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1 SUMMARY 

Parkinson’s disease (PD), the second most common neurodegenerative disorder, 

afflicts 1 – 2% of people over age 50. During the last decade, several genes 

associated to familial forms of PD have been discovered and have led to a greatly 

improved understanding of the molecular pathways putatively involved in the 

pathogenesis of PD. Recently, mutations in the gene encoding leucine-rich repeat 

kinase 2 (LRRK2) were revealed to be the most common genetic cause for late-onset 

PD.  

LRRK2 is a large multidomain protein kinase with a ROC-COR (ROCO) domain 

tandem archetypal for the ROCO protein family, providing a ROC domain capable of 

GTP binding and hydrolysis. Given the frequent dimerization of protein kinases, this 

study seeked to shed light on putative LRRK2 dimerization,  meanwhile an emerging 

theme in the field. Employing different experimental assays, the ROCO domain was 

mapped as the core interface directing LRRK2 dimerization. Moreover, 

homodimerization potential mediated by the respective ROCO domain was similarly 

revealed for the related ROCO kinases LRRK1 and DAPK1 (death-associated 

protein kinase 1). Intriguingly, heterodimerization potential among ROCO domains 

discovered in this study suggested a regulatory interplay between all three 

mammalian ROCO kinases. Whereas familial PD mutations in the ROCOLRRK2 

domain uniformly weakened ROCOLRRK2 homodimerization, regular self-interaction of 

GTP binding deficient ROCOLRRK2 mutants indicated independence from GTP. Most 

interestingly, challenging regular full length LRRK2 dimerization by co-expression of 

the ROCOLRRK2 fragment, a significant inhibitory effect on LRRK2 

autophosphorylation was disclosed. Importantly, the pathological augmented kinase 

activity of G2019S PD mutant LRRK2 was decreased identically. Consistent with 

weakened homodimerization, ROCOLRRK2 fragments containing familial PD mutations 

accordingly showed a reduced LRRK2 kinase inhibiting effect. 

Taken together, these findings suggest a general dimerization function for the ROCO 

domain, a notion supported by recent identification of bacterial ROCO domain 

dimerization. By virtue of its kinase inhibiting effect, the artificial ROCO fragment 

could serve as a blueprint for LRRK2 dimerization/kinase inhibitors, ultimately 

providing new therapeutic perspectives in the treatment of PD. 
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2 INTRODUCTION 

2.1 Parkinson’s disease 

Aged individuals, the fastest growing proportion in the western populations, are 

threatened by neurodegenerative diseases. As life expectancy rises, so does the 

occurrence of these foremost age-related disorders. Posing not only a major problem 

to public health systems, illnesses like Alzheimer’s or Parkinson’s also deprive the 

benefit of a longer life. Ongoing research efforts for elucidating principle causes and 

mechanisms underlying these debilitating brain diseases are essential to develop 

successful therapeutic strategies. 

What started out nearly 200 years ago with James Parkinson’s (1755 – 1824) 

observance of only six patients with distinct symptoms (1) these days is well 

recognized as the second most common neurodegenerative disorder after 

Alzheimer’s disease (AD). Putting at risk the ever increasing fraction of elderly 

people, Parkinson’s disease (PD) has made its way beyond science into lay media, 

economy and politics. While there is still no cure, the past two centuries have seen 

an enormous advance in the diagnosis, treatment and molecular understanding of 

this devastating neurologic disorder. 

 

2.1.1 Clinical definition 

PD is a chronic progressive neurodegenerative movement disorder clinically defined 

by tremor at rest, rigidity, bradykinesia and postural instabilty. The clinical symptoms 

– which were already accurately described by James Parkinson in his 1817 

monograph “An essay on the shaking palsy” (1) – also can occur in a variety of other 

neurological disorders and thus, the clinical entitiy delineated by James Parkinson is 

referred to as parkinsonism or the parkinsonian syndrome (2, 3). Essentially, PD is 

the most common cause of parkinsonism, accounting for ~80% of cases (4). 

For the vast majority of PD cases (~95%), etiology is unknown and thus the term 

idiopathic PD has been used. Confusingly, parkinsonism of known cause – if not part 

of another neurological disorder – is also called PD (familial PD if hereditary), even if 
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symptoms and pathology are not always strictly identical to idiopathic PD. Moreover, 

autopsy studies and genetic testing are not always available to ultimately confirm the 

clinical diagnosis. Thus, the term PD is commonly used to classify the four cardinal 

symptoms tremor at rest, rigidity, bradykinesia and postural instabilty, regardless of 

the exact etiology and pathology (5). 

Approximately 70% of patients notice tremor as the first symptom, usually starting in 

one of the hands (6, 7). Rigidity, which is an increased resistance to passive 

movement, initially is also often asymetrical. Bradykinesia is a general term to 

describe the overall slowness of voluntary movements and comprises akinesia 

(absence of movements) and hypokinesia (reduced amplitude of movement). 

Impairment of postural reflexes and disturbances of gait are a rather late 

manifestation of PD, occuring about 5 years from onset of disease (8). However, an 

accurate diagnosis of PD is complicated by several issues. In the first years of 

disease, the symptoms can be present intermittent. As PD is foremost a disease of 

the elderly, symptoms can also be mistaken as signs of normal aging. Indeed, 

parkinsonian features are known in the human aging process (9-11). Moreover, PD is 

a slowly progressing disorder, with disease symptoms being faint in the initial stages. 

Furthermore, parkinsonism also appears as part of other neurological disorders such 

as progressive supranuclear palsy, cortical-basal ganglionic degeneration, or multiple 

system atrophy (MSA), thus requiring a careful differential diagnosis (reviewed in 

(12)). 

 

2.1.2 Epidemiology and economic impact 

PD has a mean age of onset of 55 years, and the incidence (the number of new 

cases per year per 100000 population) increases with age, from 20/100,000 to 

120/100,000 at age 70 (4). Roughly, 1 – 2% of the ‘over 50’ population is affected, 

adding up to a current estimation of 1.5 million patients in the U.S. (13). Given similar 

demographic preconditions, up to 500,000 people are affected in Germany.  

Prevalence (the number of cases in a screened population) also increases with age, 

rising from 1.4 to 3.4% from age 55 to age 75 (14). 

PD itself is not fatal. However, it leads to physical disabilities that eventually can 

result in premature death (e.g. deep vein thrombosis, pulmonary embolism, 

aspiration, falls) (15). Before the use of levodopa, mean survival of PD patients was 
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approximately 9.42 years, whereas now, with the application of levodopa, patients 

live five years longer. Most studies suggest that this increase in life expectancy is 

indeed due to treatment and not because of socioeconomic and medical 

advancement that leads to a general increase in life span. Yet, life expectancy 

among PD patients remains shortenend in comparison to the normal population, not 

to mention the severe disability patients suffer from in late stages of the disease 

(reviewed in (16)). 

Health care expenses are on the rise, and so are costs for PD. The economic burden 

caused by PD comprises not only direct cost like medication and other treatment, but 

also indirect cost like loss of productivity or informal care by family members. The few 

available studies suggest that these indirect costs account for the main part of the 

overall economic burden of PD. Moreover, expenses increase with disease stage. 

Estimates in the U.S. assessed the economic impact of PD to roughly $25.4 billion in 

1998, compared to $116 billion for dementing diseases and $697 million for epilepsy 

(17). The Parkinson’s disease foundation calculated the per-individual yearly cost of 

PD at $24,425 in 1998, with about one third being direct medical costs (18). In 

Germany, a study estimated the three-month mean direct health care costs to 5210 

DM (2664 EUR) in 1995 (19). Introduction of new anti-PD drugs will be also 

increasingly charging health care systems. Thus, it is crucial to carefully evaluate the 

effectiveness of new treatments, which should at the same time alleviate the patient’s 

suffering and be affordable for health care systems. 

 

2.1.3 Neuropathology 

The pathological hallmarks of PD are the profound and selective loss of 

dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc), and the 

occurrence of cytoplasmatic proteinacious inclusions called Lewy bodies (LBs). While 

the clinical diagnosis of PD relies on the cardinal symptoms, postmortem 

identification of both SNpc dopaminergic neuron loss and LBs is required for a 

definite diagnosis of PD (4). 

DA neurons project from the SNpc primarily to the putamen (Fig. 2-1), and their 

demise leads to a pronounced putamenal dopamine deficiency, which is causal for 

the motor symptoms of PD (20). It is estimated that dopamine in the putamen is 

depleted ~80% at the onset of symptoms, with ~60% of DA neurons already lost (4). 
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Importantly, the pattern of DA neuron loss in PD is distinct from that in normal aging 

(21). The lack of dopamine can be compensated with levodopa, a precursor of 

dopamine which crosses the blood brain barrier and is metabolized to dopamine. To 

date, there is no therapy which halts neurodegeneration, and levodopa is the gold 

standard in PD symptomatic therapy since its approval 40 years ago. 

 

 
Figure 2-1. Scheme of the nigrostriatal pathway in health and PD (modified from (4)). 

(A) In health, dopaminergic neurons project from the substantia nigra pars compacta (SNpc) 
to the putamen and caudate nuclei of the striatum (red lines). Neuromelanin production in the 
cell bodies of the dopaminergic neurons of the SNpc is demonstrated by normal 
pigmentation (see arrows in photograph). (B) In PD, dopaminergic neurons in the SNpc 
degenerate (pigmentation dissapears, see arrows in the photograph). Neurons projecting to 
the putamen are more heavily affected than neurons projecting to the caudate nucleus 
(dashed red line vs. thin red line). 
 

The archetypal LB is found as a round or spherical eosinophilic inclusion in brainstem 

sites of PD patients (Fig. 2-2), but LBs are also detected in other brain regions such 

as the cerebral cortex (22, 23). However, LBs are not specific for PD and are 

encountered in normal aging and other brain disorders, and thus the role of LBs in 
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cell death and PD is discussed controversial. LBs are aggregates consisting of 

various proteins including α-synuclein (the main constituent), ubiquitin, 

neurofilaments and chaperones, and they are found in all affected brain regions (24, 

25). Indeed, neurodegeneration in PD goes well beyond the commonly mentioned 

dopaminergic system and can affect noradrenergic, serotonergic and cholinergic 

systems as well (26). Furthermore, there is an overall increase of iron content in the 

PD brain, whereas the iron binding protein ferritin is reduced. This results in a higher 

fraction of non-ferritin-bound iron, which is potentially toxic and capable of catalyzing 

free radical formation (27). Thus, the main lesion in the SN differentially affects the 

whole brain metabolism. 

 

 
Figure 2-2. LB pathology (modified from (4)). 

Immunohistochemical labeling of intracellular inclusions termed Lewy bodies (LBs) with 
antibodies against α-synuclein (left photograph) and ubiquitin (right photograph). 
 

2.1.4 Etiology 

The cause for idiopathic PD remains obscure. Whereas the environmental toxin 

hypothesis prevailed for much of the 20th century, the discovery of inherited PD due 

to gene mutations provided much understanding of mechanisms underlying 

neurodegeneration in PD. However, it remains unknown if mechanistic concepts 

delineated from familial cases will also hold true for sporadic PD. Most probably, both 

environmental and hereditary factors play a role in the etiology of PD. 

 

Environmental factors 

According to the environmental toxin hypothesis, exposure to an exogenous 

dopaminergic toxin leads to PD-related neurodegeneration. Actually, epidemiological 
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studies list a number of factors increasing the risk to contract PD, among them 

pesticides and herbicides, farming-associated exposures, as well as residence in a 

rural environment (28). Moreover, smoking cigarettes and drinking coffee seem to be 

inversely related to the risk for development of PD (29). 

The environmental toxin hypothesis was strongly supported by the finding that people 

intoxicated with MPTP (1-methyl-4-phenyl, 1, 2, 3, 6-tetrahydropyridine, a byproduct 

originating from drug synthesis) developed a clinical syndrome nearly identical to PD 

(30). The lipophilic MPTP readily crosses the blood-brain barrier (31) and is 

metabolized in glial and serotonergic cells to its active neurotoxic form MPP+. 

Following uptake into nerve terminals by dopamine transporter (32, 33), it is 

concentrated in mitochondria (34) and blocks oxidative phosphorylation and ATP 

production by inhibiting complex I of the respiratory chain (35). Subsequently, ATP 

depletion as well as oxidative stress (through generation of reactive oxygen species 

(ROS) due to complex I inhibtion) could lead to neurodegeneration. Interestingly, the 

herbicide paraquat is structurally similar to MPP+, and the insecticide rotenone 

similarly inhibits mitochondrial complex I, and both compounds are used to model PD 

in animals. Thus, a chronic exposure to MPTP-like agents may lead to PD, however, 

no such substances could be detected in the brain of PD patients (4). 

 

Genetic factors 

A contribution of genetic factors to PD was long denied, as many studies did not find 

significant differences in concordance rates of parkinsonism between mono- and 

dizygotic twins (36-41). However, these studies did not account for subclinical PD, 

possibly resulting in lowered concordance rates. In contrast, a study assessing 

dopaminergic dysfunction with positron emission spectroscopy (PET) applying [18F]-

DOPA detected significant higher concordance rates among monozygotic twins, 

suggesting a genetic contribution in PD (42). 

Concordantly, genetic studies could reveal genetic linkage of PD to distinct genetic 

loci in families with hereditary PD. To date, eleven genes with mutations associated 

to familial PD have been identified, five of which have been clearly confirmed to 

cause monogenic disease similar or identical to idiopathic PD ((5), table 2-1). An 

overview of current knowledge about the function of these genes is given in the 

following section. 
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Acronym Mode of inheritance Locus Gene/protein 

    
PARK1 autosomal-dominant 4q21-q23 SNCA/ α-synuclein 

PARK2 autosomal-recessive  6q25.2-q27 Parkin 

PARK6 autosomal-recessive 1p35-p36 PINK1 

PARK7 autosomal-recessive 1p36 DJ-1 

PARK8 autosomal-dominant 12q12 LRRK2 
    
Table 2-1. Genetic loci associated to PD. 

 

PARK1: α-synuclein 

In 1997, the first mutation causing PD was detected in the gene encoding α-synuclein 

(43), leading to a substitution of alanine to threonine at amino acid (aa) position 53 

(A53T). To date, two more missense mutations (A30P and E46K) as well as gene 

duplications and triplications have been found (44-46), the latter resulting in 

heightened α-synuclein expression levels. PARK1 PD is a very rare condition with a 

clinical appearance similar to idiopathic disease, but may have an earlier age of 

onset (47). Interestingly, α-synuclein protein dosis seems to correlate with disease 

severity, as patients with a gene triplication show an earlier age of onset and a 

aggravated phenotype compared to persons with a gene duplication (48, 49). 

The physiological function of α-synuclein is still a matter of intense research. Among 

the proposed roles for this natively unfolded presynaptic protein have been synaptic 

vesicle recycling, storage and compartimentalization of neurotransmitters (50-52). 

Due to its hydrophobic non-amyloid-β component (NAC) domain, α-synuclein has an 

increased propensity to aggregate. Indeed, fibrillar α-synuclein was found to be the 

main constituent of LBs, suggesting a role for α-synuclein aggregation in the 

pathogenesis of PD (24). This assumption is supported by recent in vivo data 

showing α-synuclein aggregation is dependent on its NAC domain (53). Moreover, C-

terminally truncated human α-synuclein expressed in mice (on a α-synuclein null 

background) similarly induced formation of pathological inclusions, suggesting that C-

terminal truncation could be an important regulator of aggregation (54). Furthermore, 

phosphorylation at Ser129 apparently promotes aggregation, and α-synuclein 

phosphorylated at S129 is a major component of LBs (55). However, it is currently 

unclear whether LB-like aggregation of misfolded proteins in PD is toxic or protective 
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for the neuron. There is evidence suspecting oligomeric rather than fibrillar protein 

species to be the pathogenic agent. For instance, hydrophobic oligomeric α-synuclein 

could generate membrane pores leading to neurotransmitter leakage and toxicity 

(56). 

Interestingly, mice transgenic for human A53T α-synuclein develop mitochondrial 

pathology, suggesting another link to PD pathogenesis. Moreover, biochemical 

analyses have demonstrated involvement of α-synuclein in cellular pathways crucial 

for the integrity of dopaminergic neurons (reviewed in (13)). 

 

PARK2: Parkin 

Mutations in the gene encoding Parkin are the most common genetic cause for early-

onset PD, being responsible for ~49% of familial and ~19% of sporadic early-onset 

PD cases (57, 58). Whereas patients present with PD-typical nigrostriatal neuron 

loss, they usually do not show classic LB pathology (59-61). The disease was initially 

described to be inherited in an autosomal-recessive manner. However, certain 

missense mutations seem to be inherited in an autosomal-dominant way, and 

controversial evidence suggests that possession of a single Parkin mutation raises 

the likelihood of developing PD (62, 63). 

Parkin functions as an E3 ubiquitin protein ligase by targeting misfolded ubiquitin-

tagged proteins to the proteasome for degradation, and loss of this enzymatic activity 

due to mutations leads to early-onset PD (58, 64, 65). Thus, accumulation of 

misfolded proteins due to missing proteasome targeting is suggested to play a role in 

PD pathogenesis. Concordantly, some substrates of Parkin have been found to 

accumulate in Parkin and sporadic PD patients as well as parkin knock out mice (66, 

67). Moreover, Parkin appears as a neuroprotective protein (68) implicated in pro-

survival pathways important for dopaminergic neuron integrity (69, 70). Several 

studies revealed a functional connection to other PD genes. For instance, Parkin 

rescues mitochondrial dysfunction, muscle degeneration and dopaminergic cell loss 

due to PINK1 (see next page) inactivation in flies (71-73). Whereas age-dependent 

dopaminergic neurodegeneration due to mutant Parkin in flies argues for a toxic gain-

of-function mechanism, Parkin knock out mice as a loss-of-function model did not 

show nigral degeneration (74, 75). Thus, Parkin can be considered as a multipurpose 

neuroprotective protein with a rather selective neuroprotective efficiency. 
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PARK7: DJ-1 

Loss-of-function mutations (exonic deletions, truncations, homo- and heterozygous 

point mutations) in the DJ-1 gene cause 1-2% of all early-onset PD cases (76, 77).  

DJ-1 is a homodimeric protein with ubiquitous expression in various mammalian 

tissues including brain (78). A fraction of DJ-1 is localized at the mitochondrion (79). 

Whereas DJ-1 co-localizes with tau and α-synuclein in other neurodegenerative 

disorders like AD and MSA, it is not present in LBs (80). 

The precise functional role of DJ-1 is unclear so far. Among proposed functions are 

antioxidant, transcriptional co-activator and chaperone activity. Antioxidant, redox 

sensor-like features of DJ-1 are supported by data proposing a ROS (reactive 

oxygen species) scavenging function through eliminating hydrogen peroxide via self 

oxidation. Moreover, overexpression of wild type protein both in vitro and in vivo 

protects against injuries due to oxidative stress, most probably mediated by 

stabilizing transcription of antioxidant genes (81-84). Redox-dependent chaperone 

activity of DJ-1 was reported to inhibit α-synuclein aggregation and subsequent cell 

death, and under conditions of oxidative stress, DJ-1 interacts with α-synuclein in 

vitro (85-87). Mutant and oxidized DJ-1 tends to be unstable at the protein level. A 

contribution of DJ-1 to PD pathogenesis is supported by mouse models lacking DJ-1, 

which are sensitized to MPTP toxicity. Finally, transcriptional upregulation of tyrosine 

hydroxylase expression by DJ-1 may be important for maintenance and survival of 

dopaminergic neurons (reviewed in (88)). 

 

PARK6: PINK1 

In 2004, mutations in the PINK1 (phosphatase and tensin [PTEN] homolog-induced 

putative kinase 1) gene were found to cause early-onset familial PD (89). Patients 

show disease onset at an average age of 35 years, with a phenotype 

indistinguishable from other forms of early-onset PD (90, 91). Similar to Parkin-

related PD, inheritance is autosomal-recessive, and a single PINK1 mutation seems 

to predispose an individual to PD (92). PARK6-related PD is a rather rare condition, 

with 2 – 3% of early-onset patients showing PINK1 (homozygous) mutations (90, 93). 

Currently, the precise function of PINK1 remains elusive. Its mitochondrial 

localization and a clustering of mutations in the kinase domain suggest roles in 

mitochondrial dysfunction and kinase pathways relevant for PD pathogenesis (94, 

95). The highly conserved kinase domain belongs to the Ser/Thr kinases of the 
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Ca2+/calmodulin family and undergoes autophosphorylation, yet no putative kinase 

substrates have been identified so far. In contrast to PINK1 with familial PD 

mutations, wild type protein confers protection from stress- or toxin-induced 

mitochondrial dysfunction and apoptosis in vitro, suggesting a pathologic loss-of- 

function mechanism leading to PINK1-related PD (89). Concordantly, PINK1 

mutations affect protein stability (96). Furthermore, proteasomal stress reportedly 

enables altered cleavage of PINK1, impairing its function and possibly promoting its 

aggregation in LBs (96-98). In flies, PINK1 loss-of-function leads to muscle and 

dopaminergic degeneration due to mitochondrial dysfunction, a phenotype rescued 

by overexpression of Parkin (71-73). Thus, PINK1 and Parkin could act in a common 

biochemical pathway. 

 

2.1.5 Pathogenesis 

The discovery of gene mutations causing PD greatly advanced the understanding of 

pathological molecular mechanisms leading to hereditary parkinsonism and 

complemented knowledge from anatomical and histological studies. However, 

genetic defined PD is rare, and the vast majority of cases are sporadic. If mechanistic 

knowledge from familiar PD is suited to develop treatment strategies for sporadic PD 

can be questioned; yet, the nearly identical neuropathology argues for a similar 

pathogenesis of both PD forms and provides a solid basis for further attempts to 

delineate the molecular cascade leading to familial PD. 

From a multitude of studies analyzing toxic PD models as well as sporadic and 

familial PD, two major hypotheses about the pathogenesis of PD have emerged. One 

states that abnormal folding and aggregation of proteins lead to dopaminergic cell 

death, whereas the other suspects mitochondrial dysfunction and the resulting 

oxidative stress as the perpetrator. A closer inspection reveals a possible mutual 

influence of both hypotheses (Fig. 2-3). Thus, it will be a demanding scientific task to 

disentangle the strongly intertwined events leading to PD. 
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Figure 2-3. Pathways leading to PD (modified from ( 88)). 

One main pathway to parkinsonism arises from protein accumulation and impairment of the 
ubiquitin-proteasome-system (UPS), whereas mitochondrial dysfunction and oxidative stress 
are engaged in the other prominent track to PD-associated cell death. Both pathways have a 
multitude of putative interaction points, as most familial genes are thought to impact on both 
sides. Beyond, PD genes seem to be closely intertwined themselves. For instance, α-
synuclein misfolds and aggregates, accordingly challenging the UPS. Concurrently, it has 
deleterious effects on the mitochondrion, which in turn can result in oxidative stress. 
Accumulation of α-synuclein is suspected to be inhibited by DJ-1, and Parkin could detoxify 
abberant α-synuclein via the proteasome. In contrast to α-synuclein, Parkin is preventing 
protein accumulation by targeting misfolded ubiquitin-tagged proteins to the proteasome for 
degradation. Simultaneously, it is suggested to have a protective effect on mitochondria, 
similar to the other recessive PD genes DJ-1 and PINK1. The positioning of LRRK2 in this 
complicated meshwork is not yet clear. Abberant protein phosphorylation by overactive 
LRRK2 could lead to protein accumulation or induce pro-apoptotic pathways (for a more 
detailed overview of PD gene functions, see text). Besides the function of PD genes, the 
main components of both pathways are interrelated by feedback and feedforward 
mechanisms. For example, oxidative stress is generated by UPS failure and mitochondrial 
dysfunction, both of which in turn lead to oxidative stress. Activating and inhibiting effects are 
depicted by arrows and bars, respectively. Protective impact is colored blue, deleterious 
influence is colored black. PD genes are highlighted in red. 
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Protein accumulation and the ubiquitin-proteasome-system (UPS) 

Abnormal deposition of proteins in brain tissue is encountered in several 

neurodegenerative diseases. Besides PD, typical examples comprise AD and 

Huntington disease. Although localization of aggregates differs (intra vs. 

extracellular), this common feature suggests that excessive protein accumulation is 

toxic to neurons. Toxicity could be conferred either directly (by deforming the cell or 

impairing intracellular trafficking) or indirectly (by sequestering proteins needed for 

normal cellular function) (4). However, it is still debated which conformation of 

accumulated proteins is toxic. Recent data suggests that soluble aggregates 

(oligomers) may be the neurotoxic species, whereas inclusion formation could be an 

attempt to detoxify soluble misfolded proteins. This view is supported by the finding 

that chaperones can protect from neurodegeneration (99-102). 

In the cell, abnormal protein aggregation and degradation of misfolded proteins by 

the UPS are closely interrelated. If proper refolding by chaperones fails, misfolded 

proteins are tagged with ubiquitin and deconstructed by the proteasome (103). Thus, 

impairment of one of the UPS components will also lead to abnormal protein 

accumulation. In turn, excess amounts of aggregated proteins could inhibit the UPS. 

Ultimately, both processes could potentiate each other in a vicious circle. 

Essentially, both phenomena are involved in familial PD (see overview of PD genes 

above). In sporadic PD, oxidative stress may lead to abnormally oxidized proteins 

prone to misfolding. Actually, abnormal oxidation of proteins increases with age (104) 

and could lead to an overload of the UPS due to misfolded proteins.    

 

 

Mitochondrial dysfunction and oxidative stress 

Similar to protein aggregation and the UPS, mitochondrial dysfunction and oxidative 

stress are closely intertwined. Due to the production of free radicals like hydrogen 

peroxide and superoxid during respiration, the mitochondria are the major 

intracellular site of ROS generation. Conversely, oxidative damage of lipids, protein 

and DNA by ROS in turn can culminate in dysfunction of cellular organelles, including 

the mitochondrion and its electron transport chain (105). 

Apart from familial PD genes associated to oxidative stress (see overview of PD 

genes above) and beyond the discovery of the complex I inhibitor MPTP as a toxin 
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inducing PD-identical symptoms and pathology, additional evidence for an 

involvement of mitochondrial dysfunction and oxidative stress in the pathogenesis of 

PD has been found. Analyses of postmortem PD brains revealed a heightenend level 

of biochemical markers for oxidative stress (106, 107). Moreover, activity of complex 

I is decreased above average in PD patients, especially in the SN. In contrast, MSA 

patients, who also develop degeneration of the SN, do not show complex I defects, 

suggesting that its decrease in PD patients is not a secondary event following 

neuronal degeneration but could rather be causal (108). Other potential sources of 

oxidative stress include generation of ROS during dopamine metabolism or catalysis 

by free iron (which is increased in PD brains). Furthermore, dopaminergic neurons 

could be more vulnerable to oxidative stress because of compromised antioxidant 

mechanisms. For example, levels of glutathion, an important detoxifier of hydrogen 

peroxide, are reduced in the SNpc of PD patients, but are normal in other brain 

regions (109). 

However, mutations directly affecting oxidative phosphorylation usually do not lead to 

parkinsonism. Thus, oxidative phosphorylation and ROS abnormalities do not seem 

to be the primary cause of PD (4). 

 

2.2 PARK8: Leucine-rich repeat kinase 2 (LRRK2) 

Point mutations in the gene encoding leucine-rich repeat kinase 2 (LRRK2) are the 

most common cause for autosomal-dominant, late-onset PD (110, 111). Located at 

the PARK8 locus on chromosome 12 described in 2002 (112), successful positional 

cloning of LRRK2 was achieved in late 2004 (110, 111). Several unique findings 

argue for a highly important role of LRRK2 in the pathogenesis of parkinsonism and 

maybe even in upstream events leading to neurodegeneration. 

 

2.2.1 Phenotype and neuropathology 

Clinically, PARK8 parkinsonism is indistinguishable from idiopathic PD. Patients 

mostly become affected in their 5th decade (‘late-onset’) and present with the well-

known cardinal symptoms of tremor at rest, rigidity, bradykinesia and postural 
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instabilty. However, this uniformity in symptoms is not always reflected in 

histopathological findings. LRRK2 neuropathology can be diverse and even vary 

within the same family. Besides the compulsory collective degeneration of 

dopaminergic neurons in the SNpc, neuropathological manifestations range from 

α-synuclein positive Lewy bodies in the brainstem (classical PD) and more 

widespread Lewy bodies (Lewy Body Disease) to tau pathology reminiscent of 

progressive supranuclear palsy (113). Thus, LRRK2 apparently is involved in both 

α-synucleinopathy as well as tauopathy. Surprisingly, there are also patients showing 

neither α-synuclein nor tau aberrations (110). However, most patients display 

classical Lewy body pathology. 

2.2.2 Structure 

The 51 exons of LRRK2 encode a very large multi-domain protein with 2527 aa, 

adding up to a calculated molecular weight of ~286kD (Fig. 2-4A). In silico analyses 

predict several putative protein binding domains, located in the N-terminal half 

(Armadillo repeats, ankyrin repeats and leucine-rich repeats) and at the C-terminus 

(WD40 domain). These domains enframe the putative catalytic core consisting of a 

ROC (Ras of complex proteins), COR (C-terminal of ROC) and kinase domain (114). 

Only the region between the ankyrin and leucine-rich repeats (aa 800 – 1000, 

designated ‘Mid’) does not seem to have a known domain signature and is probably 

natively unfolded (A. Lupas, MPI for Developmental Biology, Tübingen, personal 

communication). The particular ROC-COR domain combination is the archetypal 

signature of the so-called ROCO protein family (see 2.3). Whereas the ROC domain 

shows sequence similarity to Ras/Rab-like small GTPases, the invariably following 

COR region does not resemble any known protein domain (115). The kinase domain 

reveals closest sequence homology to MAPKKKs of the MLK(mixed-lineage kinase)-

type.  
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Figure 2-4. Domain architecture of mammalian ROCO k inases. 

(A) Domain structure of LRRK2. The catalytic domain core consisting of a ROC/GTPase, 
COR and kinase domain is enframed by several putatively protein binding domains (colored 
in blue). The ARM domain was also described as an unique N-terminal LRRK2 repeat (116). 
(B) The LRRK1 domain structure shows a very similar composition to LRRK2. Apart from the 
ARM and MID domain, all domains from LRRK2 are also present in LRRK1, including the 
well-conserved ROC-COR-kinase core. (C) Domain structure of DAPK1. The more distant 
relationship to the LRRK proteins is reflected in a quite different domain architecture. The 
kinase domain is located N-terminally, and a death domain (DD) is following the ROCO 
domain tandem. ARM, armadillo; ANK, ankyrin; LRR, leucine-rich repeat; ROC, Ras of 
complex proteins; COR, C-terminal of ROC; Ca, Ca2+/Calmodulin regulatory domain; DD, 
death domain. 
 

Information on LRRK2 crystal structure is scarce. Recently, the isolated ROC domain 

was described to exist as a unique ROC dimer, with parts of both monomers 

contributing to the dimer interface (‘domain-swapping’) (117). In contrast, crystal 

structures derived from the COR and ROCO fragments of the Chlorobium tepidum 

Roco protein suggest a dimerization via the C-terminal subdomain of the COR 

domain (118), challenging the accuracy of the domain-swapped ROC dimer. 

Obviously, more structural analyses complemented by functional assays will be 

needed for determining the crystal structure of human LRRK2. Nevertheless, LRRK2 

dimerization is an emerging theme (see 2.2.5). 
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2.2.3 Expression and localization 

A multitude of studies analyzing LRRK2 mRNA and protein levels have demonstrated 

its ubiquitous expression pattern. Alongside robust expression throughout the human 

and rodent brain, LRRK2 is also expressed in various peripheral tissues including 

heart, lung, liver, and kidney (110, 111, 119-121). Actually, expression levels seem to 

be more prominent in peripheral tissues compared to brain (111). In the human and 

rodent brain, LRRK2 mRNA and protein expression is encountered particularly in the 

striatum (caudate and putamen), hippocampus, cortex and cerebellum, and could be 

detected in a variety of neuronal cell types. While data about expression in the SNpc 

is conflicting, there is wide consent about significant LRRK2 expression in 

dopaminoceptive areas (110, 111, 121-128). 

On the subcellular level, LRRK2 has consistently been shown as a cytosolic protein, 

partly associated with cytoskeletal or membranous fractions (119-121, 129, 130). 

LRRK2 was detected at the outer mitochondrial membrane (119), and EM analyses 

suggest association to membranous/vesicular structures like ER or Golgi, yet no 

asssociation to synaptic vesicles has been found (121). Furthermore, LRRK2 was 

proposed to be localized to lipid rafts, special cell membrane ‘domains’ with distinct 

composition and importance for signal transduction (131).  

 

2.2.4 Mutations 

LRRK2 mutations are scatterd throughout the whole gene sequence and occur at a 

high frequency in both familial and sporadic PD. Actually, mutation in LRRK2 is the 

most common known genetic cause of PD. To date, nearly 30 mutations have been 

identified (Fig. 2-5). Among these, seven variants show disease segregation and are 

thus thought to be definitely pathogenic (132). Interestingly, all pathogenic mutations 

are located in the C-terminal half of LRRK2. Special interest has been raised by the 

most common mutation G2019S, located in the LRRK2 kinase domain. It is 

accounting for 2 – 8% of hereditary and 0,6 – 1,6% of sporadic cases (133-138). In 

distinct ethnic populations, G2019S frequency is even higher and ranges from 11% in 

Portuguese and 20% in Ashkanezi Jewish to 40% in North African Arab PD 

populations (139-141). In contrast, this variant is much less common in asian 

populations (142, 143). Furthermore, penetrance for this mutation increases with age 
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(134, 140, 144). However, due to the large size of LRRK2, most genetic studies 

analyzing mutations focus on regions with known variants, particularly the G2019S 

mutation. Thus, these constricted screening approaches could reflect a biased 

representation of the occurrence of LRRK2 mutations in PD (132). 

 

 
Figure 2-5. Mutations in LRRK2. 

Nearly 30 aa substitutions in LRRK2 patients have been identified (132). Mutations 
confirmed to be pathogenic are highlighted in red, mutations used in this study are depicted 
invertedly. Note that pathogenic mutations cluster in the C-terminal half of the protein. 
 

2.2.5 Putative functions and effects of mutations 

Despite great efforts to elucidate its function in health and disease, the 

(patho)physiological role(s) of LRRK2 remain obscure. Nevertheless, there is a 

considerable amount of mostly in vitro data revealing hints of how LRRK2 might 

work. 

 

Kinase activity 

As expected from its kinase domain, LRRK2 in vitro functions as a serine/threonine 

kinase. Besides autophosphorylation, phosphorylation of the generic substrate MBP 

has been shown (119, 129, 145, 146). Recently, a kinase substrate screen identified 

the ERM (ezrin, radixin, moesin) proteins as more specific in vitro LRRK2 substrates 

(147), which now await confirmation in physiological settings. Biochemical studies 

analyzing the effects of PD associated mutations on kinase activity have yielded 

ambigous results. Whereas G2019S modestly but concordantly augments kinase 

activity in vitro (119, 130, 145, 147), effects for other pathologic mutations are less 

clear. Another mutation in the kinase domain, I2020T, has been demonstrated to 

either increase or decrease kinase activity (129, 145, 147). Mutations in the ROC 

(R1441C, R1441G) and in the COR domain (Y1699C) were reported to increase 

activity, while other studies did not find any impact of these mutations (119, 130, 145, 
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147). Furthermore, mutations I1371V (ROC) and G2385R (WD40) do not appear to 

affect kinase activity (145), and I2012T (kinase domain) was reported to reduce 

activity (145, 147). The discrepancies between these studies are most probably due 

to differing experimental procedures and readouts (variable expression systems, 

purifying conditions, and in vitro substrates; full length LRRK2 vs. LRRK2 fragments) 

and clearly warrant ongoing analysis of effects of pathogenic mutations on LRRK2 

kinase activity, preferably in more physiological settings. 

 

GTP binding and hydrolysis 

By sequence similarity, the LRRK2 ROC domain belongs to the Ras/GTPase 

superfamily (115), suggesting LRRK2 GTP binding and hydrolysis activity. Indeed, a 

multitude of studies has demonstrated binding of GTP to LRRK2 and the LRRK2 

ROC fragment, respectively (145, 146, 148-150). However, definite proof for intrinsic 

LRRK2 GTPase activity is not at hand. Whereas LRRK2 purified from transgenic 

mouse brain demonstrated robust GTPase activity (148), studies analyzing cultured 

cells noticed only very low levels or no GTPase activity at all (148-150). 

Consequently, assessment of the effects of mutations on GTP binding and hydrolysis 

are not yet reliable. Several mutations have been proposed to increase GTP binding 

(R1441C, R1441G, I1371V, Y1699C) and ROC mutations R1441C and R1441G 

reportedly decrease GTPase activity (145, 148, 149). 

In common cellular signal transduction pathways, GTPases frequently stimulate  

MAPKKKs by an intermolecular activation mechanism. In LRRK2, both GTPase and 

kinase activity are contained within a single protein, suggesting that the GTPase –

kinase activation cascade could also run in an intramolecular mode. Actually, GTP 

binding to the ROC domain was found to stimulate LRRK2 kinase activity, and 

artificial mutations rendering LRRK2 GTP binding deficient consequently led to 

decreased LRRK2 kinase activity (145, 146, 150). Thus, the LRRK2 ROC domain is 

apparently able to activate the kinase domain by an unknown intramolecular 

mechanism. Hence, mutations outside the kinase domain still could affect kinase 

activity by perturbing GTP binding or influencing the hypothesized intramolecular 

kinase activation mechanism. 
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Toxicity, pathways and binding partners  

In vitro expression of several LRRK2 mutant proteins (R1441C, Y1699C, G2019S 

and I2020T) reportedly led to toxicity in cultured cells, and some variants apparently 

resulted in formation of protein aggregates. The toxic effects of the LRRK2 mutants 

were found to be dependent on an intact kinase domain. Abolishing GTP binding 

(K1347A) led to a decrease in cell toxicity, supporting the hypothesis of an 

intramolecular kinase activation mechanism involving GTP binding via the ROC 

domain (130, 145, 146, 151, 152). 

Despite its proposed function as a kinase of the MAPKKK-type, so far LRRK2 could 

not be assigned convincingly to one of the three major MAPK signal transduction 

pathways. One study noticed an upregulation of total c-Jun after LRRK2 

overexpression in cell culture, but overall effects on signal transduction cascades 

described were independent from GTPase and kinase activity as well as from LRRK2 

mutations (145). In differentiated SH-SY5Y cells, a MEK inhibitor apparently 

attenuated G2019S LRRK2-induced neurite shortening and neuritic autophagy, 

associating LRRK2 to the ERK pathway. Yet, phosphorylation of ERK upon 

overexpression of G2019S LRRK2 was not convincingly shown by this study (153). 

Likewise, data on putative LRRK2 binding partners – despite various predicted 

protein binding domains – is sparse. An in vitro interaction with Parkin (152) was 

never reproduced just as well as an in-depth analysis of various proposed candidate 

binding partners is still lacking (154). Recently, LRRK2 was demonstrated to be 

stabilized through binding to HSP90 (155) and proposed to interact with α/β-tubulin 

(156). 

 

Dimerization 

Dimerization is a general feature of many protein kinases. However, evidence for 

LRRK2 dimerization is just emerging and putative LRRK dimerization is for the first 

time thoroughly scrutinized in the present study. Previously, co-immunoprecipitation 

of differentially tagged LRRK2 constructs co-expressed in cell culture (129) as well 

as the crystal structure of a LRRK2 ROC domain dimer (117) provided initial 

evidence for a possible dimerization of LRRK2. Recently, LRRK2 was demonstrated 

to exist predominantly as a dimer by gel filtration and blue native PAGE experiments. 

LRRK2 constructs with impaired kinase activity (K1906M, K1347A) seemingly tended 

to form higher-order oligomers, suggesting that the dimer could be the physiologically 
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active form of LRRK2 (157). However, discerning the functional relationship between 

kinase activity and dimerization remains demanding. Greggio and colleagues could 

not find evidence for transphosphorylation of kinase dead LRRK2 by wild type 

protein, thus drawing the conclusion that phosphorylation of LRRK2 is an 

intramolecular event (157). In contrast, a previous study noticed phosphorylation of a 

purified kinase dead COR-kinase fragment by a purified active kinase fragment, 

pointing at intermolecular phosphorylation (158). Beyond the exact mechanism of 

phosphorylation, the question of what comes first – phosphorylation or dimerization – 

is still to be solved. 

 

Putative (patho)physiological functions  

Only a few studies provide clues for LRRK2’s putative (patho)physiological function. 

So far, the most prominent phenotype associated with mutations in LRRK2 is neuritic 

retraction observed in LRRK2 transfected cultured cells, pointing at an involvement of 

LRRK2 in growth cone dynamics. Additionally, a reduction in overall neurite 

branching was observed, whereas there was apparently no change of neuronal 

polarity, i.e. the ratio of axons to dendrites (151). Other studies found evidence for an 

involvement of autophagy and HSP90 (through maintaining stability of LRRK2) in the 

neurite remodelling process induced by mutant LRRK2, respectively (153, 155). 

Furthermore, analysis of C. elegans deletion mutants suggested a role for the worm 

LRRK2 homolog in regulating axonal-dendritic polarity of synaptic vesicle proteins 

(159). The few studies conducted in D. melanogaster have yielded conflicting results; 

whereas one report found induction of retinal and dopaminergic degeneration as well 

as impairment of fly locomotion by wild type and G2019S LRRK2 overexpression 

(160), another study could not detect significant effects in mutant flies lacking the 

whole LRRK2 homolog C-terminus including the kinase domain (161). Noteworthy, 

an evolutionary analysis of LRRK2 doubted the suitability of C. elegans and D. 

melanogaster homologs as models for LRRK2 function, as they are lacking an N-

terminal repeat specific to LRRK2 (116). 

 

Summing up, in vivo data for LRRK2 is scarce, yet evidence is emerging that links 

LRRK2 to the cytoskeleton and growth cone dynamics. The relevance of kinase 

activity for LRRK2 (patho)physiology is still not fully resolved, and in vitro and cell 

culture effects of kinase activity will have to await in-depth validation in in vivo 
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models. Additionally, kinase-independent, scaffold-like functions of LRRK2 can be 

anticipated. For instance, KSR (kinase suppressor of Ras) acts as a essential 

scaffold protein in the MEK/ERK pathway, mediating activation by binding all the 

participating kinases (reviewed in (162)). Similarly, LRRK2 could bring together the 

components of distinct signal transduction pathways, regulating their activation.  

 

2.3 The ROCO protein family 

Usually, members of the Ras/GTPase superfamily are small proteins devoid of 

additional protein domains (163). Recently, Bosgraaf and colleagues (115) identified 

several large proteins with complex domain architecture, containing a Ras/GTPase-

like domain along with various additional protein domains. Besides the Ras/GTPase 

domain, which was termed ROC, all identified proteins shared a unique sequence 

stretch directly following the ROC domain, designated COR. Interestingly, despite 

extensive sequence database search, ROC and COR domains exclusively occurred 

in combination. Thus, these proteins have been grouped into a family designated 

ROCO, indicating that the ROC and COR domains might act as one functional unit. 

ROCO proteins have been detected in prokaryotes, Dictyostelium, plants and 

metazoa, but are absent in Plasmodium and yeast (115). Previously analyzed ROCO 

proteins play a role in cell proliferation, cell division, intracellular transport and 

cytoskeletal metabolism (115). 

Besides LRRK2, three other mammalian ROCO proteins have been identified: 

LRRK1, DAPK1, and MFHAS1 (malignant fibrous histiocytomas-amplified sequences 

with leucine-rich tandem repeats 1), with LRRK1 being the closest LRRK2 relative 

(115). According to the few studies published, LRRK1 resembles LRRK2 in several 

aspects: LRRK1 shows (1) a very similar predicted domain architecture (Fig. 2-4B), is 

able (2) to undergo autophosphorylation, was demonstrated (3) as a GDP/GTP 

binding protein and seems to have a similar intrinsic GTP-dependent kinase 

activation mechanism, apparently is (4) widely expressed in brain and peripheral 

tissues, and (5) is a predominantly cytosolic protein (164). Nevertheless, PD-

associated LRRK1 mutations have not been found so far, and a possible biological 

relationship to LRRK2 remains elusive (165). 
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DAPK1 is the third of the three mammalian ROCO proteins with a kinase domain. 

However, it is only distantly related to the LRRK ROCO kinases; correspondingly, its 

architecture is quite distinct, with the kinase domain located at the N-terminus (Fig. 2-

4C). The barely recognized ROCO domain of DAPK1 has not been studied so far. 

Apart from being a ROCO protein, DAPK1 has been assigned to a group of closely 

related serine/threonine, Ca2+/calmodulin-dependent kinases which are all associated 

to cell death. DAPK1 kinase activity is needed to sensitize the cell to various 

apoptotic signals and thus acts as a tumor suppressor. Beyond cell death, DAPK1 

involvement in regulation of actin/cytoskeleton dynamics and vesicular fusion have 

been proposed. Moreover, DAPK1 has been linked to AD and neuronal injury, hinting 

at a putative role in neurodegenerative processes (166-168). 

 

2.4 Goals of this study 

An involvement of LRRK2 in the pathogenesis of PD was revealed just before the 

beginning of this study. Accordingly, neither knowledge about LRRK2 function nor 

basic experimental assays were at hand. Thus, an important aim of this project was 

the establishment of elementary lab techniques and tools allowing for an 

investigation of putative LRRK2 functions. Initially, cloning of the full length gene had 

to be achieved, followed by establishment of transient transfection, Western blotting 

and immunoprecipitation, expectedly complicated by the tremendous size of LRRK2 

(2527 aa). To circumvent these possible technical problems, in silico analyses of the 

primary aa sequence should reveal protein domain boundaries, allowing for an 

alternative and parallel investigation of single or combined LRRK2 domains. 

Furthermore, a polyclonal antibody specific for LRRK2 was generated and 

characterized. 

Generally, protein kinases are known to be able to dimerize. Containing a kinase 

domain, LRRK2 could be suspected to self-interact. At the beginning of this study, 

only one co-immunoprecipitation of differentially tagged co-expressed full length 

LRRK2 was suggesting LRRK2 self-association (129). Thus, this project aimed at a 

thorough analysis of putative LRRK2 dimerization. Thereby, the main goals were (1) 

mapping of the dimerization domain, (2) examining the effect of familial PD mutations 

on dimerization and (3) investigating the functional relevance of dimerization. 
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Moreover, because of its close relation to LRRK2, LRRK1 should be analyzed for 

dimerization to reveal putative functional similarities among the LRRK proteins. 

Taken together, this study intended to advance the understanding of LRRK2 biology 

and biochemistry with a main focus on dimerization. 
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3 RESULTS 

3.1 Characterization of the αMid LRRK2 antibody 

Specific antibodies are an indispensable tool for studying various aspects of a 

protein’s function. At the beginning of this study, commercial antibodies for LRRK2 

were not available. Hence, three peptide antibodies were generated. Additionally, an 

antiserum against a bigger protein stretch of LRRK2 was developed, as peptide 

antibodies often do not yield satisfying results. Cooperating with Prof. Andrei Lupas 

(MPI for Developmental Biology, Tübingen), a predictedly unfolded and exposed 

region of LRRK2 – termed Mid – encompassing aa 800 to 1000 was selected. Briefly, 

this region of LRRK2 was cloned into a pMAL vector containing the MBP coding 

sequence 5’ of the multiple cloning site. Subsequently, the MBP-Mid fusion protein 

was expressed, purified and sent away for immunization (for details, see 5.6). A total 

of three consecutive antigen injections (one initial immunization and two boostings) 

were carried out, and the obtained antisera were tested by Western blot analysis of 

HEK 293T cell lysates containing overexpressed LRRK2 constructs. 

Whereas none of the three peptide antibodies gave a specific immunoreactive signal 

(data not shown), all three LRRK2 Mid antisera detected a single immunoreactive 

band at ~ 280 kD in transiently transfected HEK 293T cells, corresponding to the 

expected molecular mass of LRRK2 (Fig. 3-1A). Boosting obviously increased 

sensitivity of the respective LRRK2 antiserum. Furthermore, an immunoreactive band 

at ~280 kD was noticed in non-transfected control cell lysates, apparently 

representing endogenous LRRK2 recognized by the antisera in a similar sensitivity-

increasing manner. Noteworthy, none of the antisera showed further unspecific 

immunoreactive bands. As the Mid-Boost2 (MidB2) antiserum gave the strongest 

signals, all further experiments were conducted with this polyclonal antiserum. To 

prove specificity of the MidB2-antibody, the antiserum was pre-incubated with a 

molar excess of antigen (purified MBP-Mid). This led to a total disappearance of 

immunoreactivity, regardless if full length LRRK2 or the MidLRR fragment was 

present in the HEK 293T cell lysate (Fig 3-1B). 
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Figure 3-1. Characterization of the αMid LRRK2 antibody. 

HEK 293T cells were not transfected (CTRL) or transiently transfected with LRRK2-HA or 
Flag-MidLRR, and cell lysates were subjected to SDS-PAGE/immunoblot. (A) All three 
LRRK2 antisera showed an immunoreactive signal at ~280 kD for transfected and non-
transfected cell lysates. Signal intensity increased after boosting (consecutive 
immunizations). (B) Pre-incubation of MidB2 antiserum with a molar excess of antigen (MBP-
Mid) led to a total  disappearance of immunoreactivity (right panel). 
 

To further demonstrate that the signal at around 280 kD is LRRK2, 

immunoprecipitation experiments with the MidB2 antibody coupled to protein G 

agarose were conducted. Enough protein to obtain a band visible on a coomassie gel 

was only pulled down through MidB2 from HEK 293T cells transiently transfected 

with LRRK2-HA (Fig 3-2). In contrast, no band in the range of LRRK2 could be 

detected when using pre-immune rabbit serum instead of MidB2 antibody or when IP 

was performed from non-transfected control cell lysates, indicating MidB2 to be 

specific for LRRK2. Essentially, MS-analysis unequivocally identified the obtained 

band as LRRK2 (Proteom Centrum, University of Tübingen). To sum up, the 

generated MidB2 antibody specifically detects endogenous and transfected LRRK2 

protein on Western blot level and pulls down LRRK2 in immunoprecipitations. 
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Figure 3-2. The Mid LRRK2 antibody 
immunoprecipitates LRRK2 protein. 

HEK 293T cells were not transfected (CTRL) 
or transiently transfected with LRRK2-HA, 
and cell lysates were subjected to IP with 
MidB2-coupled protein G-agarose, followed 
by SDS-PAGE and coomassie staining. Mid 
LRRK2 antibody specifically immuno-
precipitated a band at ~280 kD from 
transfected cell lysate (arrowhead). MS-
analysis identified this band unequivocally as 
LRRK2. 
 

 

 

 

3.2 LRRK2 homodimerizes via its ROCO domain 

Many protein kinases are able to undergo dimerization or even oligomerization. 

Besides the well-known dimerization of receptor tyrosine kinases upon binding of 

ligand, also intracellular kinases have been found to dimerize. The serine/threonine 

kinases Raf-1 and MLK-3 (mixed lineage kinase-3), allocated to the same branch of 

the human kinome as LRRK2 (169), even require homodimerization for proper kinase 

activation (170, 171). Recently, co-immunoprecipitation of differentially tagged 

LRRK2 constructs co-expressed in cell culture (129), the crystal structure of a 

LRRK2 ROC domain dimer (117), and gel filtration / blue native PAGE experiments 

(157) provided initial evidence for a possible dimerization of LRRK2. Here, a 

comprehensive analysis of LRRK2 dimerization was conducted to advance the 

understanding of LRRK2 biochemistry. 

The mere size of LRRK2 considerably complicates analysis of putative dimerization, 

as one or more of its many domains could be involved in self-interaction. To set a 

solid framework for subsequent in-depth analyses, the LRRK2 dimerization potential 

was first investigated in a yeast two-hybrid (Y2H) interaction study. Several predicted 
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LRRK2 single domains were cloned in the yeast vectors containing the coding 

sequence for the GAL4 activation (AD) and DNA binding domain (BD), respectively, 

and the fusion constructs were co-transformed into yeast in all possible 

combinations. Interestingly, a specific albeit weak interaction was exclusively 

observed between the LRRK2 ROC and COR domains fused to AD and BD, 

respectively (Fig 3-3A). A reciprocal AD-COR – BD-ROC interaction could not be 

detected. Checking fusion protein expression in yeast lysates on Western blots 

demonstrated proper expression of all fragments except BD-LRR, which showed 

decreased protein levels (Fig. 3-3B). Thus, the lack of growing yeast after fusion 

construct co-transformation does not reflect missing protein expression but rather 

indicates that there is no specific interaction between these fusion proteins in Y2H.  

Using extended ROC fusion proteins, a very robust homomeric interaction of the 

ROCO domains was revealed. Moreover, heteromeric interactions between ROCO 

and LRRK2 fragments comprising ROC-COR-kinase (RCK) and the complete C-

terminus including the WD40 repeats (RCKW) were detected (Fig. 3-3C). Reciprocal 

interactions were verified for all these combinations. However, homomeric 

interactions were not observed among domains larger than ROCO, possibly due to 

limitations of the Y2H method. 

To overcome Y2H inherent restrictions and confirm the interaction results employing 

an independent method, a thorough co-IP analysis of LRRK2 dimerization in 

transiently co-transfected HEK 293T cells was performed. The homologous 

ROCOLRRK2 interaction was validated, as HA-tagged ROCOLRRK2 robustly co-

immunoprecipitated along with MYC-tagged ROCOLRRK2 (Fig. 3-3D). Missing 

precipitation of HA-ROCOLRRK2 alone showed specificity of ROCOLRRK2 

homodimerization. The same results were obtained vice versa using HA-agarose 

(data not shown). Importantly, the MYC-ROCOLRRK2 fragment was also co-

immunoprecipitated with full length LRRK2-HA (Fig. 3-3E). In contrast to the Y2H 

interaction studies, a homomeric interaction of the large RCKW domains was 

detected in co-IP experiments, as evidenced by co-IP of HA-RCKW along with MYC-

RCKW, whereas HA-RCKW alone was not precipitated by MYC-agarose (Fig. 3-3F) 

Finally, homodimerization of full length LRRK2 was shown by co-IP of MYC-LRRK2 

with co-transfected LRRK2-HA (Fig. 3-3G). 
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Figure 3-3. LRRK2 homodimerizes via its ROCO domain . 

(A) Y2H interaction assay with single LRRK2 protein domains. Growth of yeast on selective 
media lacking Leu, Trp and His was only observed for yeast co-transformed with AD-ROC 
and BD-COR fusion proteins. (B) Expression levels of AD and BD fusion proteins in yeast 
strain AH109. Co-transformed fusion proteins were extracted from yeast and subjected to 
SDS-PAGE/immunoblot analysis. Probing with anti-MYC revealed immunoreactivity for BD 
fusion proteins (lanes 2 – 5), with only BD-LRR being expressed at considerably lower levels 
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(lane 1). Anti-HA detected immunorective signals for all AD fusion proteins (lanes 6 – 10), 
indicating proper expression of the constructs in yeast. Localization of the immunoreactive 
signals corresponds to the expected molecular weight of the fusion proteins. (C) Y2H 
interaction study using extended ROC domains as depicted in the LRRK2 domain sketch. 
Strong growth of yeast on selective media lacking Leu, Trp and His was detected for ROCO-
ROCO, weaker interaction for ROCO-RCK and ROCO-RCKW, respectively, both for AD-BD 
and BD-AD fusion protein combinations. (D-G) HEK 293T cells were transiently co-
transfected with HA- and MYC-tagged LRRK2 constructs. (D) HA-ROCOLRRK2 was co-
transfected with MYC-ROCOLRRK2 (lanes 1-2) or alone (lanes 3-4). Input probings with anti-
HA (upper panel) and anti-MYC (lower panel) revealed an immunoreactive signal at the 
expected ~65 kD for each transfected construct. MYC-agarose co-immunoprecipitated HA-
ROCOLRRK2 along with MYC-ROCOLRRK2 (lane 2), but not in controls (lane 4). (E) Co-
transfection of MYC-ROCOLRRK2 and full length HA-LRRK2 (lanes 1-2) or single transfection 
of MYC-ROCOLRRK2 (lanes 3-4). Probing input with anti-HA showed immunoreactivity at ~280 
kD, indicative of full length HA-LRRK2 (lane 1). HA-agarose co-immunoprecipitated MYC-
ROCOLRRK2 only when HA-LRRK2 was co-transfected and immunoprecipitated (lanes 2 and 
4). (F) MYC- and HA-RCKWLRRK2 were co-transfected. HA-RCKWLRRK2 was only co-
immunoprecipitated during MYC-agarose when MYC-RCKWLRRK2 was present (compare lane 
2 to 4). (G) HA-agarose co-IP with both full length HA- and MYC-LRRK2. Anti-MYC 
immunoreactivity at ~280 kD represented full length MYC-LRRK2 (lanes 1 and 3, upper 
panel). MYC-LRRK2 was co-immunoprecipitated with HA-LRRK2 (lane 2) but did not bind 
unspecifically to HA-agarose (lane 4). 
 

 

Although the initial Y2H studies suggested an exclusive involvement of the ROC and 

COR domain in LRRK2 dimerization, additional interactions among LRRK2 domains 

can not be excluded. To test the potential of other LRRK2 domains to assist 

dimerization, additional co-IP experiments were performed. FLAG-tagged ArmAnk 

(Armadillo-Ankyrin), MidLRR (Mid-leucine-rich repeat), LRR or WD40 domains were 

cotransfected with LRRK2-HA, and HEK 293T cell lysates were subjected to FLAG-

IP. Whereas all domains were expressed and immunoprecipitated properly, none of 

them co-immunoprecipitated full length LRRK2 (Fig. 3-4). 

In conclusion, LRRK2 has the potential to homodimerize, and this self-interaction is 

primarily mediated by the ROCO domain. Other LRRK2 domains were not found to 

be involved in dimerization, yet an additional minor role for other LRRK2 domains in 

assisting dimerization can not be excluded.  
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Figure 3-4. LRRK2 does not interact with ArmAnk, Mi dLRR, LRR or WD40 domains in 
co-IP assays. 

(A-D) HEK 293T cells were transiently co-transfected with HA- and FLAG-tagged LRRK2 
constructs. (A) Co-expression of HA-LRRK2 and FLAG-ArmAnk. Probing input with anti-
FLAG reveals immunoreactivity at ~75 kD (lane 1), as expected for ArmAnk. Whereas FLAG-
ArmAnk is immunoprecipitated by FLAG-agarose (lane 2, lower panel), there was no 
evidence of co-IP of full length HA-LRRK2 (lane 2, upper panel). (B-D) Analogous co-
expression of HA-LRRK2 with FLAG-LRR (B), FLAG-MidLRR (C) and FLAG-WD40 (D), 
respectively. Anti-FLAG immunoreactivity was detected at the expected molecular weight of 
the respective fragment (~40 kD, ~65 kD, and ~40 kD). Whereas all FLAG constructs were 
immunoprecipitated by FLAG-agarose (lanes 2, lower panels), there was no evidence of co-
IP of full length HA-LRRK2 (lanes 2, upper panels). 
 

3.3 LRRK1 homodimerizes via its ROCO domain 

LRRK1 is the closest homolog of LRRK2, showing not only a very similar domain 

architecture, but also similar basic biochemic properties like kinase activity and GTP 

binding (see 2.3). Strikingly, the ROCO domain core is quite conserved, sharing 

40,9% consensus and 25,9% identity on aa level. Thus, LRRK1 was postulated to 

possess homodimerization potential similar to LRRK2. In an approach identical to the 

LRRK2 Y2H interaction study, predicted single LRRK1 protein domains were cloned 

into the yeast AD and BD vectors and co-transformed into yeast in all possible 

combinations. However, an interaction of the co-transformed ROC and COR fusion 

proteins was not detected. Moreover, no other specific interactions among co-
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transformed fusion proteins were noticed (Fig. 3-5A). Growth of yeast colonies in 

some of the domain combinations was due to auto-activation of some fusion proteins. 

As all fusion proteins except BD-kinase were expressed properly as analyzed by 

Western blot of yeast lysates (Fig. 3-5B), the lack of yeast growth indicates that there 

is no specific interaction among the different fusion proteins in the Y2H system. 

 

 
Figure 3-5. LRRK1 homodimerizes via its ROCO domain . 

(A) Y2H interaction assay with single LRRK1 protein domains. Specific growth of yeast on 
selective media lacking Leu, Trp and His could not be detcted for any domain combination, 
yet some fusionproteins showed autoactivation. (B) Expression levels of AD and BD fusion 
proteins in yeast strain AH109. Probing with anti-MYC revealed immunoreactivity for BD 
fusion proteins (lanes 1 – 6), with only BD-kinase being expressed at lower levels (lane 5). 
Anti-HA detected immunorective signals for all AD fusion proteins (lanes 7 – 12), indicating 
proper expression of the constructs in yeast. Localization of the immunoreactive signals 
corresponds to the expected molecular weight of the fusion proteins. (C+D) HEK 293T cells 
were transiently co-transfected with HA- and MYC-tagged LRRK1 constructs. (C) Co-
transfection of HA-ROCOLRRK1 and MYC-ROCOLRRK1 or single transfection of HA-ROCOLRRK1. 
Input probings with anti-HA (upper panel) and anti-MYC (lower panel) detected 
immunoreactive signals at the expected ~75 kD for each transfected construct. Whereas HA-
ROCOLRRK1 did not bind unspecifically to MYC-agarose (lane 4), it was co-
immunoprecipitated with MYC-ROCOLRRK1 (lane 2). (D) Co-transfection of HA-ROCOLRRK1 
and full length MYC-LRRK1 (lanes 1-2) or single transfection of HA-ROCOLRRK1 (lanes 3-4). 



Results 

35 

MYC-LRRK1 was detected as a ~250 kD immunoreactive band by anti-MYC probing (lane 1, 
lower panel). MYC-agarose co-immunoprecipitated HA-ROCOLRRK1 along with MYC-LRRK1 
(lane 2), whereas no precipitation of HA-ROCOLRRK1 alone could be observed (lane 4). 
 

Since the Y2H LRRK2 ROC – COR interaction was rather weak, co-IP experiments 

with ROCOLRRK1 domains were performed despite the negative results from the 

LRRK1 Y2H interaction study. In experimental settings identical to LRRK2 co-IPs, 

HA-ROCOLRRK1 specifically co-immunoprecipitated with MYC-ROCOLRRK1, while HA-

ROCOLRRK1 alone was not precipitated by MYC-agarose (Fig. 3-5C). Conversely,  

HA-agarose co-immunoprecipitated HA-ROCOLRRK1 along with MYC-ROCOLRRK1 

(data not shown). Importantly, HA-ROCOLRRK1 co-immunoprecipitated with full length 

MYC-LRRK1 (Fig. 3-5D), analogous to the observed ROCOLRRK2-LRRK2 interaction. 

Thus, LRRK1 also shows homodimerization potential, similarly mediated by its 

ROCO domain. Collectively, these data demonstrate homodimerization potential of 

the LRRK ROCO domains and suggest that the two LRRK proteins homodimerize by 

means of their respective ROCO domains.  

 

3.4 LRRK2 and LRRK1 heterodimerize via their ROCO d omains 

Having shown that the ROCO domain is involved in both LRRK2 and LRRK1 

homodimerization, an additional heterologous interaction between LRRK2 and 

LRRK1 was hypothesized. To explore putative heterodimerization, co-IP experiments 

with differentially tagged LRRK ROCO domains co-expressed in HEK 293T cells 

were performed. Indeed, HA-ROCOLRRK1 was co-immunoprecipitated with MYC-

ROCOLRRK2 by MYC-agarose, as observed for ROCO homodimerization (Fig. 3-6A). 

Co-IP was specific, as HA-ROCOLRRK1 was not precipitated when MYC-ROCOLRRK2 

was omitted. Heterologous ROCO co-IP was also successful in reciprocal HA-IP 

assays (data not shown). Additionally, interaction of co-expressed MYC-ROCOLRRK1 

and HA-ROCOLRRK2 was verified by MYC- and HA-agarose co-IPs (data not shown). 

Moreover, MYC-ROCOLRRK1 co-immunoprecipitated with full length LRRK2-HA (Fig. 

3-6B) and conversely, HA-ROCOLRRK2 was co-immunoprecipitated via full length 

MYC-LRRK1 (Fig. 3-6C). In both cases, ROCO fragments were only co-

immunoprecipitated under presence of full length LRRK proteins, validating the 

specificity of the assay. Ultimately, co-IP of full length MYC-LRRK1 with full length 
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LRRK2-HA (Fig. 3-6D) was demonstrated, even though expression levels of full 

length LRRK2-HA were consistently reduced whenever co-transfecting full length 

MYC-LRRK1. In summary, these experiments demonstrate a potential interaction 

between both LRRK proteins, apparently mediated by the ROCO domains. 

 

 
Figure 3-6. LRRK2 and LRRK1 heterodimerize via thei r ROCO domain. 

(A-D) HEK 293T cells were transiently co-transfected with HA- and MYC-tagged LRRK 
constructs.  (A) HA-ROCOLRRK1 was co-immunoprecipitated with MYC-ROCOLRRK2 (lane 2), 
whereas HA-ROCOLRRK1 did not bind unspecifically to MYC-agarose (lane 4). (B) HA-
agarose co-immunoprecipitated MYC-ROCOLRRK1 along with HA-LRRK2 (lane 2), but not in 
controls (lane 4). (C) Conversely, MYC-agarose co-immunoprecipitated HA-ROCOLRRK2 
along with MYC-LRRK1 (lane 2), but not in controls (lane 4). (D) Co-transfected full length 
HA-LRRK2 and MYC-LRRK1 were co-immunoprecipitated by HA-agarose (lane 2), whereas 
single transfected MYC-LRRK1 did not bind unspecifically to HA-agarose (lane 4). Note that 
co-transfection with full length MYC-LRRK1 consistently led to low HA-LRRK2 expression 
levels (lane 1, lower panel). 
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3.5 DAPK1 demonstrates homodimerization capability and 

shows heterodimerization potential with LRRK ROCO 

kinases 

DAPK1 is a well-known protein kinase just recently identified as belonging to the 

ROCO family (115). The more distant relationship of DAPK1 and LRRK proteins is 

reflected in a different domain architecture. In DAPK1, the kinase domain does not 

immediately follow the ROCO domain, but is separately located at the N-terminus 

(Fig. 3-7A). Moreover, the ROCO domains of DAPK1 and LRRK proteins differ 

substantially on aa level. Whereas the heterodimerizing ROCO domains of LRRK1 

and LRRK2 share 40,9% similarity and 25,9% identity at the aa level, the ROCO 

domain of DAPK1 shares only 26,8% (22,9%) similarity and 15,0% (11,0%) identity 

with ROCOLRRK2 (ROCOLRRK1). To investigate if the dimerization potential of the 

ROCO domain in the LRRK proteins can be extended to a more distantly related 

ROCO domain – and thus maybe is generalizable – dimerization of ROCODAPK1 was 

analyzed.  Hence, the ROCODAPK1 fragment (as defined by Boosgraf et al. (115)) was 

cloned and transiently transfected into HEK 293T cells. Interestingly, co-IP 

experiments with differentially tagged ROCODAPK1 domains revealed 

homodimerization potential of DAPK1 analogous to LRRK2 and LRRK1 (Fig. 3-7B). 

ROCODAPK1 co-immunoprecipitation was specific, as there was no precipitation of 

HA-ROCODAPK1 when MYC-ROCODAPK1 was omitted. Moreover, HA-ROCODAPK1 also 

specifically co-immunoprecipitated with MYC-ROCOLRRK2 as well as with MYC-

ROCOLRRK1, albeit to a lesser degree compared to MYC-ROCODAPK1 (Fig. 3-7B). 

Unfortunately, co-IP assays employing co-expressed full length DAPK1 and LRRK 

proteins were hampered by unspecific precipitation of HA-DAPK1 via MYC-agarose 

(data not shown) and require further optimization. Nevertheless, these findings 

suggest that DAPK1 has the capability to homodimerize and shows potential for 

heterodimerization with the two LRRK ROCO kinases. Taken together, these data 

propose a general dimerization function for the mammalian ROCO domain. 
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Figure 3-7. DAPK1 shows potential for homo- and het erodimerization. 

(A) Domain alignment of the three mammalian ROCO kinases. The shared ROCO domain is 
highlighted in grey. (B) HEK 293T cells were transiently co-transfected with HA- and MYC-
tagged DAPK1 and LRRK ROCO constructs, respectively.  HA-ROCODAPK1 was co-
immunoprecipitated with MYC-ROCODAPK1 (lane 2) as well as with MYC-ROCOLRRK2 (lane 4) 
and MYC-ROCOLRRK1 (lane 6), whereas HA-ROCODAPK1 did not bind unspecifically to MYC-
agarose (lane 8). Note that the two LRRK ROCO fragments co-immunoprecipitated less 
amounts of HA-ROCODAPK1. 
 

3.6 The ROCOLRRK2 homodimerization is independent of GTP 

It has been shown that both LRRK2 and the LRRK2 ROC fragment bind GTP (145, 

146, 148-150, 172). Consequently, the ROC-containing ROCOLRRK2 fragment can 

also be expected to bind GTP, and such binding may influence ROCOLRRK2 

dimerization. Thus, it was tested if the observed interaction between the ROCOLRRK2 

domains is GTP-dependent. First, GTP binding of the ROCOLRRK2 domain was 

demonstrated by affinity purification on immobilized GTP-sepharose beads (Fig. 3-

8A). To prove specificity of the observed interaction, nucleotide competition 

experiments were conducted.  
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Figure 3-8. The ROCO LRRK2 homodimerization is independent of GTP. 

(A-E) ROCOLRRK2 constructs were transiently (co-)transfected into HEK 293T cells as 
indicated. (A) MYC-ROCOLRRK2 was precipitated by GTP-sepharose affinity purification (lane 
2). Whereas excess amounts of ATP (final concentration: 2 mM) did not alter the amount of 
GTP-precipitated MYC-ROCOLRRK2 (lane 6), adding GDP or GTP to a final concentration of 2 
mM led to a decreased precipitation of MYC-ROCOLRRK2 (lanes 3 - 5, lanes 3 and 4 are 
duplicates). (B) Experimental conditions from (A) applied to a ROCOLRRK2 co-IP. Excess 
amounts of the indicated nucleotides (2 mM) had no impact on the amounts of HA-
ROCOLRRK2 co-immunoprecipitated with MYC-ROCOLRRK2 by MYC-agarose (cf. lane 2 to 
lanes 3 – 7). (C) In contrast to wild type (lane 2 and 4), mutant K1347A or T1348N 
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ROCOLRRK2 were not precipitated by GTP-sepharose affinity purification (lanes 6 and 8).  
(D) GTP binding deficient MYC-ROCOLRRK2 mutants are co-immunoprecipitated along with 
wild type HA-ROCOLRRK2 to the same extend as wild type MYC-ROCOLRRK2 (compare lane 2 
to lanes 4 and 6). (E) GTP binding deficient MYC-ROCOLRRK2 mutants are co-
immunoprecipitated along with their mutant GTP binding deficient HA-tagged counterpart 
identical to wild type ROCOLRRK2 homodimerization (compare lane 2 to lanes 4 and 6). 
 

Theoretically, excess amounts of GTP or GDP should compete with GTP-sepharose, 

resulting in diminished precipitation of a GTP-binding protein, whereas excess 

amounts of other nucleotides should have no impact. As expected, addition of excess 

GTP or GDP during affinity purification diminished binding of MYC-ROCOLRRK2 to 

GTP-sepharose, whereas excess ATP had no effect. To investigate if the ROCOLRRK2 

homodimerization is influenced by GTP, nucleotide competition ROCOLRRK2 co-IPs 

were performed. However, excess amounts of GTP or its non-hydrolyzable analog 

GTPγS did not affect ROCOLRRK2 self-binding (Fig. 3-8B). Thus, ROCOLRRK2 

homodimerization is apparently not influenced by free GTP. 

Of course, these findings can not exclude the necessity of a basal level of bound 

GTP for proper ROCOLRRK2 self-interaction. To investigate GTP-dependence of 

ROCOLRRK2 dimerization, ROCOLRRK2 mutants K1347A and T1348N were generated. 

These mutations have been described to render LRRK2 GTP binding deficient (146, 

150) and thus can be expected to abolish GTP binding also for the ROCO fragment. 

Actually, none of both ROCOLRRK2 mutants was purified by GTP-sepharose, whereas 

wild type ROCOLRRK2 bound to GTP-sepharose as above (Fig. 3-8C). Having proven 

the GTP binding deficiency of both ROCOLRRK2 mutants, co-IP studies with mutant 

and wild type ROCOLRRK2 fragments were performed. Interestingly, MYC-ROCOLRRK2 

K1347A and T1348N were co-immunoprecipitated along with wild type HA-

ROCOLRRK2 in the same manner as wild type MYC-ROCOLRRK2 (Fig. 3-8D). Yet, 

these data does not exclude that GTP bound to one ROCO fragment is sufficient to 

induce dimerization. Therefore, co-IP assays from cell lysates co-transfected 

exclusively with GTP binding deficient ROCOLRRK2 fragments were performed. 

Importantly, HA-tagged mutant ROCOLRRK2 fragments were immunoprecipitated 

along with their corresponding MYC-tagged mutant counterpart in the same way as 

wild type ROCOLRRK2 fragments (Fig. 3-8E). Taken together, these data provide 

evidence that the ROCOLRRK2 homodimerization is independent of GTP. 
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3.7 Familial PD mutations in the ROCO LRRK2 domain 

alter ROCO homo- and heterodimerization 

The ROCOLRRK2 domain contains missense mutations associated to autosomal 

dominant PD. Mutations considered to be pathogenic comprise R1441C/G in the 

ROC and Y1699C in the COR subdomain (132). Given ROCO as the core 

dimerization interface of LRRK1 and LRRK2, this study seeked to investigate a 

possible influence of these mutations on LRRK homo- and heterodimerization. 

Initially, mutations R1441G/H (ROC) and Y1699C (COR) were cloned as AD/BD 

fusion proteins for Y2H interaction analyses. However, results were inconsistent, with 

some fusion proteins showing auto-activation (data not shown). Hence, the more 

robust ROCOLRRK2 co-IP assay was used for analyzing a possible impact of 

mutations on ROCOLRRK dimerization. To investigate effects on ROCOLRRK2 

homodimerization, co-expressed wild type MYC- and mutant (R1441C/G/H or 

Y1699C) HA-ROCOLRRK2 were subjected to IP with MYC-agarose. Compared to wild 

type HA-ROCO, all four mutant HA-ROCO fragments co-immunoprecipitated to a 

lesser degree with wild type MYC-ROCO fragments (Fig. 3-9A). To test for the 

statistical significance of this observation, at least four independent experiments per 

mutation were analyzed by densitometry. Thus comparing ratios of mutant – wild 

type with wild type – wild type  interaction, ROCOLRRK2 homodimerization was found 

to be significantly weakened by all four tested substitutions (Fig. 3-9B). As mutations 

at both positions R1441 and Y1699 diminished ROCOLRRK2 self-interaction, a double 

mutant ROCOLRRK2R1441C+Y1699C fragment was generated and tested for 

homodimerization in co-IPs. Double mutant ROCOLRRK2 retained capability for 

homodimerization, as HA-ROCOLRRK2R1441C+Y1699C was specifically co-

immunoprecipitated along with MYC-ROCOLRRK2R1441C+Y1699C in MYC-agarose 

IPs (Fig. 3-9C). A putative additive effect of both mutations subsequently resulting in 

an increased weakening of ROCOLRRK2 homodimerization remains to be determined. 
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Figure 3-9. Familial PD mutations in the ROCO LRRK2 domain alter ROCO homo- and 
heterodimerization. 

(A) MYC-agarose co-IP from HEK 293T cell lysates co-transfected with wild type MYC- and 
mutant HA-ROCOLRRK2 constructs. Compared to wild type HA-ROCOLRRK2 (lane 2 and 10), 
HA-ROCOLRRK2 mutants R1441C/G/H (lanes 4+12/6/14) and Y1699C (lane 8) show 
decreased binding to wild type MYC-ROCOLRRK2. (B) Quantification of (A) by densitometrical 
analysis. Binding of wild type HA-ROCOLRRK2 to wild type MYC-ROCOLRRK2 was set to 100%. 
At least four experiments for each mutation were analyzed and proven to be statistically 
significant by one-way ANOVA with Student-Newman-Keuls post-test. (C) Co-expression of 
HA- and MYC-ROCOLRRK2 double mutants  R1441C+Y1699C in HEK 293T cells. Double 
mutant HA-ROCOLRRK2 was co-immunoprecipitated along with double mutant MYC-
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ROCOLRRK2 (lane 2), whereas double mutant HA-ROCOLRRK2 alone was not 
immunoprecipitatetd by MYC-agarose (lane 4). (D) MYC-agarose co-IP from HEK 293T cell 
lysates co-transfected with wild type MYC-ROCOLRRK1 and wild type or mutant HA-
ROCOLRRK2 constructs. Compared to wild type HA-ROCOLRRK2 (lane 2), HA-ROCOLRRK2 
mutant R1441G (lane 6) showed increased binding to wild type MYC-ROCOLRRK2. The 
remainder of HA-mutants co-immunoprecipitated with MYC-ROCOLRRK1 identical to wild type 
HA-ROCOLRRK2 (lanes 4, 8, 10). (E) Quantification of (D) by densitometrical analysis. Binding 
of wild type HA-ROCOLRRK2 to wild type MYC-ROCOLRRK1 was set to 100%. Each column 
represents quantification from at least three independent experiments, and the increase of 
ROCOLRRK2R1441G in binding to ROCOLRRK1 was found to be significant by one-way ANOVA 
with Student-Newman-Keuls post-test. ** p < 0.01, *** p < 0.001; error bars represent SEM. 
 

To assess effects of the mutations on heterodimerization of the LRRK ROCO 

fragments, analogous co-IP approaches employing co-expressed MYC-ROCOLRRK1 

and wild type or mutant HA-ROCOLRRK2 were conducted. Whereas ROCO mutants 

R1441C/H and Y1699C co-immunoprecipitated along with ROCOLRRK1 identical to 

wild type ROCOLRRK2, interestingly ROCO mutant R1441G was co-

immunoprecipitated considerably stronger (Fig. 3-9D). Again, this effect showed 

statistical significance as determined by densitrometric analysis of at least three 

independent experiments (Fig. 3-9E). In conclusion, these data suggest a weakened 

homodimerization potential for familial LRRK2 mutations in the ROCO domain, 

whereas the R1441G mutation could exert its deleterious actions also by enhanced 

binding to LRRK1. 

 

3.8 The ROCOLRRK2 fragment exerts an inhibitory effect  

on LRRK2 kinase activity 

It is well known that many protein kinases have to undergo dimerization to become 

catalytically active and fulfill their tasks in cellular signal transduction pathways. By 

analogy, LRRK2 self-interaction may be critically involved in LRRK2 kinase function. 

Consequently, perturbing dimerization would interfere with kinase activity. By binding 

to the core LRRK2 dimerization region, ROCOLRRK2 fragments could convey such 

disturbance of dimerization and subsequently inhibit kinase activity. 

To test this hypothesis, LRRK2 autophosphorylation activity under presence of 

ROCOLRRK2 fragments was measured. First, LRRK2 in vitro autophosphorylation was 

confirmed in immune complex kinase assays, and augmented levels for the G2019S 

mutation and diminished levels for the kinase dead K1906M mutation were found, 
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respectively (Fig. 3-10A), as consistently reported in the literature (119, 130, 145, 

147). Interestingly, co-expression of ROCOLRRK2 led to decreased 

autophosphorylation of both wild type and G2019S LRRK2 (Fig. 3-10A). Under these 

conditions of reduced kinase activity, MYC-ROCOLRRK2 strongly bound to the full 

length kinases, as evidenced by co-IP. To test the statistical significance of the 

kinase inhibiting effect, at least five independent experiments were quantified by 

densitometry and autophosphorylation levels were normalized to the 

immunoprecipitated amount of LRRK2 construct. Most importantly, kinase activity of 

both wild type and G2019S LRRK2 was found to be significantly reduced (Fig. 3-

10B). 

Since the ROCOLRRK1 fragment interacted with full length LRRK2 in co-IP assays, a 

similar kinase inhibiting effect could be postulated. Thus, the LRRK2 kinase inhibiting 

potential of ROCOLRRK1 was attempted to be examined by co-transfection of MYC-

ROCOLRRK1 with full length LRRK2-HA (wild type or G2019S) and subsequent 

determination of LRRK2 autophosphorylation levels. Surprisingly, whenever co-

transfecting MYC-ROCOLRRK1, LRRK2 or G2019S HA-constructs could not be 

immunoprecipitated successfully on coomassie level (Fig. 3-10A), reminiscient of the 

lower expression levels of LRRK2-HA after co-transfection with MYC-LRRK1 (Fig. 3-

6D). Accordingly, co-IP of MYC-ROCOLRRK1 is rather ineffective as evidenced by faint 

signals on immunblots (Fig. 3-10A). Co-IP is working despite of missing coomassie 

LRRK2 bands, because apparently a basal level of LRRK2 protein expression is 

retained and weak immunoreactive signals are visible on immunoblots (data not 

shown). Given the insufficient IP of wild type or G2019S LRRK2, the impact of 

ROCOLRRK1 on LRRK2/G2019S autophosphorylation activity can not be assessed in 

this setting. Thus, a functional relevance of the LRRK2-LRRK1 interaction remains 

elusive. 

Several studies analyzing LRRK2 kinase activity have demonstrated that the minimal 

kinase-active LRRK2 construct requires the ROC, COR and kinase domain as well 

as the full intact C-terminus (including the WD40 domain) (147, 157). Concordantly, 

the RCKWLRRK2 fragment used in this study also showed autophosphorylation activity 

in in vitro immune complex kinase assays (Fig. 3-10A). As the RCKWLRRK2 fragment 

showed self-association in co-IP experiments, an interaction with full length LRRK2 

could be expected. Based on this assumption, it was hypothesized that the supply of 

an active kinase domain by RCKWLRRK2 could inverse the kinase inhibiting effect 
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when co-expressed instead of ROCOLRRK2. As expected, co-expressed RCKWLRRK2 

co-immunoprecipitated along with LRRK2-HA or G2019S-HA. However, presence of 

RCKWLRRK2 quenched wild type and G2019S LRRK2 kinase activity equal to 

ROCOLRRK2 (Fig. 3-10A). A rescue of LRRK2 autophosphorylation levels was not 

observed. 

 
Figure 3-10. The ROCO LRRK2 fragment exerts an inhibitory effect on LRRK2 kina se 
activity. 
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(A) As evidenced by autoradiography (upper panel), LRRK2 underwent autophosphorylation 
(lane 2) with decreased levels for the kinase dead K1906M (lane 3) and increased levels for 
the G2019S mutation (lane 4). Co-transfection of MYC-ROCOLRRK2 led to diminished 
autophosphorylation levels for both wild type (lane 5) and G2019S (lane 8) LRRK2 
constructs. Likewise, co-transfection of MYC-RCWKLRRK2 decreased LRRK2 wild type and 
G2019S autophosphorylation levels (lane 7 and 10, respectively). Single-transfected HA-
RCKW fragment showed autophosphorylation (lane 12). Co-expression of MYC-ROCOLRRK1 
led to an almost complete disappearance of LRRK2 proteins in the IP eluate (lane 6 and 9, 
respectively). The second highest panel shows Coomassie blue staining of 
immunoprecipitated full length LRRK2 constructs. Lower panels demonstrate anti-MYC 
immunoreactivity of co-immunoprecipitated MYC-ROCOLRRK2 (lanes 5 and 8), MYC-
RCKWLRRK2 (lanes 7 and 10) and MYC-ROCOLRRK1 (lanes 6 and 9) with full length wild type 
and G2019S HA-LRRK2 by HA-agarose, respectively. (B) Quantification of 
autophosphorylation levels from (A) normalized to the amount of the respective 
immunoprecipitated LRRK2 construct. At least five independent experiments were 
densitometrically analyzed. Autophosphorylation levels of wild type LRRK2 were set to 
100%. K1906M and G2019S were compared to wild type LRRK2, and differences were 
found to be statistical significant by one-way ANOVA with Student-Newman-Keuls post test. 
Autophosphorylation levels after co-transfection of MYC-ROCOLRRK2 were compared to 
autophosphorylation levels of the respective single transfected LRRK2 or G2019S, and were 
statistically significant applying one-way ANOVA with Student-Newman-Keuls post test. * p < 
0.05, ** p < 0.01, *** p < 0.001; error bars represent SEM. (C) HEK 293T lysates co-
transfected with HA-LRRK2 and MYC-LRRK2 were mixed with increasing amounts of lysates 
from cells single-transfected with MYC-ROCOLRRK2 and subjected to co-IP with HA-agarose. 
MYC-LRRK2 (upper panel) was co-immunoprecipitated along with HA-LRRK2 (middle panel) 
by HA-agarose. In parallel, MYC-ROCOLRRK2 (lower panel) was co-immunoprecipitated in a 
concentration-dependent manner via HA-LRRK2. Full length LRRK2 co-IP was not found to 
be altered by the addition of ROCOLRRK2. 
 

To explore the putative kinase inhibiting mechanism of ROCOLRRK2, the dimer 

disrupting potential of the ROCOLRRK2 fragment was investigated. Therefore, 

increasing amounts of cell lysate containing transfected MYC-ROCOLRRK2 were 

added to cell lysate containing co-transfected MYC- and HA-LRRK2, followed by 

coIP assays with HA-agarose. Even though MYC-ROCOLRRK2 was co-

immunoprecipitated along with LRRK2-HA in a concentration- dependent manner, 

changes in the amount of co-immunoprecipitated MYC-LRRK2 were not evident 

under these conditions (Fig. 3-10C). Thus, a dimer disrupting potential of the 

ROCOLRRK2 fragment could not be verified here. 
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3.9 Influence of familial and artificial mutations in the 

ROCOLRRK2 fragment on the LRRK2 kinase inhibiting effect  

In ROCOLRRK2 homodimerization assays, familial PD mutations in the ROC 

(R1441C/G/H) or COR (Y1699C) domain resulted in a weakening of the self-

interaction (Fig. 3-9A+B). Transferring these observations to the ROCOLRRK2 kinase 

inhibiting effect, a reduction of the kinase inhibition by mutant ROCOLRRK2 fragments 

can be anticipated. To test this assumption, effects of mutant ROCOLRRK2 fragments 

R1441C and Y1699C on LRRK2 autophosphorylation activity were analyzed in 

comparison to wild type ROCOLRRK2. Indeed, LRRK2 kinase inhibition was reduced in 

the presence of mutant ROCOLRRK2 fragments (Fig. 3-11A+C). Moreover, compared 

to wild type ROCOLRRK2, mutant ROCOLRRK2 fragments co-immunoprecipitated to a 

lesser degree with LRRK2-HA, confirming the results obtained by homodimerization 

experiments with ROCOLRRK2 fragments. Densitometrical analysis of three 

independent experiments demonstrated the reduced inhibition of LRRK2 kinase 

activity by ROCOLRRK2 R1441C as statistically significant, whereas the trend of 

reduced kinase inhibition by ROCOLRRK2 Y1699C was not statistically significant (Fig. 

3-11B). Furthermore, the double mutant ROCOLRRK2 R1441C+Y1699C fragment lead 

to a reduction of LRRK2 autophosphorylation inhibition similar to the ROCOLRRK2 

fragments with a single mutation (Fig. 3-11C). Surprisingly, the situation was partly 

different with G2019S LRRK2. Whereas mutant ROCOLRRK2 fragments similarly were 

co-immunoprecipitated to a lesser degree, inhibition of G2019S autophosphorylation 

apparently was not reduced accordingly (Fig. 3-11A). Thus, wild type LRRK2 and 

G2019S may be regulated differently. 

Besides disrupting or disturbing LRRK2 dimerization, ROCOLRRK2 could consume co-

factors needed for LRRK2 kinase activation and thus confer kinase inhibition 

indirectly. Reportedly, binding of GTP by the LRRK2 ROC domain is essential for 

LRRK2 kinase activity (145, 146, 150). Hence, ROCOLRRK2 – which is also able to 

bind GTP – could deplete the pool of freely available GTP and secondly lead to 

LRRK2 kinase inhibition. To ascertain this putative mechanism, GTP binding 

deficient ROCOLRRK2 mutants K1347A or T1348N were co-expressed with full length 

LRRK2-HA, followed by measurement of LRRK2 autophosphorylation levels by in 

vitro kinase assays as above. Importantly, co-expression of both ROCOLRRK2 mutants 

inhibited LRRK2 autophosphorylation to the same extent as wild type ROCOLRRK2 
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(Fig. 3-11C). Moreover, mutant ROCOLRRK2 fragments were also co-

immunoprecipitated along with full length LRRK2-HA equal to their wild type 

counterpart, validating the findings from co-IPs employing wild type and K1347A or 

T1348N ROCOLRRK2.  

 
Figure 3-11. Effects of familial and artificial mut ations in the ROCO LRRK2 fragment on 
LRRK2 kinase activity. 

Upper panels depict LRRK2 autophosphorylation levels, middle and lower panels show 
Coomassie blue staining of immunoprecipitated full length LRRK2 and ROCO constructs, 
respectively. (A) Co-transfection of MYC-ROCOLRRK2R1441C and Y1699C with full length 
LRRK2-HA showed a reduced inhibitory effect on autophosphorylation (upper panel, lanes 4 
and 5) compared to co-expressed wild type MYC-ROCOLRRK2 (lane 3). Compared to wild type 
MYC-ROCOLRRK2, mutant MYC-ROCO fragments co-immunoprecipitated to a lesser degree 
with LRRK2 as evidenced by Coomassie blue staining (lower panel, lanes 4 and 5). Co-
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transfecting mutant MYC-ROCOLRRK2 constructs with G2019S LRRK2 did not result in a 
consistent reduction of the inhibitory effect on autophosphorylation (upper panel, lanes 8 and 
9). Similar to wild type LRRK2, mutant ROCO fragments co-immunoprecipitated to a lesser 
extent with G2019S LRRK2 (lower panel, lanes 8 and 9). (B) Quantification of 
autophosphorylation levels from (A) normalized to the amount of the respective 
immunoprecipitated LRRK2 construct. Three independent experiments were 
densitometrically analyzed. Autophosphorylation levels of wild type LRRK2 were set to 
100%. Compared to co-expressed wild type fragment, co-expressed ROCOLRRK2 R1441C 
leads to a statistically significant reduction of kinase inhibition by one-way ANOVA with 
Student-Newman-Keuls post test. * p < 0.05, n.s., not significant; error bars represent SEM. 
(C) Wild type or mutant MYC-ROCOLRRK2 fragments were co-expressed with LRRK2-HA in 
HEK 293T cells as indicated. Whereas GTP binding deficient ROCO mutants showed an 
inhibitory effect on LRRK2 autophosphorylation identical to wild type ROCO (upper panel, 
compare lanes 7 and 8 to lane 3), familial mutations in ROCO fragments led to a reduction in 
LRRK2 autophosphorylation inhibition (lanes 4 and 5), including the ROCO double mutant 
R1441C+Y1699C (lane 6). 
 

In summary, these data demonstrate a prominent kinase inhibiting potential of the 

ROCOLRRK2 fragment, both on normal and pathological LRRK2. ROCOLRRK2 

fragments with familial PD mutations showed a diminished potential to inhibit LRRK2 

autophosphorylation, consistent with their reduced ability to dimerize. GTP binding 

deficient ROCOLRRK2 mutants showed wild type-like potential of inhibition, concordant 

with their normal ability to dimerize. Thus, the kinase inhibiting effect is exerted most 

probably directly through binding of the ROCOLRRK2 fragment to the ROCO domain of 

full length LRRK2, suggesting a functional link between LRRK2 self-interaction and 

kinase activity. 
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4 DISCUSSION 

Even though dimerization is a common theme among protein kinases, a thorough 

investigation of LRRK2 dimerization is currently lacking. So far, only few approaches 

to elucidate LRRK2 dimerization have been undertaken, showing co-

immunoprecipitations of differentially tagged LRRK2 constructs, the crystal structure 

of a LRRK2 ROC domain dimer, and predominance of LRRK2 dimer species by gel 

filtration experiments (117, 129, 157). 

The present study undertook a systematic approach to analyze LRRK2 dimerization 

and mapped the dimerization domain. Based on a thorough analysis by Y2H and co-

IP studies, the ROCO domain was revealed as core interface for LRRK2 

homodimerization. Likewise, homodimerization of LRRK1, the closest LRRK2 

relative, was identified. Furthermore, experimental evidence argues for a LRRK2-

LRRK1 heterodimerization via the ROCO domains, suggesting LRRK1 as a new 

LRRK2 binding partner. Moreover, DAPK1 showed homo- as well as 

heterodimerization potential, suggesting a regulatory interplay between the 

mammalian ROCO kinases LRRK2, LRRK1 and DAPK1. In addition, familial PD 

mutations in the ROCO domain were found to significantly influence ROCO homo- 

and heterodimerization. Most importantly, an inhibitory effect of the ROCOLRRK2 

fragment on LRRK2 kinase activity was detected. This inhibitory effect was 

apparently dependent on binding strength of the ROCOLRRK2 fragment, as mutant 

ROCO fragments showing weakened self-association accordingly demonstrated 

reduced kinase inhibiting potential. 

 

4.1 The ROCOLRRK2 domain directs LRRK2 dimerization 

Several pieces of experimental evidence obtained in this study unequivocally map 

the core LRRK2 dimerization interface to the ROCOLRRK2 domain: (1) a very robust 

interaction of the ROCOLRRK2 domain with itself but also with full length LRRK2 was 

found in different interaction assays; (2) interactions among single LRRK2 domains 

other than ROC and COR could not be detected in Y2H, just as ArmAnk, MidLRR, 

LRR and WD40 domains failed to co-immunoprecipitate full length LRRK2 in 
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extensive co-IP approaches; and (3) familial LRRK2 mutations in the ROC as well as 

in the COR domain significantly decreased ROCOLRRK2 homodimerization. 

Nevertheless, putative additional interactions between LRRK2 domains maintaining 

or assisting dimerization cannot be excluded. Interestingly, LRRK2 already contains 

another protein domain known to be involved in dimerization, the LRRs. For instance, 

this domain is responsible for dimerization of the extracellular matrix protein decorin 

(173). Intriguingly, alignment of the LRR domains of decorin and LRRK2 reveals that 

key residues directing decorin dimerization correspond to LRRK2 aa that are mutated 

in familial PD cases (S1096C and S1228T). Thus, LRRK2 dimerization via the LRRs 

– maybe even affected by the mentioned mutations – was basically conceivable. 

However, the multitude of interaction experiments presented here could not detect 

evidence for an involvement of the LRR domain in self-interaction and pinpoints 

ROCOLRRK2 as the core LRRK2 dimerization interface.  

These results are only partly conforming with recent reports describing co-

crystalization of ROC fragments as a dimer (117) and co-IP of FLAG-ROC and 

FLAG-WD40 with MYC-ROC, respectively (157). Despite robust expression levels of 

the individual ROC and WD40 fusion proteins in the Y2H interaction study, a 

homomeric ROC-ROC or heteromeric ROC-WD40 interaction was not detected. 

Thus, the interactions of individual ROC domains may be weak or transient. In 

addition, varying results with single domains could be due to different domain 

boundaries, leading to variable expression levels, which in turn may influence 

interaction assays. Concordantly, the interaction of the ROC domain with COR 

observed in the present Y2H analysis was also reported by others (117, 118). 

However, co-IP experiments with differentially tagged ROC and COR domains failed 

because of poor protein expression in HEK 293T cells (data not shown). 

In contrast, extended ROC domains showed an overall increased tendency for self-

association in this as well as in other studies (117, 118, 157), suggesting that the 

ROC domain alone is not sufficient to mediate LRRK2 dimerization. Testing ROCO, 

ROC-COR-kinase and ROC-COR-kinase-WD40 constructs in Y2H and/or co-IP 

experiments, the ROCO fragment was found to be the minimal configuration 

sufficient for proper self-association. Remarkably, the ROC and COR domains have 

been found to only exist as a combined ROCO domain in proteins and consequently, 

a distinct function for the ROCO domain as a whole has been suspected (115). 
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Concordantly, this study supports the view that ROCO may operate as one 

inseparable functional unit. 

Very recently, the ROCO domain crystal structure of the Roco protein from C. 

tepidum was reported (118). Essentially, this is the first structure of an entire ROCO 

domain, and although its bacterial origin handicaps comparison with mammalian 

ROCO domains, some general lessons for ROCO domain features may be learned. 

In contrast to the domain-swapped ROC dimer suggested recently (117), C. tepidum 

ROCO primarily dimerizes via the C-terminal subdomain of COR, as evidenced by 

COR and ROCO crystals. In addition, one ROC domain contacts the COR domains 

of both monomers. Whereas the latter finding perfectly fits the Y2H-based ROC-COR 

interaction detected in this study, a COR-COR interaction was not observed here. 

However, the crystalized bacterial ROCO fragment contained a mutation in the COR 

domain which abolishes dimerization of the isolated COR fragment, yet surprisingly 

does not prevent ROCO dimerization. Hence, consistent with the findings presented 

here, the ROC domain apparently has an important role in dimerization. In further 

concordance with this study, a stabilization of the ROC domain was observed when 

extended with COR (118). Taken together, evidence converges on the ROCO 

domain tandem as the minimal necessary unit for dimerization. 

Frequently, identification of the essential dimerization domain is verified by deleting 

the determined region and analyzing the deletion constructs for dimerization 

potential. Lack of deletion construct dimerization consequently confirms the 

dimerization domain mapping. To further validate the ROCO domain as the core 

dimerization device, LRRK2 deletion constructs lacking the ROCO segment were 

generated. However, the deletion proteins were hardly expressed in HEK 293T cells, 

preventing assessment of their dimerization potential (data not shown). Thus, 

deletion construct analysis will require further improvement of experimental 

conditions. 

 

4.2 Predicted model of the ROCO LRRK2 self-interaction 

In the initial Y2H interaction study with single LRRK2 domains, an interaction, albeit 

weak, was exclusively observed for ROC and COR. This finding opens up two 

different qualities of possible interaction, namely an intra- or intermolecular 
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interaction. The strong interaction of the combined ROCO fragment in Y2H as well as 

in co-IP studies clearly points at predominance of an intermolecular interaction. 

Moreover, the ROCO fragment also bound to full length protein, similarly prefering 

intermolecular binding. Taken together, these data indicate a putative antiparallel 

interaction of the ROCO domains, with ROC binding COR and vice versa. To further 

investigate this assumption, a split-Venus bimolecular fluorescence complementation 

(BiFC) system was initiated. Venus is a derivative of GFP, and these fluorescent 

proteins can be splitted at distinct aa residues, thereby losing their fluorescence 

emitting properties. Fluorescence is restored when the protein fragments are brought 

into close spacial proximity, a condition which can be achieved by fusing the 

GFP/Venus fragments to proteins which interact (174, 175). Thus, fusion constructs 

of various ROCO – split-Venus combinations were cloned and assessed for 

complementation of fluorescence. Unfortunately, already the non-fused Venus 

fragments showed a considerable rate of (background) fluorescence emission, 

apparently interacting unspecifically. Hence, experimental optimization will be 

required to investigate the orientation of the ROCO interaction by this sophisticated 

method. 

 
Figure 4-1. Predicted model of the ROCO LRRK2 interaction. 

Currently available data on ROCO interaction suggests multiple contacts maintaining the 
ROCO dimer. Proposed interactions comprise ROC-ROC, COR-COR and ROC-COR 
contacts. The latter could occur in an intra- as well as intermolecular manner. 
 

The detailed mode of interaction between mammalian ROCO fragments will remain 

obscure until structural data is at hand. Previously solved structures of a LRRK2 

ROC fragment and a bacterial ROCO fragment were highly differing (117, 118) and 

thus hardly allow for general deductions concerning ROCOLRRK2 conformation. Data 

obtained in this study ignites speculation about a compact and strong ROCO 
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structure maintained by multiple interactions between ROC and COR subdomains, 

both in an intra- and intermolecular manner (Fig. 4-1). Interestingly, this model 

simultaneously allows furthermore for the reported ROC-ROC and COR-COR 

interactions, thus unifying currently available data on LRRK2 self-interaction. 

 

4.3 LRRK1 homodimerization and  

LRRK2/LRRK1 heterodimerization 

LRRK1 is the closest relative of LRRK2 and shows a very similar predicted domain 

architecture with a particularly well-conserved ROCO domain core. Thus, LRRK1 

homodimerization similar to LRRK2 was conceivable. Unexpectedly, a Y2H 

interaction study with single LRRK1 domains did not reveal any significant 

interaction, despite proper expression of the fusion proteins in yeast. Thus, the ROC-

COR interaction found among LRRK2 domains could not be confirmed for LRRK1 

domains. However, the Y2H-based LRRK2 ROC-COR interaction was not very 

strong, indicating that an analogous interaction of LRRK1 ROC-COR domains may 

be too weak to be detected. Indeed, the LRRK1 ROCO domains dimerized 

analogous to the robust ROCOLRRK2 self-interaction in co-IP assays. Thus, identical 

to ROCOLRRK2, extending the ROC domain with COR led to a robust self-interaction. 

Furthermore, ROCOLRRK1 also bound to full length LRRK1, suggesting a 

homodimerization of LRRK1 mediated by the ROCO domains, just as observed for 

LRRK2. Formally, an interaction of differentially tagged full length LRRK1 proteins 

has yet to be shown. 

Given homodimerization of LRRK1 and LRRK2, in each case mediated by the 

respective ROCO domains, a ROCO-directed heterodimerization of both kinases has 

been an imaginable consequence. Indeed, co-IPs of ROCO fragments and full length 

LRRKs demonstrated a potential for LRRK heterodimerization. Such potential is also 

known for other closely related kinases. For instance, heterodimerization has been 

shown for the Raf and MLK serine/threonine kinases (176-179), which are moreover 

assigned to the same kinase family as LRRK1 and LRRK2. As both LRRK proteins 

are localized in the cytosol (119, 129, 130, 152, 164), there are no spatial restrictions 

for a functional interaction. Furthermore, LRRK2 and LRRK1 appear to be 

coordinately regulated and co-expressed in restricted areas of the brain (180, 181). 
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Deciphering the functional relevance of LRRK heterodimerization is now clearly 

warranted. Interestingly, LRRK2 expression levels were observed to be considerably 

diminished whenever LRRK1 or ROCOLRRK1 was co-transfected. This trend was also 

noticed in HEK 293 cells stably expressing wild type LRRK2 (data not shown). Thus, 

LRRK1 could initiate or accelerate LRRK2 breakdown on RNA or protein level, most 

probably by means of its ROCO domain. Certainly, this interesting preliminary finding 

has to be explored with further in-depth analyses (see 4.8).  

 

4.4 Putative functions of the mammalian ROCO domain  

Having identified the ROCO domain as mediator of LRRK homo- and 

heterodimerization, a general role for the mammalian ROCO domain in dimerization 

was conceivable. Since the discovery of ROCO as a new self-contained protein 

domain, a ROCO domain was also spotted in DAPK1, a well-known Ser/Thr protein 

kinase involved in cell death and cancer as well as in neuronal injury and 

degeneration (168). Despite the low level of homology between LRRK and DAPK1 

ROCO domains, co-IP studies not only revealed ROCODAPK1 homodimerization 

capability, but also potential for ROCODAPK1 heterodimerization with both LRRK 

ROCO fragments. Hence, speculation about a functional regulatory interplay among 

all three mammalian ROCO kinases is justified. Most importantly, this study proposes 

for the first time a distinct function for the ROCO domain as a whole, suggesting 

structural entitiy to be reflected in functional unity. Like leucine zippers, ROCO 

domains could mediate dimerization in general. The very recently reported 

dimerization of the ROCO fragment from the Roco protein of C. tepidum clearly 

supports this hypothesis (118). An investigation of the even more distantly related 

ROCO domain of MFHAS1 (which does not contain a kinase domain) could further 

validate a general dimerization function for the mammalian ROCO domain. 

Collectively, this study supports the view of ROCO as one inseparable structural and 

functional entity, composed of a ROC and COR subdomain. 

Apart from a distinct role for the ROCO domain tandem, both ROC and COR 

subdomains probably have functions on their own. Similar to full length LRRK2, the 

isolated LRRK2 ROC fragment was shown to have GTP binding and hydrolysis 

ability (148-150, 172), and GTP binding was demonstrated for LRRK1 (164). Both 
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GTP binding and hydrolysis have not been analyzed for ROCDAPK1 so far. 

Furthermore, binding of tubulin by the ROCLRRK2 fragment was proposed recently 

(156). Interestingly, the DAPK1 region binding to the cytoskeleton overlaps with the 

ROC part of the ROCODAPK1 domain (168). Thus, there could be additional functional 

features shared by ROC and ROCO domains of different ROCO family members. 

Putative functions of the COR domain remain obscure. It could be a linker domain, 

functionally connecting the ROC and kinase domain, thus playing an important role 

for the hypothesized GTP-dependent kinase activation of LRRK2. Very recently, 

COR was demonstrated to be apparently responsible for dimerization in a crystalized 

bacterial ROCO fragment (118). More speculative, COR could function as a GEF 

(guanosine nucleotide exchange factor) or GAP (GTPase activating protein)  

assisting ROC GTPase function. Actually, similar configurations are known for other 

non-mammalian ROCO proteins (115, 182) and would have interesting 

consequences, rendering LRRK2 even independent from GEF or GAP co-factors 

normally needed for proper GTPase function. However, the hereby sketched virtually 

anarchic intramolecular LRRK2 self-activation through a COR – ROC – kinase 

activation cascade will have to withstand scientific examination. The fast GTP 

dissociation rate measured in a bacterial ROCO fragment rather suggests 

independence of ROC from GEFs (118). Certainly, many additional functions for the 

ROCO domain and its ROC and COR constituents are imaginable. 

 

4.5 Influence of artificial and familial PD mutatio ns  

on LRRK dimerization 

Mutations in LRRK2 might impact on dimerization. Particularly, familial PD mutations 

in the ROCO core dimerization interface could interfere with normal dimerization, 

either leading to a weakened or strengthened interaction. Ultimately, altered LRRK2 

dimerization could be a mechanism of how familial mutations in LRRK2 cause PD. 

Analyzing familial ROCO mutations R1441C/G/H (ROC domain) and Y1699C (COR 

domain), a significantly weakened homodimerization of ROCOLRRK2 fragments was 

detected. These results are in agreement with data from a recent study, which 

showed decreased interaction of R1441C ROC with LRRK2 in pull down assays and 

predicted a disruption of the ROC dimer whenever the arginine at position 1441 
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would be replaced by any residue with a shorter side chain (117). Moreover, 

predictions from a bacterial ROCO fragment crystal structure similarly suggest 

familial PD mutations I1371V, R1441C/G/H and Y1699C to weaken ROCO self-

interaction (118). Importantly, the finding that mutations in both the ROC and COR 

subdomain decreased ROCOLRRK2 self-interaction supports the assumption that the 

whole ROCO domain is necessary for proper dimerization. In addition, compared to 

wild type, mutant ROCOLRRK2 fragments R1441C and Y1699C showed diminished 

binding to full length LRRK2. Nevertheless, these results have to be confirmed by 

interaction assays using exclusively full length LRRK2 constructs containing the 

respective mutations, as additional influences of other LRRK2 domains on self-

interaction can not be ruled out. 

Data about the influence of familial mutations outside the ROCO domain on LRRK2 

dimerization is scarce. One report analyzing the I2020T mutation in the kinase 

domain found that this mutation apparently had no impact on dimerization (129). 

Actually, currently available evidence (including this study) excludes an involvement 

of the kinase domain in dimerization (117, 157). Whether other mutations outside the 

ROCO domain could influence dimerization will have to be investigated, but does not 

seem too likely given ROCO as the core dimerization interface. 

Additional influence on LRRK2 dimerization could be exerted by GTP. Binding of this 

nucleotide supposedly is important for proper LRRK2 kinase activity, and the same 

could hold true for dimerization. Full length LRRK2 and the LRRK2 ROC fragment 

have been shown to bind GTP, and this study demonstrated GTP binding also for the 

ROCOLRRK2 fragment. Here, excess amounts of guanyl nucleotides (including the 

non-hydrolyzable GTPγS) did not influence ROCOLRRK2 homodimerization. 

Concordantly, mutant ROCOLRRK2 fragments unable to bind GTP (K1347A or 

T1348N) still self-interacted like wild type. While GTP indepence has to be confirmed 

for full length LRRK2 dimerization, these results suggest that binding of GTP is not 

necessary for LRRK2 dimerization. In agreement, a recent report showed that the 

GTP-binding deficient K1347A mutation did not have an impact on the ROC-LRRK2 

interaction in GST-ROC pull-down assays (117). 

Remarkably, ROCO fragments containing familial PD mutations R1441C/G/H and 

Y1699C showed differences in ROCO homo- and heterodimerization, respectively. In 

contrast to weakened self-interaction for all tested mutant ROCOLRRK2 fragments, 

ROCO R1441G mutant bound significantly stronger to ROCOLRRK1. Surprisingly, the 
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remainder of ROCO mutants did not show any changes in ROCOLRRK1 binding. Thus, 

mechanisms for LRRK homo- and heterodimerization may be different, albeit using 

the ROCO interaction surface. Certainly, differences between LRRK homo- and 

heterodimerization will have to be validated with full length proteins, and functional 

assays will be needed to assess the biological relevance of LRRK 

heterodimerization. 

 

4.6 ROCOLRRK2 exerts an inhibitory effect on  

LRRK2 kinase activity 

This study demonstrated that the ROCOLRRK2 fragment binds to full length LRRK2 

and exerts a significant inhibitory effect on both wild type and G2019S LRRK2 

autophosphorylation. Mutant ROCOLRRK2 fragments R1441C and Y1699C showed a 

decreased inhibition of LRRK2 autophosphorylation, consistent with their weaker 

potential for homodimerization. Thus, the direct binding of ROCO fragments to full 

length LRRK2 confers kinase inhibition, and this effect is accordingly influenced by 

PD associated mutations diminishing homodimerization. Hence, it can be 

hypothesized that proper dimerization is necessary for LRRK2 kinase activity. This is 

in concordance with a recent report showing that kinase inactive LRRK2 mutants do 

not form dimeric protein species (183). Moreover, intracellular kinases related to 

LRRK2 can be activated by dimerization. Raf-1 has been shown to become active 

after coumermycin-induced dimerization (171), and MLK-3 requires dimerization via 

tandem leucine zippers for proper activation (170). 

Assuming that LRRK2 dimerization is important for kinase activity, substitution of 

ROCOLRRK2 with the larger kinase-active RCKWLRRK2 fragment was supposed to 

mimic normal dimerization by bringing together the two kinase domains and thus 

possibly reversing kinase inhibtion. Surprisingly, co-expression of RCKWLRRK2 

inhibited wild type and G2019S autophosphorylation comparable to ROCOLRRK2. 

Thus, there was apparently no trans-autophosphorylation in the LRRK2-RCKWLRRK2 

complex in this setting. Concordantly, a recent report identified LRRK2 

autophosphorylation to occur in cis rather than in trans (157), a mechanism 

previously proposed also for LRRK1 (164). Interestingly, missing 

autophosphorylation in the heterogenic LRRK2-RCKWLRRK2 complex suggests that 
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homogenic dimerization (i.e., two full length LRRK2 proteins or two RCKW 

fragments) is a prerequisite for proper cis-autophosphorylation (Fig. 4-2) 

Given the homology in LRRK domain architecture and dimerization behaviour, there 

was the obvious question of a similar kinase inhibiting effect by ROCO fragments on 

LRRK1. However, LRRK1 autophosphorylation could not be detected by kinase 

assays performed under LRRK2 conditions (data not shown), thus measuring LRRK1 

kinase activity under presence of ROCOLRRK1 and ROCOLRRK2 will require further 

improvement. 

Due to the artificial nature of in vitro kinase assays, obtained functional information 

must be taken with care. Clearly, a confirmation of the observed effects in cell-based 

settings is desirable. So far, there is no approved physiological kinase substrate of 

LRRK2, but the ERM proteins may be good candidates (147). However, measuring 

ERM phosphorylation by Western blot analysis of HEK 293T cell lysates conatining 

(co-)expressed LRRK2 and ROCO constructs did not produce consistent results 

(data not shown), and thus requires further experimental optimization. Additionally, 

alternative in vivo analyses of the in vitro LRRK2 kinase inhibiting effect will have to 

be designed and established (see 4.8). 

 

 
Figure 4-2. Homegenic dimerization is a prerequisit e for LRRK2 kinase activity. 

(A) Homogenic dimerization between full length LRRK2 or RCKW monomers allows for 
autophosphorylation (indicated by the phosphate groups at the kinase domain), most 
probably by accurately arranging the respective monomers. LRRK2 autophosphorylation is 
most likely an intramolecular event. (B) Heterogenic dimerization between full length LRRK2 
and the RCKW construct prevents autophosphorylation (indicated by a distorted kinase 
domain) by an as yet unknown mechanism. Possibly, LRRK2 molecules of different length 
can not be arranged to a functional dimeric conformation. 
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4.7 Predicted model of the ROCO LRRK2-mediated  

LRRK2 kinase inhibition 

This study highlights an unprecedented, exciting possibility of inhibiting LRRK2 

kinase activity. Even if the precise molecular mechanism of ROCO-mediated kinase 

inhibition remains elusive, it does not seem to involve direct binding to the kinase 

domain, as an interaction of the ROC or the COR domain with the kinase domain 

could not be detected here and elsewhere (117). Concordantly, whereas the majority 

of kinase inhibitors directly target the catalytical core of the kinase, allosteric 

inhibition is also a known mechanism (184, 185). 

Mechanistically, LRRK2 kinase inhibtion by co-expressed ROCO could either be 

direct or indirect. The latter would be exerted due to consumption of essential kinase-

inducing co-factors by the ROCO fragment, consequently leading to a lack of 

activation for the LRRK2 kinase domain. One co-factor apparently necessary for 

LRRK2 kinase activation is GTP, as GTP binding-deficient LRRK2 mutants showed 

decreased kinase activity and addition of the non-hydrolyzable GTPγS stimulated the 

kinase (145, 146, 150, 172). Thus, GTP binding by ROCO could cause indirect 

LRRK2 kinase inhibition by depleting the pool of available GTP. However, GTP 

binding deficient ROCOLRRK2 mutants inhibited LRRK2 autophosphorylation similar to 

wild type fragments, thus excluding kinase inhibition due to depletion of GTP. 

Naturally, this does not eliminate the consumption of other co-factors by ROCO. 

However, a major influence of putative co-factors on kinase activity in in vitro kinase 

assays is rather negligible because of several washing and purification steps. Thus, 

an indirect kinase inhibition mechanism due to consumption of co-factors by the 

ROCO fragment is largely unlikely. 

Consistently, the data presented in this study suggest that the kinase inhibiting effect 

is crucially depending on direct binding of the ROCOLRRK2 fragment to the ROCO 

domain of full length LRRK2, as weaker binding of mutant ROCO fragments resulted 

in diminished kinase inhibition. However, there are still different possibillities for 

kinase inhibition by direct binding (Fig. 4-3). Interestingly, ROCOLRRK2 fragments 

seemingly do not disrupt LRRK2 dimers, as the addition of increasing amounts of 

ROCOLRRK2 fragment had no impact on LRRK2 co-IPs. However, the added 

ROCOLRRK2 fragment was simultanously co-immunoprecipitated via LRRK2 in a 
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concentration-dependent manner, indicating that ROCOLRRK2 fragments could perturb 

proper LRRK2 dimerization by inserting (Fig. 4-3A) or attaching (Fig. 4-3B). This 

scenario of a partial disturbance of dimerization resembles the action of thioredoxin 

on ASK1 (apoptosis signal-regulating kinase 1). Thioredoxin was found to prevent N-

terminal homophilic interaction of ASK1 when bound to its N-terminal binding site, 

whereas overall ASK1 dimerization was not influenced (186).  

Assuming monomeric LRRK2 as the active species, the ROCOLRRK2 fragment could 

inhibit kinase activity by binding to the ROCO domain, subsequently distorting the 

conformation of the kinase domain (Fig. 4-3C). 

 

 
Figure 4-3. Possible mechanisms of the ROCO LRRK2 mediated inhibitory effect on 
LRRK2 kinase activity. 

LRRK2 kinase impairment is depicted by graphical distortion of the kinase domain. (A+B) 
Assuming LRRK2 dimerization to be the necessary conformation for proper kinase activity, 
ROCOLRRK2 may perturb proper LRRK2 dimerization and consequently inhibit kinase activity 
by inserting in between (A) or attaching to (B) the LRRK2 dimer. (C) Supposing monomeric 
LRRK2 as the kinase active species, binding of ROCOLRRK2 fragment to the ROCO domain of 
LRRK2 could induce a conformational change rendering the kinase inactive. (D) The findings 
presented in this study suggest a model where ROCOLRRK2 fragments act as spacers 
separating the halfs of the LRRK2 dimer. Thus, a functional dimer conformation is abrogated, 
subsequently leading to inhibition of the LRRK2 kinase domain. 
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Ultimately, all evidence gathered in this study converges to a model where 

ROCOLRRK2 forms a complex with LRRK2 and acts as a ‘spacer’ seperating the two 

LRRK2 monomers, thus functionally inhibiting the dimer and accordingly also kinase 

activity (Fig. 4-3D). A partial disturbance of dimerization as known for ASK1 is rather 

unlikely, as interactions among LRRK2 domains other than ROCO could not be 

detected.  

Whatever the exact mechanism, the artificial ROCOLRRK2 fragment could serve as a 

template for new allosteric drug design in PD by virtue of its LRRK2 kinase inhibiting 

effect. Once reduced to their minimal functional size and proven in cell-based 

functional assays, ROCO-like dimerization/kinase inhibitors might have important 

implications for the treatment of PD. 

 

4.8 Outlook 

Based on the results of this study, a multitude of future experiments is at hand. 

Certainly, exploring the therapeutic potential of ROCOLRRK2 mediated kinase 

inhibition will be the most exciting direction of research. However, consisting of 

roughly 550 aa, ROCOLRRK2 is too large for direct pharmacological applications. Thus, 

a considerable reduction in ROCOLRRK2 size without loss of its inhibitory potential has 

to be achieved. Indeed, there is evidence that small peptide or protein domains 

derived from full length polypeptides can still exert biological function(s). Due to their 

supposed superior clinical properties over currently used biomolecules like antibodies 

in terms of blood clearance, diffusion and tissue penetration, these small agents are 

considered as putative therapeutics in an emerging field called chemical genetics or 

peptide therapeutics (187). Actually, a recent report described TNFR-1-dependent 

DAPK1 degradation in cell culture induced through an yet unkown mechanism by a 

DAPK1 miniprotein (188). Interestingly, while this 110 aa miniprotein is considerably 

smaller than ROCOLRRK2, it is a fragment from the middle of the DAPK1 ROCO 

domain. Given that ROCODAPK1 is the DAPK1 core dimerization interface, the DAPK1 

miniprotein could exert its action through prevention or disturbance of DAPK1 

dimerization. Consequently, smaller ROCO fragments could be generally able to still 
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perturb dimerization of ROCO kinases, suggesting a possibility to reduce the size of 

ROCO-based LRRK2 antagonists. 

Naturally, an ideal LRRK2 kinase inhibitor on ROCO-basis should have no side 

effects on related protein kinases. However, heterodimerization potential between 

ROCO domains of LRRK2, LRRK1 and DAPK1 confirmed in this study foreshadows 

that ROCO-like kinase inhibitors could show problems of selectivity. Thus, future 

experiments analyzing a therapeutical relevance of ROCO-like kinase inhibitors will 

have to turn their attention to selectivity issues. 

Regardless of a desirable size reduction, the ROCO-mediated kinase inhibiting effect 

will have to be validated in additional experimental settings. Concerning in vitro 

studies, kinase assays should be extended beyond measurement of 

autophosphorylation to analyze ROCO-mediated inhibition effects on phosphorylation 

of ERM proteins (so far the only established in vitro LRRK2 substrate (147)). To 

investigate if the kinase inhibiting effect is dependent on ROCO dose, ROCO 

fragments or miniproteins will have to be isolated and purified from expression 

systems like E. coli. Subsequently, these recombinant proteins can be used to titrate 

the strength of the kinase inhibiting effect. However, previous attempts to isolate and 

purify ROCO fragments failed due to poor expression and/or solubility, suggesting 

that finding the appropriate domain boundaries will be crucial for a successful 

poduction of recombinant protein. 

Moreover, confirmation of ROCO-mediated LRRK2 kinase inhibition in more 

physiological in vivo systems is needed. Currently, cell culture phenotypes induced 

by pathogenic and/or overexpressed LRRK2 comprise neurite shortening, protein 

aggregation and cell toxicity. Generally, cells (neuronal-like or rodent primary 

neurons) analyzed in these systems are hardly transfectable, thus cell lines stably 

expressing LRRK2 constructs will have to be generated. Co-expression of ROCO 

fragments or miniproteins in sufficient quantity could be achieved by viral 

transduction. Once these experimental setting are established, an expected rescue 

of the respective phenotype by co-expression of ROCO fragments can be assessed.  

This study found evidence for an interaction potential among all three ROCO 

kinases, suggesting that the ROCO domain could be a domain with general 

dimerization function. To further clarify this question, analysis of the MFHAS1 

dimerization potential is indicated. MFHAS1, the last of the four known mammalian 

ROCO proteins, is only very distantly related to the ROCO kinases, as it does not 
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have a kinase domain at all. Thus, it will be very interesting to see if its ROCO 

domain neverthelss is capable of directing dimerization, and if there is 

heterodimerization potential with the ROCO kinases. Furthermore, it will be important 

to ascertain if other ROCO features are also shared among proteins of the ROCO 

family. For instance, GTP binding has been demonstrated for the LRRKs, but not for 

DAPK1 and MFHAS1. Similarly, binding to the cytoskeleton will have to be assessed 

for LRRK1 and MFHAS1. These studies should reveal if structural similarity is 

reflected in shared functions. 

Although this study identified ROCO as the core dimerization interface, a further 

finemapping of the exact dimerization region is indispensable. Deletion constructs 

lacking the ROCO, ROC or COR domain will elucidate which regions are absolutely 

necessary for dimerization and kinase activity. To obtain structural information, the 

ROCOLRRK2 fragment will have to be purified in sufficient amounts. Once structural 

information is available, residues identified to be important for dimerization will be 

artificially mutated, and effects on dimerization and kinase activity can be evaluated. 

To study a possible functional relationship among the ROCO kinases, kinase assays 

will have to be established for LRRK1 and DAPK1. Subsequently, quenching of 

kinase activity by ROCO fragments can be assessed in all possible combinations. 

Moreover, the specificity of the respective ROCO domain can be investigated by 

cloning ROCO domain chimeras, which are accordingly to be tested in functional 

assays. Ultimately, these experiments should help to put together the puzzle of a 

putative regulatory interplay between ROCO kinases, which could have important 

impact on the understanding of neurodegenration in general. 
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5 MATERIALS AND METHODS 

5.1 Chemicals 

chemical manufacturer 

  

1,4-Dithiothreitol (DTT) Roth 
2-propanol Merck 
40% Acrylamid/Bis solution 19:1  Biorad 
Acetic acid (glacial) 100% Merck 
Adenine hemisulphate Sigma 
Agar Fluka 
Ammonium persulfate (APS) Sigma 
Ampicillin Sigma 
Amylose resin NEB 
Bacto peptone (Y2H) Beckton Dickinson 
Bacto-Agar (Y2H) Becton Dickinson 
Bovine Serum Albumin (BSA) Roth 
Bromphenol blue sodium salt (BPB) Merck 
Complete® protease inhibitor cocktail Roche 
Coomassie brilliant blue R-250 AppliChem 
Dimethylsulfoxide (DMSO) Sigma 
DMEM (Dulbecco’s minimal essential medium) Biochrom 
DNA 1 kb ladder NEB/Fermentas 
DNA 100 bp ladder NEB/Fermentas 
DNA T4 Ligase (1U/µl), DNA T4 Ligase buffer (10x) Fermentas 
EDTA Sigma 
Ethanol Merck 
Ethidium bromide (1% in water) Merck 
Fetal bovine serum gold PAA 
FuGENE 6 transfection reagent Roche 
Glycerol AppliChem 
Glycine Roth 
GTP-sepharose Jena Biosciences 
HA-, MYC-, FLAG-EZview agarose Sigma 
Hepes Sigma 
Hydrochloric acid (HCL) Merck 
Immobilon Western HRP substrate Millipore 
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Immun-Star HRP substrate Biorad 
Kanamycin Sigma 
kinase buffer 10x Cell Signaling 
Licium acetate dihydrate (LiAc) Sigma 
Methanol Merck 
N,N,N’,N’-Tetramethylethylendiamine (TEMED) Merck 
Nitrogen base, dropout media Formedium 
Non fat milk powder Sucofin (Edeka) 
Nucleotides (ATP, CTP, GTP, GDP, GTPγS) Sigma 
One Shot® TOP10Electrocomp™E. coli  Invitrogen 
Optimem Gibco 

γ-32P-ATP 
GE healthcare/ 
Hartmann Analytic 

Polyethylene glycol (PEG) Sigma 
Ponceau S Staining Solution Sigma 
Potassium chloride (KCL) Merck 
Potassium dihydrogen phosphate (KH2PO4) Merck 
Precision Plus Protein Standard, prestained Biorad/Fermentas 
Protein G-agarose Roche/Upstate 
Restriction endonucleases and buffers Roche/Fermentas 
Shrink alkaline phosphatase (SAP), SAP buffer (10x) Fermentas 
Sodium azide (NaN3) Sigma 
Sodium chloride (NaCl) Merck 
Sodium dodecyl sulfate (SDS) Sigma 
Sodium hydroxide (NaOH) Merck 
Sodium phosphate dibasic heptahydrate  
(Na2HPO4-7 H2O) 

Merck 

Sodium pyrophosphate tetrabasic decahydrate (NaPP) Sigma 
TaKaRa Ex Taq DNA polymerase (+ 10x buffer, dNTPs) Lonza 
Taq DNA polymerase (+ 10x buffer, dNTPs) Qiagen 
Trichloroacetic acid solution, 6.1 N (TCA) Sigma 
Triton X-100 AppliChem 
TRIZMA® Base (Tris base) Sigma 
Trypsin-EDTA (10x) Gibco 
Tryptone/Peptone Roth 
Tween® 20 Merck 
Yeast extract Sigma/AppliChem 
β-Mercaptoethanol Roth 
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5.2 Solutions and buffers 

5.2.1 Molecular biology 

Ampicillin stock solution  

100 mg/ml in H2O bidest. Aliquots were stored at –20°C. 

 

Kanamycin stock solution 

30 mg/ml in H2O bidest. Aliquots were stored at –20°C. 

 

LB medium 

10 g Tryptone, 5 g Bacto-Yeast extract, and 8 g NaCl were dissolved in 1000 ml H2O 

and sterilized by autoclaving. Ampicillin (100 µg/ml) or Kanamycin (30 µg/ml) was 

added after cooling down to approximately 50°C. LB containing antibiotic was stored 

at 4°C. 

 

LB agar plates 

10 g Bacto-Tryptone, 5 g Yeast extract, 8 g NaCl, and 16 g Bacto-Agar were 

dissolved in 1000 ml H2O and sterilized by autoclaving. Ampicillin (100 µg/ml) or 

Kanamycin (30 µg/ml) was added after cooling down to approximately 50°C. Plates 

were stored at 4°C. 

 

10x DNA gel loading buffer 

250 mg bromphenol blue, 33 ml 150 mM Tris base (pH 7.6), 60 ml glycerol, 7 ml H2O 

bidest. Stored at 4°C. 

 

Tris-borate buffer (TBE) 10x 

108 g Tris, 55 g Boric acid in 900 ml H2O bidest. 40 ml 0.5 M Na2EDTA (pH 8.0) was 

added and volume adjusted to 1 liter with H2O bidest. 

 

1% (w/v) Agarose gel 

1 g agarose was dissolved in 100 ml 1x TBE by microwave heating. 2.0 µl of ethi-

dium bromide (1% in water solution) were added after cooling to ~50°C . 
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5.2.2 Yeast two-hybrid (Y2H) 

YPAD medium 

5 g yeast extract, 10 g peptone, and 50 mg adenine hemisulphate were dissolved in 

450 ml H2O bidest. After autoclaving, 50 ml 20% glucose was added. 

 

-Leu-Trp yeast selective medium 

6.9 g nitrobase, and  0.64 g -Leu-Trp dropout medium were dissolved in 900 ml H2O 

bidest. After autoclaving, 100 ml 20% glucose was added. 

 

LiT 

100 mM LiAc, 10 mM Tris pH 7.4 

 

PEG/LiT 

3 ml 1M LiAc, 0.3 ml 1M Tris pH 7.4, fill up to 30 ml with 50% PEG (in water) 

 

Yeast selective agar plates 

17 g agar were dissolved in 500 ml H2O bidest and autoclaved. 6.9 g nitrobase, and 

selective dropout medium (0.64 g -Leu-Trp or 0.62 g -His-Leu-Trp) were dissolved in 

400 ml H2O bidest, adjusted to pH 5.6, and autoclaved. 500 ml auotpclaved agar 

solution and 100 ml 20% glucose were added to 400 ml medium solution. Plates 

were stored at 4°C. 

 

HU buffer (yeast protein extraction) 

8 M Urea, 5 % SDS, 200 mM Tris pH 6.8, 1 mM EDTA, BPB, and 1.5 % DTT 

5.2.3 Protein biochemistry 

SDS-PAGE stacking gel buffer 

0.5 M Tris base, pH 6.8 and 0.4% SDS. 

 

SDS-PAGE resolving gel buffer 

1.5 M Tris base, pH 8.8 and 0.4% SDS. 
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10x SDS-PAGE running buffer 

30.3 g Tris base, 145 g glycine, 10 g SDS in 1 liter H2O bidest. 

 

4x SDS-PAGE sample buffer (4x Laemmli buffer) 

2.5 ml 1 M Tris base (pH 6.8), 2.0 ml 20% SDS, 4.0 ml glycerol, 1.0 ml ß-mercapto-

ethanol, 250 mg bromphenol blue, adjusted to 10 ml volume with H2O bidest. 

Aliquots were stored at –20°C. 

 

1x Transfer buffer 

3.03 g Tris base, 14.5 g glycine, 200 ml methanol, adjusted to 1 liter volume with H2O 

bidest. 

 

10x TBS - Tris buffered saline 

302.85 g Tris, 438.3 g NaCl in 4 liter H2O. pH was adjusted to 7.5 with 1 M HCl and 

volume was filled to 5 liter with H2O. Stable at 4°C for three months. 

 

1x TBS-T - Tris buffered saline/0.1% Tween 20 

Dissolving of 1.0 ml Tween 20 in 1 liter 1x TBS. 

 

10% Blocking solution 

Dissolving of 50 g non fat milk powder in 500 ml 1x TBS-T. 

 

Western Blot stripping solution 

7.57 g Tris base (pH 7.7), 20 g SDS, 6.98 ml ß-mercaptoethanol, adjusted to 1 liter 

volume with H2O bidest. 

 

Primary antibody solution 

Dissolving 1 g BSA and 1 g NaN3 in 100 ml TBS-T. Stored at 4°C. 

 

Column buffer 

20 mM HEPES pH 7.4, 200 mM NaCl, 1 mM EDTA 

 

MBP elution buffer 

10 mM maltose in column buffer 
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Coomassie staining solution 

0.5 g Commassie blue R250, 92 ml acetic acid (glacial), 454 ml methanol, and 454 

ml H20 bidest (total volume 1000 ml). 

 

Coomassie destaining solution 

50 ml acetic acid (glacial), 250 ml methanol, and 700 ml H20 bidest (total volume 

1000 ml). 

5.2.4 Cell biology 

10x PBS - Phosphate buffered saline  

80 g NaCl, 2 g KCl, 26.8 g Na2HPO4-7 H2O and 2.4 g KH2PO4 in 800 ml H2O. pH 

was adjusted to 7.4 with HCl and volume filled to 1 liter with H2O.  

 

HEK 293T cell freezing medium 

40 ml DMEM medium, 40 ml fetal bovine serum and 20 ml DMSO were mixed, sterile 

filtrated using a 0.22 µm filter, and stored at 4°C . 

 

Cell lysis buffer 

150 mM NaCl, 1% TritonX-100, 50 mM Tris base (pH 7.4), 1 mM EDTA, and 10 mM 

Na-pyrrophosphate in H2O bidest. 1x Complete® protease inhibitor cocktail (Roche) 

was added freshly. 

 

5.3 Vectors and oligonucleotides 

vector backbones 

vector tag(s) manufacturer 

   
pcDNA3 5’ FLAG, 5’ MYC Invitrogen 

pMAL 5’ MBP NEB 

pCMV 5’ HA, 5’ MYC Clontech 

pGBKT7 5’ MYC Clontech 

pGADT7 5’ HA Clontech 
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plasmid constructs 

construct source 

  

pCI-LRRK2-HA Giorgio Rovelli, Novartis Pharma AG, Basel, Schweiz 

pCI-LRRK2[G2019S]-HA Giorgio Rovelli, Novartis Pharma AG, Basel, Schweiz 

pCI-LRRK2[K1906M]-HA Giorgio Rovelli, Novartis Pharma AG, Basel, Schweiz 

pCI-LRRK2[R1441C]-HA Giorgio Rovelli, Novartis Pharma AG, Basel, Schweiz 

pCI-LRRK2[R1441G]-HA Giorgio Rovelli, Novartis Pharma AG, Basel, Schweiz 

pCI-LRRK2[R1441H]-HA Giorgio Rovelli, Novartis Pharma AG, Basel, Schweiz 

pCI-LRRK2[Y1699C]-HA Giorgio Rovelli, Novartis Pharma AG, Basel, Schweiz 

pCMV-2xMYC-
LRRK2[K1347A] 

Mark Cookson, NIH, Bethesda, Maryland, USA 

pCMV-3xFLAG-
LRRK2[T1348N] 

Takeshi Iwatsubo, University of Tokyo, Tokyo, Japan 

pCMV-2xMYC-LRRK1 Bertram Weiss, Schering AG, Berlin 

pcDNA3-HA-DAPK1 
Adi Kimchi, Weizmann Institute of Science, Rehovot, 
Israel 

  
 

oligonucleotides 

Sequences of oligonucleotides are available on request. 

 

5.4 Antibodies 

 

1° antibody source dilution (WB) manufacturer 

    

anti-HA rat monoconal 1:1.000 – 1:30.000 Roche 
anti-MYC 9E10 mouse monoclonal 

ascites 
1:5.000 – 1:60.000 Developmental 

Studies Hybridoma 
Bank, University of 
Iowa 

anti-FLAG M2 mouse monoclonal 1:1.000 – 1:5.000 Sigma 
anti-Mid(LRRK2) rabbit polyclonal 1:1.000 – 1:50.000 self-produced 
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2° antibody source dilution (WB) manufacturer 

    
anti-rat-HRP rabbit polyclonal 1:5.000 – 1:40.000 Dako 
anti-mouse-HRP sheep polyclonal 1:10.000 – 1:60.000 GE healthcare 
anti-rabbit-HRP donkey polyclonal 1:10.000 – 1:30.000 GE healthcare 
    
 

5.5 Molecular cloning 

5.5.1 PCR, agarose gel electrophoresis and extracti on of DNA 

All cDNA sequences to be subcloned were amplified by PCR according to the 

manufacturer’s protocol with primers bearing the appropriate restriction sites. 

Analytical PCR was done with Taq DNA polymerase, whereas preparative PCR was 

performed with TaKaRa ExTaq DNA polymerase because of its proof-reading ability. 

To further prevent unwanted mutations in the amplified sequences, the number of 

PCR cycles was reduced to 10 rounds of amplification. PCR products were 

separated on 1% agarose gels, visualized via detection of incorporated ethidium 

bromide by UV illumination, excised and purified by QIAquick gel extraction kit 

(Qiagen). 

 

5.5.2 Enzymatic digestion of DNA fragments and plas mid DNA 

The amount of a restriction enzyme needed to digest DNA were calculated according 

to the following equation: 

 

 

 

 

Digests were performed in a total volume of 50 µl. For DNA fragments, removal of 

salts and nucleotides was achieved with QIAquick PCR purification kit (Qiagen). 

Digested vectors were purified by gel extraction and dephosphorylated (1 µl SAP per 

~ 450 ng DNA, 10 min at 37°C). Afterwards, SAP was heat inactivated (15 min at 

65°C). 
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5.5.3 Ligation of digested DNA fragments and transf ormation  

of DNA by electroporation 

50 ng digested and dephosphorylated vector was used per ligation reaction. Amounts 

of digested DNA fragments needed for ligation were calculated according to the 

following equation: 

 

 

 

 

Inserts were added in a three- or ten-fold molar excess. Ligations were incubated at 

RT for 2 h. 

Subsequently, 4 µl (5 µl) of a ligation reaction (10 ng [1 µl] of a plasmid for 

retransformation) were added to 40 µl (50 µl) of electrocompetent cells on ice and 

mixed by gently tapping the reaction tube. Samples were pipetted into pre-cooled 

0.2 cm cuvettes and pulsed with 2.0 kV using a MicroPulserTM device (BioRad). 1 ml 

LB medium without antibiotics was immediately added to pulsed E. coli and 

transferred to 1 ml reaction tubes. After incubation for 1 h at 37°C and 300 rpm, 50-

300 µl of bacteria were spread on LB agar plates including the appropriate selective 

antibiotic and grown overnight at 37°C. 

 

5.5.4 Production of electrocompetent cells  

Fresh colonies from One Shot® TOP10 Competent Cells (Invitrogen) were produced 

by streaking out bacteria from cell stocks onto an LB-ampicillin agar plate and 

growing them overnight at 37°C. One single colony w as used to inoculate 50 ml of 

fresh LB-ampicillin medium and again grown overnight at 37°C and 200 rpm. The 

next day, the culture was diluted 1:100 in two flasks with 1 liter LB-ampicillin medium 

and incubated at 37°C with 200 rpm until an OD 600 of 0.5 was reached. All further 

steps were done on ice or 4°C (centrifugations) and  only cold equipment and 

solutions were used. Cells were centrifuged in four 500 ml bottles for 30 min at 4000 

rpm (75006445 rotor, Sorvall-Heraeus). The supernatant was discarded and each 

cell pellet was resuspended in 10 ml sterile 10% glycerol, pooled to two 500 ml 

bottles, filled up to 400 ml sterile 10% glycerol and centrifuged for 30 min at 4000 
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rpm (75006445 rotor, Sorvall-Heraeus). The supernatant was again discarded, the 

two remaining pellets resuspended in 10 ml sterile 10% glycerol and combined into 

one bottle. After centrifugation as above, the pellet was resuspended in 10 ml sterile 

10 % glycerol and transferred to a 50 ml conical tube. Volume was adjusted to 50 ml 

and the cell suspension was centrifuged again as above. The resulting cell pellet was 

resuspended in 1-1.5 ml sterile 10 % glycerol and 40 µl (50 µl) aliquots were 

prepared. Aliquots were shock-frozen in liquid nitrogen and stored at –80°C. 

5.5.5 Amplification, purification and validation of  plasmid DNA 

A single colony from a selective plate was picked to inoculate 5-7 ml (MiniPrep) or 

35-50 ml (MidiPrep) LB medium containing the appropriate selective antibiotic. 

Incubation was carried out for ~16 hours at 37°C wi th vigorous shaking (~200 rpm). 

For MaxiPrep, a MiniPrep overnight culture was diluted ~1:100 in selective LB 

medium and grown at 37°C for ~16 hours with vigorou s shaking. For LRRK2 full 

length plasmids, both incubation time and medium volume had to be increased 

considerably to yield sufficient amounts of plasmid. Bacterial cells were harvested by 

centrifugation at 12000 x g for 1 min at RT (MiniPrep) or 6000 x g for 15 min at 4°C 

(MidiPrep, MaxiPrep). Purification steps were conducted with Mini, Midi or MaxiPrep 

kits (Qiagen) acccording to the manufacturer’s instructions. Air-dried DNA pellets 

were redissolved in EB-buffer (MiniPrep: 30 µl, MidiPrep: 150 – 350 µl, MaxiPrep: 

250 – 1000 µl) and DNA concentration was measured by a NanoDrop® ND-1000 

device (Peqlab). The entire coding sequences of all constructs were verified by DNA 

sequencing, and the integrity of vectors was validated by restriction analysis. 

For long-term storage of constructed plasmids, bacterial glycerol stocks were 

generated. Briefly, 1 ml overnight bacterial culture was centrifuged (5 min, 2000 x g, 

RT). The pellet was resuspended in 800 µl LB medium without antibiotics and mixed 

with 200 µl 99,5% glycerol. Glycerol stocks were stored at – 80°C. 
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5.5.6 Cloned constructs 

LRRK2 

 

pCMV pcDNA3 
construct pMAL 

HA MYC FLAG MYC 
pGBKT7  pGDAT7 

        
Mid ●   ●  ● ● 

LRR    ●  ● ● 

ROC  ● ●   ● ● 

ROC R1441G      ● ● 

ROC R1441H      ● ● 

COR  ● ●   ● ● 

COR Y1699C      ● ● 

kinase      ● ● 

WD40    ●  ● ● 

        

ArmAnk    ●    

MidLRR    ●    

ROCO  ● ●   ● ● 

ROCO R1441C  ● ●     

ROCO R1441G  ● ●     

ROCO R1441H  ● ●     

ROCO Y1699C  ● ●     

ROCO R1441C+Y1699C  ● ●     

ROCO K1347A  ● ●     

ROCO T1348N  ● ●     

        

VN155-ROCO   ●     

VC155-ROCO  ●      

ROCO-VN155   ●     

ROCO-VC155  ●      

        

RCK      ● ● 

        

RCKW  ● ●   ● ● 

        

∆ROCO  ● ●     

        

LRRK2 (full length) ●   ● ●   
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LRRK1 

 

pCMV 
construct 

HA MYC 
pGBKT7  pGDAT7 

     
Ank   ● ● 

LRR   ● ● 

ROC   ● ● 

COR   ● ● 

kinase   ● ● 

WD40   ● ● 

     

ROCO ● ●   

     

VN155-ROCO  ●   

VC155-ROCO ●    

ROCO-VN155  ●   

ROCO-VC155 ●    

     

 

 

LRRK2/LRRK1 sequence alignments were done with the AlignX software (Vector 

NTI, Invitrogen). 

 

DAPK1 

 

pCMV 
construct 

HA MYC 
   

ROCO ● ● 

   

 

 

The DAPK1 ROCO domain was cloned as defined by Bosgraaf et al. (115).  

 

5.6 MBP-Mid fusion protein expression and purificat ion 

The pMAL™ Protein Fusion and Purification System (NEB) provides a method for 

expressing and purifying a protein of interest. The protein encoding gene is inserted 
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into a pMAL vector downstream from the malE gene of E. coli, which encodes 

maltose-binding protein (MBP), resulting in expression of an MBP fusion protein. 

The LRRK2 Mid fragment was subcloned into the pMAL-c2X vector as described 

above. Subsequently, the plasmid containing the MBP-Mid fusion gene was 

transformed into E. coli BL21-CodonPlus® Competent cells (Stratagene) as described 

above. The next day, 1 liter LB-Ampicillin (supplemented with 10 ml 20 % Glucose) 

was inoculated with ~3 ml of an overnight culture of cells containing the fusion 

plasmid. When the culture had reached an OD600 of 0.5, expression of the 

recombinant protein was induced with IPTG (final concentration 0.3 mM). After 3 h 

additional incubation at 37°C and 200 rpm, bacteria l cells were harvested (4000 x g, 

20 min, 4°C), resuspended in 50 ml column buffer, a nd frozen in two aliquots à 25 ml 

overnight at -20°C. The next day, the two aliquots were thawed in a ice-water bath 

and bacterial cells of each aliquot were broken open by sonication for 240 sec in 10 x 

1 sec pulses with 75 % power (Sonopuls, Bandelin). Tubes were kept on ice during 

sonication to prevent heating of the samples. After centrifugation (9000 x g, 30 min, 

4°C), the supernatant (crude extract) was saved, an d one aliquot was shock-frozen in 

liquid nitrogen for long-term storage at –80°C. The  other aliquot was subjected to 

batch binding overnight at 4°C and 5 rpm (wheel, Mo del 79000, Labor-Brand). 

Thereby, 5 ml of the amylose resin were washed two times (40 ml column buffer, 

5700 x g, 2 min, 4°C) and the 25 ml cude extract we re added. The next day, the 

sample was again washed with 40 ml pre-chilled column buffer, resuspended in 15 

ml pre-chilled column buffer and decanted into a Poly-Prep® chromatography  

column (0,8 x 4 cm, Bio-Rad). All following steps were performed at 4°C. The column 

was washed two times with 60 ml pre-chilled column buffer by gravity flow and eluted 

with MBP elution buffer. Ten fractions à 1 ml were collected and aliquots analyzed by 

SDS-PAGE and commassie staining and Western blotting, respectively. The 

remainder of the fractions were shock-frozen in liquid nitrogen. Fractions containing 

the fusion protein were thawn, pooled and dialysed into 1 x PBS overnight at 4°C 

with gentle stirring. Fusion protein concentration was determined by Bicinchoninic 

Acid Assay kit (BCA, Pierce), according to the manufacturer’s instructions. Fusion 

protein in 1 x PBS was used for immunization of rabbits (Invitrogen EvoQuest). 
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5.7 Y2H interaction study 

 

Y2H interaction studies were performed with the Matchmaker GAL4 two-hybrid 

system 3 (Clontech). Yeast strain AH109 was co-transformed with pGADT7 and 

pGBKT7 plasmids containing LRRK2 single or elongated/combined domains, 

respectively. Briefly, strain AH109 was grown overnight in YPAD full medium to an 

OD600 of 0,5 – 1,5 and pelleted by centrifugation (3 min, 1200 x g). After discarding 

the supernatant, aliquots of 100 µl were transferred to 1,5 ml tubes and 10 µl salmon 

sperm DNA (10 mg/ml), plasmid DNA (1µg), and 500 µl PEG/LiT were added. After 

careful vortexing and incubation for 15 min at RT, 50 µl DMSO were added. 

Subsequently, yeast was transformed by heat shock for 15 min at 42°C. After being 

centrifuged (30 sec, 800 x g), yeast pellets were resolved in 100 µl ddH2O and plated 

on selective medium lacking Leu and Trp. After incubation at 30°C for 2 days, grown 

yeast colonies (positive transformants) were taken into liquid culture, grown overnight 

and equal amounts (OD600 = 0,25) were spotted onto agar plates containing selective 

medium lacking Leu, Trp and His. Growing of yeast colonies was assessed after a 

minimum of 3 days. 

To assay for expression of fusion proteins in yeast, yeast proteins were extracted 

and analyzed by SDS-PAGE/Western blotting. Briefly, yeast was grown in liquid 

culture to an OD600 ≤ 1 (starter culture: OD600 = 0,25). Subsequently, 5 OD cells were 

harvested (5 min, 6000 x g, 4°C), and cell pellets were resuspended in 1 ml cold H2O 

bidest. This cell suspension was supplemented with 150 µl 1,85 M NaOH/7,5 % β-

Mercaptoethanol and incubated on ice for 15 min. Addition of 150 µl 55 % TCA was 

followed by another 10 min of incubation on ice. Afterwards, cells were pelleted (10 

min, 12000 x g, 4°C) and the supernatant discarded.  After a second short 

centrifugation step, remaining supernatant was discarded and the pellet was resolved 

in 100 µl HU buffer. 15 µl of yeast protein extract were analyzed by SDS-

PAGE/Western blotting. 
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5.8 Cell culture, transfection, cell harvest and ce ll lysis 

HEK 293T cells (189) were cultured in DMEM supplemented with 10% FBS at 37°C 

and 5% CO2. Transient expression was performed by transfecting plasmids with 

FuGENE6 (Roche) according to the manufacturer’s protocol for 24 or 48h. Briefly, for 

one 10 cm plate and a transfection ratio of 3:1, 582 µl Optimem were mixed with 18 

µl FuGENE6 and incubated for 5 min at RT. Subsequently, 6 µg DNA were added 

and the transfection complex was incubated for 45 min at RT. 

Cells were harvested by scraping in cold PBS, washed three times in cold PBS and 

lysed in cell lysis buffer for 30 min on ice (375 µl cell lysis buffer per cell pellet from 

one 10 cm plate). After pelleting cell debris for 15 min at 20.000 x g at 4°C, protein 

amount in the supernatant (total cell lysate) was determined by quantification with 

BCA kit according to the manufacturer’s instructions. 

 

5.9 Immunoprecipitation, GTP-sepharose affinity pur ification 

and nucleotide competition assays 

Total cell lysate amounts ranging from 150 to 1000 µg were incubated in a total 

volume of 500 µl lysis buffer with 40 or 50 µl FLAG-, HA- or MYC-agarose or 50 µl 

protein G-agarose and 5 µl anti-MidB2 at 4°C for 3h  or overnight. Following three 

washing steps (500 µl lysis buffer, 5 min, 4°C), be ads were eluted with 40 or 50 µl 1x 

or 2x Laemmli buffer for 5 min at 95°C. For GTP bin ding studies, cell lysates were 

incubated with 50 µl GTP-sepharose for 2 h at 4°C. For nucleotide competition 

assays, the second hour of incubation with GTP- sepharose or MYC-agarose was 

carried out in the presence of 2 mM GDP, GTP, its non-hydrolysable analog GTPγS, 

or control nucleotides. Subsequently, beads were eluted in 50 µl 1x Laemmli buffer 

as described above. The same protocol was used for nucleotide competition during 

co-immunoprecipitation with MYC-agarose. 
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5.10 SDS-PAGE, Coomassie staining, Western blotting   

and densitometry 

Samples were prepared in Laemmli sample buffer and - without prior heating -  

separated on 1.5 mm polyacrylamide gels ranging from 4 to 6 %. Migration of 

proteins through the stacking gel was conducted with 20 mA per gel, separation in 

the resolving gel was achieved with a constant voltage of 150 V. Coomassie staining 

was performed for 40 min at RT with gentle shaking. Transfer of separated proteins 

onto PVDF membranes (75 mA per 9x7,5 cm membrane, semi-dry blotting) and 

subsequent membrane blocking (10% milk powder in T-BST), washing (T-BST) and 

antibody probing was done according to standard protocols. Primary antibody was 

diluted in primary antibody solution, secondary antibody was diluted in 5% milk 

powder in T-BST. Immunoreactive signals were detected by chemiluminescence 

(Immun-Star HRP substrate or Immobilon Western HRP substrate). Notably, blotting 

time for full length LRRK proteins was increased to at least 2,5 h. Stripping of 

membranes was done by incubation in WB stripping buffer for 30 min at 56°C, 

followed by three washing steps with TBS-T.  

Densitometric analyses of coomassie and Western blotting signals were conducted 

with ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, 

Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2007.). 

 

5.11 In vitro kinase assay 

24 hours after transfection, 375 µl (350 µg) cell lysate were filled to a total volume of 

500 µl with lysis buffer and incubated with 50 µl HA-agarose overnight at 4°C. After 

three washing steps with lysis buffer (5 min, 4°C) and one washing step with kinase 

buffer, immune complexes were resuspended in 50 µl kinase buffer supplemented 

with 1 µl ATP (10 mM) and 1 µl [γ-32P] ATP (10 µCi) and incubated for 30 minutes at 

30°C. Supernatants were discarded, and beads were e luted 2 times with 50 µl 2x 

Laemmli buffer. Eluates were pooled and separated by SDS-PAGE, followed by 

Coomassie blue staining and Western blot, respectively. Incorporated [γ-32P] ATP 

was detected by autoradiography, and quantified by densitometry as described 

above.
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