and SNX3. 

Cleaved ACSL1 (missing the N-terminal transmembrane domain) and SNX3 were 

expressed as a His6-SUMO tagged constructs. cDNA of the protein coding sequences 

was subcloned into pET15b plasmid vectors and transformed into BL21-CodonPlus 

(DE3)-RIL E. coli. A 100-mL starter culture was inoculated using a swipe from the cell 

plate and incubated at 37°C overnight. One liter of LB medium (6x) containing 

carbenicillin (50 µg/mL) was each inoculated with 20 mL of started culture. When cell 

cultures reached an OD600 of 0.8–0.9 and a temperature of 15 °C, protein expression was 

induced by the addition of 100 µM IPTG. Cell cultures were left to express at 15 °C 

overnight (~16 hours) and then harvested by centrifugation atl 5020g for 25 min; the 

medium was removed, and the cell pellet was suspended in 25 m per 1 liter (~5-mL pellet) 

of lysis buffer [50 mM Tris-HCl (pH 7.5), 250 mM NaCl, 15 mM imidazole (pH 7.5), 

and 0.1 mM EDTA with 1 µM AEBSF and leupeptin (10 µg/ml) added]. Cells were burst 

by sonication at 50% amplitude on ice using 6x15-s pulses; glycerol (10%) was added, 

and the lysis buffer was made up to 500 mM NaCl. Cell debris were pelleted by 

centrifugation at 35,000g and 4 °C for 30 min; then, the supernatant layer was transferred 

to Ni-NTA resin. The supernatant was incubated with Ni-NTA resin for 1 hour at 5 to 7 

°C, washed six times in 7x the resin volume of wash buffer [50 mM Tris-HCl (pH 7.5), 

500 mM NaCl, 15 mM imidazole (pH 7.5), 0.5 mM TCEP, and 10% glycerol] and then 

two times in 7x the resin volume of cleavage buffer [50 mM Tris-HCl (pH 7.5), 200 mM 

NaCl, 0.5 mM TCEP, and 10% glycerol]. The resin was incubated overnight without 

agitation at 4°C in 4x the resin volume of cleavage buffer with a 1:10 mass ratio of His-
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Senp1: bound protein. The solvent layer was depleted against a further 1 mL of Ni-NTA 

resin at 5 to 7 °C for 1 hour. The final solution was concentrated, flash-frozen in liquid 

nitrogen, and stored at −80°C. 

 

2.8.5 MBP-CamK2α and MBP-CamK2β. 

CamK2 α and CamK2 β were expressed as MBP-tagged constructs. cDNAs of the protein 

coding sequences were subcloned into pMEX3Cb plasmid vectors and transformed into 

BL21-CodonPlus (DE3)-RIL E. coli. A 100-mL starter culture was inoculated using a 

swipe from the cell plate and incubated at 37 °C overnight. One liter of LB medium (6x) 

containing carbenicillin (50 µg/mL) was each inoculated with 20 mL of started culture. 

When cell cultures reached an OD600 of 0.8 to 0.9 and a temperature of 15 °C, protein 

expression was induced by the addition of 400 µM IPTG. Cell cultures were left to 

express at 15 °C overnight (~16 hours) and then harvested by centrifugation at 5020g for 

25 min; the medium was removed, and the cell pellet was suspended in 25 mL per 1 liter 

(~5-ml pellet) of lysis buffer [50 mM Tris-HCl (pH 7.5), 250 mM NaCl, and 0.1 mM 

EDTA with 1 µM AEBSF and leupeptin (10 µg/mL) added]. Cells were burst by 

sonication at 50% amplitude on ice using 6x 15-s pulses; glycerol (10%) was added, and 

the lysis buffer was made up to 500 mM NaCl. Cell debris were pelleted by centrifugation 

at 35,000g and 4 °C for 30 min. The supernatant was incubated with amylose resin for 1 

hour at 5 to 7°C, washed six times in 7x the resin volume of lysis buffer, and then eluted 

in elution buffer [50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 10 mM maltose, 0.5 mM 

TCEP, and 10% glycerol]. The eluted sample was dialyzed overnight against 5 liters of 

sample buffer [50 mM Tris-HCl (pH 7.5), 0.1 mM EGTA, 150 mM NaCl, 0.1% β-

mercaptoethanol, 270 mM sucrose, and 0.03% Brij-35]. The final solution was 

concentrated, flash-frozen, in liquid nitrogen, and stored at −80°C. 

 

2.8.6 GST-Fam213A, GST–MAO-A and GST–MAO-B. 

Fam213A, MAO-A, and MAO-B were expressed as GST-tagged constructs. cDNAs of 

the protein coding sequences were subcloned into pGEX6 plasmid vectors and 

transformed into BL21-CodonPlus (DE3)-RIL E. coli. A 100-mL starter culture was 

inoculated using a swipe from the cell plate and incubated at 37°C overnight. One liter of 

LB medium (6x) containing carbenicillin (50 µg/mL) was each inoculated with 20 ml of 
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started culture. When cell cultures reached an OD600 of 0.8 to 0.9 and a temperature of 15 

°C, protein expression was induced by the addition of 50 µM IPTG. Cell cultures were 

left to express at 15 °C overnight (~16 hours) and then harvested by centrifugation at 

5020g for 25 min; the medium was removed, and the cell pellet was suspended in 25 mL 

per 1 liter (~5-mL pellet) of lysis buffer [50 mM Tris-HCl (pH 7.5), 250 mM NaCl, and 

0.1 mM EDTA with 1 µM AEBSF and leupeptin (10 µg/mL) added]. Cells were burst by 

sonication at 50% amplitude on ice using 6x 15-s pulses; glycerol (10%) was added, and 

the lysis buffer was made up to 500 mM NaCl. Cell debris were pelleted by centrifugation 

at 35,000g and 4 °C for 30 min. The supernatant was incubated with GSH resin for 1 hour 

at 5 to 7°C, washed six times in 7x the resin volume of lysis buffer, and then eluted in 

elution buffer [50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 10 mM reduced glutathione, 

0.5 mM TCEP, and 10% glycerol]. The eluted sample was dialyzed overnight against 5 

liters of sample buffer [50 mM Tris-HCl (pH 7.5), 0.1 mM EGTA, 150 mM NaCl, 0.1% 

β-mercaptoethanol, 270 mM sucrose, and 0.03% Brij-35]. The final solution was 

concentrated, flash-frozen in liquid nitrogen, and stored at −80°C. 

 

2.9 High-resolution respirometry of primary neurons. 

High-resolution respirometry in mouse cortical neuronal culture has been carried out by 

Dr Francois Singh and Dr Ian Ganley. 

Primary mouse cortical neurons from PINK1 KO embryos and their wild-type littermates 

were cultured for DIV21. Neurons were washed twice with PBS and treated with 0.05% 

trypsin for 15 min, after which trypsin was neutralized with Dulbecco’s modified Eagle’s 

medium (DMEM) F12 medium. Neurons were gently spun down (300g for 3 min), and 

the cells of two wells (of six well plates) were resuspended in DMEM F12 and used for 

high-resolution respirometry. After cell number determination, cells were gently spun 

down (300g for 3 min).  The supernatant was aspirated, and 50 µl of MiR05 medium [110 

mM sucrose, 60 mM lactobionic acid, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 

mM KH2PO4, 20 mM Hepes adjusted to pH 7.1 with KOH at 30°C, and bovine serum 

albumin (BSA; 1 g/liter) essentially fatty acid free] was added to the pellet. Pellets were 

resuspended (using a 1-mL tip to avoid damaging the cells) and placed in an oxygraphic 

chamber thermostated at 37°C with continuous stirring (Oxygraph-2k, Oroboros 

Instruments, Innsbruck, Austria). Mitochondrial respiratory rates were assessed using the 

substrate-uncoupler-inhibitor titration protocol number 2 (SUIT-002) (Doerrier et al., 

2018). Briefly, after residual oxygen consumption (ROX; in the presence of 2.5 mM 
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adenosine diphosphate) in the absence of endogenous fuel, substrates were measured; 

fatty acid oxidation pathway state (F) was measured by adding 0.1 mM malate and 0.2 

mM octanoyl carnitine (OctMP). Membrane integrity was then evaluated by adding 10 

µM cytochrome c (OctMcP). Subsequent to the F-pathway state, the reduced form of 

nicotinamide adenine dinucleotide electron transfer-pathway state (FN) was studied by 

adding 2 mM malate (OctMP), 5 mM pyruvate (OctPMP), and 10 mM glutamate 

(OctPGMP). Then, 10 mM succinate (OctPGMSP) was added to subsequently stimulate 

the S pathway (FNS), followed by 10 mM glycerophosphate (OctPGMSGpP) to reach 

convergent electron flow in the FNSGp pathway to the Q-junction. Uncoupled respiration 

was then evaluated by realizing a titration with CCCP (OctPGMSGpE). Complex I was 

then inhibited with 0.5 µM rotenone (SGpE), and last, ROX was measured by adding 2.5 

µM antimycin A. ROX was then subtracted from all respiratory states to obtain 

mitochondrial respiration. Results are expressed in pmol x s−1x106 cells. The P/E control 

ratio, which reflects the control by coupling and limitation by the phosphorylation system, 

was subsequently calculated by dividing the OctPGMSGpP value by the OctPGMSGpE 

value. 

 

2.10 Online database. 

Online Database has been realized by Dr Marek Gierlinski. diGLY peptide TMT ratios 

were normalized to the total proteome. For differential expression, these data were 

normalized to median in each sample to account for sample-to-sample variation. 

Differential expression was performed with limma (Ritchie et al., 2015). using logarithms 

of normalized peptide ratios. P values were corrected for multiple tests using Benjamini-

Hochberg method. All analyses were done in R, and the code is available at 

https://github.com/bartongroup/MG_ UbiMito (doi 10.5281/zenodo.5152822). An online 

interactive tool was created using Shiny framework, and it is publicly available 

athttps://shiny.compbio.dundee.ac.uk/MitoNUb/ (RRID: SCR_021544). It allows for 

selection of peptides based on differential expression significance, fold change, presence 

or absence in MitoCarta, and/or total proteome. Selected peptides provide instantaneous 

Gene Ontology term and Reactome pathway enrichment results. 
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2.11 Statistics and data analysis methods. 

 
In order to perform quantitative proteomic experiments 5 biological replicates (5 AO-

treated and 5 untreated) were chosen to fit in an 11-plex TMT method. 3 biological 

replicates in technical duplicate were used for copy number proteomic to obtain a high 

level of reproducibility with a low level of technical variation technical Detailed 

descriptions of statistical analysis for Mass Spectrometry data are explained in the relative 

sections. Biochemical analysis for immunoprecipitation, Halo-UBD pull down, in vitro 

Parkin reconstitution assay and in vitro Parkin ligase assay were represented as qualitative 

data. 8 biological replicates for each PINK1 WT and KO mouse neurons were used for 

high-resolution respirometry. Statistical differences among PINK1 WT and KO mouse 

neurons were determined using a repeated ANOVA, oxygraph analysis in Figure 3.4.2. 
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Chapter 3  

Generation and characterization of mouse 
primary cortical neurons  
 

3.1 Introduction. 

3.1.1 Research objectives. 

• To establish a mouse neuronal culture for proteomic experiments. 
  

• Biochemical and proteomic evaluation of PINK1 and Parkin expression and 

activity in mouse cortical neuronal cultures. 

• Evaluation of mitochondrial activity in mouse cortical neuronal cultures. 

 

3.1.2 Background of the study. 

Many experimental animal models have been developed to study neurodegenerative 

disease and certainly the mouse brain is the most studied brain of all species. However, 

defining molecular and cellular mechanisms in these animal models remains challenging 

because of the complexity of nervous tissue. Primary neuronal cultures represent a 

powerful tool to study events and pathways leading toward neuronal dysfunction and 

death. Since Parkinson’s disease (PD) is fundamentally a disease affecting neurons in the 

substantia nigra (Damier et al., 1999), establishing a primary dopaminergic (DA) 

neuronal culture would have been a preferential option for better understanding of 

PINK1/Parkin role in this disease. Although, primary DA neurons are highly valuable for 

single-cell high-throughput technologies, imaging and optogenetic studies, their use in 

large screening approaches, e.g., proteomics, is disadvantaged as result of limited yields, 

variability between the different preparations of primary neuron cultures and 

heterogenous cell-type density. Moreover, dopaminergic neurons represent less than 1% 

of the total number of neurons in the brain (Saunders et al., 2018, Tiklova et al., 2020, 

Hook et al., 2018) and to obtain neuronal culture sufficiently rich in dopaminergic cells 

remains quite challenging even with the most advanced technologies for precise excision 

of midbrain dopaminergic area. 
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Based on those constraints we decided to primarily focus on determining the diversity of 

cell types and their distribution in mouse brain subregions, to resolve which level or scale 

of mouse brain would be the most valuable to specifically dissect molecular and 

biological relationship in a neuronal framework. 

Entire areas of investigation are coordinated by international consortia to lay the 

foundations for a broader and longer-term effort to generate complete brain cell atlases in 

species including mice and humans. The Human Cell Atlas (Regev et al., 2017), the Allen 

Institute for Brain Science (Tasic et al., 2018, Lein et al., 2007) and the Brain Initiative 

Cell Census consortium (Ecker et al., 2017) have already set out to generate large-scale 

data for every adult tissue and to unveil highly detailed maps of the brain areas. 

Furthermore, several attempts have been made in the neuroscientific field for establishing 

reference maps of mouse brain and determining the diversity of brain cell types and their 

connectivity. In order to give a comprehensive insight of brain cell density for several 

regions of mouse brain, several large-scale investigations have been performed choosing 

C57BL/6J mouse brains as the reference strain and focusing on what it is known about 

the density of all brain cell types (Ero et al., 2018, Keller et al., 2018, Markram, 2006) 

and this data can be visualized in a digital 3D atlas, the Blue Brain Cell Atlas 

(portal.bluebrain.epfl.ch). Several methodologies have been evaluated including, 

stereology, optical fractionation, micrograph and whole brain imaging (Herculano-

Houzel and Lent, 2005, Herculano-Houzel et al., 2006, Herculano-Houzel et al., 2011, 

Herculano-Houzel et al., 2013). Also, each approach and published work has been 

evaluated for its reliability. Summing up the main findings relevant for this PhD project, 

neuron densities and glial densities were best characterized in the cortex, hippocampus, 

cerebellum and striatum whereas subcortical structure densities were the most poorly 

characterized regions.  The ratio of glia cells to neurons varied across the brain; it was 

higher in the hippocampus than in the cortex, which in turn was higher than in striatum. 

Within the substantia nigra pars compacta and the ventral tegmental area, Tyrosine 

Hydroxylate neurons (TH+, marker for dopaminergic neurons) were around 10-20% of 

the total cells. This data is consistent with high-resolution image data of in 

situ hybridization (ISH) gene expression in mouse brain from the Allen Mouse Brain 

Atlas (mouse.brain-map.org), which is a growing collection of online public data sets that 

integrates extensive gene expression and neuroanatomical data throughout the adult 

mouse brain, and complete with a suite of search and viewing tools.  The map expression 

patterns of the main brain cell types are described in Figure 3.1. 
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Figure 3.1 Distribution of brain cell types in sagittal sections of mouse brain. On the left panel ISH 
expression throughout brain regions and on the right panel data are visualized as expression energy in 
color scheme. Histograms represent the gene-expression energy intensity.  Brain cell type are identified as 
follow:  Map2 marker for mature neurons, GFAP marker for astrocytes, P2RY12 marker for microglia and 
Olig2 marker for oligodendrocyte. Abbreviations: Isocortex; OLF, olfactory bulb; HPF, hippocampal 
formation; CTXsp, cortical subplate; STR, striatum; PAL, pallidum; TH, thalamus; HY, hypothalamus; 
MB, midbrain; P, pons; MY, medulla; CB, cerebellum. Data were obtained from the Allen Brain Atlas 
website (www.brain-map.org). Image credit: Allen Institute. 
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Examining the distribution of neurons across brain areas and estimating the total number 

of neuronal and non-neuronal cells that compose the mouse brain, we reasoned that the 

mouse cerebral cortex could represent an excellent structure to generate primary neurons 

as model to study the effects of PINK1/ Parkin activation. 

 

3.2 Establishing a long-term mouse cortical neuronal culture. 

Indeed, primary cortical neuronal culture is one of the most well-established and widely 

used techniques that have been successfully developed to study neuronal functions in 

vitro. The appropriate developmental age for preparing primary cultures of any cell type 

is determined by the time at which the cells of interest are generated and are abundant. 

As will be described in detail in the next paragraph, most cerebral cortical neurons are 

generated between embryonic days E11.5 and E17.5 in the mouse.  These earlier stages 

are also composed of a gradient of neuronal committed progenitors and gliogenesis begins 

at E17.5.  In addition, mouse cortical neurons in culture are morphologically mature and 

show punctate expression of pre- and post-synaptic markers at 21 days in vitro (DIV) 

(Lesuisse and Martin, 2002) and at this stage neurons exhibit normal electrophysiological 

profiles (Cullen et al., 2010, Belle et al., 2018). 

3.2.1 Histogenesis of Cerebral Cortex. 

The generation of cortical neurons in mice begins at embryonic day  E10-E11 following 

neural tube closure (E8-E9.5) and cerebral cortex neurons arrange in an inside-out manner  

to form specific layers and connections both within the cortex and with other brain 

regions, thus forming a complex network of specialized synaptic connections comprising 

distinct circuits (Di Bella et al., 2021, Farhy-Tselnicker and Allen, 2018). Corticogenesis 

takes almost 17 times longer in humans, but the process is similar (Caviness et al., 1999). 

Cortical neurogenesis stage from E10 to E12 is dominated by proliferation that enlarges 

the progenitor cells (also termed radial glia, RG) which are derived from neuroepithelial 

stem cells located in the ventricular zone (VZ).  Radial glia cells are the neural stem cells 

of the cortex and have a dual roles as neural progenitors and physical guides for radially 

migrating neurons and, in the late stage of neurodevelopment, they undergo a potency 

switch from a neurogenic to a gliogenic differentiation program and differentiate into 

glial cells (Goetz, 2011).  The term radial glia refers to the morphological characteristics 
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of these progenitors that were first observed: similar  to immature glial fibers (Rakic, 

1972) and expression of several glial specific genes, such as glial fibrillary acidic protein 

(GFAP) and the glutamate transporter GLAST (Kriegstein and Alvarez-Buylla, 2009, 

Chaboub and Deneen, 2012). The earliest-born neurons migrate away from the 

ventricular surface to segregate from progenitors and form the preplate. Subsequently, 

cortical progenitors split the preplate in two: a superficial part termed the marginal zone, 

which contains Cajal-Retzius (CR) neurons and will form the future L1 with post mitotic 

neurons, and a deeper part termed the subplate (Greig et al., 2013, Noctor et al., 2004). 

Throughout the rest of corticogenesis, newly born neurons migrate into the cortical plate, 

organizing themselves in an inside-out fashion, where deep layer neurons are first to form, 

and superficial layer neurons are last to form (Gilmore and Herrup, 1997, Lopez-Bendito 

and Molnar, 2003). Neurons within the marginal zone and the subplate are the first to 

mature and participate in the regulation of migration and maturation of later-born neurons 

(Ohtaka-Maruyama et al., 2018). Early-born neurons populate deeper neocortical layer 

(DL; L5-6), with a peak of production at E12.5 and late-born neurons migrate past them 

to progressively populate more superficial layers (SL; layer 4, then layer 2/3), with a peak 

of production at E15.5. At around E17.5, cortical neurogenesis ceases and gliogenesis 

begins, during which cortical astrocytes and oligodendrocytes are also generated by 

radiant glia cells. (Angevine and Sidman, 1961, Greig et al., 2013, Allen and Lyons, 

2018).  About 80% of neurons in the adult mouse cortex are excitatory pyramidal neurons, 

and the rest are a diverse population of inhibitory GABAergic interneurons. During 

development, glutamatergic and GABAergic neurons are born in separate locations. The 

glutamatergic neurons are generated in the ventricular and subventricular zones of 

embryonic cortex and GABAergic neurons, are generated from progenitors located in the 

medial and caudal ganglionic eminences (MGE and CGE) in ventral telencephalon that 

migrate to populate the cortex at the time of neurogenesis (E11-P0), and migrate first 

tangentially from their birthplace to the proper cortical region, and then radially through 

the cortical plate to reach their final laminar location (Sahara et al., 2012, Markram et al., 

2004, Farhy-Tselnicker and Allen, 2018, Mossink et al., 2021). The GABAergic 

/glutamatergic neuronal ratio is constant from development to adult brain, and 

approximately one in five neurons is GABAergic (Sahara et al., 2012). 
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Figure 3.2.1 Mouse cortical development. Neocortical neurons are generated in an “inside-out” fashion 
by diverse progenitor types in the ventricular zone (VZ) and subventricular zone (SVZ). The sequential 
generation of neocortical projection neuron subtypes and their migration to appropriate layers over the 
course of mouse embryonic development. Radial glia (RG) in the VZ begin to produce projection neurons 
around E11.5. At the same time, RG generate intermediate progenitors  and outer radial glia, which establish 
the SVZ and act as transit-amplifying cells to increase neuronal production. After neurogenesis is complete, 
neural progenitors transition to a gliogenic mode, generating astrocytes and oligodendrocytes. Cajal-
Retzius (CR) cells primarily migrate into neocortical layer I from non-cortical locations, while other 
projection neurons are born in the neocortical. Excitatory neurons that arise within the dorsal telencephalon 
migrate radially outward towards the cortical plate. Inhibitory GABAergic neurons are generated in the 
ventral rodent telencephalon, within the medial and lateral ganglionic eminences (MGE and LGE, 
respectively) and then migrate tangentially into the cortical plate. [Adapted from (Mossink et al., 2021)]. 
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3.2.2 Analysis of cell type composition in mouse cortical neuronal cultures. 

To study PINK1/Parkin signaling in a neuronal context, we have prepared primary mouse 

cortical neuronal cultures using cortices isolated from E16.5 mice for the following 

reasons. The composition of the culture obtained is almost purely neuronal, since 

astrocytes and oligodendrocytes are generated after E17.5, as explained in the above 

paragraph. In addition, the number of cells obtained from one embryo of this age is 

sufficient for performing biochemical assays. Moreover, in earlier developmental stages 

neurons have not yet developed extensive axonal and dendritic arbors and are not highly 

innervated, thus rendering the cells less susceptible to damage during the processing 

required for their culture.  Finally, the meninges and connective tissue sheaths are easier 

to remove cleanly from cortices at these stages of development. However, it is also 

worth noting that although the cell preparation obtained is almost exclusively comprised 

of neurons, several different neuronal subtypes are present.  

Considering that Parkin localize at presynapses (Helton et al., 2008, Kubo et al., 2001) 

and postsynapses (Mouatt-Prigent et al., 2004, Fallon et al., 2002) and regulates 

neurotransmission of afferent and efferent connections of SNc dopaminergic neurons 

(Goldberg et al., 2003, Oyama et al., 2010, Sassone et al., 2017), we also reasoned to 

establish a long-term culture system in order to have a cultured neuronal model with 

stable protein expression that retains many of physiological and biochemical 

characteristics. A caveat in generating purified long-term neuronal cultures is the release 

of trophic factors from early differentiated neuronal cells or late NSCs which stimulate  

glial cell proliferation (Barnabe-Heider et al., 2005, Freeman, 2010, Hasel et al., 2017, 

Yang et al., 2013), since neurons have little ability to form functional synapses, which are 

powerfully promoted by astrocytes (Allen et al., 2012, Christopherson et al., 2005, 

Kucukdereli et al., 2011, Ullian et al., 2001). Therefore, mouse cortical neurons were 

cultured up to 21 days in vitro (DIV) in order to get a completely mature and functional 

culture but with a lower proportion of non-neuronal cells.  

We firstly analysed the maturation process of primary E16.5 cortical neurons in culture 

at 5 timepoints (DIV0, DIV3, DIV7, DIV14, DIV21) and compared with cortex region 

and whole brain isolated from adult mouse (3 months-old). The identity of these neurons 

was verified by western blotting with neuron-specific markers such as TUBB3 (β-III 

tubulin, also called Tuj1, marker of immature neurons), Tau, PSD95 and Synaptophysin 

(markers of mature neurons), and glia-specific markers such as GFAP and ALDH1L1 
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(markers of astrocytes) and Iba1 (markers of microglia). We were unable to detect 

oligodendrocyte expression because of the low sensitivity of the tested antibodies (data 

not shown). We observed expression of TUBB3, which is abundant in postmitotic 

neurons during development, that was subsequently decreased to low level at the late 

maturation stage (21 DIV) and in the adult brain. Conversely, we detected a progressive 

expression of neuronal maturation markers from 3 DIV until 21 DIV such as Tau 

(microtubule-associated protein that is primarily a neuronal protein specifically localized 

and highly enriched in axons), Synaptophysin (Syp, a presynaptic protein), and PSD95 (a 

postsynaptic protein) in cultured postmitotic neurons. A similar temporal pattern of 

expression for the two main cortical neuronal types was observed: GABAergic/inhibitory 

(GAD65/67) and glutamatergic/excitatory (GLUL, Glutamine Synthetase) neuronal 

levels were increased along neuronal maturation. In contrast, a relatively small fraction 

of astrocyte markers, GFAP and ALDH1L1 was found, and the levels increased at various 

developmental stages in the culture. Finally, we only detected Iba1 protein expression 

(microglia marker) in whole brain (Figure 3.2.2).  

 

 

 

 

 

Figure 3.2.2 Time course analysis of cortical cell cultures. (A) Mouse cortical neurons were cultured for 
0, 3, 7, 14 and 21 days in vitro (DIV) and analysed by immunoblotting for neuronal markers (TUBB3, 
TAU, PSD95, Synaptophysin, GLUL and GAD65/67) and glial markers (GFAP, ALDH1L1 and Iba1). 
Brain cortex and whole brain lysates from adult mice were probed alongside cortical neuronal cultures. β-
actin and vinculin antibodies were used as loading controls. (B) Densitometric analysis of protein 
expression in (A). The value is given in percent, relative to the total signal. 

A B 
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Neuronal cell type composition of E16.5 mouse cortical neuron from C57BL/6J mice at 

21 DIV, was corroborated by immunofluorescence analysis using anti-MAP2 (neuronal 

marker for mature neurons) and anti-GFAP (astrocytic marker) antibodies which 

confirmed that cultures were highly enriched for neuronal cells (~85%), (Figure 3.2.3). 

This experiment has been carried out in collaboration with Dr Alan Prescott. 

 

 

Figure 3.2.3 Cortical cell cultures stained with neuronal and astrocytic markers. 
Immunocytochemistry in C57BL/6J mouse cortical neuronal cultures and relative quantification. Cell type 
distribution was visualized by immunofluorescence staining for the astrocytic protein GFAP (magenta), the 
neuronal protein MAP2 (green), and nuclei were stained with Hoechst (blue). Scale bar, 100 μm. 2 
independent experiments. Histogram graph represents the percent area of pixel intensity by dividing the 
number of magenta or green pixels by the total number of magenta and green, multiplied by 100 (calculated 
as relative intensity). Data are shown as mean ± SEM (MAP2+/total 85.76% ± 1.28; GFAP+/total 14.27% 
± 1.28). Images and analysis carried out by Dr Alan Prescott. 
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3.2.3 Evaluation of Parkin expression and PINK1 activity in mouse cortical 
neurons. 

To dissect the signaling pathways elicited by PINK1/Parkin, preliminary work had been 

carried out in the Muqit lab by Dr Erica Barini, to check PINK1 and Parkin activation in 

neurons via Western blotting. As shown in Figure 3.2.4A, Parkin expression increased 

during cortical neuronal maturation in vitro, alongside the expression of the pre- and post-
synaptic proteins, synaptophysin and PSD95, respectively. PINK1 kinase activity was 

evaluated by phosphorylation at Ser65 of both Parkin and Ubiquitin. We induced 

mitochondrial depolarization using a combination of Antimycin A (10μM) and 

Oligomycin (1 μM) and found that Parkin phosphorylation (ParkinpSer65) was greatly 

increased after 40 minutes of stimulation and sustained until 9 hours (Figure 3.2.4C). 

Parkin phosphorylation was also observed in an earlier stage of neuronal maturation (12 

DIV, Figure 3.2.4B). Furthermore, we compared the effect of mitochondrial 

depolarisation induced by Antimycin A/Oligomycin (AO, inhibitors of mitochondrial 

respiration) and carbonyl cyanide m-chlorophenyl hydrazone (CCCP, inhibitor of 

electron transported). Cultured primary cortical neurons exhibited much weaker PINK1 

kinase activity upon exposure to CCCP (10 μM). Ubiquitin Ser65 phosphorylation 

(UbiquitinpSer65) was only observed in AO treated neurons and neuronal survival was 

highly compromised in CCCP treated neurons. The toxic effect of CCCP interfered with 

the evaluation of PINK1 activity in the later stages of neuronal maturation (21 DIV) and 

limited the use of CCCP for further experiments (Figure 3.2.4D). 
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Figure 3.2.4 Analysis of Parkin expression and PINK1 activity in mouse cortical neurons. (A) 
Timecourse of Parkin expression in E16.5-derived C57BL/6J primary cortical neurons after 5, 7, 12, and 
21 DIV neurons. (B) Mouse cortical neurons after 5,7,12, 21 DIV were stimulated with AO for 3h. Parkin 
Ser65 phosphorylation was detected at 12 and 21 DIV. (C) Timecourse analysis of Parkin Ser65 
phosphorylation upon AO stimulation (10 min, 20 min, 40 min, 1h, 3h, 6h, and 9h) in 12 DIV neurons. (D) 
Comparison of PINK1 activity induced by mitochondrial depolarizing drugs in mouse cortical neurons. 
Ubiquitin Ser65 phosphorylation was observed in AO-treated neurons but not in CCCP-treated neurons 
[Modified from  (Barini et al., 2018)]. 

 
We subsequently validated the PINK1 activity in C57BL/6J mouse cortical neurons for 

UbiquitinpSer65 by immunofluorescence with independent experiments. 21 DIV mouse 

cortical neurons were treated with AO (10μM/1μM) or DMSO for five hours.  

UbiquitinpSer65 signal was elevated in mouse neurons and colocalized with MAP2 staining 

(neuronal marker that preferentially localized to dendritic processes). 

Immunofluorescence images also revealed that AO-treated neurons have significantly 

greater UbiquitinpSer65 signal in dendritic process and cell bodies. Although, this antibody 

has been validated for its specificity in PINK1 knock-out mouse embryonic fibroblasts 

via Western blotting (Figure 5.3.5), it will be important to further corroborate these 

A B 

C 

D 
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findings using immunofluorescence analysis with PINK1 knock-out mouse neurons and 

in colabelling studies with mitochondrial markers. 

 

 

Figure 3.2.5 PhosphoSer65 Ubiquitin detection in C57BL/6J mouse cortical neuronal cells.  
Representative images for primary mouse cortical neurons stimulated with either 10 μM Antimycin A/1 
μM Oligomycin or DMSO for 5 h.  Neurons were labelled for phosphoSer65 Ubiquitin (UbpSer65, green), 
MAP2 (gray, neurons) and Hoechst (blue, nucleus). Images are representative of 2 independent 
experiments. Scale bar 50 μm. Images were taken by Dr Alan Prescott. 
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3.3 Proteomic-based approaches to interrogate mouse brain proteome. 

 
Thirty years ago, a group of scientists began one of the greatest and revolutionary projects 

in life science research: the Human Genome Project. In 2003 the Human Genome Project 

was officially completed, and Collin et al. had already foreseen: “A critical step toward 

gaining a complete understanding... will be to take an accurate census of the proteins 

present in particular cell types. It will be a major challenge to catalog proteins present 

in low abundance or in membranes. Determining the absolute abundance of each protein, 

including all modified forms, will be an important next step” (Collins et al., 2003). 

Twenty years later, in the actual time this thesis has been written, a new ambitious and 

revolutionary project has been launched: the Human Proteoform Project (Smith et al., 

2021). The proteome is a far more dynamic and complex entity than the genome. Whilst 

the human genome contains sequences encoding ~20,000 protein coding genes, splice 

variants, single-nucleotide polymorphisms (SNPs) and post-translational modifications 

(PTMs) the number of protein variants (isoforms and proteoforms) translated from the 

genome is far higher. Knowing what proteins are present, their abundance in cells and 

tissue, where they are located, as well as their interaction with other protein complexes 

and how they change in response to stimuli is essential for understanding the functioning 

of a biological system. To that end, the first aim of this PhD project was to profile a 

dataset of expressed proteins in mouse cortical neurons. We pursued a deep proteomic 

analysis to quantitatively determine protein levels by copy numbers of proteins. In 

parallel, we examined whether the proteome may change after mitochondrial stress. This 

experimental section has been performed in collaboration with Dr. Raja Nirujogi. 

3.3.1 Mass Spectrometry-based proteomics. 

Mass spectrometry has become the technique of choice for proteomic investigations due 

to its sensitivity (low fmol-amole), versatility, its high throughput nature and applicability 

to a multitude of workflows. Mass spectrometry is an analytical technique that allows the 

accurate measurement of an ionised molecule’s mass-to-charge (m/z) ratio.  The major 

mass spectrometry-based proteomics workflow is termed “bottom-up” approach  (Zhang 

et al., 2013a, Altelaar et al., 2013),  (also termed “shotgun proteomics) and consists of 

enzymatic digestion of proteins using sequence-specific proteases like trypsin (Olsen et 

al., 2004, Tsiatsiani and Heck, 2015) to generate proteolytic peptides. Enzymes such as 

trypsin are preferred due to the specific nature of cleavage and the generation of peptides 
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that upon ionisation have an m/z in the range suited to mass spectrometric analysis. 

Enzymatic digestion of a full proteome generates hundreds of thousands of peptides, that 

is not directly compatible with the MS analysis. Therefore, the first step in the proteomics 

workflow is most often to reduce the sample complexity and peptide mixtures by 

subjecting samples to pre-fractionation (Ritorto et al., 2013, Yu et al., 2017),  or sub-

proteome enrichment (Ruprecht et al., 2015) before being subjected to the LC system for 

an additional separation step by using, for example, ultra-high-performance liquid 

chromatography (UHPLC) coupled on-line to a mass spectrometer (MS). In sample pre-

fractionation, the peptide population is fractionated according to its physicochemical 

properties, such as charge, isoelectric point, hydrophobicity or combinations of these. 

Alternatively specific subsets of the sample can be targeted through enrichment of 

peptides containing modifications [for example, phosphorylation (P), dimethylation 

(Me2) or acetylation (Ac)] using affinity-based resins or antibody-based 

immunoprecipitation (IP). After ionization, peptide precursor ions are introduced into the 

mass spectrometer, which records the mass-to-charge ratio of the peptide and fragments 

(tandem MS) to determine its sequence. The spectra generated by MS2 contain fragment 

ions forming N-terminal (b-ions) or C-terminal (y-ions) sequence ladders, and the 

relationship between the relative abundance (intensity) and m/z value of each fragment 

ion of a peptide. The peptide identity, and consequently also the protein identity, is 

determined by comparing the recorded tandem MS spectra to known peptide sequences 

from large protein databases using search algorithms, such as Mascot or MaxQuant, or to 

previously established spectral information such as a spectral library. It is worth noting 

that separation of peptides based on their physicochemical properties reduces sample 

complexity prior to MS analysis but does not ensure the detection of all peptides present 

in a sample. Many peptides elute simultaneously competing for efficient ionization: 

highly abundant species can suppress the ionization of co-eluting less abundant species, 

thus preventing their MS analysis (Altelaar et al., 2013). 
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Figure 3.3.1 Generic proteomics workflow.Proteins are extracted by lysing cells and digested into 
peptides using a sequence-specific protease. Peptides are separated on a liquid chromatography system 
coupled online to the mass spectrometer (MS). The exact peptide mass is recorded in an MS1 scan, then 
the ion population is isolated and fragmented and read out in a tandem MS scan to derive the sequence. 
Spectra are identified by comparing them to theoretical spectra from an in-silico digest of a protein sequence 
database. Protein information and quantification is inferred from peptide data to facilitate biological 
interpretation [Image taken from (Altelaar et al., 2013)]. 

 

3.3.1.1 Data Acquisition methods and Protein quantification. 

There are several numbers of different quantification methods that can be employed for 

the analysis of a sample. Mass spectrometry analysis can be acquired in a label-free 

(discovery proteomics) or label-based manner (quantitative validation) and the choice 

depends on both experimental aims and instrumentation available (Gillet et al., 2016). 

Label-free quantitation methods were primarily based on peptide or spectral counting 

methods where the number of fragment spectra are generated by Data Dependent or Data 

Independent Acquisition methods (below described) (Zhou et al., 2002, Liu et al., 2004, 
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Geromanos et al., 2009). Label-based quantification involves metabolic and chemical 

labeling methods (i.e., SILAC, TMT) (Thompson et al., 2003, Whiteaker et al., 2011) and 

acquisition methods rely on pre-selected analytes, independently of a MS1spectra 

(methods described in section 5.2.1). Label-free quantitation is applicable to any 

biological sample that can be analysed by mass spectrometry and the numbers of 

conditions that can be directly compared are theoretically limitless. An additional benefit 

of the label-free approach is it can be applied to any dataset post analysis and can even be 

used to compare datasets that were produced by different labs. The Mann lab has recently 

developed a proteome quantification approach to calculate absolute amounts, as copy 

numbers for cell, based on MS data and without the need of any sample assay (for 

example, cell counting or protein estimation). They named this approach, “Proteomic 

Ruler”, and demonstrated that the MS signal attributable to histones can be used to 

accurately determine cell numbers based on the proportionality of total histone 

concentration to DNA amount (Wisniewski et al., 2014).  

 
Data Dependent Acquisition 

Shotgun proteomics typically uses a data acquisition method termed data dependent 

acquisition (DDA) which relies on dynamic switching between MS1 and MS2 scans. The 

top N most abundant intact peptide species in a MS1 spectrum are sequentially isolated 

using a narrow isolation window, fragmented and read out (MS2). To prevent the re-

fragmentation of peptides, precursors with the same mass are excluded from resequencing 

for about the time taken for a typical peptide to elute from the LC column. The DDA 

approach requires no prior knowledge of the content of the sample, the resultant spectra 

contain information about the m/z values, retention times, and ion abundances for detected 

fragment ions. Although this method has been used very successfully for a long time, the 

intensity-based selection of DDA is one of the contributing factors to MS bias towards 

the identification of abundant proteins, as these will produce more abundant tryptic 

peptides. A further problem is the stochastic picking of the most abundant peptide species 

leads to missing information across runs and results in the loss/gain of peptides that are 

near the threshold for selection, impeding reproducible quantification of peptides across 

multiple samples (Davies et al., 2021, Meyer, 2021) (Figure 3.3.2.A). 
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Data Independent Acquisition 

An alternative acquisition mode is data independent acquisition (DIA) which generally 

rely on information from a high-quality spectral library that is usually produced by prior 

in depth DDA analysis of a sample representative of those being analysed. Like DDA, 

DIA is also discovery-oriented but compared to DDA, it can generate more complete data 

sets. In contrast to the semi-stochastic intensity-based precursor picking of DDA, DIA 

generates comprehensive fragment-ion maps. In each cycle, the instrument isolates a 

mass window of precursor ions (for example 25 m/z units wide) and measures fragments 

of all precursors found within that window. It cycles through mass windows across the 

entire mass range to generate MS2 scans that cover all detected precursors. DIA abolishes 

the stochastic nature of precursor selection for identification (for a more unbiased 

analytical approach) and the analysis of all co-eluting peptide ions isolated within the 

same window enables more accurate and precise quantification with less missing values 

across samples and higher identification rates over a higher dynamic range. Spectral 

library is used to directly score the similarity of DDA scans with previously recorded ones 

or to prioritize the extraction of fragment ion traces from DIA and targeted mass 

spectrometry data by making use of the relative intensities of fragment ions in the spectral 

library (Geromanos et al., 2009, Menschaert et al., 2009, Falkner et al., 2008, Frewen et 

al., 2006) (Figure 3.3.2B). 
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Figure 3.3.2 Data acquisition methods. (A) DDA, the N-most abundant precursors from MS1 scan are 
sequentially isolated and fragmented to obtain MS2 spectra originating from (mostly) single precursors. (B) 
DIA generates MS2 scans over the whole scan range using predefined wide isolation windows that covers 
several precursors. 
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3.3.2 Proteomic tools to explore PD-relevant pathways in mouse central 
nervous systems (CNS).  

Establishing a protein expression profiling in the brain is the first step to investigate 

whether post-translation modifications may regulate pathway and biological functions in 

the CNS cells. To provide a global picture of mouse brain proteome, the Max-Planck 

Institute of Biochemistry has generated an online resource for large-scale analysis of 

protein levels by high-resolution mass spectrometry of adult mouse brain, with dissection 

of brain regions and cell types, both cultured primary cells and acutely isolated neuronal 

and glial cells (maxqb.biochem.mpg.de/mxdb/project/list; project P009 ), (Sharma et al., 

2015). 

 

 

Figure 3.3.3 Mouse Brain Proteome. Graphical illustration of the workflow for the cell type– and brain 
structure–resolved mouse brain proteome. 11 brain subregions in adult mouse, 4 cell-type acutely isolated 
from newborn mice and 5 primary cell cultures [in different stages of maturation, day in vitro (DIV)] were 
analysed for in-depth quantitative proteomes [Image taken from (Sharma et al., 2015)]. 

 
  
Two main observations from this in-depth database should be pointed out: first, a large 

fraction of proteome was similar among different CNS cell type and brain regions, i.e a 

very small number of cell type specific proteins was changed even in a context of highly 

specialized and different cell type. This raised the question whether post-translation 

modifications might have a more significant role in the cell function and explain the cell 

type specialization. Second, a comparative analysis of acutely purified cell population 

and cultured CNS cells showed a highly matching of protein expression between these 
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two systems. Hence, mouse primary culture can provide a reliable and useful model to 

study the molecular and biochemical complexity of the brain (Sharma et al., 2015). 

In the first place, we examined the dataset provided by MaxQB - The MaxQuant 

DataBase - and reanalyzed the expression of PD-linked and PINK1/Parkin related 

proteins to obtain an estimation in copy number per cell, which allows to better compare 

different proteins in the mouse subregions and the different CNS cell. 

First, we quantitatively compared copy numbers for proteins across the different cell type 

derived from cultured primary cells. The large majority of proteins were expressed in all 

four cell types (neurons, oligodendrocytes astrocyte and microglia), with no larger 

difference among different stages of in vitro maturation.  The expression levels were 

higher for PD-linked proteins, such as SNCA (a-synuclein), Park7, Rab8A, Rab8B, 

Rab10 and VPS35, lower expression levels were found for GBA DCTN1, FBXO7, 

RAb39A, PPM1H and the lowest expression levels were found for POLG, SLC30A10, 

ATP13A2, LRRK2 and Rab29. We also found no expression levels detected in any cell 

types for PINK1, Parkin and polyubiquitin (UBB and UBC), (Figure 3.3.4A). 

Furthermore, we observed the same correlation in protein abundance as for the cultured 

CNS cell-type and brain subregions, for our designed dataset. Also, the protein 

distribution was the same across all subregions in mouse brain and, Tyrosine hydroxylate 

(TH) expression was specifically found in olfactory bulbs and striatum, as expected 

(Figure 3.3.4B). Contrary to the original study, our revised analysis for PD-linked genes 

showed low copy numbers or not detectable for all the brain cells isolated from postnatal 

mice. Protein expression from acute isolation of brain cells did not fully recapitulate the 

PD datasets from cultured primary cells and brain subregions (Figure 3.3.4). The reason 

for this could be ascribed to the technical difficulty in isolating intact and healthy cells 

from the brain tissue, and the lack of standardized dissociation protocols that limits cell 

activation during tissue extraction and effective removal of myelin, which are critical 

steps for the measurements of protein expression. A further aspect to take in consideration 

is the development stage of the mice, protein expression can differ from neonatal to adult 

mouse brain, whereas primary cell cultures can largely compile brain protein expression 

as a result of in vitro maturation. Thus, mouse primary cell cultures may represent a better 

cell-based system to study the PINK1-Parkin signaling. 
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Figure 3.3.4 Copy number variation analysis of PD and PINK1-Parkin pathway proteins. Heatmaps 
of selected proteins for (A) mouse primary cell CNS cultures and (B) brain subregions of adult mouse.and 
acutely isolated brain cells of newborn mice. ND=not determined. Analysis carried out by Dr Raja Nirujogi. 

A 
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On the other hand, we should take in consideration that neither PINK1 nor Parkin were 

found expressed in primary brain cells and brain regions, suggesting a low abundance of 

these proteins in brain cells. As “evidence of absence is not evidence of absence” 1, two 

main observations may explain these findings. The first is a technical rationale related to 

stochastic nature of mass spectrometry for the identification of less abundant proteins.  

Abundant proteins may be routinely sampled but lower abundance proteins may be rarely 

captured or only captured within a subset of experiments, even though they may be highly 

regulated in response to a signal. The second is a biological rationale, earlier works 

showed the PINK1 undergoes a turnover of import and proteolytical degradation that 

yields undetectable levels of PINK1 on healthy mitochondria (Jin et al., 2010, Meissner 

et al., 2011, Yamano and Youle, 2013) and Parkin turnover might be regulated by 

proteasomal degradation (Allen et al., 2013, Shiiba et al., 2021) . 

 

3.3.3 Analysis of protein expression in mouse primary neurons. 

Following the proteomic analysis from the mouse brain proteome project, we pursued the 

primary objective to achieve a complete set of expressed proteins derived from terminal 

differentiated mouse cortical neuronal culture (21 DIV). In order to proceed for a deeper 

proteomic analysis, we decided to use three biological replicates in technical duplicate to 

obtain a high level of reproducibility (Pearson’s correlation coefficient of 0.99) which 

provided confidence that results seen, were truly representative of the samples analysed 

and were not a result of technical variations. A key aspect to achieve a deep proteome 

coverage and enhance identification of low abundant peptides, was to generate numerous 

large peptide amounts, and therefore 45 fractions were generated and used for LC-MS. 

Then, we undertook deep proteomic profiling of wild-type cortical neurons employing 

the histone-based proteomic ruler method to estimate the copy number of neuronal 

markers as well as PD-linked proteins. This revealed high copy number of multiple 

neuronal markers including Tubb3 (~11.6 million copies per cell), Syp (~1.6 million 

copies per cell) and Mapt and Eno2 (~1 million and 1.1 million copies per cell 

respectively) (Figure 1B). Parkin was lower abundance (~18 thousand copies per cell) 

and ranked at 3,672 on our list of 9,431 most abundant proteins whereas we were unable 

to detect PINK1 peptides under the conditions used (Figure 3.3.5). Strikingly, we found 

 
1 Quote by Dr Raja Nirujogi 



 110 

higher abundance of polyubiquitin (UBB ~10 million copies per cell). Of the other PD-

linked proteins, from highest to lowest abundance, included SNCA (a-synuclein) (~4.7 

million copies per cell), PARK7/DJ1 (~1.5 million copies per cell), VPS35 (~175 

thousand copies per cell), VPS13C and ATP13A2 (both 2 thousand copies per cell) and 

LRRK2 (~133 copies per cell). Other PINK1 pathway components included Rab8B (~4.5 

million copies per cell)] Rab8A (~4.5 million copies per cell) Rab13 (~1.4 million copies 

per cell) and USP30 (~7 thousand copies per cell), (Figure 3.3.5). 

 

Figure 3.3.5 Copy number analysis in C57BL/6J mouse cortical neuronal cultures. Rank abundance 
plot depicting the protein copy number abundance of cortical neurons. The x axis denotes copy number 
abundance rank (each protein, in the measured proteome is estimated  as protein MS signal over the total 
MS signal) , and the y axis denotes log-transformed copy number intensity (protein MS signal fraction, 
estimated as its mass per cell). PD-linked genes, neuronal markers, and PINK1-Parkin pathway components 
are highlighted in red, blue, and green colored circles and text, respectively. Experiment performed by Dr 
Raja Nirujogi. 
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We also generated quantitative global proteomic analysis of cortical neurons that are 

treated with Antimycin A (10µM) / Oligomycin (1µM) stimulation for 5 h (inhibition of 

respiratory chain enzyme complex II/III and ATP synthase respectively; AO). We 

undertook Data Independent Acquisition (DIA) that led to identification and 

quantification of 6,300 protein groups. We did not detect a significant portion of the 

proteome being altered by AO at this timepoint with only three proteins significantly 

increased (Fam216a, Mtm1, Smarcd2) and several decreased including Smyd4, Med29, 

Ccdc106 and Nktr (Figure 3.3.6).  

 

 

Figure 3.3.6 DIA proteomic analysis of AO and DMSO mouse cortical neurons. Volcano plot showed 
differentially regulated proteins. T-test analysis was carried out using Perseus software and the permutation-
based 1% FDR was applied to denote the significance. Samples n=6, 3 samples AO-treated and 3 samples 
DMSO-treated. Experiment performed by Dr Raja Nirujogi. 
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3.4 Analysis of metabolic profile in mouse primary neurons. 

 

The identification of complex I deficiency in the substantia nigra pars compacta (SNpc) 

was the first evidence of the role of mitochondria in sporadic PD (Abou-Sleiman et al., 

2006b). Thereafter, the interest in the pathophysiology of mitochondria and their potential 

role in Parkinsonism was further promoted by the discovery of loss-of-function recessive 

mutations in the PINK1 gene, a mitochondria-targeted serine/threonine kinase.  

Respiratory-chain dysfunction has been widely described in PD models: defects in 

complex I and also in complexes II–IV were observed in the striatum of the PINK1 

knockout mice. PINK1 has a key role in maintaining the mitochondrial functioning 

networks as PINK1 silencing may result in impaired mitochondrial respiration and 

decreased activity of oxidative phosphorylation in mice. Mitochondrial respiration 

activities were found to be normal in the cerebral cortex of young PINK1 knockout mice. 

However, mitochondrial respiration activities were decreased in the cerebral cortex of 

animals at 2 years, suggesting that aging can exacerbate mitochondrial dysfunction in 

these mice (Gautier et al., 2008). An early effect of PINK1 deficiency was linked to the 

disruption of complex I function, which resulted in mitochondrial membrane 

depolarization, increased sensitivity to apoptotic stress and synaptic transmission deficits 

in Drosophila neurons (Clark et al., 2006, Yang et al., 2006, Park et al., 2006).  Moreover, 

some studies have also reported defects in complexes II–IV in PD patients (Plun-Favreau 

and Hardy, 2008, Schapira, 1999). Mitochondria are a major source of reactive oxygen 

species (ROS). Approximately 90% of ROS are produced by mitochondria and complex 

I and complex III are the major sites of ROS production (Balaban et al., 2005). Loss of 

PINK1 leads to severe alterations in mitochondrial homeostasis as evidenced by increased 

mitochondrial ROS, inducing a robust increase in mitochondrial mitophagy. It has also 

been shown that ROS production was increased in mitochondria of PINK1 knockout 

neurons. It is therefore likely that PINK1 may function, in the first line of mitochondrial 

quality control, monitoring respiratory chain function and then triggering the localized 

degradation of damaged mitochondrial proteins.  

To systematically investigate the impact of PINK1 deficiency on mitochondrial function, 

we employed a high-resolution respirometry assay (Oxygraph) to measure rates of 

oxygen consumption in mouse cortical neuronal cultures derived from Pink1 knockout 

mice and their wild-type littermates and stimulated and inhibited the different 
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mitochondrial respiratory chain complexes using various compounds. This experimental 

section has been performed in collaboration with Dr. Francois Singh. 

3.4.1 O2k-High-resolution respirometry (HRR)-Oroboros. 

HRR was performed using an Oxygraph-2k (Orobros Instruments, Innsbruck, Austria). 

The Oxygraph-2k consist of two closed chambers equipped with an oxygen sensor. As 

mitochondria consume oxygen while producing ATP during oxidative phosphorylation, 

oxygen concentration within the chambers drops during mitochondrial respiration. This 

variation of oxygen concentration is recorded by the Datlab software (Orobros 

Instruments). Oxygen flux is calculated as the derivative of the slope of the variation in 

oxygen concentration within the chamber and determined as picomole per second per 

milligram wet weight of sample [pmol/(s*mg)]. Chambers were filled with a 

mitochondrial respiration medium (MiR05) and the samples were transferred to the 

chambers. Samples were continuously stirred within the medium at a defined speed of 

750 rotations and temperature was adjusted at 37 °C (Pesta and Gnaiger, 2012). A 

substrate–uncoupler–inhibitor titration (SUIT) protocol for high-resolution respirometry 

was used in mouse cortical neuronal cells. Substrates, uncouplers and inhibitors of 

mitochondrial metabolic pathways were titrated (SUIT002-protocol shown in Table 

3.4.1) into the chambers to investigate mitochondrial respiration. 

 
 

 
Table 3.4.1 Respiratory states induced in Oxygraph-2k analyses. Oct= octanoylcarnitine, M= malate, 
P= pyruvate, G=Glutamate, S= succinate, Gp=glycero3-phosphate, CCCP= Carbonyl cyanide m-
chlorophenyl hydrazone, Rot= rotenone, Ama= antimycin A, CI= complex 1, CII= complex 2, FAO= fatty 
acid oxidation, OXPHOS= oxidative phosphorylation, ROX= residual oxygen consumption, subscript P= 
phosphorylating condition after ADP addition, subscript E= uncoupled condition after CCCP injection. 

 

Mild detergent (digitonin) was used to selectively permeabilise the cell membrane to 

facilitate substrate, uncoupler and inhibitor action on the electron transport chain. During 

sample preparation the outer mitochondrial membrane may become damaged, so it is 

INJECTIONS STATES OF RESPIRATION STATE LABEL 

Oct-M-P OXPHOS FAOP 

Oct-P-M-P OXPHOS CI+FAOP 
Oct-P-G-M-P OXPHOS CI+FAOP 
Oct-P-G-M-S-P OXPHOS CI+CII+FAOP 

Oct-P-G-M-S-Gp-P OXPHOS CI+CII+FAOP 
CCCP E Maximal electron transport chain capacity CI+CII+FAOE 

RotE Maximal electron transport chain capacity CIIE 
AmaROX Residual oxygen consumption ROX 
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important to check the outer mitochondrial membrane integrity using exogenous 

cytochrome c. The absence of a significant increase in respiratory flux following the 

addition of cytochrome c (during the SUIT protocol) indicated that the outer 

mitochondrial membrane is intact. In order to evaluate the oxidative capacity of the 

mitochondrial oxidative phosphorylation system (OXPHOS capacity) Adenosine-di-

phosphate (ADP), that is required to achieve the active state of the ATP-synthase, was 

added at beginning of the assay, ADP is used in excess because low levels of ADP can 

limit mitochondrial respiration as there wouldn’t be enough to create ATP despite a high 

protomotive force.  Malate (M) (a substrate of the enzyme malate dehydrogenase that is 

oxidized in the citric acid cycle to oxaloacetate and generates one NADH that will be 

used by CI) and Octanoylcarnitine (Oct) (a medium-chain fatty acid that serves as a 

substrate of fatty acid oxidation) were injected to induce fatty acid oxidation (FAO).  

Followed by addition of Pyruvate (P) (catalysed in the mitochondrial cytosol by pyruvate 

dehydrogenase to acetyl-CoA that is further introduced into the citric acid cycle), 

Glutamate (G) [converted to the TCA cycle intermediate α-ketoglutarate (α-KG), that 

serves in both ATP production and in replenishing TCA cycle intermediates], were used 

as complex I-associated substrates and  Succinate (S) (formed within the citric acid cycle 

and direct substrate of complex II, also known as succinate dehydrogenase). By the 

reaction of succinate to fumarate, electrons are transferred to CoQ and are therefore 

important for the activation of complex III as complex II itself is not able to transfer 

protons into the intermembrane space. Study of OXPHOS-linked respiratory states was 

completed after injection of Glycerol-3-phosphate (Gp) which is oxidized by the 

mitochondrial Glycerophosphate dehydrogenase complex to dihydroxyacetone 

phosphate and feeds electrons to the ubiquinone. Afterwards, electron transfer capacity 

(ETC) was induced by stepwise titration of Carbonyl cyanide m-chlorophenyl hydrazone 

(CCCP) which is a protonophore that transports protons from the intermembrane space 

across the inner mitochondrial membrane to the matrix, uncoupling oxidation from 

phosphorylation. Complex I was inhibited by Rotenone to investigate complex 2-
associated respiration. The non-mitochondrial background respiration or residual oxygen 

consumption (ROX) was determined by addition of Antimycin A to inhibit the coenzyme 

Q: cytochrome c oxidoreductase (CIII) and respiration was terminated (Figure 3.4.1A-B). 

An example of recording oxygen flux for the evaluation of mitochondrial respiration with 

the described SUIT-protocol in mouse cortical neuronal cultures is shown in Figure 

3.4.1B. 
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Figure 3.4.1 High Resolution Respirometry in mouse cortical neurons. (A) Schematic representation 
of the mitochondrial electron transport chain located within the inner mitochondrial membrane (IMM). 
Electron transfer is coupled to the transfer of protons (H+) from the matrix to the intermembrane space 
(IMS), resulting in the creation of a proton gradient. This gradient is coupled to the ATP synthesis by 
complex V. Respiratory capacity of mitochondria is evaluated by coupled oxidative phosphorylation 
(OXPHOS) of fuel substrates (Malate, Pyruvate, Glutamate, Succinate, Octanoylcarnitine,and 
Glycerophosphate) and by uncoupled respiration induced by titration of an established uncoupler (CCCP) 
to collapse the proton gradient across the IMM and measure electron-transfer-pathway capacity (ET). . 
(Glycero-P: Glycerophosphate, DHAP: Dihydroxyacetonphosphate). (B) Representative trace for a 
SUIT002 high resolution respirometry protocol in mouse cortical neurons. Graph represents oxygen (O2) 
concentration (blue line [μM] and changes in Oxygen flow (red line; [pmol/(s*million cells)]) with time in 
a single oxygraph chamber (oroboros-2K; Oroboros instruments; Austria). ADP (Adenosine di phosphate), 
CCCP (carbonyl cyanide m-chlorophenyl hydrazone), OXPHOS (oxidative phosphorylation), ETC 
(electron transport capacity), ROX (residual oxygen consumption).  FAO (fatty acid oxidation), CI 
(complex 1), CII (complex 2), CIII (complex 3). 
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Initially, from high-resolution respirometry results it was possible to delineate a global 

metabolic profile for mouse cortical neurons: a higher oxygen consumption was shown 

after titration of pyruvate, glutamate, succinate and glycerol-3-phosphate, but oxygen flux 

was not changed following FAO induction by octanoyl-carnitine. There is considerable 

evidence that neurons in the brain avoid extensive fatty acid oxidation to favor glucose 

oxidation, and indeed we observed an increased oxygen consumption following 

glycerophosphate injection. Neurons primarily rely on glucose to fuel mitochondrial 

metabolism and are capable of switching to a glutamate-fueled mitochondrial. Unlike 

neurons, it is well established that non-neuronal cells, such as astrocytes, adapt to nutrient 

availability and switch from using glucose to using alternative nutrients, including fatty 

acids. 

Secondly, we did not observe any major difference between wild-type and PINK1 KO 

neurons in their utilization of substrates (Figure 3.4.2A). There was a mild global 

impairment of mitochondrial respiration in PINK1 KO neurons compared to wild-type 

neurons (repeated measure ANOVA, p<0.05). In addition, we observed a mild decrease 

in the P/E control ratio, in PINK1 KO neurons (Figure 3.4.2B), suggesting an enhanced 

coupling of oxidation and phosphorylation in PINK1 KO primary neurons that may 

compensate for the reduction in mitochondrial respiration and maintain physiological 

ATP levels. (P/E control ratio: OXPHOS/ET, phosphorylation system control ratio, that 

is a measure of the limitation of OXPHOS capacity by the phosphorylation system). 

 

Figure 3.4.2 Respiratory measurements in PINK1 WT and KO mouse cortical neurons.  (A) High-
resolution respirometry of PINK1 KO and WT primary neuron cultures. (B) P/E control ratio of A. Data is 
displayed as mean +/- SEM. *p<0.05. Experiment performed by Dr Francois Singh. 

A 

B 
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3.5 Conclusions. 
 
Genetic Parkinson’s disease has been associated with mutations in PINK1, a gene 

encoding a mitochondrial kinase, and Parkin a gene encoding a E3-ubiquitin ligase, both 

implicated in the regulation of mitochondrial degradation. As genetic deletions of PINK1 

and Parkin in mouse models do not faithfully replicate the human disease, it has been 

proposed that mutations in these genes increased biological susceptibility to, rather than 

directly causing, substantia nigra neurodegeneration (Akundi et al., 2011, Moisoi et al., 

2014). Therefore, the characterization of endogenous PINK1 and Parkin function is 

crucial in delineating the pathophysiology underpinning early-onset PD. Another 

challenge is the difficulty to activate the PINK1/Parkin pathway in in vivo models, which 

limits their relevance for mechanistic studies. Moreover, while the studies so far 

examined PINK1 and Parkin function in non-neuronal systems or through gene 

knockdown approaches, there is a necessity to examine the role of endogenous PINK1 

and Parkin in appropriate and biologically relevant cell models for neurological disorders. 

Noteworthy, a few efforts have been made in the past to provide a functional role for 

PINK1 in human midbrain derived neurons and mouse neurons (Gandhi et al., 2009, 

Wood-Kaczmar et al., 2008). 

To meet the overall aim of this PhD project, we established mouse cortical neuronal 

cultures from E.16.5 embryos as a model to begin to study the role of the endogenous 

PINK1 and Parkin in a more relevant cell type for PD. This cell system enabled for the 

first time large-scale proteomic profiling experiments in mouse neuronal cell systems. 

Based on the phenotypic characterization of mouse cortical primary neurons, biochemical 

and imaging data showed that cortical cultures were highly enriched for neuronal cells. 

This data was further corroborated with the evaluation of copy number per cells by mass 

spectrometry analysis. We found high copy number of multiple neuronal markers 

including Tubb3 (~11.6 million copies per cell), Syp (~1.6 million copies per cell) and 

Mapt (~1 million copies per cells) and lower copy number of astrocytic markers Gfap, 

Aldg1l1 and S110-β (~24 thousand copies, ~13 thousand copies and ~3 thousand copies 

per cells), supporting evidence of a low  astrocytic density with a mean ratio of astrocytes 

to neurons of 0.2 ± 0.1 (measured as ratio of Gfap or Aldh1l1 to Mapt ± standard 

deviation) in E16.5 derived mouse cortical neurons. ~6 thousand copies were found for 

Olig2, a marker for oligodendrocytes and no copies were found for microglial markers 

(Iba1 and P2ry12). Furthermore, deep proteomic analysis of mouse cortical neurons 

profiled a broad spectrum of PD-linked proteins, including Parkin, SNCA, PARK7/DJ1, 
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VPS35, VPS13C, ATP13A2 and LRRK2. We were unable to detect PINK1 protein under 

our experimental condition. It will be worth to verify whether an additional step of peptide 

IPs in our proteomic workflow enables PINK1 detection.  

Importantly, we were also able to detect endogenous Parkin expression in mouse cortical 

neurons via Western blotting. Parkin protein levels increased in parallel with neuronal 

maturation and phosphorylation on Ser65 was found starting from the earlier stage of 

maturation (12 DIV) and already after 40 minutes of AO treatments.  To further test 

PINK1 activity in mouse cortical neurons, we compared treatment with mitochondrial 

stressors, CCCP and AO. Interestingly, ubiquitin phosphorylation at Ser65 was not 

detected when neurons were treated with CCCP but the typical smear band of 

phosphoSer65 Ubiquitin was detected in AO treated neurons. Also, depolarization of the 

mitochondria in mouse cortical neurons using the protonophore CCCP promoted a higher 

susceptibility to the neurotoxicity and cell death when compared to AO treatment. It 

should be noted that neurons rely on oxidative phosphorylation to meet energy demands 

and both Antimycin A and oligomycin treatment reduce ATP production by directly 

inhibiting oxidative phosphorylation; in contrast, CCCP reduces ATP production by 

uncoupling electron transport from ATP production, but also stimulates oxidative 

phosphorylation and induces mitochondrial substrate oxidation. We assumed that this 

difference may account for the different effects of these mitochondrial depolarization 

drugs in neurons. Taken together, these results suggest that the increased Parkin Ser65 

and ubiquitin Ser65 phosphorylation in depolarized neurons leads to a more neuron-

selective response to the treatment with Antimycin A/ Oligomycin drugs. Then, we 

decided to use the combination of Antimycin A/ Oligomycin for the entire course of this 

project. 

A critical aspect for the field is the generation of antibodies with high sensitivity and 

specificity for phosphoSer65 Ubiquitin at endogenous levels. An extensive effort was 

made by the Muqit lab to generate this critical tool. An in-house polyclonal phosphoSer65 

Ubiquitin antibody was produced in collaboration with 21st Century Biochemicals and 

used throughout this thesis. However, towards the end of this PhD project, a new 

commercial antibody for phosphoSer65 Ubiquitin was released by Cell Signaling 

Technology (CST). Immunoblotting analysis in SH-Y5Y cells (Appendix, Figure 7.1) 

demonstrated that the CST antibody appeared to be more sensitive for the detection of 

phosphoSer65 Ubiquitin compared to the in-house antibody. The CST antibody made it 



 119 

possible to overcome the limitation, we were encountering in mouse primary neurons, in 

detecting a more sensitive signal for phosphoSer65 Ubiquitin and with a lower 

background for immunofluorescence analysis.  

A final objective of this section study was to perform a detailed evaluation of 

mitochondrial respiration in mouse cortical neurons using high resolution 

respirometry. Previous work has shown that the absence of PINK1 is associated with 

inhibition of respiration, reduction of oxygen consumption, and an altered redox state in 

mouse neurons (Gandhi et al., 2009). Yet, our findings showed that neurons lacking 

PINK1 exhibited only a slight reduction in mitochondrial respiration that may be 

compensated by an enhanced coupling of oxidative phosphorylation.  
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Chapter 4  
 

Analysis of endogenous PINK1-Parkin 
Signaling in mouse cortical neurons 
 
 

4.1 Introduction. 

4.1.1 Research objectives. 

• Investigation of PINK1-Parkin signaling in mouse cortical neurons 
  

o Biochemical characterization of PINK1-Parkin signaling in mouse cortical 

neuronal cultures. 

o Proteomic characterization of PINK1-Parkin signaling in mouse cortical 

neuronal cultures. 

4.1.2 Background of the study. 

Mutations affecting the activities of PINK1 or Parkin have been associated with 

neurodegenerative diseases such as Parkinson's disease (Valente et al., 2004, Kitada et 

al., 1998). PINK1 is postulated to accumulate on depolarized mitochondria to act as a 

sensor of mitochondrial damage (Narendra et al., 2010). In healthy cells, PINK1 is 

imported into mitochondria, where it undergoes proteolytic release and cytoplasmic 

degradation of its kinase domain. Conversely, upon mitochondrial damage, import of 

PINK1 is prevented and it accumulates on the outer membrane of the damaged organelle 

where it phosphorylates Ser65 of ubiquitin (Ub)  (Kane et al., 2014, Kazlauskaite et al., 

2014, Koyano et al., 2014) as well as its counterpart in the ubiquitin-like domain of the 

RBR-family E3 ligase Parkin (Kondapalli et al., 2012, Shiba-Fukushima et al., 2012, 

Shiba-Fukushima et al., 2014b, Shiba-Fukushima et al., 2014a). According to the feed-

forward model, PINK1-mediated phosphorylation activates Parkin, which in turn, 

ubiquitinates proteins on the mitochondrial surface. PINK1 then phosphorylates these 

newly formed polyubiquitin chains, generating phospho-ubiquitin, which further 

promotes Parkin activity (Figure 4.1) (Ordureau et al., 2014). Once activated, Parkin 

ubiquitinates proteins at the outer face of the mitochondrial outer membrane (MOM) and 

then initiates a downstream pathway that eventually leads to mitophagy, a mitochondria-
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specific type of macroautophagy (Narendra et al., 2008, Geisler et al., 2010, Matsuda et 

al., 2010, Vives-Bauza et al., 2010).  

The functional interplay between phosphorylation and ubiquitylation has been 

extensively studied in the context of PINK1 and the E3 Ub ligase Parkin.  Ubiquitylation 

has emerged as the most prevalent post-translational modification (PTM) for the 

regulation of protein turnover. Interestingly, ubiquitin a 76 amino acid protein, can be 

itself modified by phosphorylation on multiple sites of its Ser, Thr and Tyr residues 

(Swatek and Komander, 2016).  Ser57 and Ser65 are the most frequently modified sites 

in yeast and mammalian cells, respectively (Swaney et al., 2015, Lee et al., 2017, Peng et 

al., 2003). In yeast cells, pSer65-Ub seems to be functionally relevant and dynamically 

regulated, as its concentration increases upon oxidative stress, whereas the concentration 

of pSer57-Ub, which is the most abundant phospho-site, is not altered significantly. In 

mammals, PINK1 and Parkin generate high-density pSer65-Ub chains on MOM proteins. 

Under normal conditions, the overall concentration of phosphorylated ubiquitin seems to 

be low, the stoichiometry of pSer65-Ub is below 0.5% of total Ub in yeast and ~1.5% in 

human cells. Upon mitochondrial depolarization, the level of pSer65-Ub rises to ~2.5% 

of total Ub in yeast, while in human cells, up to ~20% of Ub is phosphorylated at Ser65 

specifically concentrated on mitochondria (Swaney et al., 2015, Peng et al., 2003). 

Moreover, pSer65-Ub can be detected in human and mouse brains. Accumulation of 

pSer65-Ub levels is detectable in human brain during ageing and Parkinson's disease, 

whereas it is largely absent in Parkinson’s patients carrying PINK1 mutations. The 

measurement of endogenous detection of pSer65-Ub enables facile stratification between 

wild-type (WT) controls, and PINK1 or Parkin Knockout (KO) genotypes (Watzlawik et 

al., 2021). 
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Figure 4.1 Representation of Feed-Forward PINK1-Parkin pathway. Mitochondrial damage leads to 
PINK1 stabilization and Parkin recruitment on mitochondria. PINK1 phosphorylates Ubiquitin and Parkin 
on its ubiquitin ligase activity. Parkin promotes Ub-chain synthesis, this increases the density of Ub on 
mitochondria and provides a substrate for phosphorylation by PINK1. Ubiquitin phosphorylation on 
mitochondria leads to amplification of mitochondrial ubiquitylation. The maximal Ub amplification 
involves recruitment of phospho-Parkin to phospho-Ub chains through a direct interaction (2). Phospho-
Ub may also recruit non-phosphorylated Parkin to promote chain synthesis or ubiquitylation of 
mitochondrial outer membrane proteins, albeit with rates lower than those seen with phospho-Parkin (3). 
Moreover, binding of unphosphorylated Parkin to phospho-Ub may increase its local concentration in the 
vicinity of PINK1 to facilitate Parkin phosphorylation, leading to further activation (1) [Adapted from 
(Ordureau et al., 2015b)]. 

 
In addition, Parkin is also capable of synthesizing oligomeric polyubiquitin (polyUb) 

chains and these linkages are formed by covalent attachment of the α-carboxyl group of  

the C-terminus of the first Ub to the e-amino groups of any of the seven lysine (K) 

residues in ubiquitin (Lys 6, 11, 27, 29, 33, 48 and 63) or an amino terminus (Met1) 

residue (Swatek and Komander, 2016).  Previous studies showed that Lys48 and Lys63-

linked polyUb chains were enriched on mitochondria following depolarization, which 

leads to the recruitment of the 26S proteasome to mitochondria. Also, using absolute 

quantification (AQUA) of Ub peptides in cells, Lys48 and Lys63-linked polyUb chains 

were highly increased following Antimycin/Oligomycin treatment in a Parkin-dependent 

manner, whereas Lys6 and Lys11-linked polyUb chains were also increased but to a lesser 

extent.  

Finally, PINK1 was shown to have an important role for the phosphorylation at pSer111 

of three closely related Rab GTPases: Rab8A, Rab8B and Rab13 (Lai et al., 2015). 

However, one unresolved aspect of this mechanism is that these Rab proteins do not seem 

to be directly phosphorylated by PINK1 and there might be a further kinase to mediate 

Rab phosphorylation. In addition, in Lai et al, using endogenous PINK1conditions, Parkin 

phosphorylation occurred after 20 min of PINK1-pathway stimulation, whereas Rab8A 
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phosphorylation occurred much later, at 6 h.  The time difference in phosphorylation 

between Parkin and Rab could suggest that the Ser111 kinase may be newly transcribed 

upon PINK1-pathway activation or a phosphatase, which could be inactivated upon 

prolonged PINK1 pathway stimulation, may be involved in the phosphorylation of a 

Ser111 phosphorylation of a subset of Rab GTPases at a conserved Serine 111residue. It 

would be crucial to determine both the kinase and/or the phosphatase for Rab Ser111 and 

their role in the PINK1-Parkin-mitophagy pathway. In light of this, the Muqit lab is 

currently trying to identify both the kinase and the phosphatase, involved in the PINK1-

Rab pathway. 

4.2 Experimental framework to study PINK1-Parkin Signaling. 

 
Despite years of work, we still have a poor understanding of the dynamics and process of 

ubiquitylation by PINK1/Parkin pathway in neurons. To begin my investigation, we first 

sought to characterize and define the biochemical signaling pathway regulated by 

PINK1/Parkin in mouse cortical neurons. Overall, we have used two complementary cell-

based approaches: 1) Ubiquitin Binding Domain (UBD) pull-down assay, a biochemical 

method that allows enrichment and isolation of ubiquitylated forms of many endogenous 

proteins, including proteins that are ubiquitylated to a low stoichiometry; 2) Absolute 

Quantification (AQUA) mass spectrometry by Parallel Reaction Monitoring (PRM) 

proteomic analysis to quantitatively measure ubiquitin linkage types regulated by 

PINK1/Parkin in response to mitochondrial depolarization. 

 

A major challenge for biochemical and quantitative proteomic analysis of cellular 

proteins that are ubiquitylated and phosphorylated in response to mitochondrial damage, 

in a PINK1-Parkin-dependent manner, involve the spatial configuration and 

stoichiometry of these post-translational modifications occurring on the mitochondria. 

We therefore isolated membrane-enriched fractions that provides high mitochondrial 

yield from primary cells, such as neuronal cultures. This additional step in the workflow, 

in combination with other enrichment strategies, improved upon existing proteomic and 

biochemical workflows for investigation of molecular events defined by PINK1/Parkin 

pathway. In addition, the membrane-enriched protocol used in this project is a post-

nuclear membrane fractionation that presents an efficient and practical method to isolate 

proteins expressed in all cell organelles and the plasma membrane from cultured cells in 

vitro.  
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Initial global assessment of the PINK1-Parkin pathway was carried out in primary cortical 

neuron cultures generated from E16.5 mouse embryos, cultured for 21 days in vitro (DIV) 

and stimulated with 10μM Antimycin A and 1μM Oligomycin (AO), to induce 

mitochondrial depolarisation. Samples were enriched for membrane fraction and then 

subjected to biochemical or proteomic analysis (Figure 4.2). 

 

 

 

 

Figure 4.2 Experimental workflow in primary mouse neurons. E16.5 cortical neurons were cultured for 
21 days in vitro (DIV) and membrane enrichment was performed after mitochondrial depolarisation 
induced with 10 μM of Antimycin A combined with 1 μM of Oligomycin for 5h. 
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4.3 Investigation of PINK1-Parkin Signaling in mouse cortical 
neuronal cultures. 

4.3.1 Biochemical characterization of PINK1-Parkin signaling in mouse 
cortical neurons. 

 

4.3.1.1 Principle of Halo-UBA pull-down assay. 

Protein ubiquitylation is a highly dynamic, reversible and complex post-translation 

modification. Among various strategies used to analyse the ubiquitylated proteome, 

immunoblotting is the most commonly used method for its high specificity and 

sensitivity. This approach requires standardised steps: 1) preservation of the 

ubiquitylation state by use of specific inhibitors; and 2) detection and analysis of 

ubiquitylated proteins following enrichment steps by use of immobilised ubiquitin-

binding domain (UBDs) proteins.  

A routine biochemical method to identify ubiquitylated protein is the capture of all Ub-

chain linkage types using either Halo-tagged UBQLN1 (TUBE) and/or Halo-multiDSK 

proteins.  In this work the following affinity protein capture types have been used: 1) 

UBQLN1 (also called TUBEs tandem-repeated ubiquitin-binding entities) recognize 

tetra-ubiquitin with a markedly higher affinity than single ubiquitin associated (UBA) 

domains, allowing poly-ubiquitylated proteins to be efficiently enriched (Hjerpe et al., 

2009). 2) MultiDsk (m-DSK) binds ubiquitylated substrates with high avidity and can be 

used to enrich both mono- and poly-ubiquitylated proteins (Wilson et al., 2012). 3) mutant 

form of MultiDsk protein (m-DSK mutant) which is unable to bind any ubiquitylated 

proteins. In this protein, 2-point mutations were introduced in UBA domains to disrupt 

Ub binding (Alanine replaced by either Methionine or Phenylalanine) and a deletion of 

16 amino acids in the first UBA domain. The m-DSK mutant provides a negative control 

for the ubiquitin pulldown assay.  Finally, captured ubiquitylated proteins are probed by 

immunoblotting (Figure 4.3.1). 
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Figure 4.3.1 Schematic representation of Halo-UBD proteins. Halo-UBA-UBQLN1 (TUBE) has 4 UBA 
domains and binds polyubiquitin chain. Halo-multiDSK protein has 5 UBA domains and binds multi-mono 
ubiquitin chains. Halo-multiDSK mutant protein carries mutations in UBA domains, therefore it is unables 
to bind ubiquitin. 

 

4.3.1.2 Analysis of Phosphorylation and Ubiquitylation PINK1-mediated in 
C57BL/6J mouse neurons. 

Our first goal was to optimize the detection of phospho-ubiquitin using HALO-UBA pull-

down assay in C57BL/6J mouse cortical neurons after AO stimulation.  Membrane lysates 

were incubated overnight with Halo-UBQLN1, Halo-multiDSK or mutant Halo-multi 

DSK and the eluates were resolved by SDS-PAGE. 

After 5 hours of AO treatment, we could detect the phospho-Ser65 ubiquitin smear, 

typical of PINK1 activation. The total ubiquitin levels were uniform in all the samples 

(treated and untreated).  We did not observe any difference in the detection of phospho-

Ser65-ubiquitin and ubiquitin antibody after HALO-multiDSK and HALO-UBA-

UBQLN1 pull-downs. Importantly, the signal was abolished using a mutant form of 

HALO-multiDSK (Figure 4.3.2). As it was shown in a previous work that multiDSK has 

a higher affinity for ubiquitylated proteins when compared to TUBE protein under the 

same test conditions (Wilson et al., 2012), we decided to use multiDSK protein 

throughout the course of this project. 
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Figure 4.3.2 Detection of phosho-Ser65 Ubiquitin by Halo-UBA pull-down assay. Comparison of 
phospho-Ser65 ubiquitin detection using Halo-TUBE and/or Halo-multiDSK (mDSK) proteins enrichment. 
Mutant non-binding form of Halo-multiDSK (mDSK) used as negative control for the ubiquitin pull-down 
assay. Immunoblotting with anti-ubiquitin antibody was used as loading control. 

 
 

 

We next undertook a time course analysis of PINK1 activation in primary mouse neurons 

following AO stimulation. Endogenous PINK1 levels were detectable following 

immunoprecipitation-immunoblot analysis revealing very low expression in neurons 

under basal conditions and increased expression over time upon mitochondrial 

depolarization. Immunoblot analysis of Parkin demonstrated basal expression that was 

stable upon mitochondrial depolarisation up to 9h. Upon mitochondrial depolarization, 

 We observed robust accumulation of phospho-ubiquitin at 3 h and this was maximal at 5 

h and similarly, we also detected phospho-Parkin upon mitochondrial depolarization 

(Figure 4.3.3). We therefore undertook all subsequent analysis at this timepoint.  
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Figure 4.3.3 Time course analysis in C57BL/6J mouse cortical neurons upon AO stimulation. 
Membrane lysates were subjected to Halo-multiDSK (mDSK) pull-down assay and immunoblotting with 
anti-phospho-Ser65 ubiquitin and anti-ubiquitin antibodies. PINK1 stabilisation was detected by 
immunoprecipitation-immunoblot. Immunoblot analysis with anti-Parkin, anti-phospho-Ser65 Parkin, anti-
phospho-Ser111 RAB8A, anti-RAB8A and anti-GAPDH antibodies.  

 

4.3.1.3 Analysis of PINK1-mediated Phosphorylation and Ubiquitylation in 
PINK1 and Parkin mouse knockout (KO) neurons. 

We next investigated signaling in PINK1 KO and WT neurons. We prepared three 

biological replicates for each genotype, cultured for 21 DIV and divided into basal 

(DMSO) and AO-treated samples. We could observe a complete loss of phospho-Ser65-

ubiquitin and phospho-Ser65-Parkin in PINK1 KO neurons and detect PINK1 

stabilization in PINK1 WT AO-treated neurons.  PINK1 activation leads to induction of 

phosphorylation of a subset of Rab GTPases including Rab8A at Serine 111 (Ser111) in 

human cancer cell lines (McWilliams et al., 2018a) and upon mitochondrial 
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depolarisation we observed Ser111-phosphorylated Rab8A (phospho-Rab8A) in wild-

type neurons and this was abolished in PINK1 KO neurons.  

 

 

Figure 4.3.4 PINK1-Parkin signaling in PINK1 wild-type (WT) and knockout (KO) mouse cortical 
neurons. Immunoblots showing comparative analysis of phospho-Ser65 Ubiquitin levels in primary 
cortical neuron cultures from wild-type and PINK1 knockout mice. Cultures were stimulated with 
Antimycin A and Oligomycin for 5 h prior to membrane enrichment. Phospho-Ser65 Ubiquitin was 
detected by immunoblotting after ubiquitin enrichment by incubating with ubiquitin-binding resin derived 
from Halo-multiDSK (mDSK). Affinity captured lysates were also subjected to immunoblotting with total 
ubiquitin antibody. Immunoprecipitation (IP)-immunoblot showed PINK1 protein stabilisation after 
mitochondrial depolarisation. Phospho-Ser111 Rab8A and phospho-Ser65 Parkin were detected by 
immunoblotting. Lysates were also subjected to immunoblotting with indicated antibodies for loading and 
protein expression controls. 

 
Upon mitochondrial depolarisation of wild-type and Parkin KO neurons, we observed 

loss of phospho-Ser65-Parkin in Parkin KO neurons and, whilst the level of phospho-

Ser65-ubiquitin was substantially reduced, it was not abolished suggesting that other 

unknown ubiquitin E3 ligases may contribute ubiquitin marks that can be phosphorylated 

by PINK1 in mature neurons, a finding consistent with studies in Parkin-deficient 

iNeurons. Furthermore, we observed decreased PINK1 levels in Parkin KO neurons 
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consistent with previous observations in human Parkin S65A iNeurons (Ordureau et al., 

2018) and human Parkin S65N patient derived fibroblasts (McWilliams et al., 2018a) 

suggesting a potential feedback mechanism of Parkin activation on PINK1 stabilisation. 

The Muqit lab has previously showed that PINK1-induced phospho-Rab8A can occur in 

HeLa cells that lack Parkin or in Parkin KO mouse embryonic fibroblasts (MEFs) (Lai et 

al., 2015) and consistent with this, we did not observe any difference in phospho-Rab8A 

in wild-type or Parkin KO neurons following mitochondrial depolarization.  

 

 

Figure 4.3.4 PINK1-Parkin signaling in Parkin wild-type (WT) and knockout (KO) mouse cortical 
neurons. Immunoblots showing comparative analysis of phospho-Ser65 Ubiquitin levels in primary 
cortical neuron cultures from wild-type and Parkin knockout mice. Membrane lysates were enriched for 
ubiquitin by incubating with Halo-multiDSK (mDSK). Enriched lysates were subjected to immunoblotting 
with anti-phospho-Ser65 ubiquitin and anti-ubiquitin antibodies. IP-immunoblot showed PINK1 
protein stabilisation after mitochondrial depolarisation. Membrane lysates were also subjected to SDS-
PAGE and immunoblot analysis with anti-Parkin, anti-phospho-Ser65 Parkin, anti-phospho-Ser111 
RAB8A, anti-RAB8A and anti-GAPDH antibodies. * Non-specific band.  
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4.3.1.4 Analysis of PINK1-mediated Phosphorylation and Ubiquitylation in 
VPS35 mouse neurons. 

Mutations in the vacuolar protein sorting 35 homolog gene (VPS35) have been associated 

to autosomal dominant late-onset PD (Vilarino-Guell et al., 2011, Zimprich et al., 2011). 

VPS35 encodes a key subunit of the retromer complex responsible for sorting proteins 

between membranous organelles disorder. How mutant VPS35 causes PD is not clear. 

Several lines of evidence showed the VPS35 gene may be involved in the role of DMT1 

mediating the uptake of iron and iron translocation from endosomes to the cytoplasm  

(Tabuchi et al., 2010) and in α-synuclein degradation pathways (Dhungel et al., 2015). 

The p.Asp620Asn (c.1858G>A) (D620N) mutation has been proven to be pathogenic 

with a frequency of ~1.3% in familial cases and 0.3% in sporadic PD cases (Guella et al., 

2012, Kumar et al., 2012). To evaluate the pathogenic role of VPS35–D620N mutation, 

a knockin (KI) mouse model has been generated (Ishizu et al., 2016). VPS35–D620N 

mice, at 3 months of age,  exhibit normal motor functions and no loss of striatal DA 

neurons (Cataldi et al., 2018). In VPS35–D620N KI mice, the typical Lewy-body like 

inclusions or α-synuclein accumulation were not detected, but strikingly abnormal 

accumulation of early tau-positive pretangle-like structures have been observed (Chen et 

al., 2019). Moreover, VPS35–D620N KI mice or VPS35 knockout mice impacted 

LRRK2-mediated Rab protein phosphorylation showing that VPS35 could play a major 

role in controlling LRRK2 kinase activity (Mir et al., 2018b). 

 
It has been reported that additional monogenic forms of Parkinson’s may interplay with 

the PINK1/Parkin pathway including the Asp620Asn (D620N) mutation of the retromer 

associated VPS35 gene (Williams et al., 2018, Ma et al., 2021).  In these studies, novel 

functional interaction between Parkin and VPS35 have been described in SH-SY5Y 

neuroblastoma cells lines. Parkin mediated VPS35 ubiquitylation which in turn regulated 

retromer-dependent sorting but not proteasomal degradation of VPS35 (Williams et al., 

2018).  SH-SY5Y cells mutated for VPS35-D620N were unable to accumulate PINK1 at 

their surface upon mitochondrial depolarization. Consequently, Parkin recruitment to the 

cell surface was inhibited and initiation of the PINK1/Parkin-dependent mitophagy was 

impaired (Ma et al., 2021). 

However, when we tested the hypothesis of a potential interaction between VPS35 and 

PINK1-Parkin pathway, we did not observe any alteration in phospho-ubiquitin or 

phospho-Rab8A in VPS35 D620N homozygous and heterozygous neurons compared to 
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wild-type controls following mitochondrial depolarisation (Figure 3.3.5). Also, we could 

not observe any differences of CISD1 ubiquitylation, a readout of Parkin activation, 

suggesting that in VPS35 D620N neurons, Parkin can still be recruited on depolarized 

mitochondria to ubiquitylate mitochondrial proteins. 

 

 

 

Figure 4.3.5  PINK1-Parkin signaling in VPS35 D620N cortical neurons. Phospho-Ser65 ubiquitin 
levels were detected in VPS35 D620N mouse cortical neurons after 5 hours of AO stimulation. Whole cell 
lysates were enriched for ubiquitin by incubating with Halo-UBQLN1. Enriched lysates were subjected to 
immunoblotting with anti-phospho-Ser65 ubiquitin and anti-CISD1 antibodies. MemCode was used as 
loading control. Whole cell lysates were also subjected to SDS-PAGE and immunoblot analysis with anti-
Parkin, anti-phospho-Ser65 Parkin, anti-phospho-Ser111 RAB8A, anti-RAB8A, ant-VPS35 and anti-
GAPDH antibodies. 
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4.3.2 Proteomic characterization of PINK1-Parkin signaling in mouse cortical 
neurons. 

PINK1 has a dual role in phosphorylating Parkin on its Ub-like (Ubl) domain and poly-

Ub chain on mitochondria. Phosphorylation of Parkin on Ser65 by PINK1 leads to 

assembly of multiple Ub-chain linkage types on depolarized mitochondria (Figure 4.3.6 

A). When PINK1 phosphorylates both poly-Ub chain conjugated to mitochondrial 

proteins and Parkin on Ser65, this enhances Parkin activity towards Ub-chain synthesis 

and substrate ubiquitylation. Another important question of this pathway has been the 

type of ubiquitin chain-linkage mediated by Parkin. Previous work showed that Parkin 

can catalyse 4 (K6-, K27-, K48-, K63-) (Chan et al., 2011, Durcan et al., 2011, Geisler et 

al., 2010), of the 7 possible lysine linkage in ubiquitin. To assess analysis of ubiquitin 

signaling in a quantitative manner, I employed Parallel Reaction Monitoring (PRM) 

proteomics to identify and quantify Ub-chain linkage. This experimental section was 

performed in collaboration with Prof. J. Wade Harper and Dr. Alban Ordureau. 

 

4.3.2.1 Absolute quantification of ubiquitin peptides by PRM. 

PRM is a quantitative, high-resolution MS method, that allows one to quantify very low 

amounts (100 attomole) of all possible ubiquitin chain types in cell extracts.  

This method can be coupled with the enrichment methods to analyze changes in 

ubiquitylation and in our workflow, it was combined with sequential capture of all Ub 

chain linkage types using tandem immobilized UBA domains from UBQLN1 (Halo-

UBA
UBQLN1

) and multi-DSK (Halo-UBAmDSK), that greatly increasing the sensitivity of 

Ub chain detection on known Parkin substrates in response to depolarization with 

antimycin A and oligomycin (AO). 

Absolute quantification was also adopted to quantify the abundance of ubiquitin chain 

linkage peptides (Ub-AQUA) by employing special labeled ubiquitin peptide standards 

(so-called AQUA peptides), which serve as an internal standard on peptide level, and are 

based on stable isotope dilution of synthetic peptides enriched in 18O, 13C, 2H or 15N in 

the sample. Synthetic AQUA peptides are chemically and physically indistinguishable 

from their endogenous counterparts with respect to retention time, ionization efficiency 

and fragmentation mechanism. Here, synthetic peptides with a known concentration are 

added to the cell lysates during trypsin digestion (Figure 4.3.6 B). 
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Trypsinization of Ub-chains generates the characteristic Lys-!-Gly-Gly (diGly)-derived 

peptides of all 7 isopeptide linkage types as well as the Met1 (linear) linkage (Peng and 

Gygi, 2001). The heavy AQUA peptide and its endogenous light cognate are detected by 

selected PRM via mass spectrometry. On the basis of the known amount of the AQUA 

peptide added and the intensity ratio of both peptides, the amount of endogenous peptide 

can be calculated. PRM can be performed on a quadrupole-Orbitrap mass spectrometer 

and can therefore be acquired with high resolution and high-throughput capabilities. In 

this method, precursors are isolated using a mass analyzer, and all fragments are 

simultaneously analyzed with a second mass analyzer. It can sequentially monitor several 

peptides within each cycle. Furthermore, parallel monitoring eliminates the need for a 

prior selection of target peptide transitions (Figure 4.3.6 C). 
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Figure 4.3.6 UB-AQUA peptides Chain Linkage Analysis Framework. (A) Ub CODE. Protein 
ubiquitylation can range from monoubiquitylation and multi-monoubiquitylation to polyubiquitylation 
involving multiple chain linkage types and possibly including branched or mixed chain structures. (B)  Ub-
AQUA peptides. Schematic representation of major UB-AQUA peptides including the major diGLY 
peptides and previously detected sites of phosphorylation in Ub can be used to determine the stoichiometry 
of phosphorylation. The predominant pS65 peptide identified is a partial tryptic cleavage product (residues 
55–72), rather than the full tryptic cleavage product (residues 64–72), due to the inhibitory effect of the 
phosphate near the trypsin-cutting site. (C)  Schematic representation of Ub-AQUA peptides by PRM.  
Heavy reference peptides against peptides and modified peptides of interest are synthesized, and known 
quantities added to samples post-trypsinization. PRM uses a pre-selected precursor peptide list to target 
peptides for isolation in quadruple-1 (Q1). These ions are fragmented in Q2, and desired fragment ions 
detected in Q3 using a high-resolution Orbitrap. Samples are monitored and analised in parallel peak 
intensities measured for experimental sample relative to reference (AQUA) peptides. *, heavy labeled 
amino acid [Adapted from  (Ordureau et al., 2015b)]. 

 

A 

B 

C 
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4.3.2.2 Ubiquitin quantification in neurons by Ub-AQUA peptides-PRM. 

In order to identify Ub-chain linkage, we employed targeted Parallel Reaction Monitoring 

(PRM) proteomic analysis in whole cell lysates of mature DIV21 neurons, and this leads 

us to quantitatively assess ubiquitin changes upon AO stimulation and we observed an 

approximate 52-fold increase in phospho-ubiquitin with a stoichiometry of ubiquitin 

phosphorylation of ~0.13 at 5 h treatment (Figure 4.3.7 A). Under basal conditions we 

detected nearly all ubiquitin chain linkage types including K6, K11, K27, K33, K48 and 

K63 but upon 5 h of AO treatment, we only observed an increase in K63 chain linkages 

(Figure 4.3.7 B). 

 

 

Figure 4.3.7 Ub-AQUA peptides PRM quantification. C57BL/6J mouse cortical neurons (DIV 21) were 
depolarized with AO for 5 hours and whole cell lysates were subjected to Pt-PRM quantification. 
Abundance (fmol) for individual Ub chain linkage types. UT untreated (B) and percentage of phospho-
Ser65 Ubiquitin (A) is plotted. Error bars represent SEM (n = 3). n.d., not determined. Experiments 
performed by Dr Erica Barini and Dr Alban Ordureau. 

 

Increased phosphorylation of Ser65-Ub by PINK1 has also previously reported in mouse 

embryonic fibroblasts (MEFs). A tandem mass tagging quantitative experiment showed 

an increase of ~3 fold in pSer65-Ub at 30 min and ~5 fold at 1hr after mitochondrial 

depolasitation in PINK1 WT MEFs, but not in PINK1 KO MEFs (Ordureau et al., 2014). 

In parallel studies, we carried out  a PRM analysis of less mature DIV12 neurons in which 

Parkin expression is lower (Barini et al., 2018) and stimulated these cells with AO for 

less time at 3 h. Interestingly in TUBE pulldowns of whole cell lysates or mitochondrial-

enriched fractions, we found  an approximate 300-fold and 40-fold increase in phospho-

ubiquitin respectively that was not associated with any significant increase in ubiquitin 

chain linkage types (Figure 4.3.8). This suggests that basal mitochondrial ubiquitin levels 

A B 
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in neurons may be sufficient to promote the initial generation of phospho-ubiquitin under 

conditions where Parkin activity is not maximal. 

 

 
 

Figure 4.3.8  Ubiquitin Linkage analysis in DIV 16 neurons. (A) Cortical neurons were depolarized with 
AO (3h) and extracts subject to Ub-AQUA proteomics. Abundance (fmol) or fold increase for individual 
Ub chain linkage types or pS65-Ub phosphorylation are plotted. (B) Same as (A) but extracts were first 
subjected to sequential Halo-4×UBAUBQLN1 and Halo-5xUBADSK2 coupled resin enrichment (see Methods) 
to isolate ubiquitin and ubiquitylated proteins prior to Ub-AQUA analysis.  Error bars represent SEM, n=4. 
n.d., not determined. Experiments performed by Dr Erica Barini and Dr Alban Ordureau. 
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4.4 Conclusions. 

The use of animal models has improved our understanding of human neurodegenerative 

diseases. Several animal models have been generated to study PD but none of them fully 

recapitulate neuropathological hallmarks of PD; clinical features of human disease; or 

histopathological characteristics such as, progressive and significant loss of dopaminergic 

neurons or Lewy body pathology. Furthermore, in vivo studies for PINK1 and Parkin 

mutations have always been difficult due to the low abundance of these proteins in the 

mouse brain and the lack of molecules that specifically activate this pathway.  

Therefore, to study PINK1 and Parkin biology, many cell line models have been 

generated and used, as an easier and faster alternative of animal models, and mainly these 

cell models have been human cancer cell lines. Immortalised cell lines have been 

undoubtedly useful in discerning the molecular mechanisms of PINK1/Parkin pathway 

but confer limitations. Parkin is not expressed in most cancer cell lines and endogenous 

Parkin expression is at lower levels in other cell types, for instance human primary 

fibroblasts. For this reason, detection of endogenous Parkin by Western blotting has 

always been challenging and non-specific bands in the blots have frequently been 

observed in the many studies. Furthermore, detection of endogenous Parkin and its 

phosphorylation status after protracted mitochondrial depolarization represents an 

additional challenge. Loss of Parkin has been shown after treatments of cells with CCCP 

or Antimycin A/Oligomycin, which correlates with previous observations suggesting 

Parkin activation leads to autoubiquitylation and increased proteasomal turnover 

(Rakovic et al., 2013, Allen et al., 2013). It has also been shown that endogenous Parkin 

levels and its phosphorylation profiles after a prolonged mitochondrial depolarization can 

only be measured efficiently in SH-SY5Y cells when probed with engineered E2∼Ub 

conjugated enzymes (Pao et al., 2016). 

From our results, mouse primary neuronal cultures have the potential to overcome many 

of the difficulties inherent to cell lines and would appear to be a very good model for 

studying endogenous Parkin function.  

To investigate global ubiquitylation upon Parkin activation in neurons, we have generated 

primary cortical neuron cultures from E16.5 mouse embryos; cultured for 21 days in vitro 

to achieve a maturation stage, accompanied by high levels of Parkin expression; and we 

used the Antimycin/Oligomycin paradigm to induce mitochondrial depolarization for 

PINK1/Parkin activation. 
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Endogenous Parkin levels were specifically detected by immunoblotting in wild-type 

mouse neurons and completely abolished in their counterpart knockout mouse neurons. 

Detection of PINK1 required an additional step of immunoprecipitation due to its low 

levels and the lack of sensitivity and specificity of in-house anti-PINK1 antibodies. Despite 

that, PINK1 was detectable in AO treated samples with no detection observed in PINK1 KO 

mouse neurons. Upon mitochondrial depolarization, we detected phospho-Ser65-Parkin, 

phospho-Ser65-ubiquitin and phospho-Ser111-Rab8a signals in a PINK1-dependent 

manner. Interestingly, in Parkin KO neurons phospho-Ser65-ubiquitin levels were 

substantially reduced, but not abolished suggesting that other unknown ubiquitin E3 

ligases may mediate ubiquitylation of targeted substrates, which in turn  

can be phosphorylated by PINK1. 

Different chain linkages have previously been linked to distinct biological functions, for 

example, K48-linked chains targeting proteins for degradation by the proteasome and 

M1- and K63-linked chains regulating vital processes such as DNA repair, NF-κB 

signaling, and autophagy. Thus, another important aspect to address was the type of 

ubiquitin chain linkage, Parkin can induce in mouse neurons. Previous attempts have been 

made in the Muqit lab to establish a linkage specific Ub pull-down assay by using specific 

UBA domains specific for K63 and K48. However, this assay allows analysis of only 2 

chain types and this represented a main limitation for examining the type of chains present 

on Parkin targets. Therefore, to precisely and quantitatively monitor Parkin-dependent 

chain formation in mouse neurons we used multiplex AQUA proteomics that employed 

heavy-labeled diGly peptides corresponding to the 7 possible lysine linkages in ubiquitin 

and we found that only K63 chain linkages was increased after 5 hours of AO treatments. 

Thus, K63 ubiquitylation of Parkin targets in mouse neurons may be a key signal that is 

sensed for regulation of cell survival or autophagic signaling at the earliest stage of 

mitochondrial damage.  

 

Phosphorylation of ubiquitin at S65 has been shown to have a  biological role in the 

clearance of damaged mitochondria and has also been shown to alter physicochemical 

and biochemical properties of ubiquitin itself (Wauer et al., 2015). Phosphorylation of 

ubiquitin at S65 can also inhibit both discharge of the E2 enzyme to form ubiquitin chains 

and hydrolysis of the chains by DUBs, thereby affecting chain synthesis and cleavage. 

Interestingly, DUB enzymes such as, USP8, USP15 and USP30 (all been implicated in 

Parkin regulation) were markedly less active against poly-phosphoUb and only cleaved 
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phosphoUb chains at later time points or at higher enzyme concentration in in vitro DUB 

assay (Wauer et al., 2015).   Although the physiological relevance of the changes induced 

by phosphorylation has not been fully elucidated, phosphorylation of ubiquitin affects 

ubiquitin-specific interactions with ubiquitin-binding proteins and some of the related 

enzymatic reactions are impaired; in particular, inhibition of the hydrolytic cleavage of 

the phosphorylated ubiquitin chains by DUBs might contribute to the stabilization of 

specific signals on mitochondria. A set of DUBs can also be active in a neuronal context 

and determine a specific profile ubiquitin chain topology. 
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Chapter 5  
Global ubiquitylation profiling of the 
Parkin modified proteome after PINK1 
Activation  
 

5.1 Introduction. 

5.1.1 Research objectives. 

• Profiling of endogenous ubiquitylation after PINK1-Parkin activation in 

C57BL/6J mouse neurons. 

• Profiling of endogenous ubiquitylation after PINK1-Parkin activation in PINK1 

WT and KO mouse neurons. 

• Validation of Parkin-dependent substrates using a cell-based assay. 

• Validation of Parkin-dependent substrates using in vitro assays. 

5.1.2 Background of the study. 

The identification of PINK1 and Parkin as genes linked to heritable forms of Parkinson’s 

disease have driven investigation into mechanistic studies aimed to elucidate their 

neurologic implications (Valente et al., 2004, Kitada et al., 1998).  PINK1 and Parkin 

were shown to participate collectively in the functional and morphological maintenance 

of the mitochondrial network (Narendra et al., 2010, Narendra et al., 2012, Lazarou et al., 

2013) and also to critically regulate the removal of dysfunctional mitochondria through 

mitophagy (Narendra et al., 2008). Neurons are critically dependent on mitochondrial 

integrity. Under stress condition, PINK1 is stabilized at the outer membrane of 

dysfunctional mitochondria. Via phosphorylation of ubiquitin (Ub) at the mitochondrial 

surface, it can modulate the activity of Parkin, the latter being recruited to 

mitochondria. PINK1 and Parkin, when active, collaborate to generate Ub chains and 

increased ubiquitylated substrates on the mitochondrial outer membrane (MOM). 

Activated Parkin promotes the ubiquitylation of mitochondrial substrates, such as 

CISD1 (CDGSH iron-sulfur domain-containing protein 1), Mitofusin-2 (MFN2), 

Hexokinases (HK) and VDACs (Voltage-dependent anion-selective channel proteins), 

that in turn provides more ubiquitin substrates for PINK1 to phosphorylate. This results 
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in the recruitment of mitophagy adaptors, such as TBK1, the autophagy receptors 

optineurin (OPTN) and NDP52 which link ubiquitylated cargo to the autophagic 

machinery. This amplifies the signal for the recruitment of autophagy receptors and 

results in rapid and robust mitophagy (Sarraf et al., 2013, Ordureau et al., 2014). 

While a number of Parkin-dependent ubiquitylated substrates following mitochondrial 

damage have been identified, one of the most critical questions for the field has been how 

PINK1 together with Parkin reshapes the mitochondrial proteome to influence 

mitochondrial fate.  Pioneering works by Wade Harper’s lab have addressed this aim and 

described the broad spectrum of Parkin MOM substrates in proteomics screens 

of immortalized cell lines over-expressing Parkin (Sarraf et al., 2013) and human induced 

neuronal (iNeurons) cells (Ordureau et al., 2020). Another pressing question about this 

pathway has been how the ubiquitin signal generated by Parkin on damaged mitochondria 

is translated into a signal which activates and recruits autophagy machinery. The analysis 

of Parkin MOM substrates identified by Sarraf et al. (Sarraf et al., 2013) suggested that 

the overall increase in ubiquitylation signal, rather than a specific substrate is crucial for 

the subsequent signaling process.  More generally, a challenge in studying the ubiquitin 

code has been the ability to pinpoint specific sites of substrates for a single E3 ubiquitin 

ligase. The majority of E3 ligase substrates have been identified by using systems for 

mutational analysis of candidate ubiquitylation sites in the targets. These systems have 

been informative in select cases but have not always reflected the actual sites of 

endogenous ubiquitylation in vivo, due to artifacts of overexpression or low abundance 

of substrates or low affinity for ligases to the substates (Argenzio et al., 2011, Danielsen 

et al., 2011, Matsumoto et al., 2005, Meierhofer et al., 2008, Peng et al., 2003, Tagwerker 

et al., 2006). Further mutational analysis of Lys-Arg sites can be confounded by 

redundancy. However, Sarraf et al. provided evidence that diGly capture proteomics can 

be used to identify substrates of a single E3 ligase in vivo and this approach can capture 

endogenous diGly-containing peptides to quantitatively monitor alterations in the 

ubiquitylome in response to mitochondrial depolarization and Parkin activation. 

Despite these advances, many aspects of this pathway remain poorly understood. In fact, 

the actual physiological substrates of Parkin, important for its role in PD, remain 

insufficiently defined and, in some cases, controversial. The majority of studies have 

been undertaken under conditions of Parkin over-expression and/or in immortalised cells 

line. Determination of Parkin ubiquitylome in primary cells, such as mouse neurons, has 
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proven technically challenging, therefore few attempts to profile Parkin targets in relevant 

cell type such as, human neuronal systems, have been made  (Sarraf et al., 2013, Ordureau 

et al., 2020, Ordureau et al., 2018). The neurogenin-2 (Ngn2) induced neurons (iNeurons) 

have been particularly used by Harper’s lab as in vitro neuronal model to study the 

ubiquitin-modified proteome by Parkin.  Ngn2 is a transcription factor that appears to be 

a direct lineage conversion factor and converts embryonic stem (ES) and induced 

pluripotent stem (iPS) cells into neuronal cells.  Ngn2-expression produces one particular 

type of neuron that is characterized by specific markers, such as the presence of vGlut2, 

Cux1, FoxG1 and Brn2, which are markers for excitatory cortical neurons, suggesting 

that it may represent a relatively immature excitatory layer2/3 cortical neuron. iNeurons 

express markers for neuronal maturation, NeuN and MAP2, whereas neuronal precursor 

cell (NPC) markers nestin and Sox2 are only expressed in the ES and iPS cells. Despite 

the fact that Ngn2-induced iNeurons form robust synapses among themselves, a series of 

well-established synaptic genes are only expressed in 3-week-old Ngn2-iNeurons and 

especially when cultured in the presence of mouse astrocytes, iNeurons show a full 

mature neuronal electrophysiological profile (Zhang et al., 2013b). Indeed, iNeuron or 

iPSC (induced pluripotent stem) cells may represent an option for studying biological 

processes in a more physiologically relevance in in vitro models (Studer et al., 2015, 

Zhang et al., 2013b). Although, it is worth noting that these cells can be technically 

challenging to culture and differentiate. For these cells, culture and differentiation are a 

multistep process, and small variations at each step can accumulate to yield significantly 

different outcomes (Bardy et al., 2015, Espuny-Camacho et al., 2013, Shi et al., 2012, 

Maroof et al., 2013, Nicholas et al., 2013, Kirkeby et al., 2012, Kriks et al., 2011). One 

major challenge of reprogrammed cell systems, in the context of modeling late-onset 

human neurodegenerative disease, is that current protocols yield differentiated cells that 

appear to correspond to fetal stages of human development and therefore reprogrammed 

cells may not fully recapitulate postmitotic neurons (Mariani et al., 2012).  Another 

considerable weakness is that neurons derived from reprogrammed systems do not 

reassemble a specific brain region, this leads to lose the specificity of functional circuity 

between different neuron subtypes (Zhang et al., 2013b). A final aspect to take in 

consideration is that the induction of pluripotency appeared to be associated with 

mitochondrial DNA (mtDNA) rearrangement (Carelli et al., 2021). Human somatic 

mitochondria undergo a complex remodeling within iPSCs, as they adapt their 

morphology and functionality to acquire the features of mitochondria within human 
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embryonic stem cells (hESCs) (Armstrong et al., 2010, Suhr et al., 2010), i.e their cellular 

bioenergetic profile is shifted from OXPHOS to glycolysis and the amount of  

mitochondria, oxidatively modified proteins, lipids, and DNA are significantly reduced 

compared to that in somatic fibroblasts (Prigione et al., 2010).  mtDNA mutations 

occurred not only in iPSCs but also in derived neuronal precursors cells (NPCs) (Palombo 

et al., 2021). Furthermore, anew work reported that mitochondria dynamics and function 

in mouse and human neuronal cells displayed a very different timeline of cortical neuron 

maturation. Human PSC-derived cortical neurons showed a slower pattern of 

mitochondria development and lower mitochondria metabolic activity, particularly 

oxidative phosphorylation when compared with mouse cortical primary neurons. 

Stimulation of mitochondria metabolism in human PSC-derived neurons resulted in 

accelerated maturation, leading to excitable and functional cells weeks ahead of time and 

comparable with mouse cortical neurons. Therefore, mitochondria appear to be  important 

regulators of the pace of neuronal development (Iwata et al., 2021). These findings have 

raised debates in the cell reprogramming fields about the implication for the use of iPS-

derived cells for in vitro modeling of aging and neurodegeneration, particularly for those 

cells such as neurons in PD that experience mitochondrial stress  (Palombo et al., 2021, 

Carelli et al., 2021).  

Therefore, we believe that the description of the PINK1-Parkin ubiquitylome in primary 

neuronal cells, from mouse models of PD, may integrate and reveal new insights in the 

physiological functions of PINK1-Parkin pathway, in cells encountering pathological 

changes, such as oxidative stress, ageing, protein misfolding and aggregation, and 

excitotoxicity. Also, it can contribute to a better understanding of mitochondrial 

homeostasis, analysis of which will potentially provide targets or mechanisms for a more 

complete comprehension of the pathology and treatment of Parkinson's disease.  
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5.2 Large-scale profiling of endogenous ubiquitylation after PINK1 
activation in mouse cortical neurons by Mass Spectrometry. 

 
In order to describe systematic target identification and ubiquitylation site-specificity for 

Parkin after mitochondrial depolarization, in collaboration with Prof. Wade Harper and 

Dr Alban Ordureau, we performed an unbiased quantitative proteomics analysis 

of cellular proteins that are ubiquitylated in response to mitochondrial damage in 

a PINK1-Parkin-dependent manner in primary neuronal cultures. This is addressed by 

performing quantitative diGlycine (diGly) capture proteomics coupled with stable 

isobaric chemical tags, such as the Tandem Mass Tag (TMT) system (Rose et al., 2016). 

 

5.2.1 Quantitative diGlycine capture proteomics by TMT labelling. 

Protein ubiquitylation is a post-translational modification (PTM) that involves the 

reversible attachment of ubiquitin to substrate proteins via its C-terminus that forms an 

isopeptide bond most often within the epsilon amino group of lysine residues in target 

proteins.  Ubiquitin-mediated biological processes are complex, owing to the highly 

variable nature of the ubiquitin modification, therefore the ability to monitor 

ubiquitylation changes and to identify targets of ubiquitylation has always been 

challenging. The reasons for this include the relatively large size of ubiquitin [molecular 

mass around ~8800 Daltons (Da)], when compared to other posttranslational 

modifications, such as phosphorylation, that is only 80 Da. Further, ubiquitin can form 

mono- or multi-mono- or polyubiquitin chains, the latter on different ubiquitin lysine 

residues, often in combination to form branched ubiquitin chains. Another difficulty for 

identifying ubiquitin site is the low stoichiometry of modification. Furthermore, because 

ubiquitylation is often a signal for degradation of the modified protein, the turnover of 

ubiquitylated proteins is often very rapid, making it difficult to capture and detect 

modified proteins under steady-state conditions. 

In the last decade a set of powerful systems has been developed to study spatiotemporal 

organization and dynamics of the Ub code (Kliza and Husnjak, 2020, Tomlinson et al., 

2007, Peng et al., 2003).  In most initial studies, biochemical and antibody-based 

methods, such as ubiquitin binding domains or overexpression of epitope-tagged 

ubiquitin in cells, have been used to immunoprecipitate and capture ubiquitylated proteins 

for identification by MS (Beaudette et al., 2016, Lectez et al., 2014, Akimov et al., 2018). 

The use of these systems has raised concerns in the field that the presence of excess 
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ubiquitin or tagged ubiquitin may disrupt or interfere with the endogenous pathways of 

ubiquitylation and modifications and substrates found with the application of these 

methods may not represent the actual and endogenous pattern of ubiquitin site and 

substrate modifications. 

A breakthrough in performing comprehensive ubiquitin site profiling has been the 

development of antibodies that can recognize di-glycyl remnant (K-ɛ-GG) and 

specifically enrich for ubiquitylated protein after trypsinization (Xu et al., 2010, Kim et 

al., 2011). The enzyme trypsin is generally used to generate peptides suitable for 

proteome analysis by LC-MS/MS. Trypsin digestion of ubiquitylated proteins cleaves the 

peptide bond between arginine (Arg) and lysine (Lys) residues in the attached ubiquitin 

as well as in the substrate protein; this process creates tryptic peptides in which the C-

terminal Gly–Gly (GG) dipeptide of ubiquitin is still attached to the side chain of Lys 

residues, resulting in an internal modified Lys residue that cannot be further cleaved by 

trypsin. The Gly-Gly remnant is covalently attached to the target lysine residue via an 

isopeptide bond and results in a mass shift at the lysine residue of 114.1 Da. The K-ε-GG 

group is recognized and enriched using an anti-K-ε-GG antibody stably coupled to the 

beads (Udeshi et al., 2013) (Figure 5.2.1). 

 
 

 
 

Figure 5.2.1 Generation of diGLY remnant enables capture of ubiquitylated proteins. Anti–K-ε-GG 
antibody recognizes the di-glycyl remnant remaining on modified lysine residues after trypsin digestion. 
The anti–K-ε-GG antibody has been chemically cross-linked to a protein A bead using DMP, which allows 
to the K-ε-GG peptides to be individually enriched [Adapted from (Udeshi et al., 2013)]. 

NH2 
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It is worth noting that the anti-K-ε-GG antibody enrichment has some limitations.  

Trypsin can generate the anti-K-ε-GG epitope from attached ubiquitin and in the substrate 

protein and therefore the anti-K-ε-GG antibody binding to some peptides might be biased.  

Finally, the anti-K-ε-GG epitope is also generated following trypsinisation of ISG15- and 

NEDD8-modified proteins, and these may have a confounding effect on defining 

ubiquitination sites, even though it has been shown anti-K-ε-GG sites attributable to these 

modifications are low (Kim et al., 2011). Nonetheless, the K-ε-GG enrichment method 

has definitely improved the ability to monitor ubiquitylation by MS and to overcome the 

limitation due to the low stoichiometry of these modifications. 

Historically, the K-ε-GG enrichment method has been performed with Stable Isotope 

Labeling by Amino Acids in Cell Culture (SILAC) labeled samples prior to antibody 

enrichment, this to enable relative quantification of protein ubiquitination across 

differential conditions (Ong et al., 2002). This method enables comparison of 

ubiquitylation sites from up to three samples in a single experiment and requires high 

amounts of samples, which limits its use for samples like tissues and primary cells. 

In the last years, isobaric chemical tags such as the Tandem Mass Tag (TMT) system, has 

been developed for highly multiplexed measurement of ubiquitylation in samples with 

sub-milligram amounts of protein. This method enables comparison of 11 or more 

conditions in a single experiment, and significantly minimize the number of missing 

peptides detected and quantified across all experimental conditions relative to label-free 

or SILAC-based experiments (McAlister et al., 2012). 

A major limitation of this approach has been that the antibodies, used to recognize and 

enrich peptides having the di-GG remnant on the sidechain of lysine, do not work when 

the N-terminus of the di-GG remnant is modified with a chemical tag. To overcome this 

limitation, Rose et al. (Rose et al., 2016) introduced a method where samples are first 

enriched at the peptide level using the anti-K-ɛ-GG antibody and then K-ɛ-GG peptide 

(hereafter referred to as Kgg peptide) were labeled with TMT reagents. After elution from 

the antibody and labeling, the enriched peptides were subjected to high pH reverse-phase 

chromatography using spin columns, fractionated and analyzed by LC-SPS-MS3. In this 

study, 5000–9000 ubiquitylated peptides were quantified in cells using 1mg of proteins 

for cell samples and 7 mg of proteins for tissue using 18 h of instrument time. This 

approach represented a major breakthrough for the ubiquitin field and improved the 

ability to employ isobaric chemical tagging for ubiquitylation profiling in limited samples 

such as primary cells or human and mouse samples (Figure 5.2.2). 
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Figure 5.2.2 Schematic of diGLY proteomic capture. Workflow for an anti-K-ɛ-GG antibody-based 
enrichment of ubiquitylated peptides. with isobaric mass tag reagents (e.g., TMT10/11), [Adapted from  
(Udeshi et al., 2020)]. 

 

5.2.2 Quantitative proteome and diGLY proteome of mitochondria in mouse 
cortical neurons under basal conditions and mitochondrial depolarization. 

In order to globally monitor changes in the ubiquitylated proteome after PINK1-Parkin 

activation, and considering the limitations detailed above, we used a tandem mass tagging 

(TMT)-MS3-based pipeline (Rose et al., 2016), (Figure 5.2.3A) to quantify the 

mitochondrial proteome abundance and the mitochondrial ubiquitylome under basal 

conditions and  upon mitochondrial depolarization that has been previously deployed in 

human iNeurons (Ordureau et al., 2020). We isolated mitochondria-containing membrane 

fractions from quintuplicate cultures of DIV21 C57BL/6J mouse primary cortical neurons 

that were untreated or treated with 10µM AntimycinA and 1µM Oligomycin (AO) for 5 

h, and samples were tested for phosphoSer65 Ubiquitin, as readout of PINK1 activation 

(Figure 5.2.3 B). 
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Figure 5.2.3 Biochemical analysis of mouse neurons. (A) Schemata of diGly affinity capture in C57BL/6J 
primary cortical neurons stimulated with AO for 5 h. A Tandem Mass Tag (TMT)-10plex isobaric label 
workflow was designed to enable identification and quantification of proteins in different samples using 
tandem mass spectrometry. 5 biological replicates were used to perform the TMT-10plex method.    (B) 5 
replicates of E16.5 derived C57Bl/6J primary cortical neurons were stimulated with 10 μM Antimycin A 
and 1 μM Oligomycin (AO) for 5 h. DMSO as vehicle. Phospho-Ser65 ubiquitin was detected in membrane 
enriched lysates. GAPDH was used as a loading control. 

 

We observed few changes in the proteome abundance following mitochondrial 

depolarisation; of the 6255 proteins quantified 4 proteins (CLSTN2, SYT5, MKL1, 

HIST3H2BA) were significantly reduced and one protein (PPM1H) significantly 

increased after AO treatment (Figure 5.2.4). There was a slight shift to the left in the AO 

proteome compared to the untreated proteome suggesting a low level of turnover (Figure 

5.2.4). This is consistent with analysis undertaken in iNeurons stimulated with AO 

(Ordureau et al., 2020). 

B 
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Figure 5.2.4 Proteomic analysis of mouse neurons. Total protein abundance in neurons after treatment 
with AO. C57BL/6J primary cortical neurons were depolarized with AO (5 h) and membrane enriched 
lysates were subjected to quantitative proteomics. Fold increase for individual protein is shown in the 
Volcano plot. The x-axis specifies the fold-changes (FC) and the y-axis specifies the negative logarithm to 
the base 10 of the t-test p-values (Welch’s t-test (S0=2), corrected for multiple comparison by permutation-
based FDR (1%)). Proteins associated with mitochondria (MitoCarta 3.0) or Mitochondrial outer membrane 
localization are indicated. Mass spectrometry experiments performed by Dr. Alban Ordureau. 

 
We next determined the mitochondrial ubiquitylome in mouse neurons using diGLY 

affinity capture coupled with quantitative proteomics. Tryptic peptides from membrane 

enriched extracts of mouse primary cortical neurons untreated or treated with AO for 5 h 

were subjected to a-diGLY immunoprecipitation and samples analysed using 11-plex 

TMT-MS3 with diGLY peptide intensities normalised with total protein abundance 

measured in parallel. We detected and quantified ~9154 diGLY-containing Kgg peptides 

of which 5616 are unique sites. Of those unique sites, 559 were statistically up-regulated 

(normalised for total proteome) upon AO treatment (Figure 5.2.5A). We next analysed 

the data for the number of ubiquitylated mitochondrial proteins using the recently 

published Mitocarta 3.0 database containing data on 1140 mouse gene encoding proteins 

that are strongly localised to mitochondria including their sub-mitochondrial location 

(Rath et al., 2021). 345 unique diGLY-containing Kgg peptides were detected out of a 

total of 139 mitochondrial proteins under basal and induced conditions of which 54 

proteins were located in the mitochondrial outer membrane (MOM); 42 proteins in the 

mitochondrial inner membrane (MIM), 19 proteins in the matrix; 10 proteins of unknown 

mitochondrial sublocation; 9 proteins that are membrane associated and 5 proteins in the 

intermembranous space (IMS). The major portion of ubiquitylated proteins up-regulated 

by AO were MOM localised accounting for 16.6% (MitoCarta 21.3%) after 5 h of 
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mitochondrial depolarization (Figure 5.2.5B). We also detected Kgg peptides of several 

mitochondrial membrane proteins, TDRKH, ABCD3, DCAKD, DHRS7B; MIM proteins 

RDH13, PGS1 and matrix proteins, GLUD1, MRPL22 that were increased ~2 fold or 

more following AO.  

 

 

 

 

 

Figure 5.2.5 Global ubiquitylation analysis of mitochondria in neurons upon mitochondrial 
depolarization. (A) C57BL/6J primary cortical neurons were depolarized with AO (5 h) and membrane 
enriched lysates were subjected to diGLY capture proteomics. Fold increase for individual ubiquitylated 
targets is shown in the Volcano plot. The x-axis specifies the fold-changes (FC) and the y-axis specifies the 
negative logarithm to the base 10 of the t-test p-values. 1606 dots reflect the significant hits (Welch’s t-test 
(S0=2), corrected for multiple comparison by permutation-based FDR (1%)). 559 and 1047 dots 
respectively represent ubiquitylated targets upregulated or downregulated after mitochondrial 
depolarisation. diGLY-peptide of proteins associated with mitochondria (MitoCarta 3.0) or Mitochondrial 
outer membrane localization are indicated. (B) Distribution of changes in diGLY peptides for proteins that 
localize in the mitochondrial subcompartments: matrix, MIM, MOM, IMS, membrane and unknown 
(Mitocarta 3.0). Each dots in the graph  represents an identified diGLY-peptide of proteins that  can be 
upregulated or downregulated after mitochondrial depolarisation. Mass spectrometry experiments 
performed by Dr. Alban Ordureau. 
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Based on MS1-abundance information and TMT quantification, we performed a simple 

ranking analysis of Kgg peptides cross-referenced to Mitocarta 3.0 to determine the most 

abundant MOM ubiquitylation sites and these included CPT1a (K180, K195, K508); 

CYB5B (K30); VDAC1 (K122, K187); HK1 (K819, K243, K247), CISD1 (K68, K79), 

CYB5R3 (K115, K120) and TOMM70 (K171, K240), (Figure 5.2.6A). Conversely, we 

also performed similar analysis on MOM ubiquitylation sites that are most reduced 

following AO treatment (Figure 5.2.6B). This revealed down-regulated sites for 

PARK7/DJ1 (K93), VDAC1 (K33), PGAM5 (K73, K140, K161), and TOMM20 (K56, 

K61), (Figure 5.2.6B). Comparison of the basal ubiquitin levels of the most up-regulated 

and down-regulated MOM sites did not generally predict their subsequent modification 

following AO treatment; for example, HK1, CYB5R3 and TOMM70 exhibited basal 

ubiquitin at sites in the range of 1.5 x106 but became highly modified (Figure 5.2.6A-B). 

 

 

 

Figure 5.2.6 diGLY analysis of mouse neurons stimulated with mitochondrial depolarization. (A) 
Ranking analysis of top mito Ub sites – MS1- and TMT-based intensity of all diGLY peptides was extracted 
and the top 25 diGLY sites with the largest relative abundance change upon 5h depolarization is indicated. 
Error bars represent SEM (n = 5). (B) Ranking analysis of least abundant mito Ub sites – MS1- and TMT-
based intensity of all diGLY peptides was extracted and the bottom 25 diGLY sites with the smallest 
relative abundance change upon 5h depolarization is indicated. Error bars represent SEM (n =5). Analysis 
performed by Dr Alban Ordureau. 
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Overall 160 Kgg peptides from 70 mitochondrial proteins were significantly elevated by 

AO treatment (Figures 5.2.7) and this compared to 112 Kgg peptides from 56 

mitochondrial proteins that were significantly elevated by AO treatment in human 

iNeurons (Ordureau et al., 2020). 

Consistent with previous analysis in human iNeurons, we found that the majority of 

proteins were MOM localised (Figures 5.2.7) and 51 ubiquitylation sites spanning 23 

mitochondrial proteins were conserved between mouse neurons and human iNeurons 

namely ACSL1, AGPAT5, ATAD1, CISD1, CPT1a, CYB5R3, FAM213A, FIS1, 

FKBP8, GDAP1, GHITM, HK1, MFN1/2, RAB24, RHOT1/2, SYNJ2BP, TDRKH, 

TOMM70, and VDAC1/2/3 (Figures 5.2.7-Figure 5.2.8).  In addition, we identified two 

proteins whose ubiquitylation was increased in both mouse neurons and human iNeurons 

although the sites were distinct namely, the mitophagy receptor BNIP3L, DCAKD 

(Figure 5.2.7). Of mitochondrial substrates specific to mouse neurons, we interestingly 

detected ubiquitylation of enzymes linked to dopamine and catecholamine metabolism 

including Monoamine Oxidase A (MAO-A), Monoamine Oxidase B (MAO-B) and 

Catechol O Methyltransferase (COMT) which degrades dopamine and are established 

drug targets for symptomatic treatment of Parkinson’s. Previous diGLY analysis found 

that MAOB was ubiquitylated in response to mitochondrial depolarisation in HeLa, 

HCT116 and SH-SY5Y cells (Sarraf et al., 2013). COMT is expressed in iNeurons but 

there was no increase in ubiquitylation whilst MAOA and MAOB were not expressed 

(Ordureau et al., 2020).  
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Figure 5.2.7 Global ubiquitylation analysis of mitochondria in mouse neurons and human neurons 
upon mitochondrial depolarization. Venn diagram of overlapping diGLY sites observed in site observed 
for mitochondrial enriched mouse cortical neurons (5 h post-depolarization) and sites observed from 
mitochondrial enriched human iNeurons (3 or 4 h post depolarisation) (Ordureau et al., 2020). All peptides 
used were increased by at least 2-fold (log2 ratio > 1.0), with p < 0.05. diGLY sites or proteins common to 
mouse and human datasets are marked in red bold. Comparison made by Prof. Miratul Muqit. 

 

Previous TMT analysis of HeLa cells (over-expressing Parkin) has indicated that 

activation of PINK1 and Parkin may stimulate recruitment of a large range of proteins to 

depolarized/damaged mitochondria as determined by the detection of 137 ubiquitylation 

sites derived from 85 cytosolic proteins including Parkin and autophagy receptors such 

as OPTN and TAX1BP1 in mitochondrial-enriched fractions (Rose et al., 2016). Under 

endogenous conditions we were unable to detect ubiquitylation sites for Parkin or 

autophagy receptors in our analysis but could detect unmodified peptides for OPTN and 

TAXBP1. Comparative analysis of datasets revealed approximately 80 cytosolic proteins 

whose ubiquitylation was increased upon AO treatment in both mouse neuron and HeLa 

cell analyses and in a significant number of proteins, the site of ubiquitylation was 

identical between datasets (Appendix, Table 7.1). These common sites included the p97 
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ubiquitin-binding co-factor FAF2 (K367); the ALS-linked protein TDP-43 (K181), the 

protein kinase AKT1 (K426) and SUMO E3 ligase, TRIM28 (K320), (Appendix, Table 

7.1 and Figure 5.2.8) (Rose et al., 2016). Interestingly in neurons we also found a large 

number of ubiquitylation sites in cytosolic kinases that were up-regulated upon AO 

treatment including GSK3b, CAMK2α/β/g several PRKC isoforms, ULK1 (K162) and 

LRRK2 (K1132), (Appendix, Table 7.2 and Figure 5.2.8). Recent studies have indicated 

a role for ULK1 in the initiation of mitophagy (Vargas et al., 2019, Hung et al., 2021b) 

and LRRK2 has also been shown to regulate basal mitophagy (Singh et al., 2021) and in 

future work it will be interesting to determine whether other cytosolic kinase and 

phosphatase signaling components identified in our screen may be implicated in 

mitophagy mechanisms (Appendix, Table 7.2 -7.3).   
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Figure 5.2.8 Ubiquitylated targets in mouse cortical neurons. Schematic showing sites of 
ubiquitylation in mouse cortical neurons according to MitoCarta 3.0. in orange and purple. The sites 
of non MitoCarta 3.0 proteins in mouse cortical neurons are shown in blue. Residue numbers for diGLY 
modified Lys residues are shown. 
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5.2.3 Quantitative diGLY proteome analysis in mitochondria of wild-type and 
PINK1 knockout mouse cortical neurons. 

We next determined which ubiquitylated substrates were dependent on activation of 

PINK1. We isolated mitochondria from cultures of primary cortical neurons from crosses 

of wild-type and PINK1 knockout mice that were untreated or treated with AO for 5 h 

(Figure 5.2.9A-B). We compared the proteome of triplicate cultures of WT and PINK1 

KO mouse cortical neurons that were untreated or treated with AO for 5 h. 

 

 

 

 

Figure 5.2.9 Validation of PINK1 activation in AO stimulated PINK1 knockout and wildtype cortical 
neurons. (A) Schematic representation of experimental setup in PINK1 knockout (KO) and wild-type 
primary cortical neurons. 3 biological replicates of E16.5 mouse cortical neurons mouse were cultured for 
21 days in vitro. Membrane enrichment performed after mitochondrial depolarisation induced with 10 μM 
of Antimycin A combined with 1 μM of Oligomycin for 5 h. (B) 3 biological replicates of PINK1 WT and 
3 biological replicates of PINK1 KO primary cortical neurons were stimulated with AO for 5h, DMSO as 
vehicle. Phospho-Ser65 ubiquitin was detected in membrane enriched lysates. GAPDH was used as 
aloading control. (C) Violin plots for MitoCarta 3.0 proteins in wild-type and PINK1−/− primary cortical 
neurons. Relative protein abundance fold change after 5h depolarization is plotted for the MitoCarta 3.0 
proteins quantified (black circles). Violin plots represent the distribution and density of the whole dataset 
(centre line, median; box limits correspond to the first and third quartiles; box whiskers, 1.5x interquartile 
range; violin limits, minimum and maximum values). Results (p-value) of a 2-tailed Mann-Whitney U-test 
comparing log2(AO 5h/UT) between the PINK1+/+ and PINK1-/- cell line is indicated. 

B C 

A 
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Similar to the previous experiment we found very little change in the proteome abundance 

of wild-type neurons and the total proteome was slightly reduced in wild-type neurons 

following AO treatment indicating increased turnover. Interestingly this mild reduction 

was completely blocked in the PINK1 knockout neurons (Figure 5.2.10A and 5.2.9C). 

These results are consistent with similar observation of the proteome of wild-type and 

Parkin S65A iNeurons following AO treatment for 6 h (Ordureau et al., 2020). 

Furthermore, quantitative TMT analysis demonstrated a ~50-fold increase in Ser65-

phospho-ubiquitin upon AO in wild-type neurons that was abolished in PINK1 knockout 

neurons (Figure 5.2.10B). In parallel we also measured Ser57-phospho-ubiquitin that is 

independent of AO treatment and there was no difference between wild-type and PINK1 

KO neurons (Figure 5.2.10B). 

We next determined the mitochondrial ubiquitylome in mouse neurons using diGLY 

affinity capture coupled with quantitative proteomics (Figures 5.2.9A-B), (Ordureau et al 

2020). Tryptic peptides from mitochondrial enriched extracts of primary cortical neurons 

of wild- type and PINK1 knockout mice with or without mitochondrial depolarisation (5 

h) were subjected to a-diGLY immunoprecipitation and samples analysed using 11-plex 

TMT-MS3 (WT: 3 untreated/3AO; KO: 3 untreated/2AO) with diGLY peptide intensities 

normalised with total protein abundance measured in parallel (Figures 5.2.10 C-D).  

We quantified a total of ~7210 diGLY-containing Kgg peptides of which ~3951 are 

unique sites (Figure 5.2.10 C). From these, we identified 177 ubiquitylation sites in 99 

proteins in wild-type neurons after 5 h of AO stimulation whose abundance was 

significantly increased (Figure 5.2.10 C) and the majority of sites had been detected in 

AO treated C57BL/6J neurons (Figure 5.2.8).  



 161 

 

Figure 5.2.10 Global ubiquitylation analysis of mitochondria in neurons of PINK1 WT and KO 
neurons. (A) Total protein abundance of membrane enriched lysates in PINK1+/+ or PINK1-/- neurons. Fold 
increase for individual protein is shown in the Volcano plot. The x-axis specifies the fold-changes (FC) and 
the y-axis specifies the negative logarithm to the base 10 of the t-test p-values (Welch’s t-test (S0=0.585), 
corrected for multiple comparison by permutation-based FDR (5%)). Proteins associated with mitochondria 
(MitoCarta 3.0) or MOM are indicated. (B). Abundance for phosphorylated-Serine 65 (upper panel) or-
Serine 57 (lower panel) of Ub was quantified and plotted as fold change to untreated wild-type samples. 
Error bars represent SEM (n = 3). n.d., not determined. Error bars represent SEM (n = 3, 3, 3, 2). (C and 
D). Same as (A) but diGLY-containing peptides derived from (C) PINK1+/+ or (D) PINK1-/- cells. (C) 187 
and 11 sites or (D) 26 and 0 sites respectively represent statistically significant ubiquitylated targets 
upregulated or downregulated after mitochondrial depolarisation. [Welch’s t-test (S0=1), corrected for 
multiple comparison by permutation-based FDR (1%)]. diGLY-peptides associated with mitochondria 
(MitoCarta 3.0) or MOM are indicated. Square-shaped dots indicate diGly-peptides not normalized to its 
protein abundance (not determined).  Mass spectrometry experiments performed by Dr Alban Ordureau. 

 

A B 
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AO treatment of PINK1 KO mouse neurons for 5 h led to substantially reduced AO-

induced ubiquitylation of mitochondrial proteins including all but one of the common set 

of 23 MOM proteins (FKBP8) identified previously (Figures 5.2.10D and 5.2.11A).  

In contrast, we observed ubiquitylation of a number of cytosolic proteins including 

CAMK2α/β/g, and SNX3 whose ubiquitylation was independent of PINK1 (Figures 

5.2.10A and 5.2.11A). Principal-component analysis revealed that the 5 h depolarization 

data of WT was not similar to the untreated WT and or PINK1 KO samples, which were 

also more similar to each other (Figure 5.2.11B).  

 

 

Figure 5.2.11 Correlation analysis of PINK1 WT and KO mouse cortical neurons. (A) Correlation 
plots for the diGly sites quantified. diGLY-peptide of proteins associated with mitochondria (MitoCarta 
3.0) or Mitochondrial outer membrane localization are indicated. Light coloured areas indicate PINK1-
dependent or - independent sites. (B) Principal component analysis of diGLY proteomics data obtained for 
the 11-plex experiment described in (Figure 5.2.8A). Mass spectrometry experiments performed by Dr 
Alban Ordureau. 

A 

B 
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5.3 Validation of Parkin-dependent substrates using cell-based and in 
vitro studies. 

 

5.3.1 Validation of ubiquitylated substrates upon AO treatment in C57BL/6J 
neurons. 

To confirm that proteins identified via diGly capture-based proteomics were 

ubiquitylated after mitochondrial depolarisation, we undertook biochemical analysis of  

of C57BL/6J neurons that were either untreated or stimulated with AO for 5 h, and 

searched for proteins with significant ubiquitin modification changes in response to 

mitochondrial depolarization (filtering criteria : Fold Change  > + 5 and Welch's T-test 

Significant). Mitochondrial-enriched fractions from neurons were subjected to TUBE 

pulldowns with HALO-UBAUBQLN1 or HALO-multiDSK (and non-binding multiDSK 

mutant) and immunoblotted with specific antibodies for each substrate (overall, ~60 

candidate substrates were tested) as well as phospho-ubiquitin to confirm Parkin 

activation (biochemical approach explained in the paragraph 4.3.1.1). This confirmed 

previous observations (Barini et al., 2018, McWilliams et al., 2018a) that CISD1 can 

undergo multi-monoubiquitylation upon AO treatment and the signal was similar for 

HALO-UBQLN1 or HALO-multiDSK pulldowns. We also observed robust 

monoubiquitylation of CPT1a, an integral outer membrane protein that converts 

activated fatty acids into acylcarnitines and facilitates their transport into mitochondria 

(Lee et al., 2011), (Figure 5.3.1). There were also several mitochondrial proteins 

exhibiting substantial basal ubiquitylation including AGPAT5, MFN2, and TOMM70, 

that prevented unambiguous detection of enhanced ubiquitylation upon AO treatment by 

our TUBE-based assay. 
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Figure 5.3.1 Biochemical analysis of ubiquitylated targets in AO stimulated C57BL/6J cortical 
neurons. Membrane-enriched lysates from C57BL/6J cortical neurons, after 5 hours of AO stimulation, 
were subjected to ubiquitin capture using TUBE and multiDSK (mDSK) pulldown assay prior to 
immunoblotting with indicated antibodies. Ubiquitylated forms of CPT1α and CISD1 were detected after 
mitochondrial depolarisation. Anti-pSer65 Ubiquitin and Ubiquitin antibodies were used as controls. 
Targets were classified using MitoCarta 3.0. 
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CPT1a ubiquitylation was more easily detected with HALO-multiDSK pulldown and we 

employed HALO-multiDSK to undertake a timecourse analysis and confirmed that 

CPT1a undergoes time-dependent ubiquitylation similar to CISD1 following AO 

treatment (Figure 5.3.2). Interestingly we observed a high molecular weight species of 

~140 kDa that was immunoreactive to the CPT1a antibody following HALO-mDSK 

pulldown (Figures 5.3.1, 5.3.2, 5.3.3). This was present under basal conditions but 

increased after AO treatment. CPT1a is reported to form complexes at the MOM as well 

as oligomerise (Faye et al., 2007) and we cannot rule out that the upper band represents 

oligomerised species of ubiquitylated CPT1a.  

 

Figure 5.3.2 Validation of Parkin-dependent substrates in mouse neurons. Time course analysis of 
CPT1α and CISD1 ubiquitylation following AO stimulation in C57BL/6J cortical neurons. Halo-multiDSK 
(mDSK) pulldown immunoprecipitated and inputs were subjected to immunoblot with anti-CPT1 α, anti-
CISD1, anti–phospho-Ser65 ubiquitin, and anti-ubiquitin antibodies. *High molecular weight CPT1α 
reactive species. 
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5.3.2 Validation of ubiquitylated substrates upon AO treatment in PINK1 and 
Parkin neurons. 

We next assessed CPT1a ubiquitylation alongside CISD1 in triplicate biological 

replicates of PINK1 knockout and Parkin knockout neurons with their respective wild-

type littermate controls. Mitochondrial fractions from neurons untreated or stimulated 

with AO for 5 h were subjected to TUBE pulldowns with HALO-multiDSK 

demonstrating that CPT1a monoubiquitylation was abolished in Parkin and PINK1 

knockout neurons and this paralleled loss of CISD1 ubiquitylation. Furthermore, the 

increased ubiquitylation of the ~140kDa CPT1a-immunoreactive species was also 

attenuated in PINK1 and Parkin knockout neurons (Figure 5.3.3). 
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Figure 5.3.3 Analysis of CPT1α in PINK1 KO and Parkin KO  mouse neurons. (A) Membrane-enriched lysates of PINK1 WT and KO cortical neurons and (B) Parkin WT 
and KO after 5 h of AO stimulation, were subjected to ubiquitylated-protein capture by Halo-multiDSK (mDSK), prior to immunoblot with anti-CPT1α, anti-CISD1, anti-
phosphoSer65 Ubiquitin and anti-Ubiquitin antibodies.  

A B 
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5.3.3 Validation of ubiquitylated substrates upon AO treatment in SH-SY5Y 
cell lines. 

Primary neuronal culture is an important tool for the purpose of this project but is 

notoriously difficult. One of the disadvantages of primary cultures is that they do not 

divide in culture and need to be generated from embryonic or post-natal brain every time, 

and often require intense animal husbandry. Also, it requires to be cultured and 

maintained for three weeks, to develop extensive axonal and dendritic branches and to be 

fully functional and mature. 

To circumvent the complication of setting up new experiments by using mainly primary 

neuronal cultures and optimising time and resources, we tested the use of   immortalized 

cell lines derived from neuronal tissue, in particular the neuroblastoma SH-SY5Y lineage, 

as a simpler and rapid tool for optimising new experimental protocols. This line is a 

subline of the SK-N-SH cell line, which was established in culture from a bone marrow 

biopsy of a metastatic neuroblastoma. SH-SY5Y neuroblastoma cells show some 

neuronal-like features, such as dopamine-beta-hydroxylase activity and can convert 

glutamate to the neurotransmitter GABA (Xicoy et al., 2017). 

We performed an initial characterisation of PINK1-Parkin pathway in SH-SY5Y cell 

lines that express endogenous PINK1 and Parkin and undertook a time-course analysis 

from 9 – 24 h of SH-SY5Y cells treated with AO (10μM Antimycin A and 1μM 

Oligomycin) and observed Parkin Ser65 phosphorylation occurring at 3 hours of 

stimulation. Interestingly, after 5 hours of stimulation, Parkin Ser65 phosphorylation 

decreased over time. In parallel, we also noted a decrease of Parkin expression after 5 h 

of AO treatment, which correlates with some previous works suggesting Parkin activation 

led to autoubiquitylation and increased proteasomal turnover (Allen et al., 2013). In 

contrast, PINK1 stabilization dramatically increased during this time and mitochondrial 

depolarisation was assessed by cleavage of OPA1. Furthermore, we observed CISD1 and 

CPT1a ubiquitylation in SH-SY5Y cell lines stimulated with AO for 3 h. We also noted 

a decrease of ubiquitylation of these targets after 5h of stimulation, which correlated with 

the previous observations on Parkin expression and Parkin Ser65 phosphorylation. In 

parallel, we probed with phospho-Ser65 ubiquitin to confirm PINK1 activation and 

observed phospho-Ser65 ubiquitin phosphorylation occurring at 3h of stimulation and 

sustained for 24h (Figure 5.3.4).  
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Figure 5.3.4 Time-course analysis of PINK1-Parkin pathway in SH-SY5Y cell lines. Ubiquitylated 

forms of CPT1a, CISD1 were found starting from 3 h of AO stimulation in SH-SY5Y cell lines, by using 

multiDSK ubiquitin pulldown assay. PhosphoSer65 Ubiquitin shows biochemical activation of 

PINK1.Total ubiquitin is used as loading control. Detection Parkin expression and Parkin Ser65 

phosphorylation (ParkinpSer65) upon AO stimulation (3h, 5h, 9 h, 12h, 18h and 24h). PINK1 stabilisation 

and OPA1 cleavage are observed after mitochondrial depolarization. GAPDH is used as a loading control. 
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5.3.4 Validation of ubiquitylated substrates by reconstitution Parkin in vitro 
assay. 

In contrast with previous works, by examining ubiquitylated proteins related to the 

mitochondrial quality control, we identified the canonical targets such as MFN1/2, 

TOMM70 and RHOT1/2 by diGly capture but we were not able to detect them in 

immunoblotting of ubiquitin pulldowns. This could reflect low abundance of these 

modified substrates at levels below the sensitivity of detection of this assay.  

 To address this, we have developed a reconstitution assay in which addition of 

recombinant Parkin to mitochondria isolated from cells after treatment by combination of 

Antimycin A and Oligomycin (to induce PINK1 activation on the outer mitochondrial 

membrane), allowing us to recapitulate PARKIN activity in vitro, and enables robust 

ubiquitylation of multiple substrates at the mitochondria.  

We isolated purified mitochondrial from wild-type or PINK1 KO mouse embryonic 

fibroblasts (MEFs) (that express near-undetectable levels of endogenous Parkin) treated 

with or without AO, that were incubated together with or without recombinant human 

Parkin (1µM) in vitro with a reaction mix containing E1 ubiquitin-activating ligase, 

UbcH7 conjugating E2 ligase, ubiquitin, and Mg-ATP. After 120 mins, reactions were 

terminated with SDS sample buffer in the presence of 2-mercaptoethanol and heated at 

97 ºC, and substrate ubiquitylation was assessed by immunoblot analysis with antibodies 

that detected CISD1, CPT1a, CYB5B, HK1, MFN2, and total VDAC (Figure 5.3.5A). In 

the absence of AO treatment, PINK1 and Parkin were inactive in the assay with no 

evidence of phospho-ubiquitin or substrate ubiquitylation respectively. In AO-stimulated 

mitochondria, addition of Parkin led to multi-monoubiquitylation of CISD1 and a smear 

of CPT1a ubiquitylation consistent with the TUBE pulldown assays (Figure 5.3.5A). 

Under these assay conditions, we were also able to observe robust monoubiquitylation of 

CYB5B, HK1, MFN2 and VDAC accompanied by substantial high molecular weight 

phospho-ubiquitin signal. These signals were abolished in PINK1 KO cells consistent 

with PINK1-dependent activation of Parkin in the assay (Figure 5.3.5A). Interestingly we 

observed that in AO-stimulated mitochondria without Parkin, ubiquitin was 

predominantly phosphorylated as mono-ubiquitin indicating that PINK1 may initially 

target free mono-ubiquitin at the mitochondria prior to Parkin-catalysed ubiquitin of 

substrates and chains that is consistent with our PRM analysis of DIV12 neurons where 

Parkin is expressed at low levels (Figure 4.3.8). To confirm that these results were also 

relevant to human mitochondria, we undertook similar analysis of HeLa cells (that 
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express no Parkin) incubated with or without recombinant Parkin and again observed 

robust ubiquitylation of CISD1, CPT1a, CYB5B, HK1, MFN2 and VDACs only in AO-

stimulated mitochondria incubated with Parkin and not in DMSO-stimulated 

mitochondria with Parkin (Figure 5.3.5B).  
 

 

 

Figure 5.3.5 Validation of Parkin-dependent substrates in Mouse Embryonic Fibroblasts (MEF) and 
HeLa cells. (A) MEF PINK1 wild-type and KO were depolarized with AO for 4 hours and (B) HeLa cells 

were depolarized with AO for 2 hours, mitochondria were isolated and incubated with recombinant Parkin 

for in vitro ubiquitylation assay against endogenous mitochondrial substrates. Ubiquitylated proteins were 

detected with the indicated antibodies.  

A B 
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5.3.5 Validation of ubiquitylated substrates in human in vitro Parkin ligase 
assay. 

To further corroborate our data, we used a substrate-based catalytic ubiquitin ligase assay 

for human Parkin that monitors multi-monoubiquitylation of RHOT1/Miro1 (residues 1-

592) as well as the formation of free poly-ubiquitin chains.  Miro1 was chosen as a 

candidate substrate since it had been previously reported to be targeted by Parkin in 

multiple cellular and genetic studies  (Sarraf et al., 2013, Liu et al., 2012b, Wang et al., 

2011a). In particular, a global Parkin ubiquitylome analysis reported ubiquitylation of 

Miro1 Lys153, Lys194, Lys235 and Lys572 sites in cells over- expressing tagged Parkin 

stimulated with CCCP (Sarraf et al., 2013) but it was not demonstrated if Miro1, amongst 

other ubiquitin-modified proteins, was ubiquitylated directly by Parkin. Therefore the in 

vitro assay results presented in this paragraph aim to address the question if all the 

potential targets found in our global mass spectrometry analysis can be ubiquitylated 

directly by Parkin. This assay has been previously developed in the Muqit lab and the 

experimental section for this project has been carried out by Dr Michael Stevens.  

 

To assess whether Parkin (activated by phosphorylation of PINK1) directly ubiquitylates 

CPT1a, we phosphorylated untagged full-length Parkin with the active insect orthologue 

of PINK1, Tribolium castaneum (TcPINK1), in the presence of adenosine triphosphate 

(ATP) and then added a reaction mix containing E1 ubiquitin-activating ligase, UbcH7 

conjugating E2 ligase, ubiquitin, Mg-ATP and a fragment of CPT1a (residues 145-773) 

alongside GST-Miro1 (residues 1-592) that were expressed and purified in E. coli  

(Appendix, Figure 7.2). After 30 min, reactions were terminated with SDS sample buffer 

in the presence of 2-mercaptoethanol and heated at 100 ºC, substrate ubiquitylation was 

assessed by immunoblot analysis with antibodies that detect ubiquitin (FLAG), CPT1a, 

and Miro1. Consistent with previous findings in the absence of PINK1 phosphorylation, 

Parkin was inactive as no evidence of free ubiquitin chain formation or Miro1 

ubiquitylation was observed; with the addition of wild-type TcPINK1, Miro1 multi-

monoubiquitylation in addition to free polyubiquitin chain formation was observed 

(Figure 5.3.6A). No significant Miro1 ubiquitylation or polyubiquitin chain formation 

was observed in the presence of the kinase-inactive TcPINK1 (D359A). Under these 

conditions we observed multi-monoubiquitylation of CPT1a indicating that this is also a 

direct substrate of Parkin. To determine the temporal dynamics of CPT1a ubiquitylation, 

we undertook a timecourse analysis and observed the appearance of multi-
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monoubiquitylation at 10 min following addition of activated Parkin and this increased 

in a time-dependent manner and paralleled polyubiquitin chain formation (Figure 5.3.6B).  

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.3.6 Validation of CPT1a ubiquitylation by Parkin in vitro assay. (A) Recombinant CPT1a 

protein was assessed for ubiquitylation by Parkin. Miro1 recombinant protein was used as positive control. 

(B) Time course for CPT1a showed ubiquitylation mediated by Parkin in a time-dependent manner. 

Experiments performed by Dr Michael Stevens. 
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We also tested additional mitochondrial substrates identified from our diGLY mass 

spectrometry screen including FAM213A, MAO-A, MAO-B and Acyl-CoA Synthetase 

Long Chain 1 (ACSL), (ACSL1; residues 46-end) that forms a complex with CPT1a (and 

VDAC) to promote influx of activated fatty acids into the mitochondria (Lee et al., 2011). 

All underwent mono-ubiquitylation following addition of PINK1-activated Parkin further 

suggesting that Parkin preferentially catalyses mono/multi-monoubiquitylation of 

substrates in vitro (Figure 5.3.7). 
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Figure 5.3.7 In vitro Ubiquitylation assays of Parkin substrates. (A) Recombinant MAO-A and MAO-

B proteins, (B) FAM213A and (C) ACSL1 were assessed for ubiquitylation by Parkin. For ubiquitylation 

assays Parkin was first activated using a 30 min kinase reaction at 37 °C in the presence or absence of wild 

type (WT) or kinase inactive (KI) TcPink1. Ubiquitylation reactions were started by the addition of the 

target protein, Flag-Ubiquitin, His-UbE1 and UbE2L3. Ubiquitylation reactions were stopped after a 30 

minutes incubation at 37 °C unless stated otherwise by the addition of 4 x LDS loading buffer. Target 

proteins were resolved on a 4 to 12% Bis-Tris gels, transferred to nitrocellulose membranes, and 

immunoblotted using anti-Flag, anti-His, and anti-targeted protein respectively. Membranes were imaged 

using LiCor. Experiments performed by Dr Michael Stevens. 
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5.3.6 Validation of non-mitochondrial ubiquitylated substrates.  

In response of mitochondrial depolarization, we also identified via diGly capture 

numerous cytosolic proteins that were being ubiquitylated following mitochondrial 

depolarisation (Figure 5.3.8A). Overall 313 Kgg peptides from 134 non-mitochondrial 

proteins were significantly elevated by AO treatment (~ 100 Kgg peptides selected based 

on statistical significance and FC>+2 are shown in Table 7.1). 

Mass spectrometry data did not reveal any difference in sites of ubiquitylation in these 

proteins between wild-type and PINK1 knockout neurons following stimulation with AO 

suggesting that additional ubiquitin E3 ligases may be activated and recruited to the 

mitochondria upon AO treatment in a PINK1 independent manner (Figure 5.3.8, Left 

panel). To further tested some of these non-mitochondrial proteins under similar 

conditions (described in section 5.3.5), we incubated SNX3, CAMK2α and CAMK2β 

with activated Parkin in vitro (Figure 5.3.8, Right panel). We observed free polyubiquitin 

chain formation but no significant substrate phosphorylation indicating that these are not 

Parkin substrates and unlikely to be regulated by active Parkin in neurons.  
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Figure 5.3.8 PINK1 and Parkin independent ubiquitylation sites. (A) Ranking analysis of most 

abundant Ub sites not associated with MitoCarta 3.0 (data from Fig.2A) – MS1- and TMT-based intensity 

of all diGLY peptides was extracted and the top 50 diGLY sites with the largest relative abundance change 

upon 5h depolarization is indicated. Error bars represent SEM (n = 5). (B) Recombinant SNX3 protein was 

assessed for ubiquitylation by Parkin and relative mass spectrometry analysis of ubiquitylation sites in wild-

type and PINK1 knockout neurons. Kgg fold change to untreated wild-type cells is indicated. Error bars 

represent SEM, n = 3, 3, 3, 2. (C) Recombinant CAMK2α protein was assessed for ubiquitylation by Parkin 

and relative mass spectrometry analysis of ubiquitylation sites in wild-type and PINK1 knockout neurons. 

Kgg fold change to untreated wild-type cells is indicated. Error bars represent SEM, n = 3, 3, 3, 2. (D) 
Recombinant CAMK2β protein was assessed for ubiquitylation by Parkin and relative mass spectrometry 

analysis of ubiquitylation sites in wild-type and PINK1 knockout neurons. Kgg fold change to untreated 

wild-type cells is indicated. Error bars represent SEM, n = 3, 3, 3, 2. In vitro experiments performed by Dr 

Michael Stevens. Ubiquitylation site analysis performed by Dr Alban Ordureau. 

A 

B 

C 
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5.4 Conclusions. 
 
Upon mitochondrial depolarisation, the process of PINK1 and Parkin-mediated 

remodelling of the mitochondrial membrane is an important step in the progression of 

mitophagy. PINK1 effectively removes unhealthy mitochondria from the cells in 

conjunction with Parkin and the autophagy machinery. Failure of this ultimate stage of 

quality control is likely to trigger cell death. Therefore, understanding how PINK1-Parkin 

pathway remodels the MOM proteome to control mitochondrial fate, especially in a 

physiological system as neurons is an important question in the field. 

Towards this goal, in a first experiment using a diGly proteomic approach, we identified 

a wide cross-section of candidate Parkin targets C57BL/6J neurons, many of which are 

mitochondrial, consistent with the model of PINK1-dependent recruitment of Parkin to 

the mitochondria after damage. This led to the identification of ~9154 diGLY-containing 

Kgg peptides, of which 5616 are unique sites, in primary cortical neurons of which several 

novel proteins were identified that have no clear link to mitophagy but which may suggest 

additional mitophagy-independent pathways regulated by the PINK1-Parkin activation. 

Specifically, the proteomic data suggests seven novel Parkin-regulated functions (Figure 

5.4): (1) cellular metabolism (CPT1α, MARC2, CYB5B, CYB5R3), (2) synapse 

transmission and neurogenesis (CAMK2α/β), (3) antioxidant activity (MAO-A, MAO-B, 

FAM213A), (4) cell survival and antiapoptotic function (DDX3X, TDRKH, ARMC10), 

(5) trafficking and cell structure (MAPRE2, ARHGAP33, SNX3), (6) immune system 

and antinflammation (ABCE1) and (7) misfolded protein degradation (HECW1), in 

addition to mitochondrial quality control (e.g. HK, MFN1/2, RHOT1/2). 
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Figure 5.4 Clustering of ubiquitylation sites revealed by diGly proteomics. Up-regulated Kgg site after 

AO depolarisation in C57BL/6J mouse cortical neurons. Clusters grouped according to biological pathways 

using UniProt, GenBank and Human Protein Atlas. 

 

We also undertook a comparative diGLY ubiquitylation analysis in primary cortical 

neurons of wild-type and homozygous PINK1 knockout mice and under the same 

experimental conditions most of sites had been detected in PINK1 wild-type AO treated 

neurons and correlated with those found in C57BL/6J neurons. This comparison also 

identified a subset of cytoplasmic proteins (such as, CamK2α/β/δ/γ, SNX3, etc…) 

recruited to mitochondria that undergo PINK1 and Parkin independent ubiquitylation, 

indicating the presence of alternate ubiquitin E3 ligase pathways that are activated by 

mitochondrial depolarization in neurons. 

 

In addition, we have demonstrated that ubiquitylation of a subset of these proteins are 

detectable by immunoblotting after ubiquitin enrichment. Noteworthy, our cell-based and 

in vitro data confirmed CPT1α as an ubiquitylated Parkin-associated protein. CPT1α is 

an integral outer membrane protein that catalyzes the primary regulated step in overall 

mitochondrial fatty acid oxidation. It has been suggested that CPT1α exists in a hetero-

oligomeric MOM complex consisting of CPT1α, ACSL, and VDAC (Lee et al., 2011). 

Several lines of evidence have suggested that mitochondrial dysfunction, including in the 
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respiratory chain, release of reactive oxygen species, fatty acid β-oxidation and 

mitophagy are associated with a Parkinson’s disease pathogenesis. Further clinical studies 

have placed a focus in a role of mitochondrial fatty acid β- oxidation in the pathogenesis 

of Parkinson’s disease. In this double-cohort study, it was revealed that patients with 

Parkinson's disease had a reduction of long-chain acylcarnitines (LCACs) proteins and 

increased long-chain fatty acid levels compared with the control, suggesting that early 

Parkinson’s disease patients suffer from β-oxidation disruption characterised by 

insufficient CPT1α (Saiki et al., 2017). Finally, CPT1α has mainly been studied for its 

role in fatty acid oxidation, and in the brain context, it has described to be a crucial 

mediator of fasting and ghrelin orexigenic signalling in the hypothalamus (Lopez et al., 

2008, Mera et al., 2014, Andrews et al., 2008). It has recently been shown that CPT1α 

may play a new role in neurotransmission by modulating mitochondrial function and 

GABA metabolism and release in mouse cortical neurons (Mir et al., 2018a). 

 

The N-Reductive system composed of mitochondrial Amidoxime Reducing Component, 

Cytochrome b5 and Cytochrome b5 Reductase is a further interesting group that our 

analysis revealed to be ubiquitylated after mitochondrial depolarisation. The MARC is an 

outer mitochondrial membrane that reduces N-hydroxylated substrates such as 

amidoximes. The encoded protein uses molybdenum as a cofactor and cytochrome b5 

type B and NADH cytochrome b5 reductase as accessory proteins. The MARC-

containing enzyme system is therefore considered to be responsible for the activation of 

amidoxime prodrugs (Plitzko et al., 2013). It has been suggested that this enzymatic 

system is involved in N-reductive drug metabolism such as the activation of amidoxime 

prodrugs and in lipid metabolism. Remarkably, in Jacobs et al. it has been demonstrated 

that all three components of the N-reductive system are linked with energy metabolism 

and is regulated by the diet (Jakobs et al., 2014). Beyond the N-reductive system, studies 

suggest an alternative peroxisomal localization for MARC2 (Jakobs et al., 2014, Islinger 

et al., 2007).  

 

One more additional target, ATAD1 appeared to be ubiquitylated upon mitochondrial 

depolarisation. Because ATAD1 has been shown to regulate glutamatergic synaptic 

plasticity on dopaminergic neurons, it is an attractive candidate for involvement in 

processes affecting neuronal homeostasis (Pignatelli et al., 2017). 
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In contrast with previous works, by examining ubiquitylated proteins related to the 

mitochondrial quality control, we identified the canonical targets as MFN1/2, TOMM70 

and RHOT1/2 by diGly capture but we were not able to detect them in immunoblotting 

for ubiquitin pulldown. This could reflect low abundance or difficulty in extraction of 

these protein from MOM. Therefore, we developed a reconstitution assay of Parkin 

ubiquitin ligase activity in which the addition of recombinant Parkin to depolarized 

mitochondria isolated from cells, overcomes the limitation due to low Parkin 

stoichiometry in cells and allows robust ubiquitylation of multiple substrates at the 

mitochondria, including MFN2. 

 

Here, we described target identification and ubiquitylation site-specific mapping for 

neuronal proteins after mitochondrial depolarisation. Using integrated approaches, we 

have delineated and classified a group of new potential substrates of PINK1-Parkin 

pathway in primary cortical neurons.  Comparative analysis with human iNeurons 

datasets elaborated a PINK1/Parkin-dependent ubiquitylation signature on depolarized 

mitochondria in neurons comprising 49 sites across 22 MOM proteins conserved between 

mouse and human neurons that represent a cellular readout for PINK1 and Parkin activity 

and a potential proxy readout of PD-linked mitochondrial dysfunction in future studies. 
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Chapter 6  
Discussion and final considerations 
  
6.1 Discussion.  
 
In undertaking a PhD project in the Protein Phosphorylation and Ubiquitylation (PPU) 

unit, it became clear that the PPU line for this project would have driven by PINK1- 

Parkin-Ubiquitin, a triad of proteins which work together in a common pathway to tailor 

an intricate interplay of proteome modifications aimed to sense and resolve mitochondrial 

dysfunction. The duality of PPU has brought in its simplicity, all the fascinating 

complexity of a pathway with steps yet to be explored and frameworks to be established. 

It should therefore come as no surprise that despite the immense progress made, critical 

gaps remain in our understanding of PINK1-Parkin pathway.  Our knowledge of PINK1-

Parkin pathway has been built up across a variety of model systems ranging 

from Drosophila, C. elegans, mice, immortalized human cell lines, human iPSCs. These 

studies have led to critical insights into the role of PINK1 and Parkin in maintaining 

mitochondrial integrity and proteostasis of a damage mitochondrion. Whether the 

mitochondrial quality control pathways or a specific subset of control pathways are 

critical to the survival of human SNpc DA neurons is still a central and unanswered 

question. In addition to this fundamental question, others unsolved mechanistic aspects 

of this pathway are ambiguous. For example, to what extent Parkin activates mitophagy 

by causing the degradation of MOM proteins or by ubiquitylating proteins on the 

mitochondrial surface. If Parkin-mediated ubiquitylation is required for neuronal 

mitophagy and which targets and modes of ubiquitylation in neurons are implicated in 

this process, and also if specific Parkin targets trigger mitophagy. 

To begin our investigation of PINK1-Parkin pathway in a neuronal context, we sought to 

first establish a robust neuronal model in order to study endogenous PINK1 and Parkin 

activation and then define with a global approach the altered landscape of ubiquitylome 

upon PINK1-Parkin activation in mouse neurons. Several factors we had to take into 

account for determining at what extent PINK1-Parkin activation in neurons may be 

relevant. The first was how to induce PINK1 activation. Several mitochondrial stressors 

are commonly used, such as protonophore (CCCP), ionophores (valinomycin), complex 
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I inhibitors (rotenone), complex II inhibitors (thenoyltrifluoroacetone, TTFA), complex 

III inhibitors (Antimycin A), complex IV inhibitors (cyanide), or combination of 

Antimycin A with ATP synthase inhibitors (Oligomycin) (Ashrafi et al., 2014, Bartolome 

et al., 2013, Chen et al., 2007, Exner et al., 2012, Jin and Youle, 2012). These compounds 

cause profound mitochondrial depolarisation, but efficient Parkin translocation has been 

only observed in cancer cell line models, not in primary neurons with endogenous level 

of Parkin (Van Laar et al., 2011). Additionally, primary neurons usually required higher 

concentrations and longer CCCP incubation times than cancer cell models (Imaizumi et 

al., 2012, Rakovic et al., 2013). These controversial findings led the field to question 

about the relevance of Parkin activity in neurons. A first observation has been that all the 

above studies used neuronal cultures in an early developing stage in which they do not 

display a fully mature phenotype and a complete synaptic formation. As shown in 

previous works, Parkin expression increases along neuronal maturations (Barini et al., 

2018) and also localize at pre- (Helton et al., 2008, Kubo et al., 2001) and post-synaptic 

terminals (Mouatt-Prigent et al., 2004, Fallon et al., 2002). Another underestimated aspect 

has also been the degree of mitochondrial functionality in neurons. Mitochondrial 

changes occur during neuronal differentiation in in vitro and in in vivo studies, displaying 

a full repertoire of mitochondrial mass, protein expression, functional and metabolic 

features in the later stages of neuronal differentiation, which in turn promote terminal 

differentiation of neurons (Cordeau-Lossouarn et al., 1991, Agostini et al., 2016, 

Ordureau et al., 2021, Zheng et al., 2016). Mitochondrial oxidative phosphorylation is 

essential to meet the neuronal energy demand, wherefore neurons may be more sensitive 

to some mitochondrial depolarizing agents or may have a different response based on 

their metabolic reprograming stages. Therefore, the study window represents a crucial 

element to consider for clearly understanding the complexity of PINK1-Parkin system in 

a neuronal context.   

To reach the intention of study PINK1 and Parkin actions in a complete working neuronal 

model, as extensive explained in the previous chapters, we decided to use a primary 

neuronal culture generated from E16.5 mouse cortices and carry out the experiments at 

the final stage of maturation, 21 days in vitro, using the combination of Antimycin A and 

Oligomycin as mitochondrial depolarizing agents. We demonstrated the utility of primary 

mouse neurons to study endogenous Parkin activation including conservation of Parkin 

activation by PINK1-dependent phosphorylation of Ser65 and robust ubiquitin PINK1-

dependent phosphorylation of Ser65. We then performed a large-scale quantitative 
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diGLY/TMT-MS3 proteomics to identify Parkin-dependent ubiquitylation on lysine 

residues in proteins modified upon mitochondrial depolarization. Additionally, we have 

used and established in vitro and cell-based assays, including a new in vitro approach for 

studying Parkin-dependent ubiquitin transfer to MOM substrates in isolated 

mitochondria, which will allow to explore new aspects of Parkin activity.   

diGLY proteome analysis of mitochondria in mouse cortical neurons identified ~9154 

diGLY-containing Kgg peptides, of which 5616 are unique sites, and 559 are statistically 

up-regulated (normalized for total proteome) upon AO treatment. In accordance to the 

recently published MitoCarta 3.0 database, we detected in mouse primary cortical 

neurons three hundred forty-five unique diGLY-containing Kgg peptides were detected 

in a total of 139 mitochondrial proteins under basal and induced conditions, of which 54 

proteins were located in the MOM, 42 proteins were located in the mitochondrial inner 

membrane (MIM), 19 proteins were located in the matrix, 10 proteins are of unknown 

mitochondrial sublocation, 9 proteins are membrane associated, and 5 proteins are in the 

intermembranous space (IMS). Comparative analysis with human iNeurons datasets 

elaborated a PINK1/Parkin-dependent ubiquitylation signature on depolarized 

mitochondria in neurons comprising 49 sites across 22 MOM proteins conserved between 

mouse and human neurons that represent a cellular readout for PINK1 and Parkin activity 

and a potential proxy readout of PD-linked mitochondrial dysfunction in future studies. 

We also identified two proteins, BNIP3L and DCAKD, whose ubiquitylation was 

increased in both mouse and human iNeurons albeit at different sites (Figures 5.2.5 and 

5.2.7). Furthermore, all the sites were present on proteins localized at the MOM, 

consistent with previous studies on how activation of PINK1 and Parkin on the MOM is 

sufficient to induce clearance of damaged mitochondria via mitophagy (Harper et al., 

2018, Moehlman and Youle, 2020). This was associated with the enhanced formation of 

phospho-ubiquitin and K63 chain linkages in mouse neuronal mitochondria (Figure 

4.3.7), which was also found to be increased 70-fold in human iNeurons upon 

mitochondrial depolarization (Ordureau et al., 2020). 

Of the common substrates identified in our neuronal systems, a number have been 

previously quantified in HeLa and human iNeurons including CISD1, HK1, MFN1/2, 

RHOT1/2, TOMM70, and VDAC1/2/3, and their collective ubiquitylation together with 

other substrates has been associated with mitophagic signaling and clearance (Ordureau 

et al., 2020, Ordureau et al., 2018). 
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Our analysis also found ATAD1 (Msp1) to be ubiquitylated upon Parkin activation 

(Figures 5.2.5 and 5.2.7). Akin to p97/Cdc48, Msp1 extracts misfolded proteins from the 

MOM, providing a direct link between a Parkin substrate and mitochondrial quality 

control component (Wang et al., 2020, Wang and Walter, 2020). We identified common 

ubiquitylation sites on FKBP8 (also known as FKBP38) and SYNJ2BP (also known as 

OMP25) that are both anchored to the MOM via translocase of outer mitochondrial 

Membrane (TOM)–independent “tail anchor” mitochondrial targeting signals within a C-

terminal juxtamembrane sequence known as the CSS (Borgese and Fasana, 2011). The 

CSS of FKBP38 has also been demonstrated in MEFs to mediate its escape from the 

mitochondria to the endoplasmic reticulum (ER) during mitophagy, thereby avoiding its 

degradation, and this was also dependent on Parkin activity (Saita et al., 2013). However, 

in our studies, we found that FKBP8 was regulated independent of PINK1, suggesting 

that an alternate ubiquitin E3 ligase targets this protein, and in future studies, it will be 

interesting to assess whether FKBP8 undergoes escape to the ER in neurons and dissect 

the mechanism.  

By examining ubiquitylation site on substrate proteins, we were able to place some targets 

into functional classes unrelated to mitophagy, as several of the common neuronal sites 

that we identified occur on proteins involved in fatty acid oxidation and metabolism in 

the mitochondria including CPT1α, ACSL1, VDACs, and CYB5R3 (Figures 5.2.5, 5.2.7 

and 5.2.10).Recently, several in vivo physiological studies have suggested a link between 

fatty acid oxidation and mitophagy mechanisms in non-neuronal tissues (Shao et al., 

2020, Li et al., 2020), and in future work, it will be interesting to investigate whether 

Parkin-induced ubiquitylation of these proteins affects fatty acid metabolism at the 

molecular level in neurons. Since this is the first study to define common substrates 

regulated by human and mouse Parkin, we undertook a multiple sequence alignment 

analysis of the human Lys-targeted sequences to identify a putative recognition motif for 

Parkin; however, this did not reveal a clear targeting sequence for Parkin-directed lysine 

ubiquitylation (Appendix, Figure 7.3), consistent with previous studies that have 

suggested that Parkin lacks sequence and structural specificity for substrate ubiquitylation 

(Ordureau et al., 2020, Ordureau et al., 2018, Sarraf et al., 2013, McWilliams et al., 

2018a), which imply Parkin  specificity may be driven by its activation and recruitment 

to the mitochondria and substrates rather than a particular target sequence within 

substrates. 
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Previous analysis of VDAC1 has suggested that the topology of the protein at the MOM 

and surface exposure of Lys residues to the cytosolic side strongly influence Parkin 

targeting; however, it is not known if this is a general mechanism (Ordureau et al., 2020, 

Ordureau et al., 2018). Structural analysis to date has elaborated the mechanism of Parkin 

activation by PINK1 phosphorylation of Parkin and ubiquitin (Gladkova et al., 2018, 

Sauvé et al., 2018), and in future studies, it will be interesting to reconstitute Parkin-

catalyzed ubiquitylation of model substrates and solve structures of Parkin bound to E2 

and substrate to uncover any autonomous structural determinants of lysine recognition by 

Parkin, and our elaboration of its key substrates in neurons will aid in these studies. The 

ubiquitylation of MOM proteins on damaged mitochondria is followed by the recruitment 

of the autophagy receptor proteins NDP52, p62, OPTN, Tax1bp, and Next to BRCA1 

gene 1 protein (NBR1), and several studies suggests that NDP52 and OPTN are the main 

ubiquitin-dependent receptors for efficient mitophagic clearance of damaged 

mitochondria both in HeLa cells and neurons (Lazarou et al., 2015, Heo et al., 2015, 

Evans and Holzbaur, 2020). The mechanism of how these are recruited to the MOM is 

not fully understood since NDP52 and OPTN have been demonstrated to bind diverse 

ubiquitin chain types including M1, K48, and K63 chains (Li et al., 2018, Xie et al., 2015), 

and there are conflicting reports on how recruitment of these receptors is affected by 

phospho-ubiquitin (Ordureau et al., 2018, Lazarou et al., 2015, Li et al., 2018, Richter et 

al., 2016). The Ub-binding domain in ABIN proteins and NEMO (UBAN) domain of 

OPTN preferentially binds M1 or K63-linked ubiquitin chains, and previous analysis has 

found that phosphorylation of OPTN by TANK-binding kinase 1 (TBK1) enhances its 

binding to ubiquitin chains (Richter et al., 2016). Phosphorylation of Ser473 not only 

enhanced affinity of OPTN to longer K63 chains but also promoted binding to other 

linkage types, which may not be relevant to mitophagic signaling in neurons (Heo et al., 

2015, Richter et al., 2016). Our findings of defined substrates and specific accumulation 

of K63- linked ubiquitin chain types in neurons will be beneficial to studies underway to 

reconstitute mitophagy mechanisms in vitro (Shi et al., 2020a, Shi et al., 2020b) that may 

shed light on the initial steps of ubiquitin receptor recruitment to mitochondria. It was 

recently suggested that ubiquitin chains alone are sufficient to stimulate mitophagy 

(Yamano et al., 2020), and our findings also lend tractability to undertake genetic analysis 

as to whether ubiquitylation of specific substrates is critical for mitophagy or not. FKBP8 

has also been reported to act as mitophagy receptor in HeLa cells via an N-terminal LC3-

interacting region that binds strongly to LC3A; however, this was independent of Parkin 
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activation (Bhujabal et al., 2017), and future studies should be directed at its role in 

mitophagy in neurons in light of our discovery of Parkin-dependent ubiquitylation. 

A recent study has reported that two protein kinases, cyclin G-associated kinase (GAK) 

and PRKCδ, are previously unknown regulators of Parkin-independent mitophagy and 

recruit ULK1 to autophagosome structures close to mitochondria (Munson et al., 2020). 

While we did not detect either GAK or PRKCδ, we did detect multiple kinases in our 

mitochondrial enriched fractions that were ubiquitylated including PRKCβ, PRKCε, and 

PRKCγ isoforms, and in future work, it will be important to determine whether these and 

other kinases recruited to mitochondria regulate AO-induced mitophagy in neurons. Our 

analysis has also highlighted PINK1-independent and Parkin-independent ubiquitylation 

sites following AO stimulation. While BCL2/adenovirus E1B 19 kDa protein-interacting 

protein 3-like (NIX/BNIP3) and FUN14 domain-containing protein 1 (FUNDC1) 

receptor-mediated mitophagy have been linked to mitochondrial turnover during 

metabolic reprogramming or hypoxia, very little is known on PINK1-independent 

ubiquitin-mediated mechanisms regulating mitophagy (Montava-Garriga and Ganley, 

2020). Our discovery of clear-cut PINK1-independent substrates suggests that there are 

parallel ubiquitin signaling pathways that are activated alongside PINK1-Parkin in 

neurons following AO treatment. We have compared our proteome dataset in neurons 

with the UbiHub online database (Liu et al., 2019b) and found 40 E2, 165 “simple” E3, 

and 155 “complex” E3 components that are present within our mitochondrial-enriched 

neuron fractions. 

 Only two E3s, Mitochondrial ubiquitin ligase activator of NFKB 1 (MUL1) and F-

box/LRR-repeat protein 4 (FBXL4), are located within the mitochondria, and the 

remainder are cytosolic; in future work, it will be interesting to define those that may be 

recruited and activated at the mitochondria upon AO treatment. Intriguingly, DJ1 

ubiquitylation was reduced by AO at Lys93 and, to a lesser extent, at Lys130 (Figure 

5.2.6 B). Both sites are highly conserved and lie close to Cys106 that is modified under 

oxidative stress conditions, thereby stimulating DJ1 recruitment from the cytosol to the 

mitochondria (Appendix, Figure 7.4A) (Canet-Avilés et al., 2004). Patients with DJ1 

mutations resemble PINK1 and Parkin patients (van der Vlag et al., 2020); however, we 

observed that the reduction of DJ1 ubiquitylation at Lys93 was PINK1 independent 

(Appendix, Figure 7.4B) and in future work, it will be interesting to determine the 

mechanism of the functional impact of DJ1 ubiquitylation in the context of mitophagic 

signaling. We also observed many other diGLY sites that were down-regulated following 
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mitochondrial depolarization, suggesting that mitochondrial depolarization may alter the 

activity of Deubiquitinating enzymes (DUBs) at the mitochondria by an as yet unknown 

mechanism.  

Moreover, we have deposited ubiquitin sites and targets in mitochondria of neurons data 

in a searchable online database that we have termed MitoNUb (https://shiny. 

compbio.dundee.ac.uk/MitoNUb/). 

 

 

Figure 6 MitoNUb: Mitochondrial Neuron Ubiquitin landscape. Web-tool for interrogation of total 

mitochondrial proteome and candidate Parkin targets detected in mouse primary cortical neurons. Realized 

by Dr Marek Gierlinski. 

 

Overall, this study together with previous findings in human iNeurons (Ordureau et al., 

2020) provides a common signature of ubiquitylation events occurring in neuronal 

mitochondria that can be used to investigate Parkin activity in other neuronal cell types 

including dopaminergic neurons. We believe that the identification of a specific set of 

sites targeted by endogenous Parkin in cell types relevant to Parkinson’s will promote the 

development of facile proteomic and cell-based assays to monitor Parkin activity that will 

aid drug discovery and translational efforts to activate PINK1 and Parkin as a potential 

therapeutic strategy in PD (Padmanabhan et al., 2019). 
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6.2 Future Directions 
 
 
In line with previous reports, our proteomic data suggests that Parkin activation leads 

to widespread ubiquitylation of several proteins, including a cohort of proteins 

associated with mitophagy, such as MFN1/2 and RHOT1/2, known as Parkin 

substrates involved in outer membrane mitochondrial modification.  

The steps that occur downstream of PINK1-PARKIN activation and how ubiquitylation 

of mitochondrial outer membrane or other proteins leads to mitophagy is unclear. To 

systematically assess if proteins identified in our study modulate mitophagy dependently 

of PINK1-Parkin pathway, we could perform microscopy analysis using mitochondria-

targeted, pH-sensitive fluorophores, such as mitoQC reporter,  a green fluorescent protein 

(GFP) fused to the mCherry red fluorescent proteins targeted to the MOM (McWilliams 

et al., 2016), and/or the matrix-targeted mKeima, a fluorescent protein with an extreme 

pH-induced Stroke shift (Katayama et al., 2011). In particular, mouse cortical neurons 

can be generated from PINK1 KO and WT mice crossed with mitoQC-reporter and time-

lapse microscopy experiments can be recorded to observe any dynamic changes in 

mitophagy-flux after mitochondrial depolarization. The spatial localization of where 

Parkin mediated mitophagy occurs within these cells has been debated, since neurons are 

one of the most highly polarized cell types, as they possess structurally and functionally 

different processes, axons and dendrites, that extend from the cell body. A further 

experiment, that could help to resolve this question, would be to culture mouse neurons 

in a compartmentalized microfluidic chamber devise, which allows to clearly separate 

axons from dendrites and measure mitophagy changes in each neuronal compartment. 

 

Most of the current understanding of PINK1 and Parkin mediated mitophagy derives from 

studies in cell lines overexpressing Parkin that are treated with high concentrations of 

mitochondrial uncouplers such as carbonyl cyanide m-chlorophenyl hydrazine (CCCP) 

or depolarizing agents such as antimycin alone or in combination with oligomycin. 

Although these mitochondrial toxins are widely used to activate the PINK1-Parkin 

pathway, they lead to extensive and irreversible mitochondrial damage that may mask the 

dynamic events occurring in a physio-pathological framework. Also, evidence that the 

PINK1/Parkin pathway is active in vivo is very poor. In an effort to study the detailed 

mechanisms and role for PINK1-Parkin-dependent mitophagy and PINK1-Parkin-
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independent mitophagy in vivo, the Muqit’s lab has generated a phosphomimetic mouse 

model carrying 2 mutations (PINK1 T256E/S283E: T256 and S283 replaced with a 

negative glutamic acid residue mimicking phosphoserine and phosphothreonine residues) 

in the kinase domain that are key sites of PINK1 autophosphorylation and constitutively 

activate PINK1. Another system of inducing PINK1-Parkin pathway could be to use 

misfolded protein aggregation paradigms, for example using the α-synuclein preformed 

fibrils (PFF) model or the ornithine transcarbamylase (OTC) mutant.  For the latter, a 

study by Youle’s lab showed that in HeLa cells, a mutant form of OTC induced its 

aggregation and misfolded protein foci in mitochondria. These foci led to local 

accumulation of PINK1-Parkin and subsequent OTC clearance by mitochondrial 

fission (Burman et al., 2017). We believe that the use of more physiologically accurate 

models will help for a better understanding of the spatio-temporal changes associated to 

this pathway and to answer the question that is currently facing the field, i.e., whether it 

is a specific subset of ubiquitylated targets rather than the global ubiquitylation of 

mitochondrial proteins that triggers the mitophagy process. 

 

Our data also suggests that Carnitine palmitoyl-transferase 1a (CPT1α) may represent a 

newly identified node of regulation for the PINK1-Parkin pathway and may contribute to 

promote mitochondrial and neuronal health. It will therefore be interesting to examine 

whether the ubiquitylation of CPT1α might regulate its activity by using metabolic assays 

to determine fatty acid metabolism and mitochondrial function. CPT1α regulates 

mitochondrial fatty acid oxidation (FAO) and catalyzes the rate-limiting step of 

converting acyl-coenzymeA into acyl-carnitines, which can then cross membranes to get 

into the mitochondria. The regulation of CPT1α is complex and has several layers that 

involve genetic mutations and metabolic disorders. Etomoxir (ETO) is a widely used 

small-molecule inhibitor of fatty acid oxidation through its irreversible inhibitory effects 

on the CPT1α. Therefore, we may test whether etomoxir might modify Parkin-dependent 

ubiquitylation on CPT1α. We may also perform a Seahorse Palmitate Oxidation Stress 

Assay (that measures the oxidation of the palmitate substrate, specifically on the long-

chain fatty acid oxidation processes), to explore whether CPT1α ubiquitylation might 

affect fatty acid metabolism and mitochondrial function. Furthermore, ubiquitylation of 

CPT1α might be linked to the formation of lipid peroxides and mitochondrial lipid 

oxidation can be measured by imaging assay or by newer techniques involving HPLC, 

spectrofluorimetry and mass spectrometry. 
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To achieve the overall aim of this thesis, we established a neuronal-enriched culture to 

dissect PINK1-Parkin events in a neuronal context. We must emphasize that neurons are 

not the only cells present in brain, but their function strictly dependent on the interaction 

with other cells, such as astrocyte, microglia and oligodendrocyte. Therefore, an 

evolution of this project would be to establish a mixed brain culture that resembles the 

brain microenvironment and has the same proportion of cell types and subtypes. New 

mouse models are currently being used in the lab, the MITO-tag (Bayraktar et al., 2019) 

and LYSO-tag mice (Abu-Remaileh et al., 2017), that enable rapid isolation and 

multimodal profiling of mitochondria and lysosome from specific cell types. The fusion 

of triple human influenza virus hemagglutinin (3xHA) epitope tags to the outer membrane 

protein 25 (OMP25) or the lysosomal transmembrane protein 192 (TMEM192) allows 

for the rapid isolation of mitochondria and lysosomes respectively, by using anti-HA 

magnetic beads. These transgenic animals also express a Cre recombinase that enables 

the expression of the tag under the control of a cell-type promoter. The Muqit lab is 

currently performing proteomic and metabolic studies using these models crossed with 

PINK1 and Parkin mutant mice and the next step could be to establish mixed brain 

cultures or primary neuronal and glial cell cultures (astrocyte, microglia and 

oligodendrocyte) and define the specific landscape of PINK1-Parkin modifications for all 

these cell type. 

 

Another element to consider is the role of deubiquitynase enzymes (DUBs) in this 

pathway. Our data showed a number of targets which are significantly dowregulated after 

mitochondrial depolarization. It could be that some mitochondrial proteins are basely 

ubiquitylated and specific DUBs can get activated after AO treatment and hydrolyze 

ubiquitin residues on mitochondrial targets. To potentially identify novel DUBs that are 

up- or downregulated upon mitochondrial damaged conditions in mouse neurons, 

activity-based probes can be used (Ekkebus et al., 2014). Activity-based probes react with 

the catalytic center of DUBs creating a covalent bond and stabilizing the protein. Ub-

probes contain a warhead (propargylamine usually serves as a suitable warhead, because 

it is a potent and selective modifier of different DUBs), ubiquitin, a C3 cleavage site and 

a HaloTag fusion (Ekkebus et al., 2013). Various probes have been also generated like 

monoubiquitin and different types of polyubiquitin probes to reveal the mechanism 

preferred by different DUBs (Flierman et al., 2016, Paudel et al., 2019). For a DUB pull-

down experiment, cell lysates are incubated with a Ub-probe, and pulled-down proteins 



 193 

are then processed for LC-MS/MS analysis. Considering that ubiquitin residues can also 

be phosphorylated by PINK1 it would also be interesting to engineer a pSer65-Ub probe 

to pull-down DUBs that interact with pSer65-Ub. In addition, previous works showed 

that phosphorylation altered ubiquitin structure and a subset of DUBs,  including USP8, 

USP15 and USP30, were impaired in hydrolyzing pSer65Ub chains (Wauer et al., 2015). 

Whereas, only a few DUBs were able to hydrolyse purified dimers of pSer65 Ub, such as 

USP16 from K33 linkage, USP21 and OTUB1 from K48 linkage using MALDI-TOF 

Mass spectrometry (Huguenin-Dezot et al., 2016).  Therefore, phosphorylation on Ser65 

Ubiquitin may also impact ubiquitylation and deubiquitylation pathways and may provide 

a further layer of regulation in the PINK1-Parkin-Ubiquitin system. 

 

6.3 Final considerations. 
In closing this thesis, we would like to highlight that our data represent a source for a 

number of areas that will require future research.  Several questions remain to be 

addressed, both on a global level of PINK1 and Parkin activation and regulation, and 

more specifically about their role in neuronal vulnerably. An interesting point to address 

would be how Parkin recognizes such a diverse multitude of substrates, if they are all 

directly targeted by Parkin, or cooperative action with others E3-ligase might be involved. 

Our diGly dataset and previous datasets in HeLa cells and iNeurons have identified 

classes of Parkin targets linked to mitophagy but also to other cell functions. Therefore, 

a captivating question that arises is whether Parkin recognizes these targets in a specific 

timeline and whether Parkin takes part of a precise program to regulate some enzymatic 

activities in dysfunctional mitochondria before triggering mitophagy. If so, how PINK1 

and Parkin can elaborate a so tightly planned work program and whether phosphorylation 

of additional sites in Parkin could contribute to its activation and regulation of targeting 

activity, potentially in collaboration with Ser65. Furthermore, does Parkin interact with 

multiple E2 ubiquitin conjugating enzymes to affect the type of ubiquitin chain produced?  

Another poorly studied topic is related to whether DUBs fit into these proteome reshaping 

mechanisms. 

Moving on to the neuronal side, how defects in PINK1 and Parkin may interact with other 

sources of neuronal vulnerability, such as oxidative stress, dopamine toxicity, and 

autonomous Ca2+-dependent pacemaking, is an underestimated and poorly studied 

scenario. The role of mitochondrial dysfunction in neurodegenerative disease is currently 

an area of intense study and how mechanisms of mitochondrial quality control can operate 
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in these intertwined network of selective vulnerability factors is unclear. Last, to define 

extent of which PINK1-Parkin-mediated mitophagy would be relevant for 

neuroprotection. Going beyond a neuron-centric view of PD pathogenesis, it would be 

interesting to explore whether PINK1 and Parkin play a role in the other brain cells (e.g., 

glial cells), and elucidate their mechanistic interaction in mitochondrial quality control 

and PD pathogenesis. 
 

We hope that our global ubiquitylome analysis, aimed at defining the altered proteome 

upon PINK1-Parkin activation in neurons, will provide a valuable resource for the 

PINK1-Parkin field and will be useful for interrogating dynamic changes in neuronal 

functions and developing new studies which will shed light on the reciprocal role of 

PINK1, Parkin and neuronal vulnerability in PD. 
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Chapter 7 
Appendix 

 
7.1 Chapter 3: PhosphoSer65-Ubiquitin Antibodies. 

 

 
 
 
 

Figure 7.1 Comparison of the phosphoSer65-Ubiqutin antibodies. Immunoblotting analysis of SH-

SY5Y cells treated with 10!M Antimycin A and 1!M Oligomycin or DMSO for 3 hours. On the left, 

samples were tested for the phosphoSer65-Ubiqutin antibody from 21st Century Biochemicals. On the 

right, samples were tested for the phosphoSer65-Ubiqutin antibody from Cell Signaling Technology 

(CST). 
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7.2 Chapter 5:  Protein purification and global ubiquitylation profiling 
of the Parkin substrates. 
 

 
 

Figure 7.2  Purification of recombinant Parkin substrates and proteins. (A) 280 nm UV absorption 

trace for Cpt1α resolved on a Superdex 200 16/60 size exclusion column (black), with bounds of collected 

fractions in blue (top panel). Cpt1α fractions under UV absorption peaks resolved on a 4-20 % SDS-PAGE 

gel and stained using Coomassie brilliant blue (bottom panel). (B) Purified parkin targets for MBPCamK2α, 

MAO-A and GST Miro1; (C) MBP-CamK2β, MAO-B, Fam213a, SNX3 and ACSL1 (45-end); in both 

cases 1μg of the final recombinant protein stock was resolved using 4-20 % SDS-PAGE and stained using 

Coomassie brilliant blue. 

 
 
 

A 
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Table 7.1 Cytosolic protein targets upregulated in mouse cortical neurons after AO treatment. 
Targets were selected based on statistical significance and fold-change (FC) >2. Site of ubiquitylation for 

each target is also reported. 

  
GENE (SITE 
POSITION) 

WELCH'S T-TEST 
SIGNIFICANT 

-LOG10 
(WELCH'S T-

TEST P-VALUE) 

LOG2 
RATIO 

(AO/UT) 

FC: GENE (SITE 
POSITION) 

DDX3X (K491) + 4,16473 3,33691 10,10438773 Ddx3x (K491) 

MAPRE2 (K155;164) + 4,86739 3,30367 9,874241977 Mapre2 
(K155;164) 

CAMK2B (K227) + 4,36427 3,28732 9,762969338 Camk2b 
(K227) 

FARP1 (K659) + 4,75402 3,26801 9,633165822 Farp1 (K659) 

AKT1 (K426) + 5,19242 3,2172 9,299801997 Akt1 (K426) 

MAPRE2 (K155) + 4,89684 3,17219 9,014140894 Mapre2 
(K155) 

MAPRE2 (K137) + 4,81415 3,05404 8,305344434 Mapre2 
(K137) 

DDX3X (K373) + 4,53308 2,98945 7,94171176 Ddx3x (K373) 

FARP1 (K742) + 4,20221 2,96152 7,789442087 Farp1 (K742) 

ABCE1 (K431) + 4,38475 2,94876 7,720851687 Abce1 (K431) 

SH3BP4 (K803) + 3,65746 2,92554 7,597580206 Sh3bp4 
(K803) 

AKT1 (K297) + 5,42325 2,92509 7,595210767 Akt1 (K297) 

RAF1 (K575) + 4,67351 2,91539 7,544315447 Raf1 (K575) 

FARP1 (K542) + 4,63848 2,87232 7,322417329 Farp1 (K542) 

HDLBP (K197) + 3,47111 2,84806 7,200314885 Hdlbp (K197) 

AKT1 (K182) + 4,416 2,80618 6,994301563 Akt1 (K182) 

RAF1 (K493) + 4,06066 2,8034 6,980836877 Raf1 (K493) 

MAPRE2 (K131) + 4,61016 2,78953 6,914045032 Mapre2 
(K131) 

RAF1 (K378) + 4,3777 2,76534 6,799082144 Raf1 (K378) 

NONO (K245) + 4,44597 2,64327 6,247461042 Nono (K245) 

EMD (K116) + 3,64105 2,57952 5,977407916 Emd (K116) 

TYW1 (K355) + 3,73552 2,50779 5,687481707 Tyw1 (K355) 

DDX3X (K264) + 4,11885 2,47474 5,558671015 Ddx3x (K264) 

NSF (K283) + 5,09936 2,42978 5,388112599 Nsf (K283) 

MAPRE2 (K164) + 4,2939 2,41532 5,33437778 Mapre2 
(K164) 

HNRNPA0 (K159) + 3,32283 2,40841 5,308889083 Hnrnpa0 
(K159) 

NSF (K566) + 4,74402 2,40051 5,279897784 Nsf (K566) 

AKT1 (K39) + 4,26793 2,39042 5,243099774 Akt1 (K39) 

HNRNPF (K87) + 4,46489 2,36529 5,152562144 Hnrnpf (K87) 

EEF1A1 (K408) + 2,81299 2,3632 5,145103147 Eef1a1 (K408) 

SNAP47 (K274) + 4,19272 2,34806 5,091391482 Snap47 
(K274) 

PCBP2 (K319) + 3,53803 2,34451 5,078878636 Pcbp2 (K319) 

ABCE1 (K579) + 4,25285 2,33963 5,061728056 Abce1 (K579) 

PSMC5 (K330) + 4,07422 2,32605 5,014305861 Psmc5 (K330) 

EIF4A1 (K7) + 5,26238 2,25258 4,765342801 Eif4a1 (K7) 
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RAE1 (K108) + 3,58393 2,25227 4,764318955 Rae1 (K108) 

GNA12 (K73) + 4,03901 2,25207 4,763658526 Gna12 (K73) 

STAT1 (K592) + 2,55033 2,2229 4,668308814 Stat1 (K592) 

PELO (K162) + 4,65036 2,21143 4,631341049 Pelo (K162) 

COPA (K1028) + 2,87887 2,14683 4,428536471 Copa (K1028) 

EMD (K80) + 3,44145 2,14366 4,418816434 Emd (K80) 

CAMK2B (K69) + 3,85195 2,0945 4,270781236 Camk2b (K69) 

MAPRE2 (K125) + 4,17696 2,08485 4,242309861 Mapre2 
(K125) 

CAMK2B (K43) + 3,50094 2,07286 4,207198828 Camk2b (K43) 

YES1 (K431) + 2,80003 2,06514 4,18474583 Yes1 (K431) 

ASNS (K513) + 4,50582 2,05402 4,152614649 Asns (K513) 

CCT2 (K223) + 4,13687 2,02469 4,069044336 Cct2 (K223) 

TARDBP (K181) + 3,12712 1,99236 3,978873411 Tardbp (K181) 

ABCE1 (K126) + 3,68121 1,98786 3,966481994 Abce1 (K126) 

MAPRE2 (K212) + 4,06336 1,95621 3,880412437 Mapre2 
(K212) 

PCBP1 (K314) + 3,29602 1,8838 3,690458329 Pcbp1 (K314) 

SNX12 (K87) + 4,39147 1,87448 3,666694324 Snx12 (K87) 

ARMC6 (K328) + 3,87156 1,8722 3,660904146 Armc6 (K328) 

SNAP47 (K131) + 3,95335 1,86504 3,642780332 Snap47 
(K131) 

FAF2 (K367) + 3,97537 1,86352 3,638944379 Faf2 (K367) 

IGF2BP3 (K26) + 2,93454 1,85679 3,622008671 Igf2bp3 (K26) 

SNAP47 (K205) + 3,29417 1,835 3,567714078 Snap47 
(K205) 

ABCE1 (K116) + 2,86024 1,83026 3,556011525 Abce1 (K116) 

ARAF (K452) + 2,97364 1,77628 3,425417883 Araf (K452) 

HNRNPH1 (K14) + 3,25096 1,75401 3,37294782 Hnrnph1 
(K14) 

KSR2 (K44) + 2,31569 1,75357 3,37191928 Ksr2 (K44) 

ABCE1 (K169) + 3,49205 1,73725 3,333990515 Abce1 (K169) 

CAMK2B (K301) + 3,12548 1,71148 3,274966161 Camk2b 
(K301) 

OGFR (K148) + 3,5067 1,67926 3,202636364 Ogfr (K148) 

TOLLIP (K96) + 3,0914 1,66827 3,178332369 Tollip (K96) 

SNAP47 (K258) + 3,58192 1,66481 3,170718942 Snap47 
(K258) 

HNRNPA0 (K133) + 2,59518 1,66043 3,161107285 Hnrnpa0 
(K133) 

PFN1 (K127) + 3,39163 1,6431 3,123362458 Pfn1 (K127) 

NMRAL1 (K143) + 3,87559 1,61581 3,064836261 Nmral1 
(K143) 

CAMK2B (K292) + 2,90633 1,59712 3,025387629 Camk2b 
(K292) 

MKRN2 (K342) + 3,16832 1,57845 2,986488155 Mkrn2 (K342) 

GNA11 (K52) + 3,30386 1,55584 2,940048593 Gna11 (K52) 

TRIM28 (K320) + 3,17401 1,54928 2,926710406 Trim28 
(K320) 

PCBP2 (K115) + 3,65602 1,5387 2,905325891 Pcbp2 (K115) 

PCBP1 (K351) + 2,80392 1,53143 2,890722257 Pcbp1 (K351) 

ABCE1 (K210) + 3,47065 1,53024 2,888338842 Abce1 (K210) 

PIP5K1C (K351) + 2,90103 1,52532 2,878505562 Pip5k1c 
(K351) 

EEF1A1 (K273) + 2,22233 1,50848 2,845101259 Eef1a1 (K273) 
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ZWINT (K201) + 2,99501 1,50642 2,841041686 Zwint (K201) 

HDLBP (K179) + 2,34844 1,49893 2,82633015 Hdlbp (K179) 

CCT6A (K295) + 2,63623 1,49293 2,814600182 Cct6a (K295) 

KLHL26 (K320) + 2,62125 1,41143 2,660006922 Klhl26 (K320) 

GSK3B (K183) + 2,72862 1,40423 2,646764804 Gsk3b (K183) 

PLEKHH3 (K201)* + 2,45023 1,40067 2,640241688 Plekhh3 
(K201)* 

PCBP2 (K181) + 2,52373 1,39809 2,635524311 Pcbp2 (K181) 

HNRNPM (K387) + 1,54964 1,39543 2,630669483 Hnrnpm 
(K387) 

ABCF3 (K472) + 2,90835 1,38513 2,611954925 Abcf3 (K472) 

CAMK2B (K22) + 1,8451 1,38341 2,608842773 Camk2b (K22) 

ACSL3 (K679) + 2,4122 1,37931 2,601439219 Acsl3 (K679) 

CAMK2B (K57) + 2,07921 1,37438 2,592564712 Camk2b (K57) 

ZWINT (K133) + 2,8523 1,35456 2,557191139 Zwint (K133) 

SNAP47 (K371) + 3,14658 1,34506 2,540407615 Snap47 
(K371) 

ELP3 (K275) + 2,96247 1,32733 2,509378335 Elp3 (K275) 

HNRNPM (K68) + 1,97894 1,3252 2,505676214 Hnrnpm (K68) 

NONO (K98) + 3,20172 1,30409 2,469279251 Nono (K98) 

SNAP47 (K313) + 2,23582 1,29276 2,449963066 Snap47 
(K313) 

EEF1A1 (K154) + 1,99613 1,28447 2,435925482 Eef1a1 (K154) 

NONO (K101) + 3,08649 1,26493 2,403155494 Nono (K101) 

NUP188 (K566) + 2,09251 1,264 2,401606855 Nup188 
(K566) 

AKT1 (K158) + 2,88168 1,2305 2,346482987 Akt1 (K158) 

ELP2 (K461) + 2,97508 1,22748 2,341576221 Elp2 (K461) 

BZW1 (K60) + 2,40795 1,22121 2,331421735 Bzw1 (K60) 

ZWINT (K154) + 1,09338 1,19609 2,291178723 Zwint (K154) 

HDLBP (K991) + 2,31042 1,19574 2,290622947 Hdlbp (K991) 

FYN (K355) + 2,13153 1,19449 2,288639133 Fyn (K355) 

RPS2 (K58) + 1,97599 1,18956 2,280831707 Rps2 (K58) 

ABHD6 (K126) + 2,585 1,18822 2,278714215 Abhd6 (K126) 

KPNA1 (K243) + 2,55846 1,17976 2,265390879 Kpna1 (K243) 

SNAP47 (K152) + 2,76428 1,16724 2,245816417 Snap47 
(K152) 

FAF2 (K167) + 2,67399 1,14816 2,216310479 Faf2 (K167) 

USE1 (K94) + 1,47085 1,14426 2,210327275 Use1 (K94) 

NONO (K109) + 2,77484 1,12751 2,184813298 Nono (K109) 

PMVK (K94) + 1,74762 1,11188 2,161271027 Pmvk (K94) 

GSK3B (K150) + 2,54323 1,11028 2,15887543 Gsk3b (K150) 

ARAF (K22) + 1,94861 1,10985 2,158232065 Araf (K22) 

ABCF3 (K468) + 2,73037 1,09226 2,132077677 Abcf3 (K468) 

ADCY3 (K428) + 2,34884 1,0894 2,127855231 Adcy3 (K428) 

TECR (K224) + 2,25217 1,08485 2,12115493 Tecr (K224) 

EMD (K148) + 2,11107 1,07913 2,112761621 Emd (K148) 

ABCE1 (K178) + 1,89838 1,04965 2,070027595 Abce1 (K178) 

ABCE1 (K584) + 2,66516 1,04752 2,066973654 Abce1 (K584) 

SREBF2 (K649) + 2,15092 1,02559 2,035791765 Srebf2 (K649) 
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DNAJB6 (K29) + 1,76086 1,02293 2,032041688 Dnajb6 (K29) 

CTNND2 (K276) + 1,78316 1,01474 2,020538722 Ctnnd2 
(K276) 
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Table 7.2 Kinases upregulated in mouse cortical neurons after AO treatment. Targets were selected based on statistical significance and Log2 ratio (AO/UT) > 1.99 Site of 
ubiquitylation for each target is also reported. 
 

GENE (SITE 
POSITION) 

SITE_ID UNIPROT ID GENE SYMBOL GENE (K SITE) SITE POSITION WELCH'S T-TEST 
SIGNIFICANT 

-LOG10(WELCH'S T-
TEST P-VALUE) 

LOG2 RATIO 
(AO/UT) 

HK1 (K133) 427 P17710 Hk1 Hk1 (K133) 133 + 4,36417 4,73788 

HK1 (K243) 421 P17710 Hk1 Hk1 (K243) 243 + 5,46315 4,59686 

CAMK2A (K137;146) 1279;1280 P11798 Camk2a Camk2a 
(K137;146) 

137;146 + 5,18613 3,84174 

GK (K163) 1161 Q64516 Gk Gk (K163) 163 + 4,99234 3,79568 

HK1 (K247) 419 P17710 Hk1 Hk1 (K247) 247 + 5,10496 3,68693 

CAMK2A (K258) 1275 P11798 Camk2a Camk2a (K258) 258 + 5,18538 3,63851 

HK1 (K409) 431 P17710 Hk1 Hk1 (K409) 409 + 3,96732 3,53344 

CAMK2B (K227) 1632 P28652 Camk2b Camk2b (K227) 227 + 4,36427 3,28732 

CAMK2A (K42) 1277 P11798 Camk2a Camk2a (K42) 42 + 4,85345 3,26311 

AKT1 (K426) 2513 P31750 Akt1 Akt1 (K426) 426 + 5,19242 3,2172 

HK1 (K368) 420 P17710 Hk1 Hk1 (K368) 368 + 4,11569 3,11985 

HK1 (K841) 428 P17710 Hk1 Hk1 (K841) 841 + 3,16841 3,10428 

CDK13 (K852) 5523 Q69ZA1 Cdk13 Cdk13 (K852) 852 + 4,47676 3,10001 

HK1 (K389) 432 P17710 Hk1 Hk1 (K389) 389 + 3,14115 3,003 

HK1 (K794) 430 P17710 Hk1 Hk1 (K794) 794 + 3,60494 2,97611 

AKT1 (K297) 2514 P31750 Akt1 Akt1 (K297) 297 + 5,42325 2,92509 

RAF1 (K575) 6031 Q99N57 Raf1 Raf1 (K575) 575 + 4,67351 2,91539 

HK1 (K936) 423 P17710 Hk1 Hk1 (K936) 936 + 4,02016 2,91107 

HK1 (K537) 425 P17710 Hk1 Hk1 (K537) 537 + 3,83273 2,90514 

CAMK2A (K146) 1280 P11798 Camk2a Camk2a (K146) 146 + 4,59731 2,84765 

AKT1 (K182) 2516 P31750 Akt1 Akt1 (K182) 182 + 4,416 2,80618 

RAF1 (K493) 6033 Q99N57 Raf1 Raf1 (K493) 493 + 4,06066 2,8034 
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CAMK2A (K148) 1274 P11798 Camk2a Camk2a (K148) 148 + 3,69475 2,788 

RAF1 (K378) 6034 Q99N57 Raf1 Raf1 (K378) 378 + 4,3777 2,76534 

DCLK2 (K397) 5463 Q6PGN3 Dclk2 Dclk2 (K397) 397 + 4,75406 2,72484 

PRKCG (K335) 2222 P63318 Prkcg Prkcg (K335) 335 + 4,53574 2,72044 

HK1 (K833) 433 P17710 Hk1 Hk1 (K833) 833 + 3,61405 2,68498 

PRKCG (K503) 2219 P63318 Prkcg Prkcg (K503) 503 + 4,28742 2,62788 

MATK (K387) 6738 P41242 Matk Matk (K387) 387 + 3,68875 2,60641 

MARK1 (K231) 6368 Q8VHJ5 Mark1 Mark1 (K231) 231 + 4,43419 2,56644 

JAK2 (K999)* 5488 Q62120 Jak2 Jak2 (K999) 999 + 3,61863 2,5608 

CDK16 (K466) 4323 Q04735 Cdk16 Cdk16 (K466) 466 + 3,56358 2,53183 

PRKCE (K401) 687 P16054 Prkce Prkce (K401) 401 + 4,43402 2,5016 

CDK17 (K243) 4321 Q8K0D0 Cdk17 Cdk17 (K243) 243 + 4,39271 2,47633 

AK5 (K203) 2348 Q920P5 Ak5 Ak5 (K203) 203 + 4,61093 2,43809 

DCLK2 (K485) 5465 Q6PGN3 Dclk2 Dclk2 (K485) 485 + 3,49678 2,43181 

CAMK2A (K137) 1279 P11798 Camk2a Camk2a (K137) 137 + 4,24942 2,40385 

CAMK2G (K268) 3138 Q923T9 Camk2g Camk2g (K268) 268 + 4,37231 2,39583 

GSK3A (K268) 5267 Q2NL51 Gsk3a Gsk3a (K268) 268 + 3,77544 2,39511 

AKT1 (K39) 2515 P31750 Akt1 Akt1 (K39) 39 + 4,26793 2,39042 

HK1 (K819) 424 P17710 Hk1 Hk1 (K819) 819 + 3,09603 2,37911 

CAMK2A (K42;47) 1277;1278 P11798 Camk2a Camk2a (K42;47) 42;47 + 3,7295 2,36103 

CAMK2G (K69) 3137 Q923T9 Camk2g Camk2g (K69) 69 + 3,99598 2,32222 

CDK16 (K194) 4324 Q04735 Cdk16 Cdk16 (K194) 194 + 3,9114 2,24577 

CDK5 (K141) 4423 P49615 Cdk5 Cdk5 (K141) 141 + 3,58698 2,23773 

PRKCB (K595) 4001 P68404 Prkcb Prkcb (K595) 595 + 4,14472 2,23033 

CAMK2D (K246) 3132 Q6PHZ2 Camk2d Camk2d (K246) 246 + 3,37293 2,18664 

RAF1 (K365) 6032 Q99N57 Raf1 Raf1 (K365) 365 + 3,25727 2,16477 
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AK5 (K65) 2346 Q920P5 Ak5 Ak5 (K65) 65 + 3,68522 2,14661 

HK1 (K232) 426 P17710 Hk1 Hk1 (K232) 232 + 2,766 2,13236 

MARK1 (K73) 6367 Q8VHJ5 Mark1 Mark1 (K73) 73 + 4,92063 2,11763 

CAMK2B (K69) 1627 P28652 Camk2b Camk2b (K69) 69 + 3,85195 2,0945 

GSK3A (K246) 5269 Q2NL51 Gsk3a Gsk3a (K246) 246 + 3,92456 2,08619 

CAMK2B (K43) 1629 P28652 Camk2b Camk2b (K43) 43 + 3,50094 2,07286 

MATK (K260) 6737 P41242 Matk Matk (K260) 260 + 3,50674 2,06904 

AK5 (K456) 2347 Q920P5 Ak5 Ak5 (K456) 456 + 3,21318 2,06715 

YES1 (K431) 2052 Q04736 Yes1 Yes1 (K431) 431 + 2,80003 2,06514 

CAMK2G (K43) 3140 Q923T9 Camk2g Camk2g (K43) 43 + 3,00374 2,04734 

CDK16 (K170) 4326 Q04735 Cdk16 Cdk16 (K170) 170 + 3,28261 2,046 

GK (K162) 1160 Q64516 Gk Gk (K162) 162 + 3,58764 2,04259 

CAMK2B (K138) 1631 P28652 Camk2b Camk2b (K138) 138 + 3,57117 1,99727 
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Table 7.3 Phosphatases detected in mouse cortical neurons. Site of ubiquitylation for each target is also reported. 
 
GENE (SITE 
POSITION) 

SITE_ID UNIPROT ID GENE 
SYMBOL GENE (K SITE) SITE 

POSITION 

WELCH'S T-
TEST 
SIGNIFICANT 

-LOG10(WELCH'S T-
TEST P-VALUE) 

LOG2 RATIO 
(AO/UT) 

PTPN9 (K503) 6557 O35239 Ptpn9 Ptpn9 (K503) 503 + 2,89393 2,06856 

PPP2CA (K136) 1174 P63330 Ppp2ca Ppp2ca (K136) 136  1,86306 0,887153 

PPP2CA (K74) 1178 P63330 Ppp2ca Ppp2ca (K74) 74  1,70513 0,781802 

PTPN9 (K218) 6558 O35239 Ptpn9 Ptpn9 (K218) 218  1,22821 0,625421 

PPP2CA (K29) 1177 P63330 Ppp2ca Ppp2ca (K29) 29  0,359509 0,41314 

PTPRS (K1345) 1504 B0V2N1 Ptprs Ptprs (K1345) 1345  0,896995 0,402086 

INPP4A (K455) 3407 Q9EPW0 Inpp4a Inpp4a (K455) 455  0,760141 0,388005 

PPP2CA (K34) 1175 P63330 Ppp2ca Ppp2ca (K34) 34  0,452563 0,347091 

PPP2CB (K34) 1181 P62715 Ppp2cb Ppp2cb (K34) 34  0,445144 0,315312 

PLPP3 (K8;15) 404;403 Q99JY8 Plpp3 Plpp3 (K8;15) 8;15  0,487354 0,297975 

PLPP3 (K15) 403 Q99JY8 Plpp3 Plpp3 (K15) 15  0,483846 0,294662 

PPP1CA (K26) 5213 P62137 Ppp1ca Ppp1ca (K26) 26  0,299701 0,201841 

ACP6 (K212) 3427 Q8BP40 Acp6 Acp6 (K212) 212  0,246434 0,195041 

INPP5E (K405)* 6890 Q9JII1 Inpp5e Inpp5e (K405) 405  0,268671 0,174284 

DUSP27 (K269)* 6899 Q148W8 Dusp27 Dusp27 (K269) 269  0,258773 0,164929 

PLPP3 (K8) 404 Q99JY8 Plpp3 Plpp3 (K8) 8  0,165529 0,128778 

TMEM55B (K206) 6339 Q3TWL2 Tmem55b Tmem55b (K206) 206  0,14849 0,117298 

PPP1CB (K303) 5623 P62141 Ppp1cb Ppp1cb (K303) 303  0,22341 0,114609 

PPP1CA (K305) 5212 P62137 Ppp1ca Ppp1ca (K305) 305  0,0884959 0,0635018 

PTPRG (K1080) 5236 Q05909 Ptprg Ptprg (K1080) 1080  0,011722 0,00892545 

PTPRJ (K905) 4070 Q64455 Ptprj Ptprj (K905) 905  0,00102068 0,000794953 

SIRPA (K417) 2199 P97797 Sirpa Sirpa (K417) 417  0,0130354 -0,00843224 

PTPRS (K1665) 1503 B0V2N1 Ptprs Ptprs (K1665) 1665  0,0446966 -0,0268231 
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PPP2CA (K41) 1176 P63330 Ppp2ca Ppp2ca (K41) 41  0,0465532 -0,0361086 

PPP2R5C (K183) 6204 Q60996 Ppp2r5c Ppp2r5c (K183) 183  0,0543205 -0,0383886 

TMEM55A (K179) 6160 Q9CZX7 Tmem55a Tmem55a (K179) 179  0,0720975 -0,0473487 

PTPRR (K264) 6144 Q62132 Ptprr Ptprr (K264) 264  0,0887597 -0,0578673 

PPP2R1A (K266) 2801 Q76MZ3 Ppp2r1a Ppp2r1a (K266) 266  0,0754051 -0,0582333 

PPP2R1A (K107) 2805 Q76MZ3 Ppp2r1a Ppp2r1a (K107) 107  0,0819656 -0,0656547 

PPP2R5B (K214) 6452 Q6PD28 Ppp2r5b Ppp2r5b (K214) 214  0,137637 -0,092979 

PPP2R1A (K163) 2803 Q76MZ3 Ppp2r1a Ppp2r1a (K163) 163  0,13619 -0,103524 

PTPRA (K172) 4050 P18052 Ptpra Ptpra (K172) 172  0,131958 -0,107852 

PPP2R1A (K188) 2799 Q76MZ3 Ppp2r1a Ppp2r1a (K188) 188  0,178645 -0,119273 

PTPRK (K1433) 2300 P35822 Ptprk Ptprk (K1433) 1433  0,16928 -0,121526 

PLPP3 (K282) 401 Q99JY8 Plpp3 Plpp3 (K282) 282  0,133699 -0,12652 
PTPRN2 
(K634;636) 3977;3978 P80560 Ptprn2 Ptprn2 (K634;636) 634;636  0,159425 -0,154543 

PPP2R1A (K546) 2806 Q76MZ3 Ppp2r1a Ppp2r1a (K546) 546  0,197956 -0,164276 

PTP4A1 (K144) 6402 Q63739 Ptp4a1 Ptp4a1 (K144) 144  0,27469 -0,181052 

PPP2R1A (K542) 2798 Q76MZ3 Ppp2r1a Ppp2r1a (K542) 542  0,491882 -0,205776 

PPP2CA (K21) 1179 P63330 Ppp2ca Ppp2ca (K21) 21  0,251961 -0,21017 

PDXP (K52) 6574 P60487 Pdxp Pdxp (K52) 52  0,456471 -0,220089 

PTPRS (K1644) 1506 B0V2N1 Ptprs Ptprs (K1644) 1644  0,471995 -0,239249 

PTPRU (K784) 6175 B1AUH1 Ptpru Ptpru (K784) 784  0,430063 -0,246931 

PTPMT1 (K85) 6801 Q66GT5 Ptpmt1 Ptpmt1 (K85) 85  0,579066 -0,263184 

ELFN2 (K436) 4266 Q68FM6 Elfn2 Elfn2 (K436) 436  0,577085 -0,278356 

PTPRF (K1286) 4084 A2A8L5 Ptprf Ptprf (K1286) 1286  0,449459 -0,289008 

PPP2R1A (K307) 2804 Q76MZ3 Ppp2r1a Ppp2r1a (K307) 307  0,520021 -0,290364 

ELFN2 (K458) 4269 Q68FM6 Elfn2 Elfn2 (K458) 458  0,532384 -0,294294 

PTPRJ (K915) 4069 Q64455 Ptprj Ptprj (K915) 915  0,589679 -0,315959 
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PTPRO (K881) 5606 E9Q612 Ptpro Ptpro (K881) 881  0,609701 -0,328836 

PPP2R5C (K202) 6205 Q60996 Ppp2r5c Ppp2r5c (K202) 202  0,694858 -0,332408 

PPP2R5E (K346) 6493 Q61151 Ppp2r5e Ppp2r5e (K346) 346  0,727271 -0,333292 

PPP2R1A (K472) 2800 Q76MZ3 Ppp2r1a Ppp2r1a (K472) 472  0,694833 -0,335208 

PTPRZ1 (K1765) 6258 B9EKR1 Ptprz1 Ptprz1 (K1765) 1765  0,66365 -0,335424 

PTPRD (K1308) 4772 Q64487 Ptprd Ptprd (K1308) 1308  0,577478 -0,340758 

PTPRG (K899) 5237 Q05909 Ptprg Ptprg (K899) 899  0,604641 -0,405792 

PPP6R1 (K145) 6138 Q7TSI3 Ppp6r1 Ppp6r1 (K145) 145  0,810774 -0,439109 

PTPRG (K896) 5235 Q05909 Ptprg Ptprg (K896) 896  0,829365 -0,441482 

PTPRS (K1572) 1505 B0V2N1 Ptprs Ptprs (K1572) 1572  1,0711 -0,465964 

PTPRT (K1375) 3929 Q99M80 Ptprt Ptprt (K1375) 1375  1,11104 -0,479818 

PPP4R4 (K671) 6218 Q8C0Y0 Ppp4r4 Ppp4r4 (K671) 671  1,26072 -0,480928 

PPP2R1A (K272) 2802 Q76MZ3 Ppp2r1a Ppp2r1a (K272) 272  1,0675 -0,548491 

DUSP15 (K145) 5183 Q8R4V2 Dusp15 Dusp15 (K145) 145  0,762598 -0,549086 

PPP2R2A (K62) 5094 Q6P1F6 Ppp2r2a Ppp2r2a (K62) 62  1,17185 -0,562072 

PPP3CB (K28) 5466 P48453 Ppp3cb Ppp3cb (K28) 28  0,862925 -0,563166 

PGAM5 (K73) 5200 Q8BX10 Pgam5 Pgam5 (K73) 73  0,925428 -0,596743 

PPP1R12A (K320) 4506 Q9DBR7 Ppp1r12a Ppp1r12a (K320) 320  1,01282 -0,598549 

TMEM55A (K108) 6161 Q9CZX7 Tmem55a Tmem55a (K108) 108  0,922944 -0,605087 

ELFN2 (K499) 4267 Q68FM6 Elfn2 Elfn2 (K499) 499  1,57193 -0,628687 

PPP2R5E (K41) 6492 Q61151 Ppp2r5e Ppp2r5e (K41) 41  1,1068 -0,642583 

PPP3CA (K32) 4223 P63328 Ppp3ca Ppp3ca (K32) 32  1,75478 -0,644218 

PPP3CA (K19) 4222 P63328 Ppp3ca Ppp3ca (K19) 19  1,89065 -0,649662 

PPP3CB (K434) 5467 P48453 Ppp3cb Ppp3cb (K434) 434  0,930773 -0,654374 

ELFN2 (K485) 4268 Q68FM6 Elfn2 Elfn2 (K485) 485  1,79209 -0,747916 
PPP1R15B 
(K116)* 4929 Q8BFW3 Ppp1r15b Ppp1r15b (K116) 116  1,66392 -0,761359 
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PTPN23 (K285) 6289 Q6PB44 Ptpn23 Ptpn23 (K285) 285  1,66325 -0,807613 

PGAM5 (K161) 5201 Q8BX10 Pgam5 Pgam5 (K161) 161  1,20716 -0,81712 

PTPRA (K565) 4052 P18052 Ptpra Ptpra (K565) 565  1,81776 -0,867049 

PPM1A (K310) 2778 P49443 Ppm1a Ppm1a (K310) 310 + 2,64865 -0,999402 

PPM1B (K326) 2632 P36993 Ppm1b Ppm1b (K326) 326 + 2,22818 -1,10935 

PTPRA (K587) 4051 P18052 Ptpra Ptpra (K587) 587 + 2,18229 -1,17132 

PPP1R7 (K336) 4512 Q3UM45 Ppp1r7 Ppp1r7 (K336) 336 + 2,7782 -1,42722 

PGAM5 (K140) 5199 Q8BX10 Pgam5 Pgam5 (K140) 140 + 3,02622 -1,51941 

PPM1H (K106) 4727 Q3UYC0 Ppm1h Ppm1h (K106) 106 + 2,66714 -1,66727 

PTPRN2 (K733) 3976 P80560 Ptprn2 Ptprn2 (K733) 733 + 1,96145 -1,72085 

PLPP4 (K248) 6944 Q0VBU9 Plpp4 Plpp4 (K248) 248 + 2,71029 -1,79635 

PPM1H (K368) 4728 Q3UYC0 Ppm1h Ppm1h (K368) 368 + 2,49995 -1,92793 
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7.3 Chapter 6:  Multiple sequence alignment analysis of Lysine 
ubiquitylation across common Parkin substrates identified. 

 
 

Figure 7.3. Motif analysis for Parkin substrates. (A) Multiple sequence alignment analysis of human 
sequences (-7 residues to +7 residues of Lys) across common Parkin substrates identified. CISD1 Lys104 
and TOMM70 Lys604 were excluded from analysis since Lys residues were located within 5 amino acids 
of C-terminus. (B) Sequence Logo Analysis showed no putative targeting sequence for Parkin-directed 
Lysine ubiquitylation. Performed using PhosphoSitePlus v6.5.9.3 
(https://www.phosphosite.org/sequenceLogoAction.action) online tool. 
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Figure 7.4  DJ1 sites regulated by PINK1. (A) Multiple sequence alignment across species encompassing 
the ubiquitylation sites of DJ1 identified by mass spectrometry. (B) Kgg fold change to untreated wild-type 
cells is indicated for PARK7 lysine 93 ubiquitylation. Error bars represent SEM, n = 3, 3, 3, 2.
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