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Abstract 

Mutations in the LRRK2 gene represent a major cause of Parkinson’s disease (PD), a 

common age dependent neurodegenerative disease characterised by nigral neuronal loss 

and motor symptoms. Despite intensive study, a consensus on how LRRK2 acts within 

cells and how pathogenic mutations compromise this function has yet to be achieved.  

Identifying functional interactors of LRRK2 can offer key insights into cellular mecha-

nisms leading to neurodegeneration. In this study, I employed an unbiased protein-

protein interaction screen to identify LRRK2 ROC domain binding partners. A comple-

mentary siRNA screen was also employed to determine whether any candidate interac-

tors could modify the sub-cellular localisation LRRK2. From this analysis, I discovered a 

functional interaction between LRRK2 and clathrin adaptor protein complex 2 (AP2). 

Analysis of LRRK2 KO tissue further revealed significant dysregulation of AP2 complex 

components, suggesting LRRK2 acts as an upstream modifier.  

 

The AP2 complex functions as a cytosolic bridge for cargo molecules and clathrin during 

the early stages of clathrin mediated endocytosis (CME). Experiments in cellular models 

demonstrated expression of LRRK2 is capable of modifying recruitment and phosphory-

lation of AP2 in a mutation-dependent manner. Relative to WT LRRK2, expression of 

pathogenic mutation also resulted in impaired CME. Slowed endocytosis was also ob-

served following depletion of endogenous LRRK2, suggesting pathogenic variants impair 

the physiological activity of LRRK2. I also report a decrease in activity-dependent syn-

aptic vesicle endocytosis within pathogenic LRRK2 knock-in neurons. Alongside LRRK2, 

several PD-associated genes intersect with membrane-trafficking pathways. To probe for 

additional genetic associations, polygenic risk profiling was performed on IPDGC GWAS 

datasets.  Clathrin-dependent endocytosis genes were found to be associated with Park-

inson's disease across multiple cohorts, suggesting common variants at these loci repre-
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sent cumulative risk factors for disease. Taken together, these findings suggest CME is a 

LRRK2-mediated, PD relevant pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

6 

Impact statement  

 

Mutations in the LRRK2 gene have been shown to segregate with Parkinson’s disease in 

large families. Importantly, the clinical presentation and age of onset of LRRK2 muta-

tion carriers has been described as indistinguishable from idiopathic Parkinson’s disease. 

LRRK2 has therefore attracted considerable attention in the hope that LRRK2 targeting 

therapeutics might be applicable to sporadic PD.  

 

The work presented in this thesis has contributed to a growing body that aims at defin-

ing the physiological role of LRRK2. Using a range of different techniques, I present evi-

dence that LRRK2 coordinates with clathrin adaptor protein complex 2 to regulate of 

endocytosis. Furthermore, I demonstrate the functional impact of LRRK2 pathogenic 

mutations in cellular models on this pathway.  
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1 Introduction 

1.1  Parkinson’s disease  

1.1.1 Overview: History and Symptoms  

 

In 1817, James Parkinson provided the first medical description of Parkinson’s disease 

(PD) in his monograph “An Essay on the Shaking Palsy”.1 Through his observation of 

six individual cases, Parkinson accurately captured the characteristic motor features of 

this previously unclassified neurological syndrome:  

 

“Involuntary tremulous motion, with lessened muscular power… and even when 

supported; with a propensity to bend the trunk forward, and to pass from a walk-

ing to a running pace”.1 

 

The Shaking Palsy was renamed ‘Parkinson’s disease’ in 1872 by French neurologist 

Jean-Martin Charcot, who incorporated bradykinesia (slowness of movement) as a fur-

ther defining feature.2  

 

A clinical diagnosis of PD is made when patients exhibit bradykinesia along with either 

rigidity or resting tremor.3 Symptoms often present unilaterally, with an average age of 

onset in the late 50s. Clinical diagnosis made before the age of 50 is rare and such pa-

tients are classified as having young-onset PD. Although motor symptoms constitute the 

cardinal features of PD, non-motor symptoms including anosmia, sleep disturbance, de-

pression and cognitive impairments are well recognised symptoms.4 Postural and gait 

abnormalities are also a common occurrence in PD. A major feature of late-stage PD is 

dementia, which occurs in ~80% of patients with a PD duration exceeding 20 years.5 

From diagnosis to death, the average course of disease is 15 years (figure 1.1). Parkin-
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son’s is not generally considered a lethal disease in itself as death is often caused by sec-

ondary illnesses such as pneumonia.6    

 

 

Figure 1.1 Timeline of clinical features. A typical timeline for the progression of 
symptoms associated with Parkinson’s disease, adapted from Poewe et al.3 Diagnosis will 
most frequently occur following onset of motor symptoms, usually in the late fifties. This 
period is preceded by a prodromal phase of the disease, characterised by a number of 
variable non-motor symptoms. Major disability associated with late-stage PD is often a 
combination of an increase in non-motor features and sensitivity to motor symptoms.  
 

Sex is also a known contributing risk factor with the male to female ratio of PD standing 

at 3:2.28, respectively. The reasons for this disparity remain unclear.4 The greatest risk 

factor for developing PD, outweighing all others, is age. The likelihood of PD onset in-

creases almost two-fold with every decade of life over the age of 40.7 With an aging pop-

ulation and ever increasing life expectancy, the worldwide prevalence of disease is pro-

jected to increase by 50% within the next 15 years.5  

 

1.1.2 Molecular Pathology 

 

The pathophysiological underpinning of Parkinsonian motor symptoms lies with a selec-

tive degeneration of dopaminergic neurons in the lateral and medial-ventral tiers of the 

substantia nigra pars compacta of the midbrain.8 The Basal ganglia is a group of highly 

interconnected subcortical nuclei thought to play a role in action selection, reinforcement 
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of learning and initiation of movement. Dopaminergic neurons synthesise the catechola-

mine neurotransmitter dopamine (DA). The neuronal circuitry emanating from the sub-

stantia nigra provides regulatory dopaminergic input to the basal ganglia and external 

structures. Degeneration of nigrostriatal dopaminergic neurons causes a lack of activity 

within the direct pathway and increased inhibitory outflow in the indirect pathway.9 

This leads to net decrease in thalamic activation of the cortical motor area and a de-

creased likelihood of movement.10  

Motor symptoms early in the course of Parkinson’s can often be effectively managed 

with pharmacological dopamine replacement therapy. Levodopa or L-dopa, the precursor 

for dopamine, is the most common treatment option. An alleviation of motor symptoms 

following levodopa treatment will often confirm a diagnosis of PD.  However, the pro-

gressive nature of PD and the worsening of motor symptoms can often render levodopa 

ineffective. Complications can also arise from long-term side effects such as psychosis and 

dyskinesia.11  

Advances in neuroimaging technologies have allowed the visualisation of striatal dopa-

mine depletion in PD patients.12 One widely used technique is I-ioflupane single-photon 

emission CT (SPECT) (also known as DaTscan) that can be used to visualise presynap-

tic dopamine transporters (DAT). Degeneration of dopaminergic neurons causes a deple-

tion of DAT and can be used to distinguish PD from other clinical mimics such as mul-

tiple system atrophy, progressive supranuclear palsy, cortical basal degeneration and 

dementia with lewy bodies.3,12,13 

The second major pathological hallmark of the PD brain was first described by Friederic 

Lewy in 1912.14 Lewy used light microscopy to observe intracellular inclusions within the 

cell body and neuronal processes of PD brains. These inclusions, now known as Lewy 

bodies, are composed in part of misfolded synaptic protein α-synuclein.15 Lewy bodies are 
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highly stable amyloids, which are rich in β-sheet protein structure. Structural characteri-

sation of Lewy bodies through electron microscopy has revealed a dense core with radiat-

ing, unbranched fibrils of 200-600nm.16 More recent ultrastructural analysis using correl-

ative light electron microscopy has shown a variety of vesicular structures and lipids 

tightly packed alongside proteins.17 α-synuclein sequestered within Lewy bodies is subject 

to several post-translational modifications. At multiple residues, α-synuclein is polyubiq-

uitinated. This may indicate that α-synuclein is targeted for degradation at the pro-

teasome and formation of Lewy bodies subsequently prevents this. Importantly, α-

synuclein in Lewy bodies is phosphorylated at serine-129, a modification which has been 

reported to alter membrane localisation and promote aggregation.14,16,18  

In 2003, Braak et al. conducted a large study investigating the pattern of Lewy body pa-

thology in PD and healthy brains. Using immunostaining for α-synuclein positive inclu-

sions, Braak et al. observed a stereotypical topographical spread of Lewy pathology 

throughout the nervous system.19 The authors proposed six distinct stages of α-synuclein 

pathological deposition, where the stages followed a highly predictable pattern of rostral 

to caudal progression, with little inter-individual variation.19 The first stages are marked 

by the appearance of Lewy bodies within the olfactory bulb or dorsal nucleus of the glos-

sopharyngeal and vagal cranial nerves. Pathology proceeds to spread through the brain-

stem-medulla oblongata and ventral tegmentum of the midbrain. At stage 3 aggregates 

begin to appear across the amygdala and substantia nigra; this stage is thought to coin-

cide with the presentation of Parkinsonian motor abnormalities. As PD advances, inclu-

sions spread throughout the temporal cortex (stage 4), limbic system and neocortex 

(stages 5-6). Terminal Braak stages are hypothesised to correlate with the onset of de-

mentia and psychiatric symptoms indicative of late-stage PD.14,19  

The notion that aggregated species of α-synuclein can spread from region to region is 

supported by additional post-mortem studies.  In 2008, Li et al. published a follow-up 
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report of two PD patients who had received neuronal grafts to restore lost neurons.20 

Foetal-derived mesencephalic dopaminergic neurons were transplanted bilaterally into 

the striatum. Both patients were examined post-mortem 11-16 years following the proce-

dure.20 This study revealed intracellular α-synuclein immunoreactive inclusions within 

grafted neurons with a similar distribution and morphology to those in the surrounding 

host brain. This observation suggests a direct host-to-graft propagation of Lewy patholo-

gy from PD brain to healthy tissue.20 

In light of these findings, α-synuclein spread has been compared to a prion-like mecha-

nism of inter-neuronal transmissibility. Prions are infectious proteins with multiple struc-

turally stable conformational states, some of which are pathogenic and confer disease. 

Like α-synuclein, pathogenic species of prion protein have a high propensity to aggregate 

forming large filamentous amyloids. Aggregated prions directly interact with correctly 

folded innocuous cellular prion proteins, causing them to adopt a pathogenic conforma-

tional state – a mechanism known as seeded templating. Misfolded α-synuclein may be 

capable of similar mechanisms to proliferate throughout the adult nervous system.24–26`It 

is worth noting that PD is not itself a prion disease as there is no epidemiological evi-

dence of inter-individual infection or zoonosis.  

PD belongs to a group of neurological disorders known as synucleinopathies. These con-

ditions are characterised by the presence of α-synuclein inclusions within cell bodies.21 

Dementia with Lewy bodies (DLB) and multiple system atrophy (MSA) are two other 

major synucleinopathies.22   The role of α-synuclein in PD pathogenesis remains unclear. 

Multiple studies have supported the hypothesis that α-synuclein aggregation is a central 

feature of PD pathogenesis.23 However, there is conflicting evidence on whether mono-

meric, oligomeric or fibrillar α-synuclein is harmful to neurons. The observation that 

neurons are capable of surviving for many years in the presence of inclusions has led to 

speculation that Lewy bodies may fulfil a protective role.14 This model suggests that ag-
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gregation may limit cells’ exposure to toxic oligomeric intermediates.24 Consistent with 

this idea, fibrillar species of α-synuclein have been reported to show lower toxicity than 

oligomers in cellular and animal models.3–25 However, how exactly oligomeric α-synuclein 

compromises cellular function and causes neurodegeneration remains largely unknown.27 

1.1.3 Environmental risk factors of Parkinson’s disease 

 

In 1983, William Langston and Phillip Ballard published a report detailing the first ever 

cases of parkinsonism developing as a direct result of environmental exposure.28 The cas-

es involved four intravenous drug users in northern California who had self-injected sev-

eral doses of the synthetic opioid 1-methyl-4-phenyl-4-propionoxy-piperidine (MPPP). 

During synthesis, MPPP is easily contaminated with the similar compound 1-methyl-4-

phenyl tetrahydropyridine (MPTP). MPTP is metabolised to MPP+, an inhibitor of 

complex 1 activity within the mitochondrial transport chain. Consequently, MPP+ ex-

posure causes a sudden depletion of ATP, leading to rapid cell death. MPP+ is a highly 

potent neurotoxin, which damages dopaminergic neurons, causing lesions in the midbrain 

akin to late stage PD. Following inadvertent repeated exposure to MPP+, the four indi-

viduals began displaying symptoms indicative of severe parkinsonism that did not re-

verse after removal of the drug. A follow up study demonstrated intravenous administra-

tion of MPTP in squirrel monkeys caused a specific legion of nigral dopaminergic neu-

rons and associated Parkinsonian motor abnormalities.29 Although these are isolated and 

extreme cases of environmentally induced Parkinsonism, these observations prompted 

the search for environmental agents with similar toxicological profiles.30 This lead to the 

identification of pesticides rotenone, a selective inhibitor of complex 1 activity, and par-

aquat a compound which induces oxidative stress. Administration of paraquat and rote-

none in rodents is capable of replicating many features of PD pathogenesis including do-

paminergic neuronal loss and hypokinetic motor features.31  
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Collectively, these observations suggest exposure to certain environmental elements may 

be a risk factor for PD in humans. In 2007, a large multi-national study across five Eu-

ropean counties was conducted to investigate the contribution of several factors to the 

lifetime risk of developing PD. Dick et al. collected data from 959 patients with parkin-

sonism (767 of them with confirmed PD) and 1989 healthy controls.32 Subjects were 

questioned about exposure to solvents, heavy metals (iron, copper and manganese) or 

pesticides; their lifetime occupation; and whether they had sustained major head trauma. 

Although the results of the study were dependent on self-reporting, their results suggest-

ed a significantly increased lifetime risk of developing PD following repeated exposure to 

pesticides, chronic antidepressant drug use (>1 year) and frequent traumatic head injury 

resulting in loss of consciousness. Several of these findings were replicated in a more re-

cent umbrella review of 75 meta-analysis studies.33 Repeated head trauma was also posi-

tively associated with increased incidence of PD, although the authors suggest recall bias 

may play a significant factor.33 In addition, Bellou et al. identified an association between 

anxiety or depression and constipation with PD. However, these factors may represent 

prodromal symptoms of PD rather than independent risk factors. Perhaps surprisingly, 

smoking tobacco was suggested to be protective. This finding has been supported by ad-

ditional studies which report that never smokers are twice as susceptible to developing 

PD.6,34,35 Whether this is due to smoking-mediated effects on dopaminergic re-

ward/motivation circuitry of the basal ganglia or to intrinsic neuroprotective properties 

of nicotine remains unclear.  As an alternative explanation, smoking may represent a 

competing risk factor in that smokers may be under-represented among PD patients be-

cause they die earlier, from non-PD related illnesses, than non-smokers.33  
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1.2 Familial Parkinson’s disease and LRRK2 

1.2.1 PARK loci 

 

Approximately 90% of all PD patients receive a diagnosis of sporadic/idiopathic PD 

when there is no identifiable pattern of inheritance. Advances in genetics within the last 

15-20 years have led to the discovery of several genes associated with Mendelian forms of 

PD within the remaining small proportion of patients. The chromosomal locations that 

harbour genes with PD-association are referred to as PARK loci (table 1). There are now 

several known monogenetic causes of PD in which mutations in a single gene can cause 

disease.  Three of these show an autosomal dominant pattern of inheritance: α-synuclein 

(PARK1/SNCA); vacuolar protein sorting-associated protein 35 (PARK17/VPS35); and 

leucine rich repeat kinase 2 (LRRK2). Autosomal recessive forms of PD include Parkin 

(PARK2), PINK1 (PARK6), DJ-1 (PARK7) and ATP13A2 (PARK 9). Mutations in the 

lysosomal enzyme GBA linked to Gaucher’s disease are also known to significantly in-

crease the risk of developing PD. Parkinsonism is estimated to be 20 times more common 

amongst Gaucher’s disease patients than the general population.36  

 

Performing linkage analysis on large pedigrees with a discernible pattern of inheritance 

has been instrumental in finding both causal gene variants and associated genes.  The 

principle of linkage is that a disease-causing mutation will be inherited alongside prede-

fined chromosomal markers that are in close proximity. Logarithm of odds (LOD) scores 

can be calculated to investigate the probability of a given marker segregating with dis-

ease over the likelihood of random chance; a score above a given threshold is considered 

evidence of linkage. Loci nominated via this approach can then be sequenced to identify 

mutations. Success of linkage studies is contingent upon sufficiently accurate records de-

tailing segregation of disease over three generations and a requisite number of DNA 
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samples. Genome wide association studies (GWAS) have successfully identified many 

gene loci associated with PD. In GWAS, a large number of common single nucleotide 

polymorphisms (SNP) are surveyed across groups of sporadic PD patients and healthy 

controls. Enrichment of given SNPs within a disease cohort can nominate loci containing 

gene variants associated with PD incidence. Disease-linked copy number and non-coding 

variants can also be identified using GWAS.37 The most recently published PD GWAS 

study assayed 7.8 million SNPs across 37,700 confirmed PD cases, 18,600 proxy-cases 

(first degree relative) and 1.4 million controls.38 This study increased the total number of 

identified PD-associated loci to 78, which is predicted to account for 26-36% of total her-

itable risk.38 Linkage studies largely follow the assumption that change in a particular 

gene function is directly causal of disease. A major difficulty with both GWAS and link-

age studies is that large loci are often nominated, creating ambiguity when determining 

the culprit gene(s) linked with disease. One example is the PARK 16 locus, which con-

tains 5 different candidate genes.39  
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Table 1. PARK loci – identified loci with evidence of linkage, candidate genes, proteins 
and inheritance pattern.   
 

 

Chromosome Park-locus /  
candidate gene  

Protein Locus discovery Segregation 

4q21-q23 PARK1 α-synuclein Polymeropoulos, 
1996 

AD 

6q25.2-q27 PARK2 – PRKN Parkin Matsumine, 
1997 

AR 

2p13 PARK3  Unknown Gasser, 1998 Association 
4p14-16.3 PARK4 – SNCA α-synuclein Farrer, 1999 AD 
1p35-p36 PARK6 – PINK1 PINK1  

(PTEN-induced putative 
kinase 1) 

Valente, 2001 AR 

1p36.33 - 
p36.12 

PARK7 – DJ-1 DJ-1  
(Protein/nucleic acid de-
glycase DJ-1) 

van Duijn, 2001 AR 

12p11.23-
q13.11 

PARK8 – 
LRRK2  

LRRK2  
(Leucine rich repeat kinase 
2)  

Funayama, 2002 AD 

1p36 PARK9 – 
ATP13A2 

ATPase type 13A2 Hampshire, 
2001 

AR 

1p32 PARK10  Unknown Hicks, 2002 Association 
2q37.1 PARK11 – 

GIGYF2  
GRB10 interacting GYF 
protein 2 

Pankratz, 2002 Association 

Xq21-q25 PARK12  Unknown Pankratz, 2003 Association 

2p13.1 PARK13  Unknown Strauss, 2005 Unclear 

18q11 PARK14- 
PLA2G6 

A2 phospholipase Gao, 2009 Association 

22q12-q13 PARK15 – 
FBX07 

F-box protein 7 Shojaee, 2008 AR 

1q32 PARK16 – 
RAB7L1/RAB29 

RAB7, Member RAS On-
cogene Family-Like 1 

Satake, 2009 Association 

16q11.2 PARK17 – 
VPS35 

Vacuolar protein sorting-
associated protein 35 

Zhang, 2001 AD 

3q27.1 PARK 18 – 
EIF4G1(?) 

Eukaryotic translation ini-
tiation factor 4 gamma 1 

Chartier-Harlin, 
2011 

AD 

1p31.3 PARK 19 – 
DNAJC6 

HSP40 Auxilin Edvardson, 
2012, Deng, 
2016 

AR 

21q22.11 PARK 20 – 
SYNJ1 

Synaptojanin 1 Krebs, 2013 AR 

3q22 PARK 21 – 
DNAJC13//TME
M230(?) 

Receptor-mediated endo-
cytosis 8 (RME-
8)/TMEM230 

Vilarino-Guell, 
2014 

AD 

15q22.2 PARK 23 – 
VPS13C 

Vacuolar protein sorting-
associated protein 13C  

Lesage, 2016 AR 
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1.2.2 LRRK2 gene 

 

In 2002, Funayama et al. conducted a genome wide linkage study on a large Japanese 

family with a clear pattern of autosomal dominant Parkinsonism. This led them to dis-

cover a novel PARK locus at 12p11.2q13.1.40 Two years following the work of Funayama 

et al, two independent groups identified mutations within the gene leucine rich repeat 

kinase 2 (LRRK2) as the genetic lesion segregating with PD in families.41,42 Zimprich et 

al. investigated several families that harboured pathogenic LRRK2 mutations. Two indi-

viduals in different families were analysed post-mortem and found to have brainstem do-

paminergic degeneration and α-synuclein positive inclusion bodies. The first family, of 

German-Canadian origin, carried a missense mutation resulting in a tyrosine to cysteine 

substitution at codon 1699 (Y1699C). The second family from western Nebraska, similar-

ly carried an arginine to cysteine substitution at position 1441 (R1441C).41,43 Paisan-Ruiz 

et al. described LRRK2 mutations in a further four families from the Basque region of 

Spain and one family from the United Kingdom. Affected Spanish families harboured an 

arginine to glycine mutation at position 1441 (R1441G) whereas the UK family carried 

the Y1699C mutation.  

The following year, Funayama et al. published a follow-up study on their original Japa-

nese cohort in which they identified a pathogenic isoleucine to threonine (I2020T) muta-

tion.44 In 2005 a glycine to serine substitution in LRRK2 at 2019 (G2019S) was identified 

in 13 families of North American and European descent.43,45 Di Fonzo et al. identified the 

G2019S mutation as present in 4/61 (6.6%) of surveyed families with autosomal domi-

nant linked PD, making this the most common pathogenically linked mutation within 

the LRRK2 gene.46 The G2019S variant is found in 4% of familial and 1% of apparently 

sporadic PD cases.47 In some populations, such as North African Berber people and Ash-

kenazi Jews, the prevalence of the G2019S mutation accounts for 35-40% of all PD cas-
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es.48,49 The penetrance of the G2019S mutation is age-dependent, with a 28% risk of PD 

at 59 years, climbing to 51% at 69 years and 74% at 79 years.47 

As well as mutations displaying Mendelian patterns of inheritance, common variants 

within the LRRK2 locus have been linked to sporadic PD through GWAS.38,50 Several 

risk factor variants of LRRK2 which can increase an individual’s lifetime risk of develop-

ing PD have also been described.51,52 As such, the LRRK2 locus is an example of a pleo-

morphic locus, containing both rare and common disease-linked variants.53 Intriguingly, a 

LRRK2 variant found within a Han Chinese population containing a R1398H substitu-

tion was associated with a decreased risk of PD, suggesting a modification of LRRK2 in 

a protective capacity.54  

The clinical presentation of PD with a known genetic cause can be enormously heteroge-

neous. Patients with PINK1, parkin or DJ-1 mutations typically have a milder form of 

PD, with much earlier onset and atypical neuropathology.55–57 Similarly, families with 

SNCA gene triplication show highly penetrant and aggressive PD.58 By contrast, PD 

arising from LRRK2 mutations is often described as indistinguishable from sporadic PD 

in terms of age of onset and clinical manifestation.43,59 For this reason, it has attracted 

considerable attention in the hope that LRRK2-centric therapies may be more broadly 

applied to sporadic PD.  

1.2.3 LRRK2 protein 

 

LRRK2 is broadly expressed throughout the adult brain and consistently detected within 

striatal medium spiny neurons and frontal cortical neurons.42,60 Interestingly, LRRK2 

does not show a high level of expression within dopaminergic cells in humans; those most 

susceptible to neurodegeneration in PD.60 This may imply that LRRK2 mediated neuro-

degeneration is not dependent on levels of expression or that dopaminergic neurons may 
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be highly vulnerable. LRRK2 is also detected at high levels in non-neuronal tissue such 

as that of the heart, liver, spleen, intestine and kidneys.42.60 LRRK2 has been found to be 

particularly enriched within immune cells with expression robustly detected in B-

lymphocytes, monocytes and dendritic cells.61,62   

 

LRRK2 is a large 2527 amino acid, 286kDa, multi-domain protein belonging to the 

ROCO family (figure 1.2).63 All ROCO proteins are characterised by a Ras-like G do-

main (Roc), followed in tandem by a C-terminal of Roc domain (COR).64 Additionally, 

LRRK2 contains a kinase and multiple protein-protein interaction domains. These in-

clude amino-terminal armadillo and ankyrin repeats, followed by 13 leucine rich repeat 

regions (LRR) and 7 WD40 repeats at the C-terminus.65,66 There are three other de-

scribed human ROCO proteins: LRRK1; death-associated protein kinase (DAPK1); and 

malignant fibrous histiocytoma amplified sequence with leucine-rich tandem repeats 1 

(MASL1).66,67 Domains surrounding the central defining RocCOR region differ substan-

tially within the ROCO protein family.67 

 
 

 
 
 
 
 
 
 
 
 
Figure 1.2 Diagram of LRRK2 – Full length LRRK2 annotated with protein domains, 
their suggested biochemical function and mutations that segregate with PD.  
 

The LRR domain of LRRK2 comprises 14 LRR regions containing 20-30 repeats of the 

hydrophobic amino acid leucine.68,69 Structural characterisation of 14 known LRR-
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containing proteins has suggested LRR domains form parallel β-sheet structures which 

fold upon their concave face to create a horseshoe/arc shape.70 LRR protein-protein in-

teraction domains are conserved across multiple species and are thought to play an im-

portant role in an array of cellular processes.63,71 Similarly, WD40 domains often assem-

ble into a beta-propeller structure and are involved in multiple cellular pathways, includ-

ing signal transduction, mitochondrial fission, mRNA processing and transcription.63,72 

 

PD-causing mutations are clustered within the catalytic domains and have been found to 

alter the inherent biochemical properties of LRRK2. The G2019S mutation is located 

within the kinase domain of LRRK2 and, at least in in vitro, leads to a ~2 fold increase 

in kinase activity.73 In eukaryotes, protein kinases catalyse the transfer of phosphate 

groups from adenosine triphosphate (ATP) to serine, threonine or tyrosine residues with-

in a protein substrate.74 Greggio et al. suggested that formation of inclusion bodies and 

neurodegeneration may be dependent on kinase activity of pathogenic LRRK2 variants.75 

LRRK2 is also itself phosphorylated at S910, S935, S955, S973 between the ANK and 

LRR regions and S1292 in the LRR region.76 Constitutive phosphorylation of these resi-

dues has been found to alter the cytoplasmic localisation of LRRK2 and binding to 14-3-

3 proteins, although the physiological significance of this observation is unclear.77,78 Im-

portantly, several studies have reported a reduction in LRRK2-mediated toxicity 

through gene knockdown or pharmacological kinase inhibition.75,79–81 These findings have 

prompted the development of LRRK2 targeting kinase inhibitors which are currently in 

clinical trials (ClinicalTrials.gov Identifier(s): NCT03710707, NCT04056689).  

The LRRK2 GTPase catalyses hydrolysis of GTP to GDP and shares sequence similarity 

with Rab-like GTPases.71,75 GTPases can function as ‘molecular switches’ and alternate 

between a GTP bound active state and GDP bound inactive state. GTP cycling is de-

pendent on interplay between guanine nucleotide exchange factors (GEF), guanine nu-
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cleotide dissociation inhibitor (GDI) and GTPase activating protein (GAP). A number 

of GAPs and GEFs have been proposed as regulators of LRRK2 GTPase activity includ-

ing ARHGEF7, ArfGAP1 and RGS2.82–85 

 

Importantly, pathogenic mutations in the ROC or COR domain of LRRK2 have been 

shown to lower rates of GTP turnover.76 In such instances where the LRRK2 GTPase 

activity is diminished, LRRK2 may become abnormally fixed in a persistently active 

state. By extension, if LRRK2 in an active state exhibits increased kinase activity rela-

tive to a non-active state then both RocCOR and kinase domain mutations may have an 

equal biochemical output – increased kinase activity.76,86 In support of this, the protective 

R1398H variant causes a modest increased rate of GTP hydrolysis.87 However, the rela-

tive dynamics of LRRK2 GTPase and kinase activity are still being elucidated. Taymans 

et al. reported that LRRK2 kinase activity is unaltered if the guanine nucleotide binding 

pocket is saturated or LRRK2 is incubated with hydrolysable GTP. Kinase activity does 

however appear decreased when the nucleotide-binding site is mutated. The authors con-

clude that kinase activity of LRRK2 is dependent on binding capacity but independent 

of LRRK2 GTP bound state.76,88,89  

 

Biosa et al. identified a number of artificial GTPase mutations capable of impairing 

GTP binding and hydrolysis. In this study, the authors demonstrated a modest decrease 

in LRRK2 kinase activity following the introduction of either mutation.90 Interestingly, 

GTP mutants showed no changes in subcellular localisation. In HEK293 cells, expression 

of LRRK2 mutants that are unable to bind or hydrolyse GTP showed a broad cytoplas-

mic distribution in a manner identical to wildtype LRRK2. 76,88,89 Biosa et al. suggest 

that GTPase activity does not modulate membrane association or subcellular localisa-

tion.90  
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The recent identification of Rab GTPases as a physiological kinase substrate may lend 

support to a unified model of LRRK2 toxicity.91 Rab proteins make up a large family of 

small GTPases that control multiple stages of membrane trafficking, including budding, 

docking and fusion of target membranes.92,93 All LRRK2 pathogenic mutants tested, in-

cluding those that increase kinase activity (G2019S) or decrease GTPase activity 

(R1441C and Y1699C), increased Rab protein phosphorylation in cells. Perhaps surpris-

ingly, in vitro kinase assays using identified Rab substrates did not show significant dif-

ferences in phosphorylation between wildtype and PD-mutants. One possibility is that 

LRRK2 kinase activity in cells is modified by the presence of unidentified cofactors or 

additional protein-interactors which are missing in vitro.74,91 It is still unclear if all muta-

tions directly modify the intrinsic kinase activity of LRRK2. While G2019S may directly 

increase kinase domain activity, ROC domain mutants could be acting independently, 

perhaps promoting phosphorylation by substrate interactions. Critically, phosphorylation 

by LRRK2 at a number of conserved threonine residues of Rab 8 and Rab10 resulted in 

a loss of affinity to RAB GDP dissociation inhibitors, resulting in a decrease in cyclic 

nucleotide exchange.91 One hypothesis is that phosphorylated Rabs are unable to cycle 

between intracellular membranes, leading to alternations in Rab-mediated trafficking. 

However, this requires further investigation.91 Recent studies concerning LRRK2’s phos-

phorylation of Rab8 and Rab10 are discussed in a later section.  

 

LRRK2 is also capable of forming homodimers.66,94–96 One model suggests that LRRK2 

acts as a GTPase activated by dimerisation (GAD) whereby the central COR domain 

enables dimerisation, stabilising LRRK2 domains in close proximity with one another.66 

Recent data from Deyaert and colleagues has suggested the isolated RocCOR domain is 

predominantly dimeric in the absence of nucleotides or when GTP bound, but monomer-

ic when bound to GTP.97 Consistent with this hypothesis, dimerisation of isolated Roc-

COR fragments has been further demonstrated in yeast two hybrid assays. In yeast, 
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pathogenic mutations within the RocCOR domain showed reduced dimerisation affinity 

whereas in vitro mutations are associated with increased dimer stability.94,97,87 In cells, 

Sen et al. reported that expression of the G2019S kinase mutant causes an increase in 

LRRK2 dimer formation, raising the possibility that either increase or decrease in dimer 

formation may be detrimental to cells.98 Importantly, Berger et al. demonstrated that 

dimeric LRRK2 exhibits both increased kinase activity and is enriched in membranous 

compartments of cells. Furthermore, membrane-bound LRRK2 binds GTP more effi-

ciently than its cytosolic counterpart.95 Taken together, these observations suggest di-

merisation increases LRRK2 activity, directly biochemically and by a change in subcellu-

lar localisation.  
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1.3  Cellular functions of LRRK2  

1.3.1 Overview 

 

LRRK2 is a large, complex protein thought to be involved in a diverse range of cellular 

functions. Two main approaches have been adopted to understand LRRK2 function: lo-

calisation of LRRK2-protein complexes to subcellular compartments and identification of 

protein interacting partners.  

 

Following the discovery of LRRK2, polyclonal antibodies were employed to visualise its 

endogenous distribution within rodent brains. Several groups showed neuronal-specific 

labelling with intense staining across membrane-bound organelles and vesicular struc-

tures. Strong enrichment was further observed across substantia nigra, thalamus and 

striatal areas.99,100 Although subsequent studies have demonstrated that these antibodies 

lack specificity and the absence of KO controls render many of these early findings am-

biguous, work in cellular models has largely supported these early observations.101 Exog-

enous expression or endogenous-tagging of LRRK2 has consistently demonstrated vesicu-

lar staining, with several claims of localisation to areas associated with endocytosis and 

autophagy.102–105  

 

Both endocytosis and autophagy are major cellular processes that are crucial for the 

maintenance of homeostasis and cell survival. Presented below is a brief overview of the-

se cellular pathways as well as the evidence for LRRK2’s involvement.  
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1.3.2 Autophagy: an overview 

 

Autophagy (from the ancient Greek; “self-eating”) is a tightly regulated mechanism to 

ensure homeostasis is maintained through degradation of unwanted cellular components. 

Autophagy is fundamentally an adaptive process, occurring in response to different 

stressors. Examples of autophagy inducers include starvation, infection and hypoxia. 

When activated, autophagy provides nutrients for cellular functions during stress condi-

tions and eliminates potentially deleterious material such as protein aggregates and dam-

aged mitochondria.   

 

Three major types of autophagy have been identified: macroautophagy, microautophagy, 

and chaperone-mediated autophagy (CMA) (figure 1.3).106 Microautophagy is a non-

selective process involving direct uptake of material into lysosomes through invagination 

of the lysosomal membrane.107 By contrast, CMA is characterised by selective degrada-

tion of short-lived cytosolic material. Substrates of CMA contain a pentapeptide motif 

which is recognised by the chaperone heatshock cognate 70 (Hsc70).108 Substrates bind to 

Hsc70 and are selectively trafficked across the lysosomal membrane via interactions with 

the lysosomal receptor, LAMP2A.109 

 

During macroautophagy (referred to henceforth as “autophagy”), organelles and long-

lived proteins are phagocytosed into an intermediary double membrane bound vesicle 

known as the autophagosome, which fuses directly with the lysosome.106 Formation of 

phagophore membranes occurs at defined assembly sites, where newly formed curved 

membranes engulf material to form an autophagosome. These structures are directly 

trafficked along microtubules to the lysosome. The outer membrane of the autophago-

somes fuses with the lysosomal membrane to release its cargo in a single-membrane au-

tophagic body – both of which are degraded by the hydrolytic inner core of the lysosome. 
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Each stage of this process is controlled by the expression of autophagy-related genes 

(ATGs), the products of which are sequentially recruited during nucleation, expansion, 

maturation and fusion of the phagophore.  

 

Figure 1.3 Major forms of autophagy. Schematic illustrating known forms of autoph-
ag: macroautophagy, microautophagy and chaperone-mediated autophagy (figure 
adapted from Li et al.).110 
 

 

 

 

 

Macroautophagy Microautophagy Chaperone-mediated autophagy
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Inhibition of mammalian target of rapamycin (mTOR) through starvation is one of the 

most well characterised mechanisms for inducing autophagy. mTOR is a highly con-

served serine/threonine protein kinase, which acts as a core component of two protein 

complexes, mTORC1 and mTORC2. These two complexes regulate a diverse range of 

cellular processes, though mTORC1 is specifically associated with autophagy.111 The 

primary targets of mTOR are the transcription factors TFEB and TFE3; mTOR acts as 

a negative regulator of these factors through constitutive phosphorylation of critical ser-

ine residues. In their phosphorylated state, TFEB and TFE3 are retained in the cyto-

plasm. As mTOR is inhibited during starvation, loss of phosphorylation causes nuclear 

translocation of these transcription factors, leading to expression of several autophagy-

related genes.112  

 

Unc-51 like kinase 1 (ULK1) and ATG13 are also major targets of mTOR signalling. In 

the presence of nutrients, ULK1 and ATG13 are phosphorylated and remain inactive.106 

As mTOR activity is inhibited, dephosphorylation activates ULK1, leading to dissocia-

tion from mTORC1.106,111 In coordination with vacuolar protein sorting 34 (VPS34) and 

Beclin1, ULK1 stimulates the formation of the phagophore. Recruitment of VPS34 to the 

phagophore membrane causes an enrichment of phosphatidylinositol 3 phosphate 

(PI(3)P) which in turn leads to relocalisation of ATG proteins to promote phagophore 

elongation. During this sequence, a microtubule associated-protein 1 light chain 3 (LC3-

I) is cleaved and lipidated to form LC3-II on the newly formed autophagosome mem-

brane.113 The relative accumulation of LC3-II is frequently used as readout for autophagy 

in both cells and tissues. Another common marker for detecting the presence of autopha-

gy is the autophagic cargo receptor sequestrosome 1 (p62), which acts as an adaptor pro-

tein to bridge cargo to developing autophagic membranes.106,113 
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1.3.3 LRRK2 and Autophagy  

 

Significant evidence that LRRK2 regulates autophagy has been provided by KO studies.  

Curiously, loss of LRRK2 produces the most striking phenotypes in the kidney, which 

exhibit age-dependent bi-phasic changes in autophagic activity.114 Mice born without 

LRRK2 have no congenital defects and exhibit no apparent changes during their early 

months. However, by the time they reach the age of 7 months, changes in lysosomal 

markers LC3-I/II and p62 consistent with increased autophagic activity are observed.114 

As aging progresses, autophagy begins to slow, leading to accumulations of lipofusin and 

α-synuclein.114 Prominent changes in size, colour and weight of KO kidneys are all ob-

served by 11 months of age.114,115 Recent unbiased proteomic analysis of aged-LRRK2 KO 

kidneys confirmed several lysosomal protein changes and further revealed bi-directional 

dysregulation of cytoskeletal and protein-translation proteins.116 The reason why LRRK2, 

a protein widely recognised to modulate neurological phenotypes in humans, manifests 

predominantly in kidneys is not immediately clear. One offered explanation lies with the 

high levels of LRRK2 expression in kidneys in combination with comparatively low levels 

of the homologue LRRK1, which may have a compensatory role in other tissues.114 In 

line with this hypothesis, double LRRK KO mice appear to recapitulate many of the ob-

served autophagy defects in the brain.117 

 

Cellular models have been employed by a number of studies to dissect the role of 

LRRK2 in autophagy (figure 1.4). 118As indicated by the common autophagy markers 

discussed earlier, pharmacological inhibition of endogenous LRRK2 kinase activity has 

been shown to stimulate autophagy within HEK293 cells, H4 neuroglioma cells, SH-

SY5Y neuroblastoma cells and primary astrocytes.119–121 Conversely, rapamycin-induced 

autophagy causes translocation of LRRK2 to membrane fractions enriched with autoph-

agy markers CathepsinD, LC3-II and ATG7 in monocytes.122 Interestingly, when LC3-II 
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turnover was inhibited, stimulation of autophagy in the absence of LRRK2 resulted in a 

marked decrease in autophagic activity, suggesting that LRRK2 may regulate autophagic 

flux.122 More recent work has argued that LRRK2 kinase-dependent regulation of LC3-II 

is independent of mTOR and ULK1 signalling and occurs via Beclin-1.121 The balance of 

evidence suggests that LRRK2’s role in autophagy is complex and may differ according 

to cell type, with the possibility that LRRK2 modulates both early and late stages of the 

autophagy pathway. 

 

Perhaps surprisingly, several studies have demonstrated that expression of either 

wildtype or pathogenic variants of LRRK2 can induce autophagy.123–125 However, G2019S 

knock-in primary neurons exhibit altered lysosomal morphology and a modest reduction 

in autophagic activity.126 Furthermore, fibroblasts derived from pathogenic LRRK2 mu-

tation carriers show a consistent reduction in starvation-induced autophagy.127 Variabil-

ity in observed phenotypes may likely be accounted for by LRRK2 expression levels and 

cell-type specific effects.  

 

Lastly, in addition to autophagy, CMA has also been proposed as a LRRK2-regulated 

pathway.128 In contrast to macroautophagy, CMA is highly selective for cargo transport-

ed to lysosomes.108 LRRK2 has itself been suggested to be a substrate of CMA, given 

that treatment of cells and brain slices with selective lysosome activity inhibitors has 

been found to cause an increase in intracellular LRRK2. Additionally, the G2019S vari-

ant was not as efficiently degraded as its wild type counterpart and overexpression of 

both was sufficient to inhibit CMA.128 Increased LRRK2 levels were mirrored by an in-

crease in LAMP-2A, an observation also present in post-mortem brain of G2019S carri-

ers. Taken together, these observations suggest an inhibitory influence of LRRK2 over 

CMA, with increased LAMP-2A levels indicative of a compensatory mechanism.128 This 

may have further implications for PD-pathogenesis as CMA has been nominated as a 
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critical pathway for α-synuclein degradation.129 Inhibition of CMA in cellular models 

promotes the formation of insoluble, high molecular weight species of α-synuclein.130 This 

may indicate that CMA dysfunction can precipitate the formation of α-synuclein 

pathology.  

 

Figure 1.4 LRRK2 and autophagy. Diagram of LRRK2’s involvement in autophagy, 
red denotes increase whereas blue indicates decrease (figure adapted from Manzoni et 
al.)118. 
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1.3.4 Endocytosis and endosomal trafficking: an overview  

 

Broadly speaking, endocytosis is the process whereby extracellular macromolecules are 

transported into the cell. During endocytosis, small sections of the plasma membrane, 

extracellular fluid and endocytic cargo are fully encapsulated within the cell.131 Endocy-

tosis facilitates a wide range of physiological processes, including cell signalling path-

ways, uptake of nutrients, and developmental regulation through morphogens and adhe-

sion molecules.131,132 Critically, endocytosis enables cells to communicate with one another 

and their environment through tight regulation of cell surface receptors and transporters. 

This process modulates the long-term sensitivity of cells to their specific ligands.132,133 

Examples include glucose transporter, transferrin receptors, proton pumps, sodium chan-

nels, and G-protein coupled receptors.132  

 

Once cellular cargo is endocytosed, it is sorted and trafficked between a series of mem-

brane bound compartments known as endosomes (figure 1.5).132 The contents of an endo-

cytic vesicle determines its terminal destination. Endocytosed material such as nucleic 

acids, polysaccharides and proteins are often trafficked to the lysosome for degradation. 

A portion of endocytic cargo, including transmembrane receptors, are recycled back to 

the plasma membrane through recycling endosomes.133  

 

As molecules are transported through the cell, endosomal compartments undergo a pro-

cess of maturation, transitioning from early to late endosomes. This process involves a 

drop in luminal pH, changes in phosphorylation of phosphatidylinositol, and recruitment 

of Rab GTPases (figure 1.5).132 In the final stage of this pathway, late endosomes and 

their contents will fuse with the lysosome to be degraded by hydrolytic enzymes.131,132 
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Figure 1.5 Schematic of endosomal trafficking pathways and molecules involved. 
Early endosomes are formed from endocytosis at the plasma membrane and also receive 
cargo from the trans-Golgi network. Early endosomes mature to late endosomes and 
eventually fuse with lysosomes for degradation. Recycling of cellular cargo to and from 
the plasma membrane is mediated by recycling endosomes. (Figure drawn with reference 
to Cullen et al. and Roosen et al.)113,134 
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1.3.5 Clathrin-mediated endocytosis  

 

Clathrin-mediated endocytosis (CME) is the major endocytic pathway by which mole-

cules are internalised. This tightly regulated process is controlled through a series of pro-

tein-coated pits and vesicles. The initiation of CME is marked by clustering of endocytic 

coat proteins at the plasma membrane. Recruitment of these ‘coat’ proteins causes the 

membrane to bend, transforming the endocytic site into a bottleneck of invaginated 

membrane.131,135 Constriction and scission of the membrane causes the budding vesicle to 

detach as a clathrin-coated vesicle (CCV). Uncoating of the newly formed vesicle com-

pletes this cycle, allowing the cargo-loaded vesicle to be trafficked through the endosomal 

system.131 

The primary constituent of the endocytic protein coat is clathrin. CCVs were first de-

scribed in 1964 during research on the take-up of yolk proteins by insect oocytes.136 In 

their seminal study, Roth and Porter observed “bristle-coated vesicles” which invaginat-

ed into pits before pinching off from the membrane.135,136 Three years following these ob-

servations, Pearse successfully purified coated vesicles from various tissues.137 From these 

fractions she described a “single major protein species, clathrin, with an apparent molec-

ular weight of 180,000 [Da], that forms the coat of all these vesicles.”137 These molecules 

assembled as a closed network of hexagons and pentagons to form cage-like structures 

enclosing each vesicle.138  

Clathrin forms a trimeric structure with three ~190kDa heavy chains, each with an asso-

ciated ~25kDa light chain.135 There are two light chains, LCa and LCb, as well as two 

additional isoforms found exclusively in neurons. The C-terminal of the heavy chain mol-

ecules forms a central hub with three legs radiating outwards.133 This complex of clathrin 

molecules assembles into a triskelion structure to form a polyhedral lattice. The curved 

edges of clathrin coats are formed of pentagonal lattices, with flat-sided cytoplasmic edg-
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es by hexagonal assemblies.133,135 Although CME bears the name of clathrin, there are 

more than 50 additional proteins that facilitate this mechanism. The roles of these acces-

sory proteins, including clathrin adaptors and protein scaffolds, will be discussed below.  

The second-most abundant components of CCVs are adaptors protein (AP) complexes. 

Heterotetrameric AP complexes are composed of four interlocking subunits: two heavy 

chains, one medium chain and one small chain. The N-terminus of each large chain con-

tains 14 HEAT repeats, which fold tightly to form curved arcs in a diamond-like struc-

ture.139,140 The heavy subunits along with the N-terminal of the medium subunit form the 

‘core’ substructure of the AP complex.  The C-terminals of the large subunits extend out 

to form appendages (also known as ‘ears’) that bind endocytic accessory proteins. These 

appendages are linked to the core by two largely unstructured ‘hinge’ domains contain-

ing clathrin-binding motifs.139,140 

To date, five different APs have been identified and labelled AP1-5. AP1 and AP3 have 

been implicated in intracellular clathrin trafficking, with AP2 being primarily associated 

with CME at the plasma membrane.140 The primary function of AP2 is to bind to cargo 

molecules and recruit clathrin during the initial stages of endocytosis. The AP2 complex 

is assembled into a heterotetrameric formation, containing two heavy subunits (α & β), 

one medium subunit (µ) and one small subunit (σ) (figure 1.6). AP2 has two isoforms of 

its α subunit encoded by AP2A1 and AP2A2. 
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Figure 1.6 AP2 structure. Diagram of AP2 assembled into a complex. The heavy α and 
β subunits and the N-terminus of the µ subunit form the core. The C-terminals of the 
heavy subunits form the ears/appendages. The core is responsible for binding to cargo 
proteins and localisation to the membrane whereas hinge and ear domains mediate inter-
actions with coat and accessory proteins.  
 

Binding of the AP2 complex to cargo has been localised to short, conserved amino acid 

motifs known as sorting signals. One example is the tyrosine-based motif [YXXØ] (where 

Ø is a large bulky hydrophobic amino acid) located within the cytoplasmic tail of several 

transmembrane receptors.141 AP2 oscillates between two distinct conformational states: 

the inactive cytosolic closed form and the open active state. Within the closed state, the 

N-terminals of the heavy and medium subunits and the whole of the small subunit form 

a closed ‘bowl’ structure. As endocytosis is initiated, AP2 is recruited to membranes en-

riched with phosphoinositide phosphatidylinositol 4,5-bisphosphate (PIP2).142 AP2 binds 

to PIP2, causing the heavy subunits to bend away from one another, collapsing the bowl 

and expelling the C-terminal of the medium subunit. This conformational shift exposes 

key clathrin and cargo binding sites on the heavy and medial subunits respectively. Car-

go binding further stabilises AP2 in its open ‘active’ form, further increasing the proba-

bility of clathrin binding.142  
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The formation of an endocytic event is suggested to be driven by stochastic collisions of 

AP2 and the membrane.143 As such, several studies have detailed large numbers of short-

lived clathrin clusters whereby an endocytic event may be initiated but clusters may lack 

the necessary stability to produce fully fledged CCVs.142–144 In other cases, the formation 

of clathrin-coated pits (CCPs) occurs repeatedly at predefined sites on the plasma mem-

brane.145 These sites are largely defined by the integrity of surrounding actin and the lo-

cal concentration of AP2 molecules and phospholipid phosphatidylinositol 4,5-

bisphosphate (PIP2).146 Individual AP2-clathrin or AP2-membrane interactions are rela-

tively weak and short-lived.144 However, if a membrane-AP2-clathrin interaction is able 

to recruit an additional AP2 complex, this four-component cluster has the required sta-

bility to precipitate further clathrin recruitment.144 Cargo recruitment occurs when the 

CCP contains approximately 10-40 individual assembled clathrin triskelions, with the 

size of a CCV correlating with the size of the cargo.143 Recruitment of clathrin to the 

membrane induces polymerisation of clathrin to form lattices.139 Formation of these large 

clathrin multimers promotes recruitment of BAR-domain proteins and other curvature 

effector molecules, causing the membrane to bud inwards.133,135,139  

To complete endocytosis, successfully formed CCVs must be detached from the donor 

plasma membrane (figure 1.7).147 This process is mediated by the large GTPase dynamin 

which localises to the helical neck of newly formed CCPs.147 Hydrolysis of GTP induces a 

conformational shift and scission of the connecting plasma membrane.147 Finally, the ves-

icle coat is disassembled and recycled back to the cytosolic pool. Following scission, the 

protein scaffold auxilin binds the C-terminal hub of clathrin triskellia and recruits the 

ATPase Hsc70.148,149 A recent model has suggested that collisions between Hsc70 and ver-

tices of clathrin lattices may cause disassembly to individual triskellion.150 In vitro studies 

have demonstrated that Hsc70-auxilin-clathrin complex formation stimulates Hsc70 

ATPase activity to promote coat disassembly.149 Cyclin-associated G-kinase (GAK) per-

forms the same function as auxilin for vesicles derived from the trans-Golgi network 
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(TGN).139 Within neuronal cells, the synaptically enriched lipid phosphatase Synap-

tojanin-1 dephosphorylates lipids within CCVs. Dephosphorylation of vesicular PIP2 to 

phosphoinosital-phosphate (PI4P) is essential for clathrin uncoating. KO of Synap-

tojanin-1 in mice causes accumulation of PIP2 and CCV in neurons, leading to neurolog-

ical defects and mortality shortly after birth.151,152 

 

 

 

 

 

 

 

 

 

Figure 1.7 Clathrin-mediated endocytosis. Schematic of major stages of CME and 
the molecules involved (figure adapted from Cho et al.).153 

 

1.3.6 Clathrin-independent endocytosis  

 

Another known endocytic pathway is caveolae-mediated endocytosis. Caveolae are 50-

100nm flask-shaped plasma membrane invaginations present on many, but not all, eu-

karyotic cells.154 In contrast to CCV, caveolae are static structures which are suggested 

to play a role in vesicular transport, lipid regulation, cellular signalling and notochord 

development.155,156 Caveolin proteins, the primary constituent of caveolae, contain 34 hy-
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drophobic amino acids which insert in the inner leaflet of the membrane bilayer.155 Indi-

vidual caveolae are estimated to contain 144 molecules of calveolin.155,157 Caveolae-

mediated endocytosis is regulated by ligand binding to cargo receptors concentrated 

within caveolae structures. Other endocytic mechanisms have been described that are 

independent of clathrin coats. Examples include large micrometre-scale pathways such as 

phagocytosis and macropinocytosis.158 

 

1.3.7 LRRK2 and Endocytosis 

 

Several lines of evidence have pointed to LRRK2 as a modifier of endocytosis, particular-

ly at neuronal synapses. In 2008, LRRK2 was identified as an interacting partner of 

Rab5b and localised to synaptic comparments.159 Rab5 is a small GTPase that mediates 

trafficking and fusion of endocytic vesicles from the plasma membrane to early endo-

somes.159,160 Either overexpression or depletion of LRRK2 impaired rates of synaptic vesi-

cle endocytosis and was rescued following co-expression of Rab5b.159 More recently, the 

same group has proposed LRRK2 directly phosphorylates Rab5b, causing it to exhibit 

enhanced GTP-ase activity. It is worth noting that the suggested phosphorylation resi-

due of Rab5b differs from other Rab GTPases.91 Nevertheless, phosphomimetic muta-

tional analysis suggests that Rab5b phosphorylation impaired EGF receptor (EGFR) 

degradation in HeLa cells, consistent with a decreased rate of endocytosis.161  

 

Another small GTPase Rab7 has also been linked to later stages of the endocytic path-

way. The LRRK2 drosophila homolog (dLRRK) has been found to localise to mature en-

dosomes and lysosomes, where it interacts with Rab7.162 Furthermore, flies harbouring 

dLRRK loss of function mutations exhibit abnormalities in Rab7-dependent lysosome 

positioning.163 More recent studies have demonstrated that pathogenic variants of 
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LRRK2 are capable of slowing EGFR degradation by impairments in late stage endocy-

tosis through a Rab7 dependent mechanism.162,164 Rivero-Ríos et al. propose a model 

whereby LRRK2 phosphorylation of Rab8A leads to its inactivation and simultaneously 

decrease in Rab7 activity. Consistent with this hypothesis, both Rab8A knockdown and 

expression of a phosphomimetic mutant lead to a decrease in Rab7A activity and EGFR 

trafficking defects.164 

 

A direct interaction between the ROC GTPase domain of LRRK2 and Clathrin light 

chain (CLC) has been reported previously.103 Both clathrin light chain A and B and neu-

ronal specific isoforms were nominated as ROC binding partners in pull-down assays. 

Perhaps surprisingly, the authors were unable to co-immunoprecipitate ROC and CLC, 

which may indicate a weak or transient interaction. Using CRISPR-edited cells, endoge-

nously tagged LRRK2 was localised to early endosomes and also demonstrated partial 

colocalisation with CLC.103 The authors further observed a two-threefold increase in 

Rac1 activation following siRNA knockdown of either CLC or LRRK2. Within neurons, 

increased activation of Rac1 signalling led to altered cell morphology and protrusions. 

This was mirrored in drosophila, where knockdown of dLRRK or CLC caused an abnor-

mal eye phenotype.103 Interactions between LRRK2 fragments and clathrin coat proteins 

in mouse brain lysates have also been previously reported.126 This study recovered CHC, 

AP 1 & 2, clathrin coat assembly protein AP180 and dynamin-1 as binding partners of 

the WD40 domain. All of these proteins are heavily involved in endocytosis and clathrin 

trafficking, as described above.165  

 

Reduced synaptic vesicle endocytosis in the absence of LRRK2 has been corroborated by 

a number of studies.166–168 In cortical neurons, knockdown of LRRK2 lead to altered 

evoked post-synaptic currents and increased numbers of recycling synaptic vesicles. Simi-
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larly, loss of LRRK2 within the presynaptic bouton was observed to cause a redistribu-

tion of synaptic vesicles to the recycling pool and fewer docked vesicles in contact with 

the presynaptic membrane.166 Interestingly, several of these findings were replicated fol-

lowing treatment with LRRK2 inhibitors, consistent with a kinase-dependent mecha-

nism.167 

 

One proposed mechanism of action has been the EndophilinA phosphorylation cycle.168–170 

EndophilinA contains a BAR domain, a conserved feature of several membrane associat-

ed proteins which are believed to modulate membrane curvature and vesicle release. In 

the first of these studies, LRRK2-mediated phosphorylation of the Endophilin A BAR 

domain was reported to induce membrane deformation, leading to defects in endocytosis 

of synaptic membranes within drosophila neuromuscular junctions.168 Tight regulation of 

EndophilinA phosphorylation may be a necessity for neuronal functioning as both exces-

sive phosphorylation by G2019S or loss of basal phosphorylation via dLRRK KO imped-

ed synaptic vesicle endocytosis.168 This data is consistent with previous observations of 

synaptic defects resulting from too much or too little LRRK2.159 The key findings of this 

study were reproduced in murine striatal neurons as either kinase inhibition or KO in-

duced synaptic defects.170 Intriguingly, a further role of LRRK2-dependent EndoA phos-

phorylation has been recently identified in neuronal autophagy. Phosphorylated EndoA 

was able to recruit autophagic factor Atg3 during induced autophagosome formation.169 

Although phosphorylation of human EndoA was demonstrated in vitro, the relevance of 

these observations in mammalian neurons is still to be established.169 

 

LRRK2 has been further linked to synaptic vesicular trafficking and behavioural pheno-

types consistent with changes in synapse activity. These studies have yielded a broad 

range of results, perhaps because of differences in the models used and the neuronal pop-

ulations studied. In BAC-transgenic mice, overexpression of wildtype LRRK2 produced 
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an increased release of striatal dopamine. By contrast, G2019S mice exhibited age-

dependent decrease in striatal dopamine content, uptake and release.171 An independent 

study using LRRK2-overexpressing mice further reported D2-receptor mediated defects 

in short-term plasticity within glutaminergic neurons of the striatum.172 Interestingly, 

however, no abnormalities were detected in the striatum of LRRK2 KO animals.172 Be-

havioural analysis of LRRK2 overexpression models has yielded conflicting results, with 

some reports of memory impairments and hypoactivity but other findings of enhanced 

motor performance and hyperactivity.171,172 Within the hippocampus, overexpression of 

G2019S, but not WT, has been observed to cause age-dependent impairments in long 

term depression and plasticity.173 A recent study further identified a G2019S-specific de-

fect in synaptic vesicle endocytosis within midbrain, but not cortical or hippocampal 

neurons. This may have direct relevance to PD motor symptoms, since the midbrain is a 

major source of dopaminergic neurons in the adult mouse brain.174   

 

Convergence of LRRK2 and other PD-associated genes has been suggested in neuronal 

endocytic events. Mutations in SYNJ1 and DNAJC6 (encoding for synaptojanin-1 and 

auxilin, respectively) have been identified as a cause of recessively inherited, early-onset 

parkinsonism.174–177 Both of these proteins function to uncoat CCVs at neuronal synapses. 

Intriguingly, both were recently suggested as direct targets of LRRK2 phosphorylation. 

Synj1 phosphorylation was predicted to disrupt endophilin-synaptojanin-1 interaction – a 

complex essential for synaptic vesicle endocytosis. Similarly, phosphorylation of auxilin 

was found to impair clathrin interactions, resulting in endocytic defects and decreased 

synaptic vesicles in patient-derived IPSc. dopaminergic neurons.178  
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1.3.8 LRRK2, Microtubule binding and cytoskeletal dynamics 

 

In addition to autophagy and endocytosis, LRRK2 has been strongly associated with mi-

crotubule dynamics and the cytoskeleton (figure 1.8). Microtubules are large multimeric 

protein scaffolds composed of α- and β-tubulin heterodimers. These structures are essen-

tial for the intracellular transport mechanisms that underlie a variety of cellular process-

es. Microtubules are also important for maintaining cellular structure and the formation 

of filamentous structures such as cilia and filopodia.179 LRRK2 has been suggested to 

play a role within a number of microtubule associated processes, namely: neurite out-

growth, vesicular trafficking along axons, and formation of cilia and centrosomes. The 

evidence surrounding these findings will be discussed in this section.  

 

A robust mutation-dependent phenotype, which has been replicated across several labor-

atories, is impaired neurite outgrowth.180–183 Expression of pathogenic LRRK2 causes a 

reduction in neurite length and complexity in primary neuronal cultures. Conversely, KO 

or siRNA knockdown of LRRK2 results in increased neurite outgrowth.180 A functional 

interaction between LRRK2 and tubulin has been hypothesised to underlie these obser-

vations.179 Tubulin-LRRK2 interactions were first described in 2009 in the bovine 

brain.184 This interaction was subsequently confirmed and isolated to three β-tubulin 

isoforms: TUBB, TUBB4 and TUBB6.185 The interaction site was mapped to the Lys-362 

residue, a binding site for the microtubule stabilising drug Taxol. The site of LRRK2 

binding was thus suggested to influence microtubule stability (figure 1.8). Consistent 

with this hypothesis, LRRK2 KO MEF cells had a significant increase in microtubule 

acetylation – a major post-translational modification known to influence MT stability 

and intracellular trafficking.186 Increase in acetylated tubulin was also recently reported 

within LRRK2 KO kidneys.116 The authors propose a model by which LRRK2 β-tubulin 

interactions may prevent acetylating enzymes from accessing the lumen of assembled mi-
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crotubule filaments, fixing α-tubulin in a non-acetylated state.185,187 As well as tubulin 

binding, LRRK2 strongly localised to growth cones, consistent with a strong affinity to 

dynamic non-acetylated microtubules.185 Curiously, pathogenic mutations were further 

shown to modulate LRRK2 interactions with tubulin, although not in a unified direction. 

Quantitative yeast two hybrid assays demonstrated that the ROC domain mutations 

R1441G and R1441H disrupted β-tubulin interactions whereas R1441C increased binding 

affinity relative to wildtype. These findings have been supported by an independent 

study which reported a reduction of LRRK2’s association with microtubule structures 

following increased tubulin acetylation. R1441C and Y1699C mutants were also capable 

of inducing deficits in axonal trafficking in rat primary cortical neurons and drosophila 

in vivo.188 Perhaps surprisingly, G2019S mutant expression did not have any effect on 

mitochondrial trafficking, suggesting this phenotype may be specific for ROC domain 

mutations.188 

 

Alongside tubulin, several studies point towards a functional link between LRRK2 and 

the microtubule-associated protein tau.179 This was first suggested following reports of 

neuropathological tau observed in brains of patients harbouring a spectrum of LRRK2 

mutations.41,182,189 Furthermore, phosphorylation of tau has been further reported in 

LRRK2 mouse models.126,190,191 Within tau P301L transgenic mice, expression of LRRK2 

appeared to exacerbate deposition of insoluble, phosphorylated tau.192 Direct phosphory-

lation of tau by LRRK2 has been reported in vitro, acting as a critical mediator of tau-

tubulin binding (figure 1.8).193 Though this has yet to be validated within cells, this may 

represent a potential mechanism for LRRK2-mediated tau pathology. An alternative 

mechanism is that LRRK2 acts as an upstream regulator of GSK3β which in turn pro-

motes tau phosphorylation.194,195 
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Figure 1.8 LRRK2 and the cytoskeleton. Diagram illustrating LRRK2’s involvement 
with the cytoskeletal. Specifically, LRRK2 as a regulator of two major posttranslational 
modifications of microtubules; phosphorylation of microtubule associated protein tau and 
interactions with β-tubulin as modifier of acetylation. (Ac) indicates acetylation of tubu-
lin, (p) denotes phosphorylation (figure adapted from Pellegrini et al.)179 
 

The recent identification of Rab GTPases as a target for LRRK2 phosphorylation has 

prompted several groups to investigate the downstream consequences of elevated phos-

pho-rabs.91 One such study found preferential binding of Rab interacting lysosomal pro-

tein like 2 (RILPL2) and RILPL1 to phosphorylated forms of Rab8a and Rab10.196 

RILPL2, Rab8A and Rab10 have all been implicated in primary ciliogenesis, prompting 

the authors to investigate LRRK2’s role within this process.196 Primary cilia are microtu-

bule-based projections extending from the cell surface that act as central regulators of 

several signalling pathways.197 Interestingly, the authors report Rab8a and Rab10 as hav-

ing opposing effects upon ciliogenesis:198 while Rab8a promotes formation of cilia, phos-

phorylation of Rab10 has been found to disrupt cilia formation.198 In line with these find-
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ings, fibroblasts and iPSCs derived from G2019S carriers as well as cholinergic neurons 

in the striatum of a LRRK2 R1441C mouse model demonstrated a significant reduction 

in starvation-induced cilia formation.198 Importantly, pharmacological kinase inhibition of 

R1441G-LRRK2 rescued cilia defects and increased cilia-dependent Sonic Hedgehog 

(shh) signalling. Taken together, Dhekne et al. suggest a model whereby pathogenic 

LRRK2 results in a loss of neuroprotective shh signalling in dopaminergic neurons 

through inhibited ciliagenesis.198 

 
A secondary microtubular structure associated with LRRK2-mediated Rab phosphor-

ylaltion is the centrosome. The primary function of centromes lies with the orientation of 

the mitotic spindle during cell division.199 Two recent studies have characterised an asso-

ciation between Rab8a phosphorylation and centrosomal deficits.200,201 In the first report, 

defects in centrosomal positioning and migration were observed upon expression of path-

ogenic LRRK2 variants, which were closely associated with accumulations of pericentro-

somal phosphorylated Rab8a.200 Consistent with these effects being Rab8a-dependent, 

both the expression of non-phosphorylated Rab8a and the depletion of endogenous 

Rab8a were able to rescue this phenotype.200 A centrsosomal splitting phenotype was fur-

ther identified within human fibroblasts derived from G2019S carriers, which was re-

versible following treatment with LRRK2 kinase inhibitors.200 The second of these studies 

demonstrated that mutant-LRRK2 induced centrosomal phenotypes could be mimicked 

by co-expression of Rab29 and wildtype LRRK2.201 Interestingly, pathogenic LRRK2 did 

not require Rab29 activation to induce this phenotype. These observations are consistent 

with a model whereby LRRK2 mutations result in a gain of function and by-pass Rab29 

activation.201 The relationship between Rab29 and LRRK2 will be discussed in a later 

section. The PD-relevance of centrosomal defects remains speculative,200,201 although the 

authors highlight the interplay between correct centrosome functioning and vesicular 

trafficking – a process implicated in PD pathogenesis.200,201 
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1.3.9 LRRK2 and the endoplasmic reticulum: translation, trafficking 

and stress 

 

The ER is a membranous organelle that is responsible for translation, folding and traf-

ficking of newly synthesised proteins, as well as being a main store for intracellular calci-

um. A stress response can be triggered following the misfolding and accumulation of pro-

teins within the ER. If this occurs, protein translation is arrested and several signalling 

pathways are activated to increase production of molecular chaperones.202 Increased lev-

els of ER stress response have been previously reported in PD patients and may repre-

sent a protective mechanism.203 LRRK2 was first suggested to play a role in the stress 

following localisation to the ER of intact-dopaminergic neurons in healthy and PD brain 

tissue.204 In support of this hypothesis, a possible protective mechanism of LRRK2 was 

identified in C. elegans.205 Expression of LRRK2 was necessary for upregulation of the 

chaperone GRP78 following treatment with the ER stress agent tunicamycin.205 The au-

thors further report that, relative to a non-functional mutant LRK-1 homologue, the 

presence of human LRRK2 ameliorated cell death in response to either α-synuclein or the 

dopaminergic neurotoxin 6-hydroxydopamine.205  

 

Translation is also a candidate mechanism of LRRK2 action. Eukaryotic initiation factor 

4E binding protein (4E-BP) was first identified as a substrate of the Drosophila LRRK2-

homolog dlrrk.206 Prolonged phosphorylation-dependent inactivation of 4E-BP was found 

to deregulate bulk translation. However, controversy surrounding these findings arose 

following post-hoc failure to replicate these interactions within mammalian cells.207 Al-

ternative mechanisms have been suggested for LRRK2 kinase activity as a regulator for 

protein translation. Three ribosomal proteins associated with the 40S ribosome subunit 

were identified as LRRK2 kinase substrates. Accordingly, expression of phosphodeficient 
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mutant ribosomal S15 protein was reported to reduce LRRK2-G2019S dependent toxici-

ty in both drosophila and mouse primary cortical neurons.208 

 

LRRK2-mediated vesicular trafficking from the ER to the Golgi has also been 

described.209 Cho et al. found that LRRK2 recruits ER protein Sec16A to form endo-

plasmic reticulum exit sites. LRRK2 knockout fibroblasts exhibited reduced association 

of Sec16A with exit sites and defects in anterograde trafficking of vesicles to the Golgi. 

The R1441C variant was shown to impair interactions with Sec16 leading deficits in ER 

vesicle release within knock-in rodent fibroblasts.209  

 

1.3.10 RAB29-dependent activation of LRRK2 and the trans-Golgi 

network  

 

In 2013, a functional interaction was first reported between LRRK2 and RAB29 (also 

known as Rab7L1), a small cytosolic GTPase and gene at the PARK17 locus. The neu-

rite-shortening phenotype following G2019S overexpression was used as screening tool in 

the hunt for genetic modifiers. Expression of each gene at the PARK17 locus demon-

strated that RAB29 specifically rescued this phenotype and further inhibited LRRK2-

dependent dopamine neuron degeneration within Drosophila.39 The authors further 

showed that overexpression of G2019S-LRRK2 or knockdown of Rab29 significantly re-

duced localisation of mannose 6-phosphate receptor (MPR) at the golgi.39 Retrograde 

trafficking of MPRs is mediated by the retromer, a complex of proteins responsible for 

recycling specific transmembrane proteins from endosomes to the TGN. A key compo-

nent of the retromer complex is vacuolar protein sorting-associated protein 35 (VPS35). 

Importantly, mutations within the gene encoding VPS35 are a known cause of autosomal 

dominant PD.210 Overexpression of VPS35 was able to rescue retrograde trafficking de-
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fects caused by mutant LRRK2 or depletion of RAB29.  The model proposed in this 

study suggests both LRRK2 and RAB29 interact with a component of the retromer 

complex, with LRRK2 acting as a modifier of VPS35 function in recycling of transmem-

brane proteins to the TGN.39 

 

A second study established a link between LRRK2 and RAB29, this time in the context 

of Golgi-derived vesicular turnover.211 As part of a protein-protein interaction screen, 

BCL2-associated athanogene 5 (BAG5), RAB29 and Cyclin-G–associated kinase (GAK) 

were identified as LRRK2 binding partners. Alongside RAB29, GAK has been previously 

nominated as candidate risk loci for sporadic PD through GWAS.39,211 BAG5 has also 

been suggested to exacerbate cell-death of dopaminergic neurons by inhibiting the E3 

ubiquitin ligase parkin, a protein previously linked to early-onset Parkinsonism.57,212 

LRRK2, GAK, BAG5 and RAB29 were found to form a single complex further stabilised 

through interactions with Hsp70. Identifying a physiological role for this newly identified 

complex, fluorescence cell imaging revealed that these proteins were localised to the 

trans-Golgi network (TGN), where they act to enhance clearance of the Golgi through 

degradation of vesicles. LRRK2-RAB29 interactions appeared to be a critical mediator of 

the enhanced TGN turnover phenotype, as transfection with inactive RAB29 prevented 

LRRK2 clustering and did not allow this complex to enter vesicles. All known pathogen-

ic variants of LRRK2, regardless of mutation site, enhanced the Golgi localisation.211 Cu-

riously, LRRK2-Golgi clustering was found to be dependent on autophagy, since inhibi-

tion of lysosome acidification rescued this phenotype.211 

 

Both studies demonstrate a functional interaction between RAB29 and LRRK2. Fur-

thermore, both studies suggest Rab-LRRK2 complexes can influence endosomal vesicular 

trafficking, while differing on the effects of RAB29 manipulation within cells. Beilina et 

al. show that knockdown of RAB29 can restore the Golgi by loss of LRRK2 recruitment 



 

59 

whereas MacLeod et al. argue that the constitutively active RAB29 Q67L mutant is able 

to rescue the effects of LRRK2 on neurite length. As such, Macleod et al. propose that 

greater RAB29 activity is beneficial to cells whereas Beilina et al. suggest the opposite.  

 

Subsequent findings have supported the idea that increased RAB29 activity is likely det-

rimental to cells. Critically, RAB29-dependent recruitment of LRRK2 to the TGN has 

been shown to enhance kinase activity, with pathogenic GTPase mutants increasing this 

phenotype.105,213 As increased kinase activity is a close correlate of pathogenicity, in-

creased RAB29 is predicted to be harmful. Disruption of fragmentation of Golgi mor-

phology has also been independently confirmed, although whether this is part of the 

normal LRRK2 biology or an aberrant gain of function following RAB29 binding is still 

unclear.105,213 In 2014, CK1a was identified as an additional upstream regulator of 

LRRK2. CK1a kinase is responsible for constitutive phosphorylation of LRRK2 which in 

turn modulates recruitment of LRRK2 to the TGN. Recruitment was also found to be 

dependent upon interactions between LRRK2 and the guanosine-nucleotide exchange 

factor ARHGEF7, which has previously been reported to modulate LRRK2 GTPase ac-

tivity.84,85  

 

Eguchi et al. have recently proposed an intersection of LRRK2 with both upstream and 

downstream Rabs at the lysosome.104 Cells treated with the lysosomal stressor chloro-

quine induced recruitment of LRRK2 onto enlarged lysosomes. Reminiscent of TGN lo-

calisation, co-expression of RAB29 greatly enhanced this phenotype.104 An expression 

screen of 27 Rab GTPases revealed RAB8A and RAB10 localised to LRRK2 positive ly-

sosomes in a kinase-dependent manner. Additionally, expression of WT RAB8A but not 

phospho-null RAB8A mutant significantly reduced lysosome enlargements. Interestingly, 

extracellular release of lysosomal enzyme cathepsin D was reduced by knockdown of 
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RAB10 but not RAB8A. Taken together, the authors propose that LRRK2 phosphory-

lated Rabs mediate lysosomal homeostasis, if perhaps through different roles.104 
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2 Aims of the project  

Mutations within the LRRK2 gene represent a major cause of heritable PD.43 Unfortu-

nately, the physiological activity of the LRRK2 protein is not fully understood. As dis-

cussed, multiple interacting substrates of LRRK2 have been identified that regulate ve-

sicular trafficking and degradation by the autophagy-lysosomal pathway making these 

cellular processes prime candidates for LRRK2 function. I hypothesise that additional 

protein-protein interactions may mediate LRRK2’s effects on vesicular trafficking. The 

principle goal of this investigation is to expand on current knowledge regarding the 

mechanisms by which LRRK2 contributes to trafficking in these pathways. Through this 

work, I aim to examine the consequences of PD causing mutations.  

 

Figure 2.1 Adapted vesicular trafficking diagram. Diagram of vesicular trafficking 
pathways implicated in LRRK2 function, previously proposed LRRK2 kinase or interact-
ing substrates discussed in this thesis are indicated in red. Endocytosis, endosomal traf-
ficking, TGN recycling, lysosomal function and autophagy are all highly interconnected. 
As such, dysfunction in one area may likely cause knock-on effects in another.   
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To further characterise the role of LRRK2 within vesicular trafficking, protein-protein 

interactions between LRRK2 and two nominated candidate interactors were investigat-

ed. As part of a yeast two-hybrid screen that also yielded β-tubulin, two additional pro-

teins with important functions in membrane turnover were identified; arfaptin-2 and 

ARL6IP1 (K Harvey, personal communication). Both of these proteins are novel candi-

date interacting partners of LRRK2 and therefore represent a previously unexplored av-

enue in the LRRK2 field. My first line of experimentation aimed to examine the interac-

tion between these two proteins and LRRK2 Roc-COR domain in yeast and full length 

LRRK2 in mammalian cells.  

 

Aim 1: To evaluate two nominated LRRK2 candidate interactors. 
 
Chapter 3:  

1. Perform a yeast two-hybrid assessment of LRRK2 interactions with candidate 

proteins. 

2. Investigate interactions between LRRK2 and candidate proteins in mammalian 

cells. 

 

I was unable to demonstrate an interaction between ARFAPTIN2 and full length 

LRRK2 in mammalian cells under the experimental conditions assayed. I therefore de-

cided to screen for binding partners of the LRRK2 ROC domain from multiple tissues.  

This protein-protein interaction screen was combined with a secondary siRNA screen to 

identify modifiers of LRRK2 localisation and kinase activation.  As such, this method 

represents a novel approach towards identifying candidate interacting partners that act 

as functional modifiers of LRRK2.   
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Aim 2: Use an independent screen to identify functional interacting 

partners of LRRK2. 

Chapter 4:  

1. Purify and biochemically validate the LRRK2 ROC domain. 

2. Screen for novel ROC binding partners in aged mouse tissue. 

3. Use bioinformatics approaches to characterise interacting partners.  

4. Perform a complementary siRNA screen to identify modifiers of LRRK2 localisa-

tion in mammalian cells.  

 

Having used sequential screens to nominate a functional interaction between LRRK2 and 

AP2, I validated this protein interaction using western blot as an independent measure. 

Kidney tissue was further used to investigate the impact of LRRK2 KO on components 

of the AP2 complex.  

 

Aim 3: Validation of interactions in tissue. 

Chapter 5:  

1. Validate interactions using independent biological repeats and immunoblot. 

2. Probe WT and LRRK2 KO tissue for proteomic differences using immunoblot. 

 

To conclude this study, I investigated the effects of LRRK2, and its pathogenic muta-

tions, on AP2 function within the CME pathway.  

 

Aim 4: Explore the cellular effects of LRRK2 interactions in cells. 

Chapters 6 and 7:  

1. Investigate interactions between LRRK2 and candidate proteins in mammalian 

cells. 
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2. Use immunofluorescence microscopy to assess LRRK2-candidate protein interac-

tions.  

3. Evaluate the functional impact of LRRK2 pathogenic mutation in immortalised 

and primary cell models.   
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3 Evaluation of nominated LRRK2 candidate interactors 
 
3.1 Introduction 
 
Identification of novel LRRK2 interacting partners often provides new avenues to ex-

plore cellular function. A commonly used technique to screen for protein-protein interac-

tions is yeast two hybrid (YTH). Yeast cells provide a relatively high throughput system 

for assaying protein-protein interactions in vivo. Unlike some alternative protein-affinity 

techniques, YTH does not require large quantities of purified proteins or reliable antibod-

ies. 

 

A yeast two-hybrid screen was conducted in Prof. Harvey’s laboratory to identify protein 

interactors of the LRRK2 RocCOR domain. From this screen, two novel candidate in-

teractors were uncovered, ARMER (ARL6IP1) and ARFAPTIN2 (ARFIP2). The initial 

aim of this project was to evaluate and characterise these two novel LRRK2 interactors. 

Here, I present a brief overview of these two proteins of interest.  

 

3.1.1 ARMER (ARL6IP1) 

   

ADP-ribosylation factor-like 6 interacting protein 1 (ARL6IP1)/ARMER was first dis-

covered in 2003 by Lui et al.214 This study characterised ARL6IP1 as an apoptosis regu-

lator located in the membrane of the ER (ARMER). Treatment of HT1080 cells with 

apoptotic stimuli such as serum starvation, ER stressors and UV radiation lead to a 

marked decrease in endogenous levels of ARMER RNA and protein. Conversely, 

ARMER overexpression was found to protect cells from apoptosis.214 Localisation of 

ARMER to the ER was independently corroborated by Yamamoto et al.215 In this study, 

the authors reported colocalisation with ARMER and vesicular-associated membrane 
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protein A (VAPA), a marker for intracellular vesicles and membrane bound organelles 

such as the ER.216 Within its protein structure, ARMER contains four transmembrane 

reticulon-like domains capable of shaping ER membranes.215 The transmembrane do-

mains of reticulons form wedge-like structures causing an increase in the surface area of 

the outer membrane relative to inner membrane creating curvature.217 

 

 

 

 

 

 

 

Figure 3.1. Suggested model of ARMER-ER localisation.  

 

Overexpression of ARMER was observed to induce extensive peripheral ER tubular 

structures with high membrane curvature. The authors suggest this may be mediated by 

interactions with ATLASTIN, a GTPase that mediates the fusion of ER tubules. 

ARMER containing liposomes also showed a tubular shape with a 40-50nm width remi-

niscent of ER tubules. Perhaps surprisingly, siRNA knockdown of ARMER across three 

cell lines was insufficient to cause morphological alterations in the ER. The authors ar-

gue that this does not necessarily mean that ARMER does not shape ER membranes in 

vivo as other ER shaping proteins including reticulons may compensate for loss of 

ARMER.216 

 

ARMER has also been suggested to play an important role in embryogenesis. In 2009, 

Huang et al. observed ubiquitous expression of ARMER during the 24-hour post-

fertilisation period in zebrafish.218 Furthermore, knockdown of ARMER resulted in loss of 
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pharyngeal arches, reduced pigmentation and craniofacial defects.218 Neural crest cells are 

chiefly responsible for formation of these structures and therefore a follow up study ex-

plored the role of ARMER within this cellular population. Critically, Tu et al. observed 

abnormal migratory streams of neural crest cells and accompanying craniofacial devel-

opment in ARMER depleted zebrafish embryos.219 Additional studies have suggested 

that ARMER may also be important for eye development as knockdown was found to 

cause defects in lens formation and proliferation of retinal progenitor cells.218,219  

 

Mutations in ARMER/ARL6IP1 have also been previously linked with neurodegenera-

tive disease. Hereditary spastic paraplegias (HSPs) comprise a group of diseases charac-

terised by progressive stiffness and spasticity leading to long-term disability. Major 

symptoms are caused by axonal degeneration of long corticospinal tracts innervating the 

lower limbs. Auxiliary symptoms of HSP include cognitive impairments, epilepsy, ataxia 

and retinal neuropathy.220 In 2014, Novarino et al. performed whole-exome sequencing on 

55 families, which exhibited a pattern of autosomal recessive HSP.221 Candidate genes 

responsible for HSP were identified in 75% of cases analysed and functionally validated 

in zebrafish.221 All identified mutations were predicted to be detrimental to protein func-

tion, resulting either in heavily reduced or complete loss of activity. Mutations in 

ARMER were found in four affected members within a consanguineous pedigree who 

presented with complicated HSP and acute peripheral neuropathy.221 

 

3.1.2 ARFAPTIN2 

Kanoh et al. first identified ARFAPTIN2 in 1997 as part of a yeast two-hybrid screen to 

identify interacting partners of ADP-ribosylation factors (ARFs). Like many GTP-

binding proteins, ARFs cycle between a GTP-bound active state and a GDP-bound inac-

tive states.222 Inactive-GDP ARF is largely cystolic whereas GTP-bound ARF is associ-
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ated with membranes. ARFs have been characterised as crucial regulator of vesicular 

biogenesis, specifically at the ER and Golgi.222,223 Kanoh et al. described two novel pro-

teins ARFAPTIN1 & 2 as interactors of a constitutively active GTP-bound ARF mu-

tant. The authors also demonstrate that ARFAPTIN1 becomes associated with Golgi 

membranes in the presence of GTP-bound ARF.223 Also in 1996, Aelest et al. identified a 

truncated form of ARFAPTIN2 named POR1 as an interacting partner of RAC1; a 

GTPase involved in actin-dynamics and a signalling partner of ARFs.224 Shin et al. 

demonstrated that RAC1 binding of ARFAPTIN2 was GTP dependent. In their study, 

active GTP-bound Rac1 showed negligible binding with ARFAPTIN2 whereas inactive 

RAC1 displayed strong binding affinity. Taken together, the authors suggest 

ARFAPTIN2 may likely function as an effector of GTP-ARF and GDP-RAC1. However, 

these findings were later disputed by Tarricone and colleagues who observed similar 

binding affinities of ARFAPTIN2 to both forms of RAC.225  

ARFAPTINS have been reported to localise to the trans-Golgi network (TGN). Man et 

al. observed significant colocalisation between endogenous ARFAPTINS and the trans-

Golgi marker TGN46.226 The authors treated cells with brefeldin A, an agent which in-

hibits guanine nucleotide exchange factors causing ARF to dissociate from Golgi mem-

branes.226 Interestingly, ARFAPTIN recruitment to the Golgi was not dependent on 

ARF, in contrast to the original model proposed by Kanoh.223 In this study, Man et al. 

demonstrated knockdown of ARL1 (arf-like1), but not ARFs, all but eliminated colocali-

sation of ARFAPTINS with trans-Golgi markers. This data suggests recruitment of 

ARFAPTINS to the Golgi is dependent on interactions with Arl1.226 
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Figure 3.2. Suggested model of ARFAPTIN2 structure and trans-Golgi localisa-
tion (structure from Uniprot).  
 

In 2012, Gehart et al. identified ARFAPTIN1 as a substrate of protein kinase D (PKD). 

Phosphorylation by PKD abolished interactions between ARFAPTIN1 with both ARF 

and ARL1.223,226 Both ARL and ARF interactions with ARFAPTIN1 have been reported 

to mediate Golgi recruitment. As such, phosphorylation of ARFAPTIN1 was found to 

disrupt TGN localisation.227 In their GTP-bound form, ARFs promote membrane fission 

and release of loaded vesicles. Gehart et al. proposed that in its nascent state, 

ARFAPTIN1 forms a protective shield with GTP-bound ARF at sites of budding vesi-

cles. ARFAPTIN-ARF interactions prevent dimerisation of ARF and scission of mem-

branes. Cruz-Garcia et al. have also reported disruption of ARFAPTIN1-Golgi localisa-

tion by PKD mediated phosphorylation.228 In this study, ARFAPTIN1 was observed to 

be phosphorylated at an amphipathic helix region upstream of the BAR domain. Phos-

phorylation of ARFAPTIN’s helix domain was found to similarly disrupt Golgi localisa-

tion.228 Although both ARFAPTINS have been previously localised to the Golgi, the cel-

lular role of ARFAPTIN2 at the TGN has yet to be resolved.  

  

ARFAPTIN2 has also been suggested to play a role in the pathogenesis of Huntington’s 

disease (HD). HD is a monogenetic inherited neurodegenerative disease caused by an ex-
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tended CAG repeat within exon1 of the HUNTINGTIN (HTT) encoding gene. Peters et 

al. investigated the distribution of ARFAPTIN2 following overexpression in Chinese 

hamster ovary (CHO) cells. Electron microscopy analysis revealed intranuclear inclusions 

reminiscent of those observed in cells expressing pathogenic mutant HTT.229 Due to the 

similarity of these proteinaceous inclusions, the authors investigated the distribution of 

endogenous HTT following overexpression of ARFAPTIN2. In line with their prediction, 

both HTT and ARFAPTIN2 were found to be colocalised within these nuclear inclusion 

bodies.229 Conversely, Peters et al. also overexpressed mutant HTT in PC12 (rat adrenal 

tumour) cells. They observed that both endogenous ARFAPTIN2 and co-expressed HA-

tagged ARFAPTIN2 were sequestered in nuclear aggregates. The authors suggest that 

ARFAPTIN2 may play a role in the aggregation of mutant Htt, possibly though interac-

tions with the ubiquitin-proteasomal system. In support of this, addition of ARFAPTIN2 

was found to inhibit proteasome activity in vitro. Furthermore, ARFAPTIN2 localisation 

with HUNTINGTIN aggregates within the brains of HD transgenic mice suggesting it 

may also play a role in inclusion formation in vivo.229 

My first aim was to validate a protein-protein interaction between LRRK2 and 

ARFAPTIN2 using a semi-quantitative yeast-two hybrid assay (YTH). To determine if 

interactions observed in yeast were conserved within mammalian cells, I attempted to 

validate these proposed interactions using an immunoprecipitation (IP) assay. Within 

cells, I focused on the proposed interaction between LRRK2 and ARFAPTIN2 as both 

have been localised to the trans-Golgi.211,226  
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3.2 Results 

3.2.1 Yeast two-hybrid assessment of LRRK2 interactions with can-

didate proteins 

 

YTH assay is dependent on protein interaction occurring within the yeast nucleus. An 

interaction between two candidate protein interactors promotes the transcription of a 

reporter gene. Eukaryotic transcription factors can operate via a split DNA binding do-

main (BD) and transcriptional activator domain (AD). Transcription of a reporter gene 

occurs when these factors are brought into close proximity with one another. Plasmids 

are generated which encode for fusion proteins conjugated to either BD or AD, known as 

bait and prey constructs respectively. These encoded proteins translocate to the yeast 

nucleus via a nuclear localisation signal carried within both bait and prey. If an interac-

tion is present within the yeast nucleus, then the fusion proteins will enable binding of 

the BD and AD, driving transcription of a reporter gene. Presence of this gene product 

can then be assayed as a readout for protein-protein interaction.  

 

L40 yeast were co-transformed with ARMER, ARFAPTIN2 and RocCOR baits and 

wildtype, pathogenic and protective variants of LRRK2 RocCOR preys (Figure 3.3a & 

b) (methods and materials section 8.1). The LRRK2 RocCOR domain is known to di-

merise robustly in yeast and was used as a positive control in this experiment (Figure 

3.3a).94 An intense blue colour was seen in experimental filters indicating a positive in-

teraction between ARMER, ARFAPTIN2 and wild type as well as pathogenic (Y1699C 

& R1441C) and protective RocCOR domain variants (R1398H) (Figure 3.3b). Autoacti-

vation can occur whereby expression of either bait or prey fusion protein can drive ex-

pression of a reporter gene by itself. If this occurs, it becomes unclear if protein-protein 

interactions between bait and prey is the cause of gene expression.  However, in this set 



 

72 

of experiments, no evidence of interaction was present in yeast transformed with empty 

plasmids (methods and materials section 8.1).  

 

Figure 3.3a) ARMER and ARFAPTIN2 interact with wild type LRRK2 in L40 
yeast. Full length ARMER and ARFAPTIN2 cloned into pACT2 were tested for inter-
actions with the LRRK2 RocCOR domain in the L40 yeast strain (n=3). Protein expres-
sion from empty plasmid vectors were used as negative controls for autoactivation. LacZ 
assay was performed and filters were incubated for ~45 minutes with X-gal substrate. 
Blue colonies indicate interaction between bait and prey proteins. 
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Figure 3.3b) Interaction between ARMER and ARFAPTIN2 with RocCOR is 
conserved across pathogenic and protective variants. ARFAPTIN2 in pACT2 was 
tested for interactions with wildtype LRRK2 RocCOR, Y1699C and R1441C pathogenic 
mutants as well as the R1398H protective variant (n = 8). As above, empty plasmid vec-
tors were used to control for autoactivation and filters were incubated for ~45minutes 
during lacZ assay.  
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3.2.2 Assessment of interactions between LRRK2 and ARFAPTIN2 

in mammalian cells  

 

The above results suggest an interaction between the LRRK2 RocCOR domain and 

ARFAPTIN2 can be assayed using YTH. To ascertain whether this interaction is con-

served in mammalian cells, IP assays were employed. IP is a technique for investigating 

protein-protein interactions in cells. Antibodies can be used to target a known protein 

that may be part of a larger complex. By pulling down a known protein, it is possible to 

pull an entire protein complex from a lysate solution and thus probe for candidate in-

teractors. In this study, HEK293 cells were co-transfected with constructs encoding both 

full-length myc-tagged LRRK2 and FLAG-tagged ARFAPTIN2 precipitated and probed 

using SDS-PAGE and western blot to investigate the presence of an interaction (figure 

3.4a) (methods and materials section 8.9). A pRK5 FLAG-empty construct was also 

transfected as a negative control for FLAG-tag interactions with LRRK2. Several differ-

ent IP conditions were trailed. Including, varying amounts of DNA transfected for each 

construct (ranging between 0.5-4µg), volume of cells seeded for transfection (between 

0.5x106 and 3x106), differing concentration of detergent included in lysis buffer (0.1% - 

1%), different lengths of incubation time with FLAG IP beads (1hr – overnight) and fi-

nally both FuGENE and Lipofectamine transfection reagents were used. Despite multiple 

replicates and a variety of experimental conditions, I was unable to observe an interac-

tion between ARFAPTIN2 and LRRK2 in cells. In later experiments, TUBB4 was em-

ployed as a positive control (figure 3.4b) as an interaction has been previously reported 

between three isoforms of β-tubulin and LRRK2 (methods and materials section 8.9).185  
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Figure 3.4) LRRK2 and FLAG-ARFAPTIN2 do not co-immunoprecipitate in 
HEK293 cells. Western blots for Co-IP (a) Three repeats of immunoprecipitation assay 
with full length myc-LRRK2 and FLAG-ARFAPTIN2 and FLAG-empty as a negative 
control. (b) Second series of experiments incorporating FLAG-TUBB4 as a positive con-
trol for LRRK2 interactions alongside FLAG-ARFAPTIN2 (n = 4). 
 

 

3.3 Discussion 

 

The first stage of this project aimed to investigate two novel candidate protein interac-

tors of LRRK2. ARMER and ARFAPTIN2 were previously nominated as potential in-

teractors of the LRRK2 RocCOR domain in a yeast-two hybrid (YTH) screen. I was 

able to replicate this interaction between the wildtype LRRK2 RocCOR domain and 

both of these candidate proteins within a yeast two-hybrid assay (figure 3.3a). Further 

experiments confirmed these interactions were conserved across both pathogenic and 

protective variants of LRRK2 (figure 3.3b). To determine if the interactions observed in 

yeast were conserved within mammalian cells I used an immunoprecipitation assay. 

FLAG-tagged ARFAPTIN2 was co-expressed with myc-tagged LRRK2 in HEK293 cells. 

Despite multiple attempts, I was unable to co-immunoprecipitate these two proteins 
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(figure 3.4). These results suggest that an interaction between these two proteins does do 

not occur when overexpressed in HEK293 cells under the conditions trailed in this study.  

 

These results illustrate one way in which YTH assays should be interpreted with cau-

tion. In some cases, discrepant results can result from inherent differences between yeast 

and mammalian cells. Newly synthesised proteins fold to adopt a functional three-

dimensional structure that is aided by molecular chaperones. Yeast may lack factors that 

facilitate correct protein folding which are otherwise present in mammalian cells. As 

such, mammalian proteins expressed in yeast may be incorrectly folded, which can ham-

per detection of interactions. Post-translational modifications may also differ in yeast 

and may modify the structure and function of proteins. YTH exploits the separation of 

the split-domain functional transcription factor conjugated to the N- or C- terminus. If 

the binding site of two proteins occurs at either terminal, the presence of yeast transcrip-

tion factors may obstruct an interaction. Fusion of these factors may also compromise 

the nascent conformation of either bait or prey protein. Though often protein domains 

are capable of correctly folding autonomously which has allowed the use of tags in a va-

riety of biological techniques.230  

 

Several additional reasons could account for the discrepancies between YTH assay and 

IP results. Firstly, transformation of yeast with DNA can lead to high levels of protein 

expression, making YTH highly sensitive for detecting protein-protein interaction. This 

can be an advantage when investigating signalling cascades where weak or transient in-

teractions are highly important. However, high levels of protein expression can lead to 

non-specific interactions making YTH prone to high levels of false-positive results. Yeast 

were also transformed with the RocCOR split domain whereas full-length LRRK2 was 

expressed in cells. Additional LRRK2 domains might obscure ARFAPTIN2 binding to 

the RocCOR domain in cells. Furthermore, overexpression of these proteins in cells may 
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in itself prevent interaction. Notably, ARFAPTIN2 has been previously observed to ag-

gregate and sequestered within the nucleus when overexpressed in CHO cells.229 Another 

consideration is that all interactions occur within the yeast nucleus, forcing bait and prey 

fusion proteins into relatively close proximity with each other. Although independent 

reports have localised both LRRK2 and ARFAPTIN2 to the Golgi, these proteins may 

occupy different subcellular areas and do not come into contact under physiological con-

ditions. Taken together, these results fail to support the hypothesis that there is a rele-

vant interaction between LRRK2 and ARFAPTIN2 in mammalian cells, although future 

experiments using alternative approaches may be required to further address a potential 

interaction. 
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4 Screen for functional interacting partners of LRRK2 
 
4.1 Introduction 
 
Screening for binding substrates has been a widely adopted strategy to narrow down the 

physiological activity of LRRK2. Having been unsuccessful in observing an interaction 

between ARFAPTIN2 and LRRK2 in IP assays, I decided to screen for protein interac-

tors of the ROC domain. However, to avoid some of the potential limitations of Y2H 

screening, I decided to perform interaction screens using mammalian tissue lysates. 

 

Full length LRRK2 is comprised of protein-scaffolding domains that surround a catalytic 

core containing GTPase and kinase domains. The region encoding for the ROC-GTPase 

domain runs from approximately 1328 – 1516 amino acids, making up ~7% of the total 

sequence.231 Importantly, three separate PD-associated mutations have been described at 

a single arginine residue (R1441C/G/H) within the ROC domain. A further pathogenic 

ROC domain variant, N1437H has also been shown to segregate with autosomal-

dominant PD in a large Norwegian famiy.232 Intriguingly, a protective variant has been 

described in Asian populations (R1398H) suggesting genetic variation within the ROC 

domain acts as a crucial determinant of PD risk.233 Given the genetic evidence implicat-

ing the ROC domain in PD pathogenesis, along with the general observation that 

GTPases often bind other proteins to either control their activity or to mediate cell sig-

nalling, I decided to focus on the mammalian LRRK2 ROC domain. 

 

Affinity purification combined with proteomic-mass spectrometry (AP-MS) was the 

strategy employed in this study. In AP-MS, a protein of interest is purified as part of a 

fixed support as ‘bait’. Once immobilised, a pool of proteins such as a cell or tissue lysate 

is passed over the bait to capture interacting partners. Following purification and wash-

es, any proteins which remain bound to the bait can be processed and identified by mass 
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spectrometry.234 A key advantage of this approach is that it detects mostly stable, and 

thus likely physiologically relevant interactions.234  

 

In vitro, LRRK2-ROC domain selectively bind GTP and GDP nucleotides with similar 

affinities through a phosphate-binding P-loop motif.235 This has been previously quanti-

fied by binding of isolated ROC to radiolabelled GTP or non-hydrolysable analogs.235 

These considerations suggest that the isolated LRRK2 ROC domain is appropriately 

folded in solution and therefore a suitable probe for AP-MS, in this case using protein 

lysates from tissues that are known to express LRRK2, namely brain and kidney.  

 

Additionally, to limit follow up of potential false positives, I also performed a counter 

screen using full length LRRK2 in mammalian cells. A functional interaction has been 

previously characterised between LRRK2 and the small GTPase RAB29.90,92  These stud-

ies identified a robust phenotype whereby transfection of RAB29 causes relocalisation of 

LRRK2 to the Golgi. Recruitment of LRRK2 to the Golgi was promoted by wildtype 

RAB29 but not the Q67L variant of RAB29 that does not retain GTP. Furthermore, 

Chia et al. have previously demonstrated that this phenotype can be used as a screening 

platform to find functional LRRK2 modulators.84  

 

As part of this study, I used siRNAs targeting several genes which were either directly 

nominated as ROC interactors or had known functions in vesicular trafficking. In order 

to validate significant hits, two further screens were repeated using individually gene-

targeting siRNAs. All siRNA constructs were evaluated for replication of LRRK2-TGN 

phenotype and knockdown efficiency using immunoblot.  



 

80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1) Sequential screening strategy (a) Diagrammatic representation of full 
length LRRK2 with PD associated mutations annotated. ROC domain is highlighted. (b) 
Outline of sequential screening strategy. Primary screen involved a protein-protein inter-
action screen using the purified ROC domain, a secondary screen assayed endogenous 
knockdown of selected candidates to assess modification of RAB29-dependent LRRK2 
relocalisation.  
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4.2 Results 

4.2.1 Purification optimisation 

 

To investigate the cellular function of the ROC domain of LRRK2, GST-fusion proteins 

were isolated using affinity purification. As part of a previous study, the ROC domain 

(amino acid sequence from full length: 1328 – 1516) was cloned into the pGEX4T1 bac-

terial plasmid. This construct was transformed into the BL21(DE3) strain of E. coli, 

which are highly competent and deficient in several proteases making them ideal for in-

ducible protein expression. All GST-fusion proteins were resolved and detected using 

SDS-PAGE and Coomassie stain, respectively (Figure 4.2, see methods and materials 

section 8.15 for full details).  

 

The GST-ROC protein was observed at an apparent molecular weight of ~46kDA (Fig-

ure 4.2). Initial purifications also yielded an appreciable amount of an unknown contam-

inant at 60kDa. This band was suspected of being a bacterial chaperone as these are 

known to frequently purify with exogenously expressed protein.236 To increase the GST-

ROC yield and reduce contamination, all lysis and wash buffers were supplemented with 

5mM MgCl2 and 5mM ATP. Following this protocol modification, a much greater effi-

ciency of GST-ROC purification was observed (Figure 4.2, supplemented vs. unsupple-

mented, methods and materials section 8.11).  
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Figure 4.2 GST-purification optimisation (a) Schematic detailing key steps in the pu-
rification of GST-fusion proteins. (b) Representative comassie stain of resolved proteins 
following purification, GST-ROC was observed at 46kDA (grey) and contaminants at 
60kDA (red). Side by side comparison of purification before and after lysis and wash 
buffers were supplemented with MgCl2 and ATP.   
 
 

4.2.2 GST affinity purification and GTP binding 

 

GST, GST conjugated WT ROC and K1347A mutant ROC were purified using the op-

timised protocol. Relative to WT ROC, the K1347A mutant consistently purified with 

approximately 5-fold reduced efficiency (Figure 4.3a). In collaboration with Dr. Sasha 

Beilina, GTP binding was assayed to verify purified ROC retained its proposed biochem-

ical activity. GSH-agarose beads with purified GST-fusion proteins were incubated with 
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radiolabelled GTP and analysed for binding efficiency (materials and methods section 

8.12). Negligible GTP binding was detected for GST and the K1347A mutant compared 

to WT ROC, suggesting it retains correct physiological activity and is suitable for use in 

further experiments (Figure 4.3b). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 GST purification and GTP binding (a) Representative comassie stained 
gels of purifications. Equal amounts of GSH-beads were resolved. (b) GST-WT ROC 
domain showed significantly more GTP binding capacity relative to the GST-K1347A 
mutant and GST as measured by counts per minute (CPMB) (one-way ANOVA with 
Dunnett’s multiple comparison test, n = 3 technical replicates, **** P<0.001).  
 

4.2.3 GST-ROC interactor screen 

 

To identify LRRK2 binding partners, purified GST-ROC was incubated with soluble 

brain and kidney lysates from 1-year-old mice (materials and methods sections 8.11 & 

8.14). GST was used as a negative control. Samples were resolved using SDS-PAGE and 

digested with LysC/trypsin for mass spectrometry analysis (figure 4.4a). LC/MS/MS 

data was searched against the Sprot Mouse database. A decoy search was also performed 
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using this dataset and false discovery rate (FDR) for each dataset was estimated to be 

~1%. MASCOT scores were generated to rank proteins by detection probability as calcu-

lated by peptide matches between experimental data and database sequences. A score of 

100 was taken as the background threshold and removed from both datasets. 91 and 112 

proteins were present in GST pull downs in brain and kidney respectively; matching pro-

teins from GST data were removed from GST-ROC datasets. Two hundred add two 

unique candidate ROC binding proteins were recovered from brain and two hundred and 

thirty six from kidney. Fifty-four proteins were shared between the two datasets (figure 

4.4b). Two β-tubulin isoforms (TUBB and TUBB4), which have been previously identi-

fied as ROC domain interactors, were recovered in Brain and Kidney datasets, respec-

tively.185 

 

 

 

 

 

 

 

 
 

Figure 4.4. ROC domain protein-protein interaction screen (a) Brain samples in-
cubated with GST and GST-ROC resolved using SDS-PAGE and comassie stain to visu-
alise protein bands. Samples were run for 10 minutes to separate peptide bands before 
being processed for mass-spectrometry. (b) Table and Venn diagram summary of results, 
202 and 236 unique GST-ROC proteins were identified in brain and kidney samples re-
spectively with 54 proteins appearing in both datasets.  
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4.2.4 Gene ontology, candidate selection for siRNA screen and net-

work analysis 

 

Kidney and brain datasets were combined and ranked by MASCOT score. Gene ontolo-

gy (GO) analysis was performed using gProfileR web portal 

(https://biit.cs.ut.ee/gprofiler/gost) (methods and materials section 8.16).237,238 GO anal-

ysis nominated a number of enrichments associated with intracellular transport mecha-

nisms including the cellular component (CC) terms: ‘Clathrin coat’ (GO:0005905) and 

‘Golgi associated vesicle’ (GO:0005798). Similarly, the Biological process (BP) terms: 

‘Membrane trafficking’ (GO:0016192), ‘Clathrin-mediated endocytosis’ (GO:0072583) 

and ‘Synaptic vesicle cycle’ (GO:0099504) were also deemed significant (Figure 4.5a).  
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Figure 4.5. Gene ontology analysis and scatter plot. (a) Selected GO term enrich-
ments from BP and CC categories. Analysis was done using the gProfileR online portal. 
(ordered query, P<0.05 threshold with Bonferroni post-hoc correction). Functional cate-
gories were restricted to 3-500 genes. (b) Scatter plot of pooled mass-spec results plotted 
by exponentially modified protein abundance index (EmPAI) and significant peptide 
matches. Blue points indicate kidney proteins, red represent brain and darker colours 
signify higher MASCOT scores. Annotated genes were those found across selected en-
richments.  
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To investigate whether any of the interacting partners or closely associated proteins re-

covered in our ROC screen could act as a modifier of LRRK2 localisation, an siRNA 

screen was performed in HEK293 cells. Interestingly, we identified several candidate in-

teractors that were consistently nominated across vesicular trafficking GO enrichments 

(Figure 4.5b). For more complete coverage of functional candidates, a literature survey 

was performed to identify additional proteins with known functions in vesicular traffick-

ing (summarised below).  

 

Protein Gene Interest 
Clathrin light chain  CLTA  

CLTB 
 

Suggested interaction with ROC domain in rat brain and 
a major component of clathrin coated vesicles (CCV). 103 

Clathrin heavy 
chain 

CLTC 
 

Suggested LRRK2 WD40 interaction through GST-pull 
down from mouse brain. The main constituent of CCV.166 

Adaptor protein 
(AP)-1 

AP1M1 
AP1M2 
AP1G1 
AP1G2 
AP1B1 
AP1S1 

Suggested LRRK2 WD40 interaction through GST-pull 
down from mouse brain. Involved in trafficking of lyso-
somal hydrolases between TGN and endosomes.166 
 

AP-2 AP2M1 
AP2B1 
AP2A1 
AP2A2 
AP2S1 

Suggested LRRK2 WD40/ANK interaction through GST-
pull down from mouse brain. Role in endocytosis at 
plasma membrane and TGN.166  

AP-3 AP3M1 
AP3S1 
AP3D1 
AP3B1 
AP3B2 

Role in protein sorting at the TGN and endosomes, in-
volved in trafficking transmembrane proteins to the lyso-
some.239 

AP-180 SNAP91 
  

LRRK2 WD40 interaction through GST-pull down from 
mouse brain. Additional member of adaptor protein com-
plex for recruitment of clathrin to vesicles.166 

Dynamin-1  
Dynamin-2 
Dynamin-3 
 
 
 

DNM1 
DNM2 
DNM3 

LRRK2 WD40 interaction through GST-pull down from 
mouse brain. 
 
Dynamin-1 recovered from a Y2H screen with LRRK2 
and validated using immunoprecipitation in cells. LRRK2 
has been localised with Dynamin-1 at Rab5 and Rab7 
positive early endosomes. 
 
Small GTPase involved in endocytosis and formation of 
scission complex at budding vesicles. 
 



 

88 

Variants of DNM3 have been recently suggested to 
modifier of age of onset in LRRK2 G2019S PD.166,240,241 

Golgi-localized, 
gamma-adaptin ear 
containing protein.  
(GGA) 

GGA1 
GGA2 
GGA3 

Localised to the TGN and involved in recruitment of 
clathrin to budding vesicles.242  
 

Auxilin 
 

DNAJC6 Role in uncoating of CCV through interactions with 
hsc70.243 

VPS35 VPS35 Suggestion of genetic/cellular interaction with LRRK2. 
Component in the retromer complex for recycling pro-
teins and lipids from the cell membrane to the TGN. 39 

Arfaptin-1/2 ARFIP1 
ARFIP2 

Arfaptin1&2 are localised to the TGN. 227 

Phosphatidylinositol 
4-phosphate (PI4P) 

PI4K2A Highly enriched at the TGN and directly interacts with 
ARFs. Mediates recruitment of clathrin adaptor proteins 
to the TGN. 244 

ADP ribolysation 
factors (Arf 1-6) 

ARF1 
ARF3 
ARF4 
ARF5 
ARF6 

ARF family of GTPases localised to the TGN, involved in 
membrane recruitment and scission. 245 

 

Candidates for siRNA screen (Table 2)  

 

Several of these candidates are physically and functionally connected to one 

another.113,139,140,242,246 In order to visualize these interactions, I queried each protein 

against the Intact protein-protein interaction database (https://www.ebi.ac.uk/intact/), 

individually catalogued published interactions between each selected candidate and cre-

ated a network using Cytoscape (figure 4.6).  
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Figure 4.6 ROC domain interaction network. Select proteins associated with vesicu-
lar trafficking pathways were selected and queried against the Intact database. Red col-
ours indicate those which were initially nominated as LRRK2 ROC domain interactors. 
Shaded red are proteins known to form a single complex.  

 

4.2.5 Confirmation of recruitment of LRRK2 to the TGN by RAB29   

 

Transfection of HEK293 cells with WT RAB29 causes recruitment of co-expressed 

FLAG-LRRK2 to the Golgi resulting in co-localisation of the trans-Golgi marker 

TGN46.247,248 The presence of the clustered Golgi phenotype was automatically quantified 

by the biodetector application of a Cellomics high content imaging system (materials and 

methods section 8.17). G2019S and R1441C pathogenic mutants were observed to signifi-

cantly increase the relocalisation of LRRK2 to the Golgi, as expected.211 Transfection 

with the Q67L RAB29 mutant that does not retain GTP binding resulted a substantially 

lower localization of LRRK2 to the TGN, demonstrating this effect is dependent on ac-
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tive RAB29 (figure 4.7). Subsequently, these pathogenic mutant LRRK2 and Q67L 

RAB29 were used as positive and negative controls respectively to demonstrate assay 

range in each experiment.  
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Figure 4.7 LRRK2 is recruited to the TGN by active RAB29; G2019S and 
R1441C mutants increase TGN localisation. (a) HEK293 cells co-transfected with 
wildtype FLAG-LRRK2 or G2019S/R1441C mutant and myc-RAB29 WT or Q67L (loss 
of function variant). Cells are stained using antibodies targeting FLAG, TGN46 and 
myc. Hoechst stain was also used to visualise nuclei. Scale bar indicates 50 µm (b) Quan-
titative analysis of cells with LRRK2 positive transfection which exhibited a clustered 
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Golgi phenotype. 8 wells per condition were imaged within a 96-well plate. Graph plot-
ted as mean with SEM and statistical significance determined using one-way ANOVA 
with Dunnett’s multiple comparison test (**** P<0.0001).  
 
 

4.2.6 siRNA screen for modifiers of LRRK2 localisation 

Cells were seeded with a customised library of pooled siRNA targeting individual ROC-

domain binding candidates from an extended network (Table 2) (materials and methods 

section 8.17).  

 

As positive and negative controls, siRNAs targeting CK1a and ARHGEF7 (respectively) 

were included on each plate. In line with previous findings, depletion of CK1A increased 

LRRK2 localisation to the TGN, whereas knockdown of ARHGEF7 decreased the same 

parameter.84 After 24 hours, cells were transfected with FLAG-LRRK2 and either myc-

WT RAB29 or the Q67L non-functional mutant (negative control). Approximately 30 

hours post transfection; cells were fixed and processed for imaging. 36 genes were assayed 

in total (figure 4.8) (materials and methods section 8.17). To control for any toxic effects 

resulting in delivery of siRNA, nuclear intensity analysis and cell counts were performed 

in both screens. No genes appeared to induce significant toxicity (data not shown).  

 

Two independent siRNA screens were performed and Mean-Z scores were calculated for 

each gene relative to WT LRRK2 treated with non-targeting control (NTC) siRNA. All 

values were normalised to cell counts. Of the 36 genes assayed, 10 were observed to sig-

nificantly modify LRRK2-TGN localisation. 8 increased LRRK2-golgi localisation where-

as 2 were found to decrease it (Figure 4.8). 
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Figure 4.8) Collated siRNA screen of interacting candidates. Plot of all candidates 
included within LRRK2 TGN localisation screen (detailed in table 2). For each gene, the 
percentage of cells demonstrating a clustered golgi phenotype relative to all LRRK2 
transfected cells was recorded and normalized to total cell counts. Normalised percent-
ages are expressed as a mean Z score (mean number of standard deviations) relative to 
WT LRRK2 treated with NTC siRNA (black). All values are averaged from two inde-
pendent screens and ranked according to effect size. Significance was determined using 
student’s t-test with bonferroni post-hoc correction. Annotated genes are those that 
reached significance threshold of P<0.05. Dark grey shaded points indicate positive con-
trols.  
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Table 3) Summary statistics of siRNA screen. Values for individual screen Z-scores, 
mean Z and adjusted P value. Significance was determined by analysis of noramlised 
MeanZ scores and calculated using student’s t-test with bonferroni post-hoc correction 
for multiple testing. Dotted line indicates significance threshold. Significance was deter-
mined using R, see methods and materials for script details. 

 

 

 

Gene
 MeanZ Screen 1 Z Screen 2  Z Adj. P 

Bonferroni
QL -3.9069 -2.8979 -4.8974 2.8000E-54

CK1a 4.9899 2.7705 7.1299 9.2200E-37
ARHGEF7 -1.5981 -1.0429 -2.1533 1.4800E-17
AP1B1 2.7821 2.1685 3.3190 8.4200E-06
ARF4 2.7109 2.4184 3.0034 9.5900E-06
ARF6 2.6403 2.4203 2.8602 2.4800E-05
AP2A1 4.1338 2.2270 6.0405 0.0002
ARF1 -1.8558 -1.0660 -2.6457 0.0006
AP2A2 1.6937 1.7247 1.6666 0.0009
DNM2 2.7760 1.4091 4.1430 0.0010
AP1M1 3.9483 1.5947 6.3019 0.0031
ARF3 -1.6050 -0.9495 -2.1786 0.0058
AP2M1 2.1563 0.7550 3.5577 0.0305
GGA2 1.0825 0.6445 1.5205 0.1469
AP3S1 -0.7647 -0.7529 -0.7782 0.2751
AP1M2 1.0052 0.6268 1.3363 0.5082
CLTA -0.6811 -0.4791 -0.8579 0.6141
GGA1 -0.9354 -1.8144 -0.1663 0.6159
AP1G2 -0.5424 -0.3752 -0.7096 0.7309
CLTB -1.2799 -1.4830 -1.0768 0.7726
AP3B1 -0.6350 -0.2952 -0.8898 1.0000
GGA3 -0.5631 0.1132 -1.2394 1.0000
AP1S1 -0.4277 -0.6314 -0.2494 1.0000
DNM1 -0.3980 -0.7538 0.0087 1.0000
DNAJC6 -0.3319 -0.9135 0.2497 1.0000
DNM3 -0.3257 -0.4909 -0.2018 1.0000
AP2S1 -0.3014 -1.1190 0.5162 1.0000
CLTC -0.2952 -0.9897 0.3993 1.0000
AP3D1 -0.0420 0.0679 -0.1382 1.0000
SNAP91 0.2111 -0.0651 0.4873 1.0000
PI4K2A 0.3820 0.3825 0.3815 1.0000
VPS35 0.4090 0.5897 0.2025 1.0000
ARFIP1 0.4159 -0.2041 0.8809 1.0000
ARF5 0.4356 1.1830 -0.3119 1.0000
AP3B2 0.4753 0.0492 0.8482 1.0000
AP3M1 0.5321 -0.3655 1.4296 1.0000
AP1G1 0.6736 1.3136 0.0337 1.0000
ARFIP2 0.7438 0.3163 1.1179 1.0000
AP2B1 1.0545 -0.0139 2.1229 1.0000

P < 0.05
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4.2.7 Individual siRNA validation of significant hits  

 

For initial experiments, cells are treated with a combination of four-pooled siRNAs. To 

exclude off target effects of any siRNAs in the pools, individual siRNAs were run in two 

further screens. As before, CK1a, ARHGEF7 and the RAB29QL mutant were used as 

positive and negative controls. MeanZ-scores were calculated relative to WT treated with 

NTC.  

 

Of the genes nominated in the initial screen, several ARF GTPases were found to be sig-

nificant regulators of LRRK2 localisation. Within the interactor screen, ARF1, ARF4 

and ARF6 were all recovered in both brain and kidney mass-spec datasets. Using siRNA 

pools, knockdown of ARF1 and ARF3 were observed to negatively regulate LRRK2-

Golgi localisation. When cells were treated with individual ARF1 siRNA, only 1 of 4 

caused a decrease in LRRK2 Golgi localization. Surprisingly, the other 3 caused a net 

increase in Golgi recruitment. In contrast, 3 of 4 ARF3 targeting siRNAs were able to 

replicate an initial decrease in recruitment. Among these, two remained significant after 

correction for muitple testing. ARF 4 and ARF6 were both nominated as positive regula-

tors of LRRK2 recruitment in the initial screen. Individually, 3 of 4 siRNAs targeting 

ARF4 (1 significant) and all 4 of the ARF6 siRNAs replicated their expected result (2 

significant) (figure 4.9).  Despite several attempts, a lack of signal from antibodies meant 

I was unable to validate knockdown of ARFs using immunoblot. Therefore, it is uncer-

tain whether siRNAs which did not affect LRRK2 recruitment to the TGN produced 

efficient knockdown of the target proteins. 

 

Individual DNM2 siRNAs were found to partially mirror the effect of pooled siRNAs as 

all showed a net positive Mean-Z score, although 2 of 4 did not reach significance (figure 

4.9). Despite a previous claim of an interaction between all dynamin-GTPases and 
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LRRK2, I was only able to detect an interaction with dynmain-3 (DNM3) (figure 4.5).240 

Dynamins share substantial sequence homology within their N-terminal GTPase domain 

and so a direct interaction with dynamin-2 (DNM2) is possible. However, as my initial 

pulldown screen data did not identify DMN2 as a candidate interactor I did not select 

this candidate for further investigation.  
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Figure 4.9) Collated individual siRNA screens of ARF1, 3, 4, 6 and DNM2. Plot 
of each individual siRNA for LRRK2 TGN localisation. All values are normalised to in-
dividual cell count and Mean Z scores (mean number of standard deviations) from two 
independent screens were calculated relative to WT NTC. All candidates are grouped 
according to their targeted gene. Error bars indicate SEM. Accompanying summary stats 
table (student’s t-test with Bonferroni correction, * P<0.05, ** P<0.01, *** P<0.001, 
**** P<0.0001). 
 

DNM2 ARFs

Nominated Positive regulators Nominated Negative regulators

6 4 3 1

** ns *** ns * ns ** ns ns ns * ns * ns ** ns **** *** ns ns

M
ea

nZ
 s

co
re

 p
er

 w
el

l

Gene
 MeanZ Screen 1 Z Screen 2  Z Adj. P 

ARF1 (1) 2.3752 2.9620 1.7883 2.0200E-06
ARF1 (2) -2.9840 -4.3678 -1.6003 0.0005
ARF1 (3) 0.0026 0.2012 -0.1960 1.0000
ARF1 (4) 0.2886 0.5476 0.0297 1.0000
ARF3 (1) -0.5017 -0.8559 -0.1476 1.0000
ARF3 (2) -1.5149 -2.1539 -0.8759 0.0030
ARF3 (3) -0.8542 -0.7943 -0.9141 0.0057
ARF3 (4) 0.0345 0.6429 -0.5739 1.0000
ARF4 (1) 1.4881 1.5627 1.4135 0.2137
ARF4 (2) 1.4796 2.3729 0.5863 0.0795
ARF4 (3) 0.7526 0.6184 0.8868 0.0331
ARF4 (4) 0.0473 -1.1839 1.2785 1.0000
ARF6 (1) 1.3321 2.0429 0.6213 0.0265
ARF6 (2) 0.4519 0.5442 0.3596 1.0000
ARF6 (3) 1.6009 1.3205 1.8812 0.0023
ARF6 (4) 0.8836 0.9136 0.8536 0.5600
DNM2 (1) 1.4196 1.1318 1.7074 0.0069
DNM2 (2) 0.2178 -0.3836 0.8191 1.0000
DNM2 (3) 1.9127 1.8163 2.0092 0.0008
DNM2 (4) 0.7490 2.6777 -1.1796 1.0000
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Strongest effect sizes in both the initial screen, and individual validation were detected 

with AP1 and AP2 subunits. With the exception of AP2A2 (a secondary isoform of 

AP2A1), I was able to validate each siRNA using immunoblot (Figure 4.10).  

 

When analysed for Golgi recruitment, AP1M1 yielded mixed results. Despite each siRNA 

being successfully shown to produce robust knockdown using immunoblot, only 1 was 

able to replicate increased LRRK2-Golgi relocalisation significantly. Although 3 of 4 

demonstrated Golgi net-increase as predicted from the initial sreen, 1 siRNA let to a de-

crease in Golgi recruitment. Similarly, Individual AP1B1 siRNA produced negligible or 

negative regulation in 3 of 4 siRNA tested despite confirmation of significant knockdown. 

Taken together these results suggest that the observed increased localisation of LRRK2 

to the TGN in initial screens may be due to an off-target effect of pooled AP1 siRNA. 

By contrast, each individual siRNA targeting AP2M1, AP2A2 and all bar one of the 

AP2A1 siRNA tested were able to replicate positive recruitment of LRRK2 to the Golgi 

with at least one per group reaching multiple comparison significance threshold. These 

results demonstrate that AP2 subunits are a validated set of modifiers of LRRK2 re-

cruitment to the TGN. 
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Figure 4.10 siRNA validation of AP1 and AP2. Plot of each individual siRNA for 
LRRK2 TGN localisation. All values are normalised to individual cell count and Mean Z 
scores (mean number of standard deviations) from two independent screens were calcu-
lated relative to WT NTC. All candidates are grouped according to their targeted gene. 
For immunoblot analysis, HEK293 cells were seeded with siRNA. After 50 hours, lysates 
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Gene
 MeanZ Screen 1 Z Screen 2  Z Adj. P 

AP1B1 (1) 4.8366 5.9990 3.6743 3.5200E-08
AP1B1 (2) -0.5262 -0.0014 -1.0510 1.0000
AP1B1 (3) -0.6721 0.1988 -1.5429 1.0000
AP1B1 (4) -0.9165 -2.0947 0.2616 1.0000
AP1M1 (1) -1.1070 -1.5221 -0.6918 0.2185
AP1M1 (2) 0.7636 1.3197 0.2075 1.0000
AP1M1 (3) 3.7978 5.2406 2.3551 0.0018
AP1M1 (4) 1.5005 2.5157 0.4852 0.4385
AP2A1 (1) 3.2986 4.2037 2.3935 1.7500E-05
AP2A1 (2) -1.0126 -1.9735 -0.0518 1.0000
AP2A1 (3) 2.8899 3.3664 2.4135 0.0007
AP2A1 (4) 3.7413 3.1917 4.2908 0.0000
AP2A2 (1) 1.7326 1.9246 1.5407 0.0421
AP2A2 (2) 0.4355 1.1003 -0.2293 1.0000
AP2A2 (3) 0.6014 0.9360 0.2668 1.0000
AP2A2 (4) 2.4514 2.8587 2.0442 0.0624
AP2M1 (1) 1.3156 2.6717 -0.0405 0.3247
AP2M1 (2) 2.9376 4.7663 1.1089 0.0019
AP2M1 (3) 1.7187 3.4426 -0.0051 0.2716
AP2M1 (4) 3.2288 4.8104 1.6473 0.0004
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were western blotted and probed for their corresponding target. All values were normal-
ized to the loading control beta-actin. Quantifications are shown in the lower panels. Ac-
companying summary stats table (student’s t test with Bonferroni correction, * P<0.05, 
** P<0.01, *** P<0.001, **** P<0.0001). 
 

4.3 Discussion 

Approximately 5-15% of patients suffering from dominantly inherited PD harbor muta-

tions within LRRK2.249 Unfortunately, the mechanisms by which these mutations con-

tribute to cellular dysfunction and disease are not well understood.249 An unbiased ap-

proach to identify protein-protein interactions of LRRK2 can be an important tool in 

predicting its function.250 Owing to its size, purification of full-length LRRK2 with suffi-

cient yield and purity to support direct biochemical measurements of interaction 

strengths and mechanism is technically challenging. Several groups have therefore opted 

to use smaller fragments of LRRK2 in protein-protein interactor screens.103,166,185,211 Activ-

ity of the ROC-GTPase domain has been shown to regulate kinase activity, dimerisation 

and LRRK2-dependent toxicity.235 Furthermore, both pathogenic and protective variants 

have been identified within the ROC encoding region that modify its biochemical activi-

ty. For these reasons I decided to focus on the ROC domain of LRRK2. 

Recombinant wild-type and synthetic mutant ROC proteins were purified as described 

by Beilina et al, with some minor modifications.251 GST-ROC (1328 – 1516) constructs 

were transformed into modified E. coli and purified from the soluble fraction of bacterial 

lysates (figure 4.2).251 An intact band was observed at the predicted size of the fusion 

protein (~46kDA). During initial purifications, a second major band was seen at 60kDA. 

This second band was suspected to present one or more bacterial molecular chaperones, 

a recurrent contaminant of protein purifications. Chaperones play a key role in protein 

folding during the assembly of newly synthesised polypeptides. Expression of heterolo-

gous proteins induces binding of chaperones to hydrophobic regions of the protein of in-
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terest, often with very high affinity.236 The presence of contaminants can further compli-

cate experiments, leading to erroneous results.236 A common step to remove contaminat-

ing chaperones during purification is the addition of ATP with MgCl2. Chaperones use 

ATP hydrolysis as an energy source during a cycle of binding, renaturing and release. If 

a protein of interest has bound chaperones, addition of Mg-ATP allows the chaperone to 

complete their cycle and detach, facilitating the efficient purification of a target 

protein.252  

Supplementing all lysis and wash buffers with Mg-ATP was successful in significantly 

reducing contaminants. The ROC domain has been previously shown to bind GTP and 

GDP nucleotides in vitro.235,253 Using radiolabelled GTP binding, we were able to inde-

pendently confirm these findings. Relative to the GTP binding deficient K1347A mutant, 

wildtype ROC had a roughly 3.5x greater nucleotide binding affinity. Mutations in the 

P-loop region are useful tools in determining GTP binding though have unintended ef-

fects of destabilising the protein leading to degradation (Figure 4.3a & b).235 As such, use 

of these mutants was restricted to in vitro nucleotide binding assays and not cellular ex-

periments. Nevertheless, these results demonstrate that the wildtype ROC fusion protein 

maintains a key biochemical activity and is therefore likely correctly folded. 

To identify LRRK2 interacting partners, GST-ROC was incubated with brain and kid-

ney lysates extracted from aged mice. Given PD is a neurodegenerative disorder, it is 

reasonable to infer that brain tissue is physiologically relevant for the disease. However, 

knockin of pathogenic mutants or gene knockout in mice do not reproduce neuronal loss 

or pathology reflective of disease, raising a potential concern that mouse brain tissue 

may be resilient to LRRK2 mutation. Loss of LRRK2 can however result in profound 

changes in the kidney. Recent proteomic analysis of aged-LRRK2 KO kidneys character-

ised a number of changes to lysosomal, cytoskeletal and protein-translation related pro-

teins.116,254 Protein-protein interactions occurring in the kidney may therefore also provide 
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insight into the normal function of LRRK2.  

Though AP-MS may identify a variety of interacting partners, it does not readily distin-

guish between direct and indirect interactions and cannot separate highly connected pro-

teins.255 GO analysis was therefore employed to better characterise these datasets and 

identify functional enrichments. GO is a bioinformatics approach which aims to annotate 

genes using a restricted vocabulary according to the best available knowledge.237,256,257 GO 

terms are broadly divided into three clusters; cellular component, molecular function and 

biological process. A major use of GO analysis is to summarize large datasets into dis-

crete enrichments. In this case, kidney and brain proteomic datasets were pooled and 

analysed using the GO analysis tool g:Profiler. An advantage of g:Profiler over other GO 

analysis packages is that it supports ranked gene lists which can be analysed in order of 

MASCOT score. 237 Consistent with previous studies, several GO terms associated with 

membrane trafficking pathways were identified. LRRK2 has been suggested to regulate 

many facets of endocytosis and recycling pathways including; synaptic vesicle endocyto-

sis and recycling; trafficking and degradation of EGFR; actin remodeling on endosomes; 

trafficking of mannose-6-phosphoate receptors from the TGN to lysosomes; and the recy-

cling of receptors from the membrane to the TGN through the retromer 

complex.39,103,116,159,162,164,174,258  

 

To investigate whether any of the interacting partners or closely associated proteins re-

covered in my ROC screen could act as a modifier of LRRK2 in cells, I employed a tar-

geted siRNA library to screen for modification of a functional interaction between 

LRRK2 and RAB29, that has been confirmed by a number of studies.39,84,105,211,213 More 

specifically, transfection of RAB29 induces a distinct relocalisation of LRRK2 to the 

TGN. Critically, this phenotype is exacerbated by pathogenic LRRK2 mutations suggest-

ing it may be of direct relevance to PD risk (figure 4.7). In this study, I investigated 
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whether knockdown of candidate genes could modify this phenotype either in a protec-

tive or pathogenic manner.  

 

Two independent screens nominated 10 genes that were observed to significantly modify 

LRRK2 localisation: 4 ARF proteins, DNM2, 2 AP1 subunits and 3 AP2 subunits (figure 

4.8). To maximise the efficiency of endogenous knockdown, smart pools of siRNAs were 

used in this initial phase of the study. Smart pool siRNAs are designed to target all gene 

transcripts and splice variants to increase the chance of effective protein depletion. How-

ever, each additional siRNA included in the pool increases the probability of off-target 

effects. In such instances, the siRNA construct causes unintentional targeting of different 

genes leading to false-positives or negatives.  

 

In order to validate results from my initial screens, two further siRNA screens using in-

dividual siRNAs targeting genes that surpassed the significance threshold. Alongside 

this, immunoblot analysis was performed to independently evaluate knockdown efficiency 

of siRNAs. Of the 10 genes assayed, knockdown of AP2 subunits A1, A2 and M1 most 

consistently replicated the expected phenotypes of initial screens (figure 4.10). It should 

be noted however that several failed to reach the significance threshold despite causing a 

net-positive increase.  This is likely due to using one siRNA causing smaller effect sizes 

than a pool of four, leading to diminished statistical power to reject the null hypothesis 

compared to the original screening pooled siRNA.  

 

It is unclear why one of the siRNAs targeting AP2A1 was unable to replicate TGN re-

sults. Though relative to NTC there was effective knockdown, the effects of this particu-

lar siRNA were slightly weaker compared with others as indicated by immunoblot analy-

sis. It is therefore possible that a high level of knockdown efficiency is required to induce 

robust LRRK2 relocalisation to TGN. Inefficient knockdown may allow auxiliary genes 
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to compensate for reduced AP2A1 expression. Although equivalent concentrations of 

siRNAs per cells were ensured during cell seeding, required plating conditions for im-

munoblot and TGN screens differ. Whereas cells were seeded in a 6 well plate for west-

ern blot processing, individual wells of a 96 well plate were assayed in TGN localisation 

screens. The increased surface area and lack of secondary transfection may render im-

munoblot more sensitive in detecting siRNA knockdown. Nevertheless, 13 of 14 siRNAs 

targeting AP2 subunits were able to replicate the expected increase in LRRK2 TGN lo-

calisation. Furthermore, AP2A1 knockdown, in both individual and smartPOOL screens 

produced the most significant effects on LRRK2 localisation. Members of the AP2 com-

plex were also recovered within our ROC domain interaction screen indicating these ef-

fects may be due to a physical interaction. For these reasons, a potential functional in-

teraction between LRRK2 and the AP2 complex was explored in greater depth.  
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5 Validation of LRRK2-AP2 interactions in tissue 

5.1 Introduction 
 
Screening for protein-protein interactions can be complementary to genetic modifier 

screens. Both generate lists of candidate interactors with potential functional connec-

tions.255 To the best of my knowledge, this is the first time the ROC domain has been 

suggested to interact with the AP2 complex. Furthermore, depletion of endogenous AP2 

causes an increase in RAB29-dependent LRRK2 relocalisation to the TGN; a phenotype 

consistent with pathogenic LRRK2 mutation. In light of these findings, I hypothesised 

that LRRK2-AP2 interactions may offer additional insight into PD biology.  

 

A key strength of AP-MS data is that hypotheses can be formed regarding the cellular 

function of the bait based on groups of identified protein interactors.255 In this study AP-

MS was used to screen for binding partners of the LRRK2-ROC domain. In order to val-

idate the proposed interaction between LRRK2-ROC and the AP2 complex, I performed 

replicates of ROC pull-downs in brain and kidney and used western blot analysis as an 

independent measure.  

 

A number of studies have reported age-dependent phenotypes in kidneys of KO animals 

with striking changes in the size, colour and weight all observed by 6 months of age.114,115 

These changes are mirrored by increases in apoptosis and inflammation, as well as accu-

mulations of lipofusin granules and alpha-synuclein. I therefore also examined whether 

loss of LRRK2 in vivo would affect protein levels of AP2 components.  
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5.2 Results 

5.2.1 Validation of AP2 targeting antibodies 

 

As ranked by MASCOT score, AP2A2, AP2B1 and AP2M1 were all within the top 10% 

of LRRK2 interactors recovered from brain lysates. AP2A2 was present within the kid-

ney mass spec results. 

 

Table 4. Summary of mass spec results for AP2 subunits.  

 

In order to reliably detect the presence of AP2 subunits, antibodies were validated using 

siRNA to knock down expression of the target gene. After probing siRNA treated cells 

with specific antibodies, I was able to detect a significant decrease in protein signal, sug-

gesting that these antibodies are specific for AP2 subunits. 

 

 

 

 

 

 

 

 

 

Gene Protein emPAI Significant 
peptide matches

MASCOT
Score Tissue

AP2B1 AP-2 complex subunit beta 4.26 63 1955 Brain
AP2A2 AP-2 complex subunit alpha-2 2.68 41 1215 Brain
AP2M1 AP-2 complex subunit mu 3.61 23 487 Brain
AP2A2 AP-2 complex subunit alpha-2 0.44 9 321 Kidney
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Figure 5.1. Antibody validation. HEK293 cells were treated with single siRNAs target-
ing genes of interest, numbers in brackets correspond to the molecular weight. All sam-
ples showed a significant drop in signal. (n = 4, Student’s t-test with Welch’s correction, 
P<0.01 ** P <0.05 *) 
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5.2.2 Confirmation of ROC interactions in brain and kidney 

 

Having validated commercially available antibodies are capable of detecting individual 

AP2 subunits (figure 5.1), I performed independent replicates of GST-ROC pull downs 

from both brain and kidney tissue and probed for AP2 complex components (figure 5.2).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 ROC binds to the AP2 complex in brain and kidney. Replicate pull 
downs with purified GST and GST-ROC protein from brain and kidney lysates. All or-
gans were taken from 1 yr. old WT C56BL6 mice. Western blots demonstrate binding of 
heavy and small subunits to the LRRK2 ROC domain in both tissues (n = 3, brain and 
kidney) 
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5.2.3 Assessment of AP2 and clathrin levels in WT and LRRK2 KO 

kidneys  

 
Although not previously detected by mass-spec analysis, immunoblot demonstrated ro-

bust binding of additional AP2 subunits from kidney lysates. Previous reported proteo-

mic changes in LRRK2 KO kidneys prompted me to investigate levels of multiple AP2 

components in these tissues.116 Kidney lysates from 1yr old. animals of WT and LRRK2 

KO mice were processed as previously described in Pellegrini et al.116 Supernatant frac-

tions were probed for all members of the AP2 complex as well as clathrin (Figure 5.3) 

(materials and methods sections 8.10 and 8.14). Western blot analysis revealed a signifi-

cant decrease in heavy and medium subunits of the AP2 complex (α, β & µ). Clathrin 

heavy chain was also significantly decreased in KO animals. All protein levels were nor-

malised to a GAPDH loading control. Curiously, detected levels of the small subunit of 

AP2 (σ) were not significant between between genotypes.  
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Figure 5.3 AP2 complex and clathrin are dysregulated in KO animals. Immunob-
lot analysis of 1 yr. old WT and KO kidneys. 20µg of supernatant fractions were run and 
all values are normalised to GAPDH as a loading control (n = 5). For quantification, all 
values have been normalised to wildtype. (Student’s t-test with Welch’s correction, 
P<0.01 ** P <0.05 *) 
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5.3 Discussion 

 

AP-MS has become a widely-adopted method for discovering protein-protein interac-

tions.255 To identify proteins, raw MS data is matched to a preselected database of pep-

tide sequences. MASCOT software generates a score to rank proteins on the probability 

of correct protein identification (table 4). In parallel, raw mass-spec data is searched 

against a decoy database containing randomised sequences. Hits determined from the 

decoy searches can be used to estimate false-positive rates of protein identification.255 De-

spite these precautions, proteins can be falsely identified if only a small number of pep-

tides with low confidence scores are used.259 

 

Similar interaction screens have been conducted using both full length LRRK1 and 

LRRK2 purified from human neuroblastoma SH-SY5Y cells.260 This study reported six-

teen potential binding partners of LRRK1, fifteen for LRRK2 and five common interac-

tors between the two. Interestingly, several of these candidates were also recovered as 

ROC binding partners in either brain of kidney. These included isoforms of tubulin and 

myosin, ribosomal subunit proteins and transcription initiation factors. However, LRRK2 

interacting screens employing protein microarrays as an alternative to AP-MS also iden-

tified several members of Bcl-2 associated athanogene (BAG) domain cochaperones. 247,260 

BAG proteins were not recovered in my ROC domain screen in either tissue or AP-MS 

studies using full length LRRK2.247,260 The discrepancies between these results may likely 

be accounted for by experimental conditions. Protein microarrays use fixed recombinant 

proteins and so proteins that are not highly expressed in cells can be assayed. By con-

trast, AP-MS uses the proteome of the tissue or cell lysate and so results are likely bi-

ased towards abundant proteins.260 Known interactors of LRRK2 such as 14-3-3 proteins 

or Rab29 were not detected in my ROC screen. In all likelihood, this is due to the ROC 

domain lacking the predicted binding sites for these proteins present on full length 
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LRRK2.  Despite some similarities in our results, a large number of ROC candidate in-

teractors were not recovered in either of these studies.247,260 While this may be due to dif-

ferences in the experimental conditions, i.e. full-length vs. truncated LRRK2, mouse tis-

sue vs. human cell lysates or AP-MS vs. protein microarray; this may also indicate a sig-

nificant false positive and negative rate in interaction screens. As such, careful validation 

must be performed before any candidate can be deemed a bona fide interactor of 

LRRK2.  

 

From my ROC domain interactor set, subunits of the AP2 complex were amongst some 

of the highest confidence nominated interactors. To validate ROC-AP2 binding using an 

orthogonal technique, replicate pull downs were performed and samples were immunob-

lotted for specific subunits. In contrast to mass-spectrometry, western blot detects the 

presence and relative abundance of proteins using antibody labelling of immunogenic 

peptides.261 Unreliable antibodies can be a major pitfall of this technique by producing 

inaccurate results, either from a lack of signal or non-specific labelling. For this reason, I 

sought to first validate the antibodies used for these experiments. A standard way to as-

certain whether a given antibody is recognising a specific target is to test against a ge-

netically modified sample. In this study, I used targeted siRNA knockdown. Significantly 

lower signal was detected in samples treated with targeted siRNAs compared to non-

targeting controls, demonstrating antibodies were capable of reliably detecting the pres-

ence of AP2 components (figure 5.1).  

 

Full replicates of pull-downs from both brain and kidney revealed discernable bands for 

each of the heavy and small subunits of AP2. The AP2µ subunit was previously nomi-

nated as a strong interactor by mass-spec, though the size of GST-ROC precluded detec-

tion using immunoblot. Collectively, these results demonstrate AP2-ROC domain inter-



 

113 

actions are conserved in both brain and kidney tissue. Interestingly, additional subunits 

that were not previously nominated in mass-spec were detected using immunoblot (figure 

5.2). This may likely be accounted for by the increased sensitivity of western blot in de-

tecting specific proteins.   

A recent study reported an interaction between the LRRK2 ROC domain and clathrin 

light chains (CLC) – a protein that coordinates with AP2 during CME. Schreij, et al. 

used purified ROC domain protein to screen for interactors in rat brain. Their experi-

ments recovered both clathrin light chain A and B in addition to neuronal specific 

isoforms. Despite the similarity in our approaches, I was unable to detect the presence of 

CLC by either mass-spec or western blot (data not shown). Discrepancies between our 

results may be accounted for by differences in experimental details. Firstly, their ROC 

domain construct was 5 residues shorter the one used here (1328 vs. 1333 – 1516). Sec-

ondly, lysates used in their screen were derived from rat brain and not mouse, which 

may favour specific binding of CLC. The authors do not state where CLC ranked in 

their interactor search and concede that they were unable to immunoprecipitate LRRK2 

and CLC. As noted by Scheiji et al, a failure to replicate this interaction in cells may 

suggest a weak or transient interaction.  

As previously discussed, distinct changes in the proteome of LRRK2 KO kidneys appear 

in an age-dependent manner. By contrast, observed changes in the brains of LRRK2 KO 

mice are relatively modest.116 This observation is consistent with reports that LRRK2 is 

highly expressed in kidneys.262 A recent study reported LRRK double KO, but not 

LRRK1 or LRRK2 single KO, produces early mortality and age-dependent DA neuro-

degeneration in mice. This neurodegenerative phenotype was found to be associated with 

impaired autophagic function, increased apoptosis and accumulations of α-synuclein.263 
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A recent comprehensive analysis of the LRRK2 KO kidney proteome revealed a co-

ordinated timeline of protein dysregulation. Using proteomic mass spectrometry and im-

munoblot validation, Pellegrini et al. reported an increase in several lysosomal proteases 

including cathepsin D and legumain. In addition, several proteins involved in translation 

were significantly altered. Validated examples include NatA auxiliary subunit 15 

(Naa15), elongation factor 1-gamma (Eef1g) and heterologous nuclear ribonucleoprotein 

K (Hnrnpk), all of which have been described as regulators of protein translation. The 

actin binding protein coronin 1C (Coro1c) was also more abundant in LRRK2-KO mice 

compared with controls, whereas the microtubule-associated protein gephyrin (Gphn) 

was significantly decreased in LRRK2 KO kidneys. Taken together, this study demon-

strates alterations in proteins associated with three major categories; protein translation, 

cytoskeletal integrity and lysosomal function. Other groups have similarly reported 

changes in the lysosomal markers LC3-I/II and p62 consistent with increased autophagic 

activity at 12 months of age.114  

 

My LRRK2 ROC domain interactor screens and subsequent replicates were performed 

using tissue obtained from 1 yr. old animals. Given an interaction with AP2 was detect-

ed in kidney as well as brain, we queried whether loss of LRRK2 could impact endocyto-

sis related proteins – more specifically the AP2 complex and clathrin. Immunoblot analy-

sis revealed a significant reduction in protein levels of AP2 heavy and medial subunits 

(α, β and µ) respectively as well as clathrin heavy chain (figure 5.3). These results indi-

cate loss of LRRK2 leads to downregulation of protein expression or increased degrada-

tion of the AP2 complex in vivo.  

 

The primary function of the AP2 complex is to bind cargo molecules and recruit clathrin 

during the initiation of endocytosis. Each of the subunits within the AP2 complex fulfils 

a specific function. Recruitment of AP2 from the cytosolic pool to the plasma membrane 
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is mediated by interactions with the α subunit and membrane lipid phosphatidylinositol 

4,5- bisphosphate.264 µ is phosphorylated by the adaptor-associated kinase, AAK1 causing 

a shift in conformational state from closed to open, collapsing the core and exposing 

binding sites for endocytic signals. In parallel, clathrin is recruited to the membrane by 

the exposed β subunit. AP2 activity promotes the formation of CCVs that bud off from 

the plasma membrane. Use of siRNA knockdown or expression of dominant negative 

AP2 subunits has been repeatedly shown to impair receptor internalisation via CME.264–

266 Homozygous disruption of the AP2µ encoding gene APM21 results in embryonic le-

thality, suggesting the AP2 complex is also essential for healthy development.264  

 

Perhaps surprisingly, levels of the small subunit were not significantly altered between 

genotypes. A substitution mutation within the AP2S1 gene has been identified as a cause 

of familial hypocalciuric hypercalcemia type 3 (FHH3).267 An autosomal dominant disor-

der characterised by elevations in extracellular calcium and predominantly affecting the 

parathyroids, kidneys and bone.267 Functional analysis has revealed missense mutations 

affecting the 15th amino acid residue lead to a loss of contact with dileucine-sorting mo-

tifs within membrane-associated cargo proteins.268 These studies illustrate AP2σ likely 

serves an important role within endocytosis and receptor-mediated signalling. However, 

how AP2σ coordinates with other subunits to facilitate AP2 function is still relatively 

unknown. The entirety of the AP2σ subunit is encapsulated within the core of the as-

sembled AP2 complex. As such, if LRRK2 directly interacts with the complex it may be 

shielded from immediate effects of LRRK2 depletion.  

 

LRRK2 KO kidneys exhibit progressive changes in autophagic activity accompanied by 

increased apoptosis and age-dependent renal pathology 131,132 Given that CME facilitates 

a wide range of physiological processes, it is certainly plausible that endocytosis defects 

could contribute to the pathological changes observed in kidneys. As discussed above, 
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autophagy facilitates the degradation of cytosolic proteins and organelles to maintain 

cellular homeostasis. Although endocytosis and autophagy are often described as sepa-

rate entities, there is significant cross talk between these cellular pathways.113 While a 

substantial amount of internalised vesicles are recycled back to the plasma membrane 

through recycling endosomes, significant amounts of cargo and associated membranes are 

trafficked through the endosomal pathway. As such, endocytosis represents a major 

source of membranes for the formation of early and late endosomes. Both clathrin heavy 

chain and AP-2 have been found to interact with Atg16L1, an autophagy associated pro-

tein localised to the outer surface of immature autophagosomes.269 Ravikumar et al. have 

demonstrated that knockdown of either clathrin or AP2 significantly reduced initiation 

of autophagy and formation of Atg16L1 positive vesicles. Furthermore, inhibition of the 

GTPase dynamin caused an increase of Atg16L1 vesicles at the plasma membrane. In 

HeLa cells, depletion of AP2 and clathrin has also been shown to cause accumulation of 

lysosome-associated membrane glycoproteins (LAMPs) at the plasma membrane.270 Tak-

en together these studies suggest endocytosis plays an integral role in the formation of 

autophagic vesicles and trafficking to the lysosome.269,271 Whether lysosomal protein 

changes observed in LRRK2 KO animals are similarly preceded by a loss of CME com-

ponents is uncertain at this time. It would be informative to track protein changes in 

KO tissue over the course of 1 year to establish a comprehensive timeline of CME asso-

ciated protein changes.  
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6 Cellular effects of LRRK2 on AP2  

6.1 Introduction 

 

To understand the mechanistic details of LRRK2-AP2 interactions, I turned my atten-

tion to cellular assays. My previous results demonstrate AP2 can act as a modifier of 

RAB29-dependent LRRK2 localisation. Interestingly, a recent study reported co-

expression of RAB29 with either wildtype or pathogenic LRRK2 variants causes a signif-

icant increase in kinase activity.248 To extend these findings, I used targeted knockdown 

of AP2A1 to investigate an increase RAB29-dependent activation of LRRK2 kinase ac-

tivity. 

 

Thus far LRRK2-AP2 interactions have been demonstrated via tissue pull down with 

purified recombinant ROC protein. To investigate whether the observed regulation of 

LRRK2 activation is due to a physical interaction in cells, I performed IP assays. GFP-

tagged AP2β was expressed in HEK293 cells and precipitated using GFP-Trap. The 

AP2µ subunit binds to cellular cargo through tyrosine sorting signals. Several of these 

motifs are present across the LRRK2 amino acid sequence with a large concentration in 

the Roc-COR kinase (RCK) catalytic core. The ROC domain, previously identified as 

the AP2 interacting site in my experiments, contains 3 separate tyrosine-binding motifs. 

To ascertain whether these sorting motifs were important for LRRK2-AP2 interactions, 

IPs were performed with full-length RCK and RCK with each ROC binding site selec-

tively mutated.  

 

Alongside its GTPase activity, LRRK2 functions as a serine-threonine kinase. Recent 

work has identified a subset of 14 RAB proteins that were shown to be phosphorylated 

at conserved residues by LRRK2.91 Importantly, pathogenic mutations located within the 
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GTPase (R1441G/C) domain have been shown to increase both LRRK2 autophosphory-

lation and phosphorylation of RAB substrates in cells. To verify LRRK2 is a cellular ki-

nase and the R1441C mutant enhances this function, I expressed increasing amounts of 

wildtype LRRK2 and immunoblotted for S1292 and RAB10 phosphorylation.  

 

The formation and internalisation of CCVs during endocytosis is tightly regulated by 

protein kinases.272 More specifically, phosphorylation of AP2µ acts as a critical mediator 

of sorting motif binding and membrane association.273,274 To capture AP2µ in its phos-

phorylated state, HEK293 cells were treated with the PP2A/PP1 phosphatase inhibitor 

calyculin A. To investigate a potential effect of LRRK2, cells were transfected with WT 

LRRK2 or R1441C pathogenic variant and assayed for AP2µ phosphorylation.To further 

investigate the cellular effects of LRRK2 expression on AP2, I analyzed the subcellular 

AP2 distribution using fluorescent microscopy.  

 

To determine the functional consequences of LRRK2 pathogenic mutation, I employed a 

transferrin internalisation assay. Transferrin is an iron binding protein that is endocy-

tosed by clathrin-dependent mechanisms. As such, internalisation of labelled transferrin 

molecules is a valuable tool to study functional CME. HEK293 cells overexpressing ei-

ther wildtype or R1441C LRRK2 were measured for transferrin internalisation over a 10-

minute time course. To address the function of endogenous WT LRRK2, the transferrin 

internalisation assay was adapted to investigate the effects of siRNA knockdown. NTC 

was compared to AP2M1 and LRRK2 targeting siRNA.  
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6.2 Results 

6.2.1 AP2A1 knockdown increases RAB-dependent activation of 

LRRK2 kinase 

 

LRRK2-TGN localisation induced by RAB29 expression has been shown to stimulate 

kinase activity. My siRNA screen nominated AP2A1 as a potent regulator of this Rab-

dependent LRRK2 Golgi recruitment (figure 6.1a) (materials and methods section 8.17). 

I therefore hypothesised that depletion of endogenous AP2A1 may similarly increase ki-

nase activity. In agreement with Purlyte et al., co-expression of RAB29 and LRRK2 

causes a significant increase in S1292 autophosphorylation. AP2A1 knockdown following 

single transfection of LRRK2 did not affect kinase activity. However, as predicted by my 

TGN screen, depletion of endogenous AP2A1 in the presence of RAB29 significantly in-

creased kinase activity of LRRK2 (figure 6.1b) (materials and methods section 8.10 and 

8.18).  
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Figure 6.1) AP2A1 knockdown increases Rab-dependent activation of LRRK2 
kinase. (a) Representative images from initial siRNA screen, AP2A1 emerged as the 
strongest positive regulator of LRRK2 TGN relocalisation. HEK293 cells co-transfected 
with wildtype FLAG-LRRK2 and myc-RAB29 WT. Cells are stained using antibodies 
targeting FLAG, TGN46 and myc. Hoechst stain was also used to visualise nuclei. Scale 
bar indicates 50 µM (b) Co-expression of RAB29 and LRRK2 causes an elevation in 
LRRK2 S1292 autophosphorylation. AP2A1 knock down following single transfection of 
LRRK2 did not significantly affect kinase activity. However, in line with my functional 
TGN screen, depletion of endogenous AP2A, in the presence of RAB29 could promote 
kinase activity of LRRK2 (P < 0.05, n = 4, One-way ANOVA, Dunnett’s multiple com-
parisons test) 
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6.2.2 AP2 interacts with LRRK2 in cells  

 

To verify interaction between AP2 and full length-LRRK2 in a cellular model, we puri-

fied the AP2 complex following expression and immunoprecipitation (IP) of AP2β (mate-

rials and methods section 8.9). Western blot analysis detected all components of the AP2 

complex as well as endogenous LRRK2, consistent with a strong physiological interaction 

(Fig. 6.2a). AP2 was also found to interact with co-expressed LRRK2 – GFP transfec-

tion and IP was used as a negative control for non-specific interactions (6.2b). A mis-

sense mutation of arginine to cysteine (R1441C) within the ROC domain is a known 

cause of familial PD. Using IP, I demonstrated AP2 complex binding is retained with the 

R1441C pathogenic variant (Fig. 6.2c) (materials and methods section 8.9). 

 

Tyrosine-based sorting motifs are major binding sites for the AP2 complex. These sites 

are comprised of a [YXXØ] motif, where Y is tyrosine, X represents any amino acid and 

Ø is a large hydrophobic amino acid – leucine, isoleucine, methionine, phenylalanine or 

valine.275 The LRRK2-ROC domain contains three independent tyrosine-based sorting 

motifs, 1332-1335 [YNRM], 1415-1418 [YLAV] and 1485-1488 [YHFV]. To investigate 

whether these tyrosine-sorting motifs within the ROC domain were important for bind-

ing AP2 interactions, the both the Y and Ø residues were selectively mutated to ala-

nines, e.g. site 1, YNRM to ANRA (materials and methods section 8.2). IPs were per-

formed with RCK and RCK mutant constructs. While LRRK2 RCK was capable of spe-

cifically binding to AP2 relative to GFP, no significant differences in binding were de-

tected between wild type and mutant constructs (figure 6.2d & e) (materials and meth-

ods section 8.9).  
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Figure 6.2) Western blots demonstrating interactions of LRRK2 and AP2 in 
cells (a) Expression and IP of GFP and a GFP-tagged AP2β subunit followed by im-
munoblot for endogenous members of the AP2 complex and LRRK2. (n = 3) (b) GFP 
IP of GFP-AP2β and GFP with co-expression of WT LRRK2 (n = 2) (c) GFP IP of 
GFP-AP2β with co-expression of WT and R1441C LRRK2 (n = 2) (d) GFP IP of GFP-
AP2β and GFP with co-expression of FLAG-RCK (n = 1) (c) Diagram of LRRK2, tyro-
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sine sorting signals within the RCK domains, IP with FLAG-tagged full length LRRK2, 
RCK and the RCK-triple mutant (n = 2).   
 

6.2.3 R1441C mutant increases substrate phosphorylation in cells 
 

LRRK2 is a protein kinase, capable of phosphorylating itself and Rab proteins. Patho-

genic mutations within the ROC domain have been shown to increase both autophos-

phorylation and phosphorylation of endogenous Rabs. To independently verify this, I 

expressed increasing amount of wildtype LRRK2 and immunoblotted for phospho-Rab10 

and LRRK2 S1292 autophosphorylation. All phospho-proteins values were normalised to 

total levels of protein. As expected, S1292 levels remained constant whereas increased 

expression was mirrored by a gradual increase in phospho-Rab 10 (figure 6.3a). Expres-

sion of WT and R1441C LRRK2 at equivalent levels demonstrated mutation-dependent 

increase in phospho-rab10 (figure 6.3b) (materials and methods sections 8.10 and 8.11). 
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Figure 6.3) LRRK2 is a cellular kinase and pathogenic R1441C mutant increases 
its activity (a) Western blot analysis of increasing amounts of WT LRRK2 expression 
in HEK293 cells demonstrates an increase in phospho-Rab10/total (b) Expression of WT 
and R1441C LRRK2 in equal amounts causes a mutation-dependent increase in phospho-
rab10/total rab 10 (** P < 0.01, n = 3, student’s t-test with Welch’s correction).  
 

6.2.4 R1441C mutant induces dephosphorylation of AP2µ 
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sient. To assay phosphorylation of AP2µ, cells were treated with increasing concentra-

tions of the PP2A inhibitor calyculin A for 30 minutes prior to lysis. Ratios of phospho-

AP2µ relative to total AP2µ were quantified using western blot band intensity analysis. 
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dependent manner (materials and methods section 8.18). To investigate the effects of 

250 FLAG: LRRK2-WT

Rab10 total25

25 Phospho-Rab10 (T73)

250 Phospho-S1292

Mock 0.5 1.0 1.5 2.0 2.5

LRRK2 µg

WT R1441C

FLAG: LRRK2250

Rab10 total

Phospho-Rab10 (T73)

25

25

Rab102.5µg

Ph
os

ph
o/

To
ta

l b
an

d 
in

te
ns

ity
 (A

.U
.) 

0.0 0.5 1.0 1.5 2.0 2.5
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Ph
os

ph
o/T

ota
l b

an
d 

int
en

sit
y (

A.
U

.)

LRRK2 µg transfected

Rab10
a

b

Ph
os

ph
o/

To
ta

l b
an

d 
in

te
ns

ity
 (A

.U
.) 



 

125 

LRRK2 expression, HEK293 cells were transfected with 2.5ug of LRRK2 WT or the 

R1441C variant and treated with 25nM calyculin A (figure 6.4). Relative to WT, the 

R1441C mutant reduced levels of phospho-AP2 µ significantly (materials and methods 

section 8.10).  

 

 

Figure 6.4 LRRK2 modifies AP2µ phosphorylation in a mutation dependent 
manner. (a) Diagram ofAP2µ threonine 156-phosphorylation motif. (b) Dose-dependent 
increase in AP2µ phosphorylation following calyculin A treatment of HEK293 cells (n = 
3). (c) Mock transfected, or HEK293 cells overexpressing WT or R1441C LRRK2 were 
treated with 25nM calyculinA and probed for total and phospho-AP2µ. A significant de-
crease of phospho-AP2µ/total AP2 was observed only in cells expressing R1441C LRRK2 
(n = 9 (3x3 technical repeats), * P<0.05, One-way ANOVA, Dunnett’s multiple compar-
isons test). 
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6.2.5 LRRK2 expression modulates localisation of AP2 in a mutation 

dependent manner 

 

In their nascent state, AP2 vesicles are broadly distributed throughout the cell, fluctuat-

ing between membrane-bound and a cytosolic pool during cycles of endocytosis (figure 

6.5a). HEK293 cells were stained with antibodies targeting the AP2α subunit to assay 

the endogenous distribution of the AP2 complex. To validate this antibody, I compared 

targeted AP2A1 to NTC siRNA treatment. AP2A1 siRNA treated cells showed a clear 

decrease in punctae frequency and fluorescence intensity relative to NTC (figure 6.5b) 

(materials and methods section 8.18). The AP2 complex is widely recognised to play an 

integral role within receptor-mediated endocytosis. To confirm this function is conserved 

in HEK cells, I treated cells with AP2M1 targeting siRNA. The AP2µ subunit (encoded 

by AP2M1), binds to the cytoplasmic tails of transmembrane receptors. Depletion of en-

dogenous AP2µ was observed to block internalisation of TfR from the plasma membrane 

and abolished all but perinuclear staining (figure 6.5b).  
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Figure 6.5 Immunocytochemistry validation of AP2 staining. (a) Diagram of cellu-
lar distribution of AP2 molecules during cycles of endocytic events. (b) HEK293 cells 
were treated with NTC and either AP2A1 (top) or AP2M1 targeting siRNA (bottom). 
Depletion of AP2A1 caused a reduction of endogenous AP2α puntae. Similarly, knock-
down of AP2M1 blocked internalisation of transferrin receptors (TfR) during endocyto-
sis. Scale bar: 10µm 
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Following expression of WT LRRK2, I observed highly localized clustering of AP2 to-

wards the outer cell edges and plasma membrane (materials and methods sections 8.19 

and 8.20). Areas of positive LRRK2 expression showed significantly more clustering of 

AP2 punctae as reflected by increased fluorescence intensity and mean vesicle size. Re-

markably, LRRK2-dependent clustering of AP2 was significantly less upon expression of 

the R1441C pathogenic mutant (figure 6.6a). No significant differences were recorded in 

vesicle size between R1441C and mock-transfected cells.  Some increase in staining inten-

sity was observed between R1441C and untransfected cells, though both conditions were 

significantly reduced compared with WT LRRK2 (n=15, from 3 independent biological 

repeats, * P< 0.05, one-way ANOVA with Dunnett’s multiple comparisons test). 
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Figure 6.6. LRRK2 modulates AP2 localisation in a mutation-dependent man-
ner. (a) Representative images of HEK293 cells stained for endogenous AP2α following 
either mock, LRRK2 WT or R1441C transfection. Scale bar indicates 10 µM. (b) Inte-
grated density/area and mean vesicle size of AP2α was determined in areas positive for 
LRRK2 expression using automated unbiased quantification. (* P<0.05, ** P<0.01, 
****P<0.0001, One-way ANOVA, Dunnett’s multiple comparisons test) 
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6.2.6 R1441C mutant impairs Clathrin mediated endocytosis  

 

HEK293 cells were transfected to overexpress either WT or R1441C LRRK2. 24 hours 

post-transfection, cells were serum starved for 30 minutes, to deplete internal reservoirs 

of transferrin, and incubated with human Tf labelled with Alexa-568 (Tf-568) for either 

2, 5 or 10 minutes (figure 6.7) (materials and methods section 8.21). Cells were washed 

with 4oC HBSS to halt further Tf internalisation and remove excess unbound Tf-568. 

Cells were fixed, permeabilised and imaged for internalised transferrin. Time course 

analysis revealed R1441C in comparison to WT LRRK2 overexpression caused a signifi-

cant reduction of intracellular transferrin already at 5 minutes, with the largest differ-

ence observed at the 10-minute time point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 LRRK2 R1441C mutation impairs Clathrin-dependent endocytosis. 
(a) Representative images of HEK293 cells expressing either WT or R1441C LRRK2 and 
assayed for transferrin uptake at T10. (b) Time course quantification of internalised 
transferrin at 2,5 and 10 minutes. Expression of the R1441C mutant resulted in a signifi-
cant decrease in internalised transferrin relative to WT (n = 30 cells, 10 cells per 3 inde-
pendent repeats. T = 10min, **** P <0.0001, student’s t-test with Welch’s correction).    
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6.2.7 Both AP2M1 and LRRK2 knockdown impair transferrin inter-

nalisation 

 

To ensure efficient knockdown of targeted proteins is achieved, cells were seeded with 

siRNA for 48 hours prior to functional assays. Western blot analysis confirmed depletion 

of both AP2µ and LRRK2. To investigate the functional effects of AP2µ and LRRK2 

knockdown, the transferrin internalization assay was repeated in siRNA treated cells 

(figure 6.8) (materials and methods sections 8.18, 8.21 and 8.25). Transferrin uptake as-

says were conducted and analysed as described above. Relative to NTC, cells treated 

with AP2M1 and LRRK2 targeting siRNA showed a significant decrease in internalised 

transferrin after 10 minutes.  

Figure 6.8 Loss of AP2M1 and LRRK2 inhibits transferrin uptake (a) Western 
blot analysis of siRNA treated HEK cells. Quantification demonstrates robust knock-
down of target genes. All values are normalised to β-actin as a loading control. (b) 
Representative images of siRNA treated cells analysed for transferrin uptake at T=10. 
Unbiased automated quantification of transferrin fluorescence intensity/perinuclear area 
(n = 15 images, across 3 independent repeats. T = 10min, *** P <0.001, One-way 
ANOVA, Dunnett’s multiple comparisons test).    

AP
2

NTC LRRK2siRNA

LRRK2

β-actin

AP2μ

AP2

56
8-

Tr
an

sf
er

rin
 +

 N
uc

le
i NTC LRRK2

Fl
uo

re
sc

en
ce

/μ
m

2   
Re

l. 
NT

C 
(A

.U
)

AP2M1

Ba
nd

 in
te

ns
ity

/a
ct

in
 


Re
l. 

N
TC

. (
A.

U
.)

AP2μ LRRK2

Transferrin uptake

a

b



 

133 

6.3 Discussion 

 

GWAS have proved instrumental in identifying genetic risk factors of PD. Recent stud-

ies have also highlighted their broader application in identifying functional interactions 

between PD-linked genes.39,211 RAB29 is one of five genes located at the PARK16 locus. 

Transcriptome analysis has further indicated increased RAB29 expression is associated 

with greater PD risk.211 The pathological kidney phenotype first described in LRRK2 KO 

mice, has also been observed in RAB29 KO animals.276 Double KO animals do not ap-

pear more affected suggesting this phenotype is non-additive. Critically, these results 

suggest both genes function in a single pathway.276 

RAB29 has been shown to bind LRRK2, and increase TGN-localisation and kinase activ-

ity of LRRK2.211,213,248 This latter phenotype was inferred by increased auto-

phosphorylation of S1292 following co-expression of RAB29 with wildtype and pathogen-

ic LRRK2.248 Similar to many kinases, LRRK2 is phosphorylated at multiple residues 

throughout its sequence.277 A cluster of serine residues (910, 935, 955 and 973) located at 

the junction of the ankyrin and leucine-rich repeat (LRR) region are constitutively phos-

phorylated. Phosphorylation of these sites has been shown to regulate cytosolic localisa-

tion through binding to 14-3-3 proteins.78 While constitutive phosphorylation sites have 

been useful biomarkers for LRRK2 kinase inhibitors, they do not reflect direct LRRK2 

activity. Phosphorylation of S935 is regulated by the upstream kinase casein kinase 1α 

and maintained in kinase dead LRRK2 variants.84 Furthermore, S935 phosphorylation is 

reduced in pathogenic variants that can reproducibly increase phosphorylation of 

Rabs.78,248,277 In contrast, the S1292 site located within the LRR region is highly sensitive 

to LRRK2 kinase inhibitors and not phosphorylated in kinase-dead variants. PD-linked 

mutations have also been shown to increase phosphorylation of S1292.277,278 These results 

suggest S1292 is likely a direct autophosphorylation residue of LRRK2 and therefore a 
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reliable readout of kinase activity.  

I was able to replicate previous reports of increased S1292 phosphorylation following 

RAB29 expression (figure 6.1a). Results from my TGN localisation screen nominated 

AP2A1 as a strong modifier of LRRK2 recruitment. In agreement with these results, de-

pletion of AP2A1 in the presence of RAB29 caused an increase of LRRK2 autophosphor-

ylation relative to NTC (figure 6.1b). In addition, AP2A1 knockdown resulted in degra-

dation of the AP2µ subunit, likely reflecting instability of the AP2 complex. As elevated 

LRRK2 kinase activity is considered to be closely linked with PD pathogenesis, these 

results suggest that endogenous AP2 may inhibit Rab-mediated kinase activation and 

function in a protective capacity. By extension, loss of AP2 may potentiate LRRK2-

mediated pathogenesis.  

I hypothesised these effects may likely indicate LRRK2-AP2 interactions are conserved 

in cells. To explore this possibility, GFP-tagged AP2β was expressed and immunoprecip-

itated from HEK293 cells. GFP-modification of approximately 27kDA allowed full sepa-

ration of AP2β from other AP2 complex components. Full-length endogenous LRRK2 

was found to coimmunoprecipitate with the assembled AP2 complex (figure 6.2a). To 

ascertain whether binding was limited to WT LRRK2 I performed further IPs with the 

R1441C pathogenic variant (figure 6.2b & c). This mutation did not appear to affect 

LRRK2 interactions with AP2 demonstrating the interaction with LRRK2 R1441C is 

conserved.  

Initial protein-protein interaction screens suggested the ROC domain is the principle 

AP2 binding site. Analysis of the ROC sequence revealed 3 separate tyrosine-based sort-

ing signals (YXXØ). Tyrosine signals are typically found within the cytoplasmic domain 

of transmembrane proteins but have also been described in larger cytosolic domains of 

signalling receptors.275 The AP2µ subunit selectively binds tyrosine-sorting signals as part 
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of its cargo recognition cycle. To explore whether sorting signals in the ROC domain 

were important for AP2 complex binding, I introduced alanine mutations at all three of 

the tyrosine and hydrophobic amino acid residues of each site (YXXØ – AXXA) in RCK 

constructs. Expression and purification of full-length LRRK2 in a cellular model is tech-

nically challenging. Therefore, I focused on a truncated RCK construct. WT RCK and 

different combinations of mutant RCK were immunoprecipitated by GFP-tagged AP2 

(figure 6.2d & e).  I observed no differences in binding affinity with co-expressed AP2, 

suggesting AP2-ROC interactions may occur independently of tyrosine sorting motifs. 

Alternatively, in the absence of ROC tyrosine-sorting motifs, AP2 may bind at addition-

al sites of the LRRK2 catalytic core.  

As discussed above, LRRK2 is a kinase capable of phosphorylating residues within its 

ANK and LRR domains, as well as a subset of Rab GTPases. My results agree with pre-

vious reports of increased Rab10 phosphorylation following LRRK2 expression.91 Fur-

thermore, the R1441C mutant induced an approximately seven-fold increase in Rab10 

phosphorylation relative to WT (figure 6.3). These results are in line with previous re-

ports of ROC domain mutants (R1441C/G/H) increasing LRRK2 kinase activity, possi-

bly more than kinase domain mutants (G2019S/I2020T).196 

The cellular function of the AP2 complex is tightly regulated through 

phosphorylation.273,274 The best-characterised phosphorylation site of the AP2 complex is 

threonine (Thr) 156 of AP2µ.  Critically, phosphorylated AP2µ exhibits a much greater 

affinity to sorting motifs relative to dephosphorylated forms.274 In vitro assays have 

demonstrated block of phosphorylation through ATP competitive analogues prevent in-

ternalisation of transferrin into coated pits.273 Within cells, expression of phospho-null 

dominant negative AP2µ inhibits transferrin internalisation.273 These results demonstrate 

AP2µ Thr156 phosphorylation is essential for facilitating endocytosis. Two kinases have 

been demonstrated to phosphorylate AP2µ in vitro, GAK and AAK1.279 Interestingly, 
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overexpression of AAK1 in cells has also been shown to inhibit transferrin uptake.280 

These observations lead to the hypothesis that continuous endocytosis requires the dy-

namic cycling of AP2 through phosphorylation and dephosphorylation – facilitating se-

quential rounds of cargo binding and internalisation. Therefore, inhibition or excessive 

AP2µ phosphorylation is predicted to inhibit endocytosis.281 Unfortunately, this model 

has been difficult to test as AP2µ phosphorylation in cells is tightly regulated. IP of AP2 

complexes following expression of wildtype or kinase dead AAK1 does not cause any dif-

ferences in AP2µ phosphorylation. Similarly, transfection of siRNAs targeting AAK1 

does not effect AP2µ phosphorylation levels.279,280  

Regulation of AP2µ phosphorylation is tightly controlled by the dephosphorylating en-

zyme, protein phosphatase 2a (PP2A).279 As such, pharmacological inhibition or siRNA 

knockdown of PP2A has been shown to increase AP2µ phosphorylation in cells.279,282 To 

capture AP2µ in a phosphorylated state, I treated HEK cells with the PP2A inhibitor 

calyculin A.282 Immunoblot analysis revealed a significant increase in phosphorylated 

AP2µ in a concentration-dependent manner (figure 6.4).  To determine whether mutant 

LRRK2 expression affects AP2µ phosphorylation, cells were transfected with either WT 

or R1441C LRRK2 and treated with 25nm of calyculin A prior to lysis. Perhaps surpris-

ingly, expression of the R1441C mutant lead to a significant decrease in AP2µ phosphor-

ylation levels (figure 6.4). These results may indicate LRRK2 functions to regulate AP2µ 

phosphorylation and pathogenic mutation disrupts this activity. To the best of my 

knowledge, no previous association between LRRK2 and AP2-kinase AAK1 has been de-

scribed. GAK has been shown to phosphorylate AP2µ in vitro and was previously shown 

to interact with LRRK2.211,279,280 In this study, GAK, RAB29 and LRRK2 were found to 

form a complex that promoted turnover of Golgi-derived vesicles through the autophagy-

lysosomal system.211 GAK is functionally homologous to auxilin in the uncoating of CCV 

at the TGN of non-neuronal cells.139,283 However, whether GAK directly influences phos-
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phorylation of AP2µ in cells remains speculative. Interestingly, an interaction between 

WT and the R1441C ROC domain mutant with PP2A has been previously identified in 

brain and cell lysates.284 Though the precise functional consequences of this interaction 

are still being investigated, PP2A inhibition was suggested to modify LRRK2-dependent 

toxicity.284  

Calyculin A is a potent inhibitor of both PP2A and protein phosphatase 1 (PP1).  Im-

portantly, PP1 has been previously nominated as a major phosphatase that regulates 

LRRK2 ANK-LRR phosphorylation residues.285 In cells stably overexpressing LRRK2, 

calyculin A treatment abolished kinase inhibitor dependent-dephosphorylation of S935. 

Lobbestael et al. further demonstrate LRRK2 forms filamentous-like structures following 

kinase inhibition. Interestingly, this phenotype is significantly reduced following calyculin 

A treatment. Under basal conditions, calyculin A was not observed to affect LRRK2 

phosphorylation at ANK-LRR residues.285 However, basal phosphorylation of LRRK2 

G29109S and R1441G at S1292 was increased by calyculin A treatment – though not in 

the presence of LRRK2 kinase inhibitors.286 The physiological consequences of phospha-

tase inhibition on LRRK2 function are still being resolved.285 In this study, calyculin A 

treatment was observed to significantly increase phospho-AP2µ, though not in the pres-

ence of LRRK2 R1441C (figure 6.4).  

To explore the functional consequences of WT and pathogenic LRRK2, I examined their 

effects on AP-2 localisation. In non-transfected cells, AP2 puntae appeared sparsely dis-

tributed throughout the cell with little distinct localisation. Following transfection of 

WT LRRK2, AP2 puntae shifted in localisation towards areas of intense LRRK2 expres-

sion. Clustering of AP2 puntae was particularly evident towards the outer edges of the 

plasma membrane in WT LRRK2 expressing cells. Strikingly, quantification of AP2 in-

tensity revealed this phenotype was more pronounced in wildtype LRRK2 than R1441C 

pathogenic variant (figure 6.6). These results indicate pathogenic mutation may interfere 
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with LRRK2’s ability to facilitate AP2 recruitment during endocytosis. It is unclear if 

this observation is related to LRRK2 mutation-dependent increases in Rab10 phosphory-

lation recorded in previous experiments (figure 6.3). A subset of 14 Rab small GTPases 

have been nominated as direct LRRK2 kinase substrates.105,196 Rab GTPases act as key 

regulators of membrane budding and fusion in vesicular trafficking.287 In the endocytic 

pathway, Rab5 is suggested to play a role in uncoating of AP2 and clathrin from 

CCVs.183,288 In this study, recruitment of the RAB5 GEF, hRME-6 to CCV caused 

dephosphorylation of AP2µ through displacement of AAK1.288 Interestingly, LRRK2 

phosphorylates Rabs at highly conserved threonine residues located in their effector 

binding region.289 Speculatively, phosphorylated Rabs may be unable to cycle between 

endosomal compartments, leading to downstream alterations in AP2-recruitment and 

phosphorylation at CCVs.  

Recruitment of the AP2 complex to the plasma membrane occurs via binding of µ and α 

subunits to PIP2 lipids. PIP2-AP2 interactions facilitate the recruitment of clathrin 

triskellions to initiate the formation of a coated pit. 131 As such, the dynamics of AP2 

recruitment is essential for regulating CME. So as to examine the functional impact of 

pathogenic mutation on CME, transferrin internalisation was assayed following LRRK2 

expression. Transferrin is an iron-binding glycoprotein that enters the cell by a clathrin-

dependent mechanism. For this reason, assaying fluorescently labelled transferrin mole-

cules can act as a reliable physiological readout for CME activity. 

HEK293 cells overexpressing either WT or R1441C LRRK2 were assayed for internalisa-

tion of fluorescently labelled transferrin over several time points during uptake (figure 

6.7). Quantification of internalised cellular transferrin revealed expression of the R1441C 

pathogenic variant significantly slowed the rate of transferrin internalisation. Taken to-

gether, these results suggest the R1441C pathogenic mutation blocks LRRK2-dependent 

AP2 recruitment and inhibits endocytosis, potentially through the inactivation of Thr-
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156 AP2µ phosphorylation. In the context of CME regulation, this model suggests the 

R1441C mutant acts as a dominant negative or loss of function mutation– impairing the 

physiological activity of WT LRRK2.  

To address this hypothesis and to understand the function of endogenous WT LRRK2, 

the transferrin internalisation was assayed in LRRK2 depleted cells. NTC was compared 

to AP2M1 and LRRK2 targeting siRNA treated cells. I previously observed AP2M1 

knockdown causes a block in transferrin receptor internalisation. In line with these re-

sults, loss of AP2µ caused a significant decrease in internalized transferrin. Importantly, 

this result was mirrored by depletion of endogenous LRRK2 (figure 6.8). These findings 

echo the conclusions of previous studies regarding the role of LRRK2 in endocytic func-

tion suggesting that either too much or too little LRRK2 can deregulate cellular func-

tion.159,168,174,178,258 
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7 Clathrin-dependent endocytosis is a Parkinson’s disease relevant 

pathway  

7.1  Introduction 

 

LRRK2 has been previously suggested to regulate endocytosis at synapses.159,165,168,170,174,178 

However, the mechanistic details underpinning these observations remain uncertain with 

competing substrates and protein interactors nominated to mediate cellular effects. Sev-

eral studies have shown that synaptic vesicle endocytosis is impaired in the absence of 

LRRK2. Importantly, several of these phenotypes have been recapitulated following 

treatment with LRRK2 kinase inhibitors; suggesting a kinase-dependent mechanism.167 A 

diverse range of substrates have been nominated as targets for LRRK2-kinase activity 

including, Rab5b, endophilinA, synaptojanin-1 and auxilin.170,174,178,183 Broadly speaking, 

these studies have suggested LRRK2-mediated phosphorylation regulates the physiologi-

cal activity of these proteins. However, increased kinase activity arising from LRRK2 

pathogenic mutations destabilises this function leading to defects in synaptic vesicle en-

docytosis. 170,174,178,183 The results presented in chapter 6 suggest the R1441C pathogenic 

mutant appears to impair CME, possibly via an AP2-dependent mechanism. However, 

several of these experiments were performed in immortalised cell models following pro-

tein overexpression. To determine whether these effects are conserved in a more physio-

logical model system, I investigated the impact of LRRK2 mutation in neuronal cells.  

 

Synaptic transmission is mediated by exocytosis of neurotransmitter-loaded vesicles fol-

lowed by recycling of vesicles through endocytic pathways. A substantial body of evi-

dence has suggested CME plays a fundamental role in the retrieval of vesicles within the 

synaptic terminal.290,291 Firstly, depletion of either AP2 or clathrin leads to a block in 

vesicle recycling at neuronal synapses.292–294 Conversely, blocking synaptic recycling 
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pathways leads to accumulations of CCVs.152,295 Neuronal stimulation has also been 

shown to cause a rapid accumulation of clathrin-coated intermediate structures.296,297 Fi-

nally, synaptic vesicle proteins are highly abundant in CCV fractions purified from mu-

rine brain, suggesting these are a major cargo of CME.137,290  

 

Fluorescent tracers, such as FM dyes, have allowed synaptic vesicle trafficking to be 

studied in a wide variety of neuronal preparations.298 FM dyes are non-toxic and lipo-

philic styryl dyes that become highly fluorescent when bound to lipid membranes.298,299 In 

this study, WT and R1441C knock-in mature hippocampal cultures were assayed in par-

allel to assess the efficiency of synaptic vesicle endocytosis. 

 

A growing number of studies have suggested LRRK2, as well as several other PD-

associated genes as key mediators of endocytosis and intracellular trafficking 

pathways.103,164,166,168,170,174 Collectively, these findings point towards membrane trafficking 

as a common mechanistic link between PD-genes.300 I therefore hypothesised that addi-

tional genes associated with clathrin-trafficking pathways may contribute to PD risk. In 

collaboration with Dr. Mike Nalls, we explored the genetic contribution of genes within 

clathrin-related processes as organised by GO terms.  

7.2 Results 

7.2.1 Synaptic vesicle recycling is reduced in R1441C neurons 

 

LRRK2 is broadly expressed in neurons throughout the striatum, the cortex and other 

brain regions.100,166,301 In order to characterise the distribution of AP2, neuronally differ-

entiated human iPSCs and primary neuronal cultures derived from mouse hippocampi 

(DIV 14.) were stained for endogenous AP2α. Immunofluorescence microscopy showed a 

dense pattern of AP2α punctae throughout the cell body and axonal compartments (fig-
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ure 7.1) (materials and methods sections 8.20 and 8.24). Distribution of AP2-positive 

vesicles appeared similar within both neuronal populations. Expression of WT LRRK2 in 

primary neurons demonstrated cytoplasmic localisation across neuronal areas. Primary 

neurons were also positive for the synaptic markers synaptophysin and PSD-95, indicat-

ing functional maturity by DIV 14. LRRK2 protein expression was also assessed using 

western blotting at this time-point. Immunoblot analysis identified a discernable band > 

250kDa corresponding to the predicted molecular weight of endogenous LRRK2. Relative 

to the β-actin loading control, appreciable levels of AP2 complex components were also 

detected.  
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Figure 7.1) Distribution and expression of AP2 and LRRK2 in neuronal cells. 
(a) Representative images of primary hippocampal neurons expressing WT LRRK2 or 
stained for endogenous AP2α, synaptophysin, PSD95 or β-III Tubulin at DIV 14. (b) 
Immunoblot of primary hippocampal neurons at DIV 14 (c) Representative images of 
iPSCs differentiated to neuronal lineage and stained for endogenous AP2α, β-III Tubulin 
and nuclei. Scale bars: 20µM  
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My previous results suggest pathogenic mutation within LRRK2 can impair CME. In 

order to study CME in the context of synaptic recycling, I employed a well-established 

FM 1-43 stryl dye endocytosis capacity assay (figure 7.2a).298 Primary hippocampal neu-

rons derived from WT and R1441C KI C57BL6 mice were cultured to DIV 14. Neurons 

were stimulated and incubated with FM1-43FX dye to label endocytic vesicles. During 

synaptic vesicle endocytosis, fluorescently labeled vesicles are trapped within the axon 

lumen and visualised using fluorescent microscopy (materials and methods section 

8.24).298,302 Quantification of FM 1-43 fluorescence intensity per length of neurite indicat-

ed endocytosis was moderately decreased in R1441C neurons (figure 7.2b) (materials and 

methods sections 8.24 and 8.25).  
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Figure 7.2) Reduced synaptic vesicle recycling in R1441C knock-in primary 
neurons. (a) Diagrammatic representation of the role of CME at neuronal synapses. (b) 
Representative images of FM 1-43 labelling in WT and R1441C primary hippocampal 
neurons cultured to DIV 14 (scale bar 10 µm.) Quantification of FM 1-43 intensity nor-
malised to neurite length (Unpaired t-test with Welch’s correction, **** P<0.0001) 
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7.2.2 Polygenic risk profiling nominates clathrin-associated pathways 

as a risk factor for Parkinson’s disease 

 

To investigate whether genes associated with clathrin-trafficking pathways contribute to 

heritable risk of PD, polygenic risk scores were calculated from IPDGC GWAS datasets. 

This analysis was conducted using the R package PRSice2 with the same workflow as 

the most recent PD meta-GWAS; with the exception that only clathrin-associated GO 

terms were pre-selected.38 Of the 11 GO terms analysed, 6 were found to be significant 

after correction for multiple comparisons. Clathrin-dependent endocytosis (GO: 0072583) 

proved to be the most significant (P value = 4.126E-16, SE = 0.031) (figure 7.3a) and 

had an odds ratio of 1.25 (figure 7.3b). Across all cohorts, the directionality of effect was 

similar.  
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Figure 7.3) Polygenic risk scores for clathrin-associated trafficking pathways. a) 
Summary statistics for PRS estimates for each category and the number of SNPs ana-
lysed. P.Bonferonni denotes adjusted p values.  (b) Forest plot of PRS scores for ‘Clath-
rin-dependent endocytosis’, the size of each square is proportional to the size of each 
study. 95% confidence intervals are represented as horizonal error bars. Random and 
fixed effects meta-analysis of odds ratios are shown as red and blue diamonds respective-
ly.  

 

7.3 Discussion  

To date, five different mechanisms have been proposed to mediate endocytosis of vesicles 

at synapses.291 Clathrin-independent fast endocytosis, bulk endocytosis, ultrafast endocy-

tosis and direct retrieval through transient fusion and reformation at the presynaptic 

membrane (‘kiss-and-run’).303 While the relative contributions of these pathways are still 

being explored, considerable evidence has demonstrated CME is critical for maintaining 

the physiological activity of synapses.292–294 Importantly, loss of AP2 in primary neurons 

has previously been reported to deplete the number of recycling vesicles and impair en-

docytosis of transmembrane cargo.293 My previous results suggest LRRK2 regulates AP2 

recruitment and phosphorylation in a mutation-dependent manner. The R1441C muta-

tion was also found to impair CME in HEK293 cells. To further this study, I queried 

whether these phenotypes were conserved in neurons expressing LRRK2 at endogenous 

levels.  

 

To answer this question, the expression of LRRK2 and AP2 was characterised in two 

neuronal cellular models. Primary hippocampal neurons and human derived iPSC corti-

cal neurons were stained for endogenous AP2α. Both neuronal populations demonstrated 

vesicular AP2α staining throughout the soma and axonal processes. Commercially avail-

able antibodies are notoriously unreliable in recognising endogenous LRRK2 by immuno-

fluorescence.101 Therefore, to characterise its distribution, tagged-LRRK2 was exogenous-

ly expressed in primary neurons (figure 7.1a). Similar to HEK293 cells, overexpressed 
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LRRK2 demonstrated a broad cytoplasmic localisation. Immunoblot analysis was also 

able to verify both LRRK2 and AP2 are endogenously expressed in mature neurons (fig-

ure 7.1b). To investigate the functional consequences of LRRK2 pathogenic mutation, 

activity-dependent endocytosis was assessed in WT and R1441C knock-in hippocampal 

neurons (figure 7.2). Relative to WT, R1441C neurons demonstrated a modest decrease 

in activity-dependent endocytosis (materials and methods section 8.24).  

 

Several studies have suggested pathogenic mutations in LRRK2 can impair synaptic 

function. One suggested mechanism is LRRK2-mediated phosphorylation of the BAR-

domain protein endophilinA – a process shown to cause endocytosis defects at drosophila 

synapses.168 The LRRK2 kinase may also target synaptojanin-1 and auxilin, proteins en-

coded by genes linked to early onset parkinsonism.174,178 Elevated synaptojanin-1 phos-

phorylation was first observed in Drosophila modified to express human R1441C.304 In 

cells, phosphorylation of synaptojanin-1 was shown to disrupt binding to endophilinA. 

The authors suggest disruption of endophilinA-synaptojanin1 complex formation may 

contribute to defects in synaptic endocytosis arising from LRRK2 mutation.174 LRRK2-

mediated phosphorylation of auxilin was similarly shown to disrupt interactions with 

clathrin, leading to a decrease in synaptic endocytosis.178 Nguyen et al. further report de-

creased levels of auxilin, endophilinA, dynamin and AP2 in LRRK2 R1441G patient-

derived dopaminergic neurons.178 AP2 was shown to bind both auxilin and its homolog 

GAK, to facilitate recruitment of Hsc70 to CCVs.305 It is possible that LRRK2 acts as a 

scaffold to facilitate AP2-Auxilin/GAK interactions, though this hypothesis would be in 

need of further testing. My previous results suggest pathogenic mutation in LRRK2 leads 

to alterations in localisation and phosphorylation of AP2 (chapter 6). These changes 

may, at least in part, contribute to mutation-dependent defects observed in R1441C 

primary neurons.  
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Alongside endocytic machinery, LRRK2 is strongly linked to the cytoskeleton through 

interactions with tubulin.184,185 Microtubules are multimeric protein scaffolds composed of 

α and β-tubulin heterodiamers and play a key role in trafficking of membrane-bound car-

go along neuronal processes.188 As discussed previously, binding of LRRK2 to β-tubulin 

has been shown to regulate acetylation of α-tubulin – a posttranslational modification 

shown to promote microtubule stability.185 Furthermore, increased tubulin acetylation 

through treatment of cells with tubulin acetylase αTAT1 has been shown to reduce asso-

ciations between LRRK2 and microtubules.188 Fascinatingly, AP2 has been shown to fa-

cilitate acetylation of microtubules at clathrin coated pits through a direct interaction 

with αTAT1.306 These findings may indicate LRRK2 regulates tubulin acetylation 

through dynamic interactions with AP2 and recruitment of αTAT1. Conversely, loss of 

AP2 may inhibit acetylation and promote binding of LRRK2 to deacetylated microtu-

bules. Impaired trafficking of mitochondria along axonal microtubules has also been de-

scribed in cortical neurons expressing the R1441C LRRK2 variant.188 These findings 

point to mutation dependent defects in membrane trafficking through cytoskeletal dys-

function that may contribute to endocytosis defects observed in primary neurons.179  

 

The LRRK2 ROC domain has also been suggested to interact with p21-activated kinase 

6 (PAK6), a serine-threonine kinase which plays a key role in actin cytoskeleton reogani-

sation.307 Expression of PAK6 in the striatum of WT mice resulted in neurite enhanced 

neurite outgrowth in a kinase-dependent manner. Interestingly, in LRRK2 KO aniamls, 

this phenotype was dramatically reduced suggesting LRRK2 and PAK6 may coordinate 

with tubulin to regulate neuronal morphology and the cytoskeleton.307  

 

Genetic variation in several genes associated with membrane trafficking pathways has 

been linked with PD and parkinsonism.103,164,166,168,170,174,308 Alongside LRRK2, other mono-

genetic causes of PD include VPS35, DNAJC6 and SYNJ1. VPS35 encodes for a compo-
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nent of the retromer, a heteropentameric complex associated with recycling of trans-

membrane cargo from endosomes to either the Golgi or plasma membrane.309 DNAJC6 

and SYNJ1 encode for auxilin and synaptojanin-1 respectively. Both of these proteins 

have been described to facilitate uncoating of CCVs within different cellular compart-

ments.176,177 Recent GWAS have further nominated GAK and SH3GL2 as PD-linked 

genes. GAK is a ubiquitously expressed clathrin uncoating protein associated with the 

TGN whereas SH3GL2 encodes for EndophilinA1, a nominated substrate of LRRK2 sug-

gested to regulate membrane curvature during endocytosis.168,310 Another GWAS nomi-

nated the LRRK2 interacting partner, RAB29, also linked to retrograde trafficking of 

endosomes to the Golgi.39  

 

To date, GWAS have identified up to 90 independent PD-associated signals across 78 

loci.38 Each of these signals carries a relatively small effect size and collectively account 

for 26-36% of PD heritability.38 As such, a significant proportion of PD-heritability is 

still unaccounted for. This is likely due to small effect sizes of undiscovered loci that do 

not surpass GWAS significance thresholds.308 A key strength of PRS analysis is that sev-

eral independent loci can be assessed to determine their cumulative effect on PD-risk.  

 

In this study, we investigated the specific contribution of clathrin-trafficking genes as 

organised by GO terminology. Of the terms analysed, 6 proved to be significant, includ-

ing: ‘Clathrin binding (GO:0030276)’, ‘Clathrin coated vesicle (GO:0030136)’ and ‘Clath-

rin-dependent endocytosis (GO:0072583)’. Four genes were present in all PD-associated 

categories: AP2A1, AP2A2, SNAP91 and PICALM. Two of these genes encode for 

isoforms of the α subunit of the AP2 complex. SNAP91 encodes for AP180, an accessory 

protein enriched in the brain and PICALM encodes for phosphatidylinositol-binding 

clathrin assembly protein, a ubiquitously expressed cytoplasmic adaptor.311–313 Both pro-

teins are suggested to play a key role in facilitating the formation of CCV through teth-
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ering clathrin to the plasma membrane via interactions with PIP2.139,311Interestingly, the 

PICALM loci was found to be associated with late-onset Alzheimer’s disease in one of 

the first large-scale GWAS.314 Multiple SNPs in and around the PICALM locus have 

been linked with AD, though pathogenic variants and the mechanism by which they in-

crease disease risk has yet to be described.312,314 Our PRS analysis indicates that genetic 

variability within a subset of clathrin-associated genes is linked with an increased risk of 

PD; though, it is not clear what variants in which genes drive this effect. Clathrin-

trafficking plays a fundamental role in transporting cargo at the cell membrane, TGN 

and between endosomal compartments. It is unlikely that the subset of genes nominated 

by current GO terminology represents a comprehensive list of those involved in this 

complex and dynamic process. Many of these genes will also have different degrees of 

functional validation. Though it is likely that certain genes have been erroneously ex-

cluded, this sampling method represents an unbiased approach to gene selection. In a 

recent study, Bandres-Ciga et al. report a significant association with PD-disease using 

heritability estimates and PRS analysis of 252 endocytic membrane trafficking proteins 

(EMTP).308 Their gene set was derived largely from literature reviews and may therefore 

reflects a wider survey of trafficking-associated genes.308 From the 252 genes analysed, a 

subset of 19 were found to have significantly different variability in patients than con-

trol. Interestingly, this subset included two genes encoding for AP2 subunits  (AP2B1 & 

AP2M1). It is likely that common genes underpin PD association in clathrin-associated 

and EMTP genesets.308 
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8 Methods and Materials  

8.1  Yeast two hybrid (YTH)  

 

 

Figure 8.1 Diagram of YTH system. (a.) DNA constructs encoding for candidate pro-
tein interactors fused to bait BD and prey AD are transformed into L40 modified yeast 
strain. Fusion proteins are translated by the host cellular machinery followed by translo-
cation to the nucleus. The DNA BD used in this study was a LexA in L40, the compli-
mentary AD, GAL4AD was used in prey. (b.) If bait and prey candidate proteins inter-
act, the split domain AD/BD are brought together to form a functional transcription 
factor. The BD, either LexA or GALBD will bind to an upstream activation sequence 
(UAS), subsequent binding of the AD drives transcription of HIS3 gene and the LacZ 
reporter gene. Translation of the HIS3 enables yeast to grown on agar plates lacking his-
titine. LacZ codes for the enzyme β-galactosidase. Presence of this enzyme can be as-
sayed using an X-Gal freeze fracture assay.  

 

8.1.1 YTH vectors  

 

YTH vectors were employed depending on compatible bait and prey pairings and yeast 

strain. The pDS vector used as a bait construct contains the LexA BD transcription fac-

tor and a gene required for tryptophan synthesis TRP1. pACT2 likewise contains the 

AD of the transcription factor, GAL4 alongside the LEU2 gene for leucine synthesis. On-

ly yeast which have successfully transformed both bait and prey plasmids into their ge-

a. b.
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nome will be able to survive on agar plates lacking leucine and tryptophan. A further 

level of nutritional selection can be obtained using agar plates also lacking histidine. The 

BD and AD of a transcription factor will bind to a sequence upstream of a histidine syn-

thesis gene HIS. In this example, yeast will only successfully grow if they have co-

transformed both plasmids and there is an interaction between fusion proteins.  

 

8.1.2 Maintenance of L40 Yeast strain 

 

Stocks of L40 yeast were stored at -80oC, these were thawed and streaked onto YPD 

agar plates using a sterile inoculation loop. YPD agar medium (Clontech, 2% agar, 1% 

yeast extract & 2% dextrose (w/v) with 0.4 mM Adenine hemisulfate salt). After streak-

ing, yeast were incubated at 30oC to allow for a sufficient number of colonies to grow 

before being wrapped in Parafilm (Sigma Aldrich) and stored at 4oC. Fresh plates were 

streaked from stock plates on a monthly basis.  

 

8.1.3 Semi quantitative YTH assay - transformation of yeast 

 

Transformation of yeast with plasmid DNA was achieved using lithum acetate/single-

stranded DNA/polyethylene glycol (LiAc/ssDNA/PEG) method as previously described 

by Gietz and Schiestl.315 A single yeast colony was picked from current yeast stock plates 

using a sterile inoculation loop and inoculated into 100ml of YPD medium (Clontech, 1% 

yeast extract, 2% peptone & dextrose) supplemented with 0.4 mM Adenine hemisulfate 

salt (Sigma-Aldrich) (hereafter referred to as YPDA). Yeast culture was grown overnight 

at 30oC with shaking. The following morning, the optical density of yeast was deter-

mined using a 1:10 solution of overnight culture using a biophotometer (Eppendorf) 

measured at 600nm wavelength (hereafter referred to as OD600). An amount of overnight 



 

155 

(ON) culture was added to a predetermined volume of prewarmed YPDA (~10ml per 

transformation). The volume of ON culture added was such that the OD600 of the fresh 

YPDA was ~0.25. Over day culture was grown as before for 2-3 hours until OD600 

reached 0.4-0.6. Yeast medium then was centrifuged at 2000g for 3 minutes at 20oC. 

Yeast pellets were resuspended and pooled into 25ml of sterile dH20. Yeast was washed 

to remove excess YPDA medium and centrifuged again at 2000g for a further 3 minutes 

at 20oC. Yeast were rendered competent via 2 sequential washes with 1x lithium ace-

tate/Tris-EDTA solution (LiAc/TE) (Sigma-Aldrich – 10 mM Tris-HCL, 1mM EDTA, 

100 mM LiAc). Following the second wash, yeast was pelleted by centrifugation as be-

fore and resuspended in 100µl of 1x LiAc/TE per transformation. 100µl of yeast suspen-

sion was added to a microcentrifuge tube containing 1 µg of both bait and prey DNA 

with 50µg of denatured herring sperm DNA (Sigma-Aldrich) - this acts as a carrier for 

DNA to increase transformation efficiency.315 600µl of 1x polyethylene glycol TE 

(PEG/LiAc/TE) (40% (w/v) PEG, 1x LiAc, 1x TE) is added to each microcentrifuge 

tube as a spacer, bringing bait, prey, carrier DNA and yeast cells into close proximity. 

The solution was then mixed and incubated with shaking at 30oC for 30 minutes. Each 

transformation was then heat shocked at 42oC for 20 minutes. The mixture was pelleted 

using pulse spin centrifugation and PEG was removed under vacuum suction. Each 

transformation was suspended in 100ul of sterile dH20.  

 

60µl of suspension was added to nutritional selection (NS) agar plates with 46.7 g/l min-

imal selective dropout (SD) agar base (Clonetech), 0.62 g/L -histidine/-leucine/-

tryptophan dropout (DO) supplement (Clonetech) with 0.4 mM adenine hemisulfate salt 

(Sigma-Aldrich) and 10mM 3-amino-1,2,4-triazole (3-AT) - a competitive inhibitor for 

the product of the HIS3 gene, imidazoleglycerol-phosphate dehydratase. The remaining 

40µl of yeast suspension was added to transformation control (TC) agar plates with 46.7 

g/l minimal selective dropout (SD) agar base (Clonetech), 0.64 g/L -leucine/-tryptophan 
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dropout supplement (Clonetech) with 0.4 mM adenine hemisulfate salt (Sigma-Aldrich). 

All plates were streaked using a sterile L-shaped plastic spreader and incubated at 30oC 

to grow.  

 

8.1.4 Lac-Z reporter gene assay 

 

As described above, protein-protein interaction between bait and prey candidate fusion 

proteins enables the transcription of the LacZ gene. This results in the translation of β-

galactosidase, a hydrolase enzyme which catalyses the cleavage of the substrate, 5-

bromo-4-chloro-3-indolyl-β-D-galactopyanoside (X-gal) into galactose and indolyl-blue. 

Yeast colonies are transferred to 54-Whatman filter paper and two freeze-thaw cycles 

were performed using liquid nitrogen to fracture the yeast. Fractured yeast is then incu-

bated with X-gal substrate. Translation of LacZ can be directly visualised as indolyl-blue 

producing a blue colouring. Appearance of blue colour indicates a protein-protein inter-

action between bait and prey fusion proteins has occurred.  

 

X-gal was dissolved in dimethylformadine (DMF) at 2.4mM concentration and added to 

2 ml of LacZ buffer per yeast-agar plate (60mM Na2HPO4.2H20, 40mM NaH2PO42H20, 

10mM KCl, 1mM MgSO4.7H20) with 40mM β-mercaptoethanol. 2ml of this solution was 

aliquoted onto each lid of a petri dish. Yeast colonies were lifted onto filter paper and 

placed in liquid nitrogen twice for sufficient time to ensure all colonies were frozen solid. 

Filters were then placed with colonies face up in the Z-buffer solution and incubated at 

37oC to allow for development of a colour change. Once adequate incubation time had 

elapsed (~30mins – 5hr, depending on interaction strength) - filters were left to air-dry in 

a fume hood.  
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8.2 Site directed mutagenesis (SDM) 

 

SDM is a means of introducing deliberate changes to the DNA sequence of a target gene. 

In this study, SDM was employed to selectively mutate a G595A substitution and add a 

missing stop codon at the C-terminus of the pACT2-ARMER construct. SDM was also 

employed to mutate tyrosine-binding motifs within RCK constructs to alanine residues 

(YXXØ – AXXA). Primers were synthesised by Eurofins®. 

 

SDM was performed using the QuikChange Lightening Site-Directed Mutagnesis Kit 

(Agilent Technologies). PCR reaction was performed, in brief, 2.5µl of reaction buffer, 

1µl of target plasmid, 1µl of each oligonucleotide stock (10µM), 0.5µl of dNTP, 0.75µl of 

QuikSolution reagent, 1µl of QuikChange Lightening Enzyme and 18.25µl of dH20 was 

combined to make a total reaction volume of 25µl. PCR reaction was carried out within 

a Veriti 96-well thermal cycler (Applied Biosystems). PCR reaction was performed as 

follows: (1x) 95oC- initialization, (35x) 95 oC 15 seconds – denaturing, 55 oC, 30 seconds – 

annealing of polymerase, 68oC, 90 sec – 1min/kb extension. Following PCR, 2µl of Dpn1 

restriction enzyme is added to each reaction. DNA derived from bacteria (E. Coli) is 

methylated, by adding Dpn1 is an endonuclease which cleaves DNA at methylation sites, 

the unmodified parental plasmid vector which the modified product is amplified from 

will be digested. The reaction is incubated at 37oC for 5 minutes. PCR product is trans-

formed into competent cells and amplified as described below.  

 

8.3 Agarose gel electrophoresis  

 

Agarose gel electrophoresis is a form of gel-based electrophoresis utilised to isolate frag-

ments of DNA from a heterogeneous solution. DNA fragments are separated by their 
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charge and size. An electric field is applied to an agarose matrix causing the negatively 

charged phosphate groups on DNA to migrate through the gel towards the positive an-

ode. Fragments of smaller size will migrate through the gel as a function of their size, 

bands of DNA of different sizes can be visualised within the gel. 600mg of UltraPure 

Agarose (Life technologies) was mixed with 60ml of Tris-acetate EDTA (TAE). Syber 

safe DNA gel stain (life technologies) was added for visualisation of DNA. The gel was 

loaded into an electrophoresis tank containing TAE-buffer and connected to a Power Pac 

generator (Bio-Rad).  Each 25µl PCR reaction was mixed with 6µl of sample loading 

buffer (40 % sucrose, bromophenol blue) prior to gel loading. All lanes were run at a 

constant 100V for ~20-30mins and imaged under a blue light safe imager (Life technolo-

gies).  

 

8.4 Transformation of competent cells  

 

Plasmids can be transformed into competent cells which allows them to grow on LB-agar 

plates supplemented with antibiotic. In this study, TOP10 E. coli bacteria were trans-

formed with plasmids and PCR products. Once DNA has been uptaken, it can be repli-

cated exponentially to produce more copies of plasmid DNA for experimental use. Com-

petent E. coli cells are stored at -80oC and thawed on ice prior to use. 100µl of defrosted 

cells were added to the ligation mixture and left on ice for 30 minutes. E. coli were then 

heat shocked at 42oC for 45 seconds to render the cell membranes temporarily permeable 

to allow uptake of exogenous DNA. The solution is placed on ice for a 2-minute recovery 

phase. 250µl of sterile LB (Lysogeny broth – Sigma Aldrich) was then added to promote 

bacterial growth. The E. Coli and LB mixture was incubated at 37oC for 1hr with con-

stant shaking. Cells were then evenly spread on prewarmed LB-Agar plates with sup-

plemented antibiotic and left to grow at 37oC overnight. A portion of the plasmid back-

bone encodes for genes which confer antibiotic resistance. As such, only cells which have 
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been successfully transformed with the plasmid will be able to survive on antibiotic LB-

plates. If there is evidence of successful insert ligation, then colonies were picked from 

the plate using a sterile pipette tip and added to 10ml of LB solution with antibiotic.  

 
8.5 Cell culture, maintenance and seeding  

 

Cells were grown and maintained within a 75 cm2, polystyrene tissue culture flask (T75) 

(Sigma Aldrich). All HEK293 cell cultures were incubated with 10ml of Dulbecco’s modi-

fied eagle medium (henceforth referred to as DMEM (Gibco) was added to each flask 

during each passage.  All DMEM (500ml) was supplemented with 50ml fetal bovine se-

rum (FBS) to a ~1:10 concentration to provide nutrients for healthy cellular growth. Al-

iquots of antibiotics streptomycin and penicillin were added to a 1% volume to protect 

against bacterial contamination of cultures (pen/strep). HEK293 cells were passaged as 

deemed necessary when sufficient confluence was reached, typically ~80% to prevent 

overgrowth and cell starvation. To passage cells, DMEM is aspirated from each T75. 

This removes medium with exhausted nutrients along with dead cells and other debris. 

Living cells will adhere strongly to the undersurface of the flask. Cells were washed twice 

in Hank’s balanced salt solution (HBSS) to remove any residual media. This is an im-

portant stage as DMEM contains trypsin inhibitors. HBSS is aspirated from the flask 

and 1ml of trypsin-EDTA (0.5% trypsin, 0.2% EDTA) is added. Trypsin is a protease 

which cleaves cell adhesion molecules and adherins causing cells to detach from the T75. 

The activity of trypsin is quenched following addition of 9ml of DMEM.  Cell suspension 

was then added to a fresh flask containing an appropriate volume of DMEM for subse-

quent growth.  
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8.6 Miniprep 

 

Bacteria are grown overnight to replicate the transformed DNA, this DNA can then be 

extracted from cells and sequenced to investigate whether the colonies replicated an in-

sert of the correct size and sequence. Miniprep was performed as described in the QI-

AGEN protocol. In brief, bacteria grown overnight was pelleted using centrifugation at 

14,680 rpm for 5-minutes. The supernatant was removed and pellets were resuspended in 

250µl of buffer P1 (50 mM Tris-HCL, 10mM EDTA, 100µg/ml RNaseA). Cells were 

lysed using buffer P2 (200mM NaOH, 1% SDS). 350µl of buffer N3 (4.2M Gu-Hcl, 0.9M 

potassium acetate) was added to neutralise the reaction. Samples were pelleted by cen-

trifugation at 14,680 rpm for 10-minutes at room temperature to separate cell debris and 

large insoluble proteins. Cell lysate supernatant was added to a spin column and centri-

fuged for 1 minute at 14,680 rpm to capture DNA in a binding column. The flow-

through was discarded and the column was washed twice in 750µl buffer PE with cen-

trifugation. The spin column was then placed in a microcentrifuge tube and eluted by 

adding 50µl of buffer EB. The column was left to stand for 1-minute before final centrif-

ugation step for 1-minute.  The concentration of DNA prep was determined using a 

NanoDrop 2000 spectrophotometer (Thermo Scientific).   

 

8.7 Diagnostic digest 

 

Once a solution containing extracted DNA has been collected it can be digested to test 

whether it contains an insert of the correct size. This is a first preliminary indicator of 

whether the cloning procedure has worked. 5µl of DNA was used in a reaction mixture as 

this has a much higher concentration than in a PCR product. Digested product was sep-
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arated using agarose gel electrophoresis as described above and imaged using a blue light 

safe imager (Life technologies). 

 

8.8 Maxiprep  

 

Maxiprepping of constructs is a means of replicating DNA on a large scale for experi-

mental use, this is typically the last stage of the subcloning procedure once sequencing 

has validated that the insert is free from PCR errors and is in correct coding frame. All 

steps were performed in line with a QIAGEN protocol – many early steps are identical to 

miniprep. Yeast vectors often replicate with a low copy number when expressed in bacte-

ria, as such, in this study 250-300ml of LB (with supplemented antibiotic) was inoculat-

ed with ~1000µl of LB culture from previous miniprep samples. Each flask was left to 

grow overnight at 37oC with constant shaking. The following morning, bacteria was pel-

leted via centrifugation at 14,680 rpm at 4oC for 15 minutes. LB supernatant is discard-

ed and pellets were resuspended in 10ml of P1. After which 10ml of buffer P2 was added 

to initiate cell lysis and allowed to proceed for 5 minutes before neutralization with 10 

ml of buffer P3 (3M potassium acetate). Each solution was then poured into a QIAfilter 

cartridge and left at room temperature for 10-minutes. Once the filter is primed, the cell 

lysate solution is passed through a the QIAfilter cartridge, removing large insoluble cell 

debris. After the lysate has passed through, the filter is washed using 60ml QC buffer 

(1M NaCl, 50mM MOPS, 15% isopropanol). Following washing, DNA was eluted into a 

collection tube using 15ml of Buffer QF (1.25M NaCl, 50mM Tris-HCl, 15% isopropa-

nol), the flow through was mixed with 10.5ml of isopropanol to precipitate DNA cap-

tured during filtration. The isopropoanol-elution mixture was added to a 30ml syringe 

and passed through a QIAprecpipitator module under constant pressure. This is the final 

filtrations step for capturing DNA.  The module is then washed with 2ml of 70% ethanol 

and dried thoroughly. DNA is then finally eluted into a microcentrifuge tube using 750µl 
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of buffer EB. The eluted DNA was passed through the module one final time before col-

lection. As before, the final concentration of DNA was ascertained using a NanoDrop 

2000 spectrophotometer. 

 

8.9 Immunoprecipitation (IP) 

 

HEK293FT cells were transfected using Lipofectamine 2000 (thermo) or FuGENE HD 

Transfection reagent (promega) according to manufactures instructions. Cells were incu-

bated for 20-24hrs to allow for DNA to be transfected and for sufficient protein transla-

tion to occur. All lysis steps were performed at 4oC or on ice. DMEM was aspirated from 

each well and each plate was washed twice for ~1min in ice cold 1x phosphate buffer sa-

line (PBS) to remove any residual media. Cells were lysed in 1ml of IP buffer (20 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.3% Triton X-100, 10% Glycerol, 1x 

Halt phosphatase inhibitor cocktail (Thermo Scientific)) and protease inhibitor cocktail 

(Roche) for 30 min on at 4oC with constant rotation.  

Cell lysates were cleared at 20,000g for 10 minutes at 4oC in a tabletop centrifuge. Su-

pernatent was transferred to a fresh pre-chilled microcentrifuge tube the pellet contain-

ing the cellular insoluble fraction was discarded. Lysate supernatant was incubated with 

GFP-Trap agarose beads (ChromoTek) or anti-FLAG M2 agarose beads (Sigma) for 1 

hour at 4oC with constant rotation.  Beads were washed in IP wash buffer (20 mM Tris-

HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 10% Glycerol) for four 

cycles. Following washing, sample volume was made up to 50µl and processed for West-

ern blotting.  
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8.10 SDS Polyacrylamide gel electrophoresis (SDS-PAGE) and 

Western blotting 

 

Similarly to agarose gel electrophoresis, SDS-PAGE is used to separate specific proteins 

from a heterogenous solution. Sample reducing agent is added to each sample. This con-

fers a negative electrical charge which allows proteins to migrate through the polyacry-

malide gel when a current is applied. Sample loading buffer is added to facilitate dena-

turing of proteins. Each sample is heated at 95oC for 5-10 minutes in a thermomixer 

(Eppendorf) to denature proteins and detach bound protein complexes. Each sample was 

loaded into an individual lane of a 4-12% NuPAGE Bis-Tris precast polyacrylamide gel 

(Life Technologies). The gel was placed in an electrophoresis chamber and submerged in 

NuPAGE MOPS SDS Running Buffer (50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 

1mM EDTA).  

 

Western blot is an analytical technique used to identify specific proteins from a cell ly-

sate sample or tissue homogenate. Samples are denatured into polypeptide chains and 

separated using SDS-PAGE according to their size as described above. The proteins are 

then transferred to a more robust membrane, where they can be blotted with antibodies 

targeted to specific proteins of interest. 

 

After sufficient time has elapsed to allow for proteins to separate through SDS-PAGE 

samples are transferred to a membrane. Transfer of proteins is known broadly as elec-

troblotting which uses a low voltage current to transfer proteins onto a 0.45µm pore im-

mobilon-P polyvinylidene fluoride (PVDF) membrane (Merck milipore). PVDF mem-

branes are highly hydrophobic and aqueous buffers, such as those used for western blot 

transfer penetrate the membrane poorly. To mitigate the hydrophobicity of PVDF the 
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membrane is presoaked in 100% methanol to improve transfer efficiency. Trans-blot® 

Turbo transfer stacks are soaked in transfer buffer Trans-blot® Transfer buffer. The 

PVDF membrane is placed on top of a stack of 7 transfer buffer soaked sheets, followed 

by the gel, followed by another identical stack of soaked sheets. These are placed within 

a Trans-blot SD Semi-Dry Electrophoretic Transfer Cell (Biorad) transfer and run for 10 

at 25V.  

 

PVDF membranes are able to bind proteins with high efficiency. Antibodies are also ca-

pable of binding to the membrane which can lead to high levels of background signal or 

artefacts. To prevent this the membrane can be blocked from non-specific binding by 

incubating with a dilute protein solution. This study used 10% powdered milk diluted or 

5% Bovine serium albumin (BSA) (Sigma-Aldrich) in Tris-buffered saline-Tween 20 

(TBST) for 1 hour at room temperature with gentle shaking. The proteins contained 

within these solutions will bind to any available pores where the target protein trans-

ferred onto the membrane is not bound.  

 

Antibodies are a powerful tool which can be used to identify target proteins. In this 

study, all primary antibodies were incubated with the membrane overnight at 4oC with 

constant shaking in Milk-TBST or BSA-TBST blocking solution. The following morning, 

each membrane was washed 3 times in TBST buffer solution before applying secondary 

antibodies at 1/5000 concentration. Secondary antibodies specifically recognise primary 

antibodies by targeting antigens from the host species from which the antibody is de-

rived.  

 

8.10.1  Western blot imaging and quantification 

Some secondary antibodies are conjugated to horseradish peroxidase (HRP) (Cambridge 

Bioscience). This enzyme catalyses the breakdown of a SuperSignal® west chemilumines-
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cent substrate, this can then be imaged as a light signal. If the primary antibody has 

bound to its target protein, and the secondary in-turn bound to the primary then a sig-

nal can be captured. Each membrane is soaked in SuperSignal® West Fempto/Pico max-

imum sensitivity substrate (equal parts Luminol and stable peroxide buffer, Thermo Sci-

entific). Membranes were imaged using a GeneGenome XRQ Chemilluminescence imager 

(high quantium efficiency (QE) camera – Syngene). GeneSnap software was used. Alter-

natively, fluorescent secondary antibodies were incubated at room temperature for 1h at 

RT with goat anti-mouse or rabbit IR Dye 680 or 800 antibodies (LICOR) and scanned 

on an ODYSSEY® CLx (Licor). 

 

GeneTools® or LICOR Image studio® software was used to determine the relative inten-

sity of western blot bands. An identical box was drawn around each band to quantify 

signal, this software automatically corrects for background signal. A loading control was 

used to control for differences in total protein in each lane. Each value was expressed as 

a ratio to loading control.  

 

8.11 GST-affinity purification 

 

GST-fusion proteins in pGEX4T.1 were expressed in BL21 E. Coli and grown on antibi-

otic supplemented LB-Agar plates as described above. Successfully transformed cultures 

were grown at 37oC with constant shaking in 200ml of LB bacterial growth medium (KD 

medical) supplemented with antibiotic. When OD600 reached ~0.5, protein expressed was 

induced with Isopropyl β-D-1-thiogalactopyranoside (IPTG) added to a 200µM concen-

tration and incubated for a further 1.5hrs. Bacterial cells were harvested by centrifuga-

tion at 5,000 rpm for 10 minutes. Bacteria pellet was resuspended in 10ml of ice cold ly-

sis buffer (50mM Tris-HCL, 50mM NaCl, 0.5mM Ethylenediaminetetraacetic ac-

id (EDTA), 5% glycerol, 1mM Dithiothreitol (DTT), 0.1% Triton X-100, 5mM MgCl2., 
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5mM ATP and protease inhibitors). Lysis was aided using a pulse sonicator (Fisher Sci-

entific) for 10 minutes on ice. Cellular debris was pelleted by centrifugation at 12,000 

rpm for 15 minutes. Resultant supernatant was incubated with 100µl of Glutathione Se-

pharose beads (GE healthcare) overnight with constant mixing at 4oC. Beads were spun 

down at 1,000 rpm for 1 minute and washed 4x in ice cold lysis buffer and 1x in PBS 

and stored at 4oC. 

 

8.12 GTP binding  

Dr. Sasha Beilina performed GTP binding assays. In these experiments, equal amount of 

GST, GST-ROC WT and GST- ROC K1347A mutant protein bound to Glutathione 

Sepharose 4B beads (GE Healthcare) were washed twice with Buffer A (20 mm Tris–

HCl pH 7.5, 100 mm NaCl, 5 mm MgCl2, 1 mm NaH2PO4, 2 mm DTT). Beads were in-

cubated overnight on ice in Buffer A containing 0.1 µm 3H-GTP. Beads were then 

washed twice in Buffer A to remove unbound nucleotides, added to the Bio-safe II (RPI) 

scintillation cocktail and binding quantified using scintillation counting for H3 on an Tri-

Carb 2810TR scintillation counter (Perkin Elmer).   

 

8.13 Animals 

Experiments involving animals were conducted according to the Guide for the Care and 

Use of Laboratory Animals of the National Institutes of Health. Experiments performed 

in this study were approved by the Institutional Animal Care and Use Committees of 

the US National Institute on Aging (Animal study protocol number 463-LNG-2018). An-

imal studies performed at UCL were approved by the home office as detailed in the rele-

vant project licence (Professor. Kirsten Harvey). LRRK2 KO and R1441C KI mice were 

generously provided by Dr. Huaibin Cai. All mice were bred on a C57BL/6 background.  
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8.14 Tissue dissection and processing 

Kidney and Brain tissue dissections were performed by Alice Kaganovich and Laura Pel-

legrini as part of a previous study. Full-body protective equipment was worn during each 

stage. All mice were euthanised by CO2 chamber and decapitated to confirm death.  A 

small tail clipping was taken from each animal if further genotyping was required. For 

Brain dissection, the skin surrounding the skull was cut with surgical scissors along the 

plane of the longitudinal midline. The cranial bone was cut on either side of the skull 

and removed to reveal the brain. The brain was carefully removed using a surgical spoon 

and placed in a petri dish containing phosphate buffer saline (PBS). In this study, whole 

brain lysates were used and so further dissection of brain regions was not required. Sam-

ples were snap-frozen in liquid nitrogen to preserve the tissue. All samples were stored at 

-80oC prior to further processing.  

 

For GST-pull down experiments, frozen adult (age 1 yr.) mouse brains and kidneys were 

homogenised using a 1ml Tissue Grinder (Wheaton) in 20mM HEPES tissue lysis buffer 

with protease inhibitors and centrifuged at 3,800 rpm for 10 minutes. Triton X-100 was 

added to a 1% final concentration and samples were incubated on ice for 15 minutes be-

fore a final centrifugation at 21,000 rpm for 30 minutes in a tabletop centrifuge. Protein 

levels were normalised across samples using a PierceTM BCA protein assay kit (Ther-

moFisher) according to manufacturers instructions. 

 

WT and KO kidneys were processed by Laura Pellegrini as part of a previous study. 

Frozen kidneys were homogenised using a gl in tissue lysis buffer (0.225M mannitol, 

0.05M sucrose, 0.0005M HEPES, 1mM EDTA). Kidney homogenated was centrifuged in 

a tabletop centrifuge (Eppendorf) at 2000g for 3 minutes at 4oC. Supernatant was trans-

ferred to a separate microcentrifuge tube and pellet resuspended in tissue lysis buffer. 

Supernatent from the resuspended pellet was combined with the previous supernatant 
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and centrifuged to clear lysates at 12,000g for 8 minutes. Supernatent was transferred to 

a new micro centrifuge tube and pellet discarded. One final ultracentrifugation step was 

performed on the supernatant at 55,000g for 30 minutes at 4°C. Supernatent was collect-

ed and processed for SDS-PAGE and western blot as described above.   
 

8.15 GST-pull down 

Tissue lysis supernatant was incubated with GST fusion proteins pre-coupled to Gluta-

thione Sepharose beads for 30 minutes at room temperature. Beads were spun down at 

1,000rpm for 1 minute and washed 3x in tissue lysis buffer with 1% Titron X-100. Sam-

ples were processed for western blotting using SDS-PAGE sample buffer (BioRad) and 

boiled for 5 minutes. 

 

Samples were resolved using SDS-PAGE and digested with LysC/trypsin for mass spec-

trometry analysis. analysis of the brain and kidney samples were carried out by Dr. Yan 

Li (Protein/Peptide Sequencing Facility, NINDS, NIH). Liquid chromatography and 

subsequent tandem mass spectrometry (LC/MS/MS) datasets were queried against the 

Sprot Mouse database. A decoy search was also performed using all datasets. MASCOT 

software estimated the false discovery rate (FDR) to be ~1%. Peptide matches between 

experimental data and database sequences determine MASCOT scores. MASCOT scores 

rank all proteins by probability of correct identification. A score of 100 was taken as the 

background threshold and removed from both GST and GST-ROC datasets. 

8.16 Gene ontology and network analysis 

Gene ontology enrichment analysis was performed using gProfileR web portal 

(https://biit.cs.ut.ee/gprofiler/gost).237,238 Significance threshold was set as 0.05 with 

Bonferroni correction, select terms with 3-500 genes were considered. Protein interaction 
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network were assembled from IntAct database (https://www.ebi.ac.uk/intact/) and vis-

ualised using Cytoscape.  

 

8.17 LRRK2-TGN localisation siRNA screen  

Screen candidates were ordered on a custom pooled ON-TARGETplus siRNA library 

(Dharmacon). HEK293FT cells were seeded at a density of 25,000 per well within a 96 

well plate and transfected with siRNA at a final concentration of 50nM. CK1A, 

ARHGEF7 and non-targeting control siRNA were seeded on each plate as positive and 

negative controls respectively. HEK293 cells were plated in a 96-well Matrigel-coated 

plated at a density of ~100,000 cells per well as determined by a TC20 automated cell 

counter (BioRad). After 24 hours,cells were transfected with 3xFLAG LRRK2 WT, 

G2019S or R1441C (30ng per well) and myc-Rab7L1 WT or myc-Rab7L1 Q67L (6.25ng 

per well) using Lipofectamine-2000 reagent (Life Technologies) as described above. After 

30 hours, media is aspirated and cells were fixed using 4% paraformaldehyde in PBS for 

15 minutes and washed once using 1x PBS. Cells were incubated for 1hr. with gentle 

shaking with PBS containing 0.1% Triton X-100 and 5% Fetal bovine serum to permea-

bilise cells and to block against non-specific staining. Cells were stained using TGN46 

(1:1000, AbD Serotec), FLAG (1:500 Sigma) and myc (1:500 Roeche) antibodies and 

hoescht nuclei stain (1:10,000) for 2hrs. at room temperature. Cells were washed 3x in 

PBS before incubation with secondary antibodies, Goat anti-Mouse Alexa Fluor 488, 

Goat anti-Rat Alexa Fluor 568, and Donkey anti-Sheep Alexa Fluor 647, all at 1:500 

along with Hoechst 33342 (Thermo Scientific) at 1:10,000. Plates were imaged using a 

Cellomics VTI Arrayscanner at 20x objective with percentage of transfected cells show-

ing positive colocalisation of FLAG WT LRRK2 and TGN46. Initial Pooled siRNA 

screen was ran in duplicate, as was individual siRNA as part of POOL deconvolution. 

All values were normalised to cell number and compared to non-targeting siRNA control. 
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For siRNA validation, cells were seeded at a density of 200,000 per well in a six well 

plate with 50nM siRNA. After approximately 50 hours, cells were lysed and processed 

for SDS-PAGE and western blot as described above.  

8.18 Cell treatment  

HEK293 cells were plated in a 6-well Matrigel-coated plated at a density of ~800,000 

cells per well. Cells were treated with various concentrations of calyculin A or DMSO in 

complete media. Cells were reverse transfected during seeding with 2.5µg of WT or 

R1441C LRRK2 or mock transfected using lipofectamine 2000 according to manufactur-

er’s instructions. 30 minutes prior to lysis, cells were treated with DMSO or 25nM calyc-

ulin A. Cells were lysed and processed for SDS-PAGE and western blot. Antibodies tar-

geting AP2M1 (abcam) and Phospho-AP2M1 (abcam) were used in these experiments.  

8.19 Immunocytochemistry 

HEK293 cells or primary cultures were fixed in 4% PFA in PBS for 15 minutes at room 

temperature and washed with PBS. Samples were blocked for non-specific binding and 

permeabilised by incubation for 1hr at room temperature in blocking buffer (0.1% Tri-

ton-X, 5% FBS or Donkey/Goat serum, depending on host-species of secondary antibod-

ies). Primary antibodies were incubated in blocking buffer with gentle shaking at 4oC 

overnight. Samples were washed 3 times for 5 minutes with PBS and incubated with 

Alexa Fluor secondary antibodies (Invitrogen) at 1:500 for 1hr at RT covered by foil. 3 

more washes were performed in PBS for 5 minutes with gentle shaking. Coverslips were 

mounted on slides using Prolong Gold mounting media (Life Technologies). Slides were 

left to dry overnight before imaging.  

8.20 Microscopy 

Confocal microscopy was performed using a Zeiss LSM 710 or Zeiss LSM 880. Super-
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resolution imaging was performed using a Zeiss 880 fitted with an Airyscan module. Da-

ta was collected using a 63x1.4nm objective, immersion oil was added to slides (Carl 

Zeiss). Airyscan processing was performed using the Airyscan module in ZEN software 

package (Carl Zeiss).  

8.21 Transferrin-568 internalisation assay 

HEK cells were seeded at 300,000 within a six well plate and either reverse transfected 

with siRNA or transfected after 24 hours with DNA constructs (as described above). 48 

hours post seeding, Complete DMEM media was aspirated and cells were washed briefly 

in PBS and incubated with prewarmed serum-free media for 45 minutes at 37oC. This 

stage ensures cellular transferrin stores are depleted. Human transferrin-568 (Ther-

moFisher) was added at 10µg/ml concentration in serum free media and incubated at 

37oC to allow for internalization. After sufficient time had elapsed, transferrin containing 

media was aspirated from cells, wells were washed twice in ice-cold HBSS to halt inter-

nalisation and fixed in 4% PFA for 15 minutes at room temperature. Cells were pro-

cessed for immunocytochemistry and imaged as described above. When possible, plates 

were covered with foil post fixation.  

8.22 iPSC maintenance and differentiation  

Gibco Episomal iPSC Line; A18945 was purchased from Thermofisher. Cells were 

thawed and grown on matrigel coated plates with mTeSR media (Stem cell technolo-

gies). Cells were seeded within one well of a 6 well plate and grown to 95-100% conflu-

ence. Once they had reached confluence cells were cultured in media changed on a daily 

basis as follows. Day 1 – 11 cells were incubated with N3 media (250ml DMEM/F12 + 

Glutamax (Thermo), 250ml Neurobasal (Invitrogen), 1% P/S, 1% B-27 without vitamin 

A supplement (Thermo), 0.5% N-2 supplement (Invitrogen), 0.5% Glutamax (Thermo), 

0.5% NEAA (Invitrogen), 55M µM BME  (Thermo), 0.01% Insulin(10mg/ml) (Thermo)) 
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with 1.5µM dorsomorphin and 1.5µM SB431542. Day 12-15, N3 media. Day 16-20, N3 

media with 0.5µM RA. At day 20, cells detached using 1ml TrypLE for ~3 minutes, re-

action was neutralised with pre-warmed 1ml Neurobasal media with 10% FBS.  Cells 

were transferred to a 15ml tube and centrifuged at 100g for 5 minutes. The supernatant 

media was aspirated and cells were resuspended in N4 media (N3, with 2ng/ml BDNF, 

2ng/ml GDNF and 0.05 µM RA) with ROCK inhibitor Y-27632 (10µM) (Stem cell tech-

nologies). Cells were evenly split into two wells pre-coated with poly-L-Ornithine, fir-

bronectin (2 µg/ml) and laminin (0.2 µg/ml) – in that order. Day 21-23 cells were incu-

bated with N4 media, at this stage cells become more confluent and grow processes. At 

day 24, cells are terminally differentiated and supplemented daily with N4 media until 

read for experiments.  

8.23 Primary neuronal cultures  

All procedures with animals followed the guidelines approved by the Institutional Ani-

mal Care and Use Committee of National Institute on Aging. Primary neuronal cultures 

were prepared from newborn P0 C57BL/6 mice. Dissected hippocampi or whole cortices 

were incubated in 10ml Basal medium eagle (BME) (Sigma) supplemented with 5ml pa-

pain solution (Worthington) for 30 minutes at 37oC. Brains were then incubated with 

5µg of DNAseI and titurated to dissociate single cells. Cells were washed with two cycles 

of 10ml BME and  counted by a TC20 automated cell counter (BioRad). Cells were 

plated at 500,000 per well on Poly-D-lysine & laminin precoated coverslips in BME sup-

plemented with B27, N2, 1mM Glutamax (Invitrogen), 0.45% glucose (SIGMA). Media 

was replaced the next day with BME supplemented with 2.5µM cytosine arabinose to kill 

off glial cells. 
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8.24 FM1-43 dye uptake assay  

Primary neurons were cultured until day 14 in supplemented BME as described above. 

FM1-43FX stryl dye (ThermoScientific) was solubulised in HBSS at 37oC to a stock con-

centration of 1mg/ml. FM1-43 dye uptake was performed as described previously.298 In 

brief, cells were washed briefly and then incubated at 37oC with HBSS media containing 

Ca2+ for 5 minutes. Media was aspirated and replaced with depolarising solution: HBSS 

containing 60mM KCL+ along with 5µg/mL FM 1-43FX stryl dye for 1 minute. Depo-

larising solution was replaced with HBSS with Ca2+ containing 5ug/ml of FM 1-43FX 

stryl dye for an additional 10 minutes during the recovery phase. Following incubation, 

cells were washed with constant perfusion with 3ml with HBSS without Ca2+ in three 

cycles. Cells were fixed using 4% PFA and mounted prior to imaging as described above. 

A minimum of 6 mice per genotype were used to culture hippocampal neurons. Neurons 

were seeded at 500,000 cells per well across 5 coverslips per genotype per experiment. 

Two independent litters were used for these experiments.   

 

8.25 Image quantification  

Quantification of images was performed using Fiji software (NIH). To quantify AP2α 

vesicles in LRRK2 positive-areas, a custom algorithm was developed (see below). To de-

termine AP2α integrated density per µm2, images were opened as split channels. LRRK2 

expression channel was converted to 8-bit and a binary mask was created to outline the 

area of positive staining.  This selection was added to ROI manager. Next, the AP2α 

channel was selected and adjusted to enhance contrast and saturation; this stage was 

purely for visualisation by eye and did not artificially affect quantification. The binary 

mask from the LRRK2 channel was imposed on the AP2α channel and measured for in-

tegrated density and area. These values were divided by one another and plotted. To 
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calculate particle size this same algorithm was adapted. From the selected area, all sur-

rounding area outside of the selection was cleared from the image and converted to 8-bit. 

The image was thresholded to a set value and converted to a binary mask. Finally, the 

image was inverted and analysed for particles to calculate the mean vesicle size per cell. 

For mock-transfected cells an identical workflow was used except ROI was manually 

approximated.  

 

 

 

 

 

 

 

Figure 8.2a Custom Algorithm for image quantification (1/2). Screenshot of macro 
script written in Fiji and used to quantify AP2α staining in LRRK2 expressing cells.  

 

To calculate transferrin internalisation, cells positively expressing LRRK2 were deter-

mined by eye within the 488-nm (green) channel. Brightness and contrast were adjusted 

so the whole cell could be visualized. An ROI was manually drawn around all edges of 

the cell. Integrated density was measured within the 568-nm (red) channel and expressed 

as function of the selection area. To quantify transferrin uptake in siRNA treated cells, a 

custom algorithm was developed (see below). Images were opened as split channels, nu-

clei staining was converted into binary and selected to highlight individual cells. This 

selection area was expanded by 3 spatial units to cover perinuclear area and a portion of 

the cytoplasm. The selection area was imposed on the transferrin uptake channel and 
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measured for integrated density and area.  As above, these values were divided by one 

another and plotted per image.  

 

 

 

 

 

 

 

 

Figure 8.2b Custom Algorithm for image quantification (2/2). Screenshot of macro 
script written in Fiji and used to quantify transferrin-568 uptake staining in siRNA 
treated cells. 

For FM1-43 dye uptake assay in primary neurons, all images were blinded and manually 

sorted to determine which were appropriate for quantification. This was determined by 

overall culture health how discernable individual neurites were. To quantify fluorescence, 

individual processes were selected using ‘Simple Neurite Tracer’ plugin in Fiji. Individual 

neurites were traced and selecitons exported as an ROI. Each selection was expanded by 

3 pixels and measured for integrated density and expressed as a function of its length.     
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8.26 Patient data and Polygenic risk score analysis  

Table 5 IPDGC patient data. The IPDGC GWAS data set is comprised of 9983 indi-

viduals (5516 cases and 4467 controls) of European ancestry (see below).  

Study Cases (N) Controls (N) Total (N) Case age at 
onset (mean , 
SD in years) 

Control age at 
last exam 
(mean, SD in 
years) 

Shulman 789 195 984 64.9 (10.11) 65.45 (8.31) 
Finnish Park-
inson's 

386 493 879 55.27 (5.64) 92.35 (3.86) 

McGill Parkin-
son's 

583 906 1489 65.71 (9.78) 55.79 (10.69) 

Oslo Parkin-
son's Disease 
Study 

476 462 938 50 (4) 61.85 (11.06) 

SPAIN 1920 1164 3084 60.07 (12.70) 69.02 (9.95) 

Vance 621 303 924 77.44 (8.41) 81.88 (12.73) 

Tubingen 741 944 1685 55.76 (11.55) 47.42 (12.38) 

TOTAL 5516 4467 9983   
 

Quality control procedure within IPDGC GWAS datasets is previously described by 

Nalls and colleagues.38 Briefly, samples with a call rate of <95% and whose X chromo-

some heterogeneity did not match clinical data were not included. Individuals with het-

erozygosity greater than six standard deviations from the population mean and those of 

non-european ancestry were excluded. All individuals related at more than the level of 

first cousin were excluded.  

For PRS calculations, Dr. Mike Nalls employed the same workflow as in the most recent 

PD GWAS-meta analysis,38 with the exception that only clathrin-associated GO terms 

were selected. Several terms were excluded due to redundancy.  PRS analysis was con-

ducted using the R package PRSice2.316 Linkage disequilibrium (LD) pruning is a process 

of filtering SNPs so only those that are representative of genetic haplotype blocks are 

retained. LD clumping was applied using default settings (window size = 250 kb; r2 > 

0.1). Empirical P values are generated through permutation testing whereby cases and 
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control (segregated by cohort) are swapped in the withheld sample. 10,000 permutations 

were used to generate empirical P values ranging from 5E-08 to 1E-04 with increments of 

5E-08. Summary statistics were meta-analysed using random and fixed effects per study-

specific dataset.  

8.27 Statistical analysis 

In all experiments, n represents the number of measures used in quantification. In mass-

spec analysis was performed using the Mascot Server (version 2.5) to identify matching 

peptides in the Sprot Mouse Database (Uniprot Proteome ID: UP000000589). To analyse 

results from LRRK2-TGN siRNA screen, an R script was written in collaboration with 

Dr. Mike Nalls. For each condition, the percentage of cells with LRRK2-TGN localisa-

tion was normalised to nuclei counts. This value was expressed as a mean Z-score rela-

tive to WT LRRK2 treated with NTC siRNA. Mean-Z scores for each treatment condi-

tion were compared to NTC control and corrected for multiple comparisons using bonfer-

roni post-hoc test to calculate an adjusted P value. Statistical analysis for experiments 

with only two treatment groups used Student’s t-tests with Welch’s correction for une-

qual variance. Outliers were identified with ROUT with Q set to 1%. For multiple 

groups, statistical significance was determined using one-way ANOVA with bonferroni 

post-hoc test for multiple group comparisons. Dunnett’s multiple comparison test was 

used in instances where all groups were compared with a single control group. Compari-

sons were considered statistically significant where p<0.05. Data was plotted using Prism 

7 (Graphpad) or R studio (https://www.rstudio.com/) and displayed as a mean with 

standard error of the mean (SEM) error bars.  

8.28 Antibodies and Chemicals  

The following antibodies used for immunoblot as described above are as follows: mouse 

monoclonal antibody to FLAG peptide (Sigma #F1804, 1:5000), Rabbit monoclonal to c-
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Myc (abcam #ab32072, 1:2000), Rabbit polyclonal to Alpha Adaptin (Proteintech 

#11401-1-AP, 1:2000), Mouse monoclonal to Alpha Adaptin (Thermo #MA1-064, 

1:1000), Rabbit monoclonal to AP2M1 (Abcam #ab75995, 1:2000), Rabbit monoclonal 

to AP2S1 (Abcam #ab128950, 1:2000), Rabbit monoclonal to AP2B1 (Abcam 

#ab129168, 1:1000), Rabbit polyclonal to AP1B1 (Proteintech #16932-1-AP, 1:2000), 

Rabbit polyclonal to AP1M1 (Proteintech #12112-1-AP, 1:2000), Mouse monoclonal to 

Anti- β-actin (Sigma #A5316, 1:3000), Rabbit polyclonal to GAPDH (abcam #ab9485, 

1:2000), Rabbit monoclonal to LRRK2 (Abcam #MJFF2, ab133474, 1:1000), Mouse 

monoclonal to GFP (Roche #11814460001, 1:2000), Rabbit monoclonal to LRRK2 phos-

pho-S1292 (Abcam #ab203181, 1:1000), Rabbit monoclonal to total-Rab10 (Abcam 

#ab237703), Rabbit monoclonal to Rab10 phospho-T73 (Abcam #ab230261, 1:2000), 

Rabbit monoclonal to AP2M1 phospho-T156 (Abcam #ab109397, 1:2000). The following 

antibodies used for immunocytochemistry as described above are as follows: mouse mon-

oclonal antibody to FLAG peptide (Sigma #F1804, 1:500), sheep polyclonal to TGN46 

(Biorad #AHP500G, 1:1000), rat monoclonal to myc-tag (Chromotek #9e1, 1:500), 

mouse monoclonal to Alpha Adaptin (Thermo #MA1-064, 1:500), mouse monoclonal to 

Transferrin Receptor (Thermo #H68.4, 1:500). Calyculin A protein phosphatase inhibi-

tor (ab141784) was dissolved in DMSO and used at concentrations ranging from 10 to 

50nM.  
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9 General Discussion: a brief summary 
 
Detailed specific discussions of the results in this thesis have been included in the ‘discus-

sion’ sections of each results chapter.  

 

Since the discovery of LRRK2, a large number of studies have attempted to decipher the 

cellular role of this protein.40,42 Towards this goal, I focused on identifying and character-

ising functional interacting partners of LRRK2. Initial results suggested LRRK2 and 

ARFAPTIN-2 interact in yeast but not in mammalian cells. These negative findings 

prompted me to perform an independent screen for protein interactors of LRRK2.  

 

Genetic evidence has pointed to the LRRK2 ROC-domain as a crucial determinant of 

PD risk.41,42,87,232 To better understand its cellular function, GST-ROC was incubated 

with aged brain and kidney lysates and affinity selected binding partners were identified 

using mass spectrometry. An appreciable number of protein interactors were uncovered 

from this analysis – many of which have not previously been explored in relation to 

LRRK2 function. GO enrichment analysis nominated several membrane-trafficking asso-

ciated pathways, each containing a subset of nominated binding substrates. Network 

analysis further demonstrated several direct interactions between candidate ROC-

interactors. Previously published data has implicated LRRK2 in the regulation of vesicu-

lar trafficking, making this a prime candidate for its cellular function.99,102,211 An siRNA 

screen was performed to determine if any ROC-domain interacting candidates could 

modify LRRK2 recruitment to the TGN. Collectively, these experiments nominated the 

AP2 complex as a modifier of LRRK2 localisation. Follow up experiments also demon-

strated loss of endogenous AP2α potentiates Rab-induced LRRK2 kinase activation.  
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Binding of AP2 components to the LRRK2 ROC domain was confirmed in both brain 

and kidney. The presence of an interaction between ROC and AP2 in kidney lead me to 

investigate the effects of LRRK2 KO on AP2 components. Several studies have reported 

profound age-dependent changes in the proteome of LRRK2 KO kidneys.114–116 Relative 

to their WT counterparts, aged KO animals demonstrated a significant reduction in 

clathrin and AP2 heavy and medial subunits, α, β and µ respectively. These findings in-

dicate AP2 is downregulated or degraded in the absence of LRRK2, although the precise 

mechanism by which this occurs is uncertain at this time. 

 

In cells, endogenous LRRK2 was shown to immunoprecipitate with the AP2 complex. 

Furthermore, AP2-LRRK2 interactions were conserved across WT and R1441C patho-

genic variant. Expression of the R1441C mutant was also observed to cause dephosphor-

ylation of AP2µ in the presence of phosphatase inhibitors. To further investigate the cel-

lular effects of LRRK2 pathogenic mutation, the endogenous distribution of AP2 was 

analysed. Immunofluorescence microscopy demonstrated AP2 punctae are dispersed 

throughout the cytoplasm with little defined localisation. However, expression of WT 

LRRK2 was capable of inducing a localised clustering of AP2 molecules. Strikingly, this 

phenotype was markedly reduced following expression of the R1441C mutant suggesting 

the distribution of AP2 molecules is sensitive to LRRK2 mutation. To understand the 

functional consequences of this pathogenic mutation, HEK293 cells were assayed for 

changes in CME efficiency. Relative to WT, expression of the R1441C mutant was ob-

served to significantly slow the rate of cellular transferrin internalisation. To investigate 

the role of endogenous LRRK2 in CME, transferrin internalisation was also assessed fol-

lowing knockdown of LRRK2 expression. As expected and in line with previously pub-

lished data, loss of AP2µ lead to a significant decrease in internalised transferrin.265 Im-

portantly, this cellular phenotype was replicated following depletion of endogenous 

LRRK2. These results are consistent with the R1441C pathogenic mutation impairing 
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the physiological activity of LRRK2. In light of these findings, the effect of LRRK2 mu-

tation on CME was explored in a PD-relevant cell type. In agreement with previous re-

sults, I observed a reduced capacity for synaptic vesicle endocytosis in primary neurons 

derived from R1441C knock in mice.  

The results presented in this study, alongside previously published data, point to a role 

for LRRK2 in vesicular trafficking.103,170,178,240 As well as LRRK2, several additional PD 

linked genes have been shown to intersect with membrane-trafficking pathways.300 To 

investigate a potential contribution of clathrin-associated genes to PD risk, polygenic risk 

analysis was performed on cohorts of PD-patients. A subset of clathrin-associated genes 

(as organised by GO), were enriched in PD patients relative to controls. The most signif-

icant being clathrin-dependent endocytosis (GO: 0072583). Critically, this analysis sug-

gests clathrin-associated trafficking is a PD relevant pathway.  

9.1 Future directions and open questions  
 
The work presented in this thesis could be expanded upon in a number of different ways. 

In the first results chapter, I show ARFAPTIN2-LRRK2 interactions occur in yeast but 

not in cells. However, it is unclear whether this is also true for the second discovered 

candidate, ARMER. Both LRRK2 and ARMER have been independently localised to 

the ER and shown to function in a protective capacity in response to ER stressors.203–

205,214 The next stage in this line of experimentation would be to perform IP experiments 

in HEK293 cells. This would ascertain if a direct interaction is conserved across cell-

types and in which different expression systems. ARMER has been suggested to function 

as a reticulon-like protein to regulate ER morphology.215,221 Considering LRRK2 has been 

previously implicated in ER function, irrespective of a direct interaction between LRRK2 

and ARMER, it remains possible that LRRK2 may influence ARMER activity.  

The strategy employed in this study was to identify interacting partners of the WT 
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ROC-domain of LRRK2. It would also be informative to repeat these experiments using 

the ROC constructs containing pathogenic mutations. The R1441C mutation has been 

shown to reduce GTPase activity leading to slowed GTP turnover.76 Furthermore, ROC-

domain pathogenic mutations significantly alter the binding affinity of several ROC in-

teractors.185,209 Identification of binding substrates that are sensitive to pathogenic muta-

tion may likely offer insight into cellular processes that are relevant to PD pathogenesis. 

To date, no heterologous interactors have been identified that bind ROC only when 

GTP or GDP bound. GTP-dependent protein binding has been reported for several 

GTPases, though whether there are similar GTPase effector proteins for LRRK2 remains 

unknown.223,225 

Having selected a subset of candidate interactors, I performed a targeted siRNA screen 

to investigate alterations in LRRK2-TGN localisation following knockdown of candidate 

expression. As previously discussed, all LRRK2 mutations that segregate with PD in 

families significantly increase this cellular phenotype. Previous data indicates GTP-

bound ROC is more readily activated by RAB29 and therefore, R1441G/C and Y1699C 

mutations promote Golgi-localisation.105 The mechanism of how kinase domain mutants 

facilitate increased Golgi recruitment is less clear, though a feedback mechanism of 

RAB29 phosphorylation has been proposed.105 In line with a previous study, knockdown 

of several candidate LRRK2 interactors increased LRRK2 Golgi recruitment.84 However, 

the mechanism by which this occurs is not yet known. One explanation is that RAB29 

competes with physiological interacting partners of LRRK2 to sequester it at the Golgi. 

Therefore, knockdown of certain genes prevents functional binding of LRRK2 and in-

creases the cytosolic pool available for RAB29 mediated activation. To extend current 

methods, live cell imaging could be employed to examine Rab-dependent recruitment to 

the TGN in real time. Imaging of LRRK2 under basal conditions, following RAB29 over-

expression and/or disruption of the AP2 complex may clarify the precise sequence of cel-
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lular events. Interestingly, depletion of AP2A1, AP2A2 and AP2M1 were found to modi-

fy LRRK2 localisation but not AP2B1 or AP2S1. Knockdown of AP2A1 was observed to 

cause reduced levels of the AP2µ subunit and may reflect AP2 complex instability. 

Whether this holds true for knockdown of other subunits or only those that specifically 

cause LRRK2 relocalisation could be investigated.  Critically, recruitment of AP2 to the 

membrane is mediated by binding of AP2α to PIP2 and AP2µ interactions with cellular 

cargo.264 It is possible that the loss of AP2 membrane associations is the principle factor 

causing increased translocation of LRRK2 to the TGN. Finally, the effects on AP2 

knockdown were only considered in the context of WT LRRK2. A recent study demon-

strated pathogenic mutations are capable of inducing a centrosomal phenotype that is 

mimicked with WT LRRK2 and RAB29 coexpression.201 The authors suggest LRRK2 

pathogenic mutations cause a gain of function that circumvents the need for RAB29 ac-

tivation. In later experiments, I showed AP2A1 caused increased kinase activation of 

WT LRRK2 though only in the presence of RAB29. If AP2 acts as a functional modifier 

of LRRK2, I predict that knockdown may cause kinase activation of LRRK2 mutants 

independently of RAB29 expression. Furthermore, if loss of AP2A1 exacerbates LRRK2-

pathogenic phenotypes, AP2 overexpression may act protectively. To investigate this 

hypothesis, mutation-specific phenotypes such as increased Rab phosphorylation or de-

creased neurite outgrowth could be analysed with or without AP2 expression.  

Interactions between LRRK2 and AP2 were demonstrated in tissue and cells with the 

ROC domain nominated as the chief binding site. However, targeted mutation of motifs 

associated with AP2 binding within the ROC domain did not appear to modify this in-

teraction. One possibility is that AP2 binds additional sites within the LRRK2 catalytic 

core. In HEK293 cells, FLAG-ROC expression is detected at much lower levels relative 

to other LRRK2 constructs, possibly owing to misfolding and degradation (data now 

shown). As an alternative, AP2-LRRK2 interactions could be investigated in YTH. This 
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approach may be effective in narrowing the precise interacting regions as previously de-

scribed for the interaction between LRRK2 and TUBB4 that was localised to a single 

amino acid.185 Alternatively, truncated GST-ROC constructs have been successfully em-

ployed to narrow down binding residues of CLC.103 Whether these same residues also 

mediate AP2 binding is unknown.  

In the presence of phosphatase inhibitors, expression of the LRRK2 R1441C mutant in-

duced dephosphorylation of AP2µ. The mechanistic details by which this occurs could be 

further explored. Specifically, repeating these experiments following siRNA knockdown 

or pharmacological inhibition of either AAK1 or PP2A (or both) may add clarity regard-

ing which protein is chiefly responsible for this effect. Alternatively, this phenotype may 

be related to mutation-specific differences in the distribution of AP2 vesicles. Fluorescent 

microscopy experiments could be expanded upon to ascertain whether LRRK2-dependent 

clustering of AP2 is associated with altered localisation with endosome markers. Phos-

phorylation of AP2µ has been shown to regulate binding with membrane protein sorting 

signals and so differences in co-localisation with early and recycling endosomes may be 

observed.274  

 

Depletion of either AP2 or LRRK2 in HEK293 cells was observed to inhibit transferrin 

uptake, suggesting both proteins function in the CME pathway. To investigate whether 

LRRK2 can compensate for AP2 loss, one approach would be to attempt a rescue of this 

phenotype by expression of LRRK2 in AP2M1 siRNA treated cells. This approach could 

also address the question of whether the R1441C mutant is capable of rescuing this phe-

notype. These experiments could be expanded to utilise non-functional kinase-dead and 

GTP-binding deficient LRRK2 mutants to determine which enzymatic activity is criti-

cally important for regulation of CME. Loss of LRRK2 was observed to cause a dramatic 

reduction in AP2 levels in kidney. Interestingly, primary kidney epithelial cells derived 
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from KO animals were reported to recapitulate several lysosomal protein changes.116 

LRRK2 KO primary kidney cells may offer an alternative model to study endocytic de-

fects. Furthermore, if depletion of AP2 is a primary consequence of LRRK2 KO, re-

placement of AP2 may be sufficient to rescue downstream changes in lysosomal enzyme 

trafficking.116  

 

In humans, LRRK2 is not expressed at especially high levels in dopaminergic cells and 

yet these are highly vulnerable to degeneration in PD. This may imply dopaminergic 

neurons are particularly sensitive to cellular dysfunction arising from LRRK2 mutation 

or might indicate a non-cell autonomous role for LRRK2 in PD. Analysis of primary 

neurons revealed mutation-dependent differences in activity-dependent endocytosis. 

However, LRRK2 mutant mice do not develop neurodegenerative phenotypes. As such, 

subtle defects in endocytosis appear insufficient to cause neuronal loss within the lifespan 

of a mouse. However, reduced rates of endocytosis may render neurons more sensitive to 

other toxic factors. Defective endocytic recycling has been posited to lead to an increase 

in cytosolic DA in nigral neurons.317 Excess cytosolic DA can place stress on neurons 

through production of neurotoxic derivatives including 6-OHDA and oxygen radicals 

through binding to intracellular iron.318 Neurons have developed a variety of mechanisms 

to protect themselves from cytosolic DA accumulation and so whether toxic levels are 

ever reached in the substantia nigra is unknown.318 It may be worth investigating wheth-

er synaptic defects in LRRK2 mutant mice are conserved in mid-brain neurons and sec-

ondly, whether these cells are more sensitive PD-relevant toxins such as MPTP or exces-

sive DA.  

 

The penetrance of the LRRK2 G2019S mutation is estimated to be as low as 24% at age 

80.319 Furthermore, LRRK2 mutation carrying monozygotic twins are frequently discord-

ant for PD.289 Incomplete penetrance of LRRK2 mutation carriers may indicate addition-
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al stochastic, environmental, lifestyle or other genetic factors are important in determin-

ing overall PD-risk in this cohort. Polygenic analysis presented in the final chapter sug-

gests common variants within clathrin-associated genes contribute to the risk of sporadic 

PD. Several studies have also suggested LRRK2 coordinates with other PD-genes in 

common cellular pathways.105,170,174,178,211 As such, it is possible genetic variability within 

clathrin-associated genes may act as a genetic modifier of LRRK2. It may therefore be 

informative to analyse whether these loci are also associated with disease incidence, age 

of onset or severity of symptoms within LRRK2 mutation carriers.  

 

In summary, the work presented in this thesis explores the role of LRRK2 in vesicular 

trafficking through identification of protein-protein interactions. I suggest AP2-LRRK2 

interactions are important for the regulation of CME and that LRRK2 pathogenic muta-

tion can functionally impair this pathway in cellular models. These findings contribute to 

the current understanding of LRRK2 biology and suggest CME dysfunction is highly rel-

evant to PD pathogenesis.  
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