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 Zusammenfassung 

Zusammenfassung 

Obwohl Morbus Parkinson (PD) die zweithäufigste neurodegenerative Erkrankung darstellt, 

ist der Pathomechanismus kaum verstanden. Es ist jedoch erwiesen, dass PD assoziierte 

Mutationen die Aktivität der Leucine rich repeat kinase 2 (LRRK2) beeinflussen, sodass diese 

ein potentielles Drug Target darstellt. Für ein besseres Verständnis wurden daher der 

intrinsische regulatorische Mechanismus und der Einfluss von Mutationen auf LRRK2 

untersucht. Zusätzlich wurde der Einfluss von Nanobodies gegen die ROC Domäne von LRRK2 

auf die Kinase Aktivität überprüft. Die Nanobodies konnten in hoch- und niedrigaffine ROC-

Domänen-Binder unterteilt werden, dabei erkannten die hochaffinen ein anderes Epitop 

(Bins) als die niedrigaffinen. Die Zugabe von hochaffinen Nanobodies erhöhte die Kinase-

aktivität von LRRK2, jedoch nicht die eines N-terminal verkürzten ROC-COR-Kinase-WD40-

Konstruktes (RCKW). Zusammen mit Ergebnissen anderer Forschergruppen kann daher von 

einer autoinhibitorischen Domäne um die Aminosäure S1292 ausgegangen werden. Überdies 

wurde in der vorliegenden Arbeit gezeigt, dass nukleotidfreies LRRK2 eine höhere Kinase-

aktivität besitzt als die GDP- oder GTP-gebundene Form. Dies deutet auf eine Regulation der 

Kinasedomäne durch Modulation des Monomer-Dimer-Zyklus aufgrund des G-Nukleotid-

Status der ROC Domäne hin. Die R-Spine Mutation Y2018F, welche das für Kinasen essenzielle 

DFG (LRRK2: DYG) Motiv wiederherstellt, erhöht wie G2019S die Kinaseaktivität um den Faktor 

drei bis vier. Außerdem bildet LRRK2 Y2018F, ebenso wie die PD assoziierte Mutation I2020T, 

mit erhöhter Wahrscheinlichkeit Filamente um Mikrotubuli. Sowohl die erhöhte Kinase-

aktivität als auch die Filamentbildung stehen im engen Zusammenhang mit der Entstehung 

von PD. Y2018F vereint beide pathogenen Effekte vermutlich durch die Stabilisierung einer 

spezifischen aktiven LRRK2-Konformation, welche sich zur der von G2019S unterscheidet. 

LRRK2 bildet ebenfalls nach Inhibition durch MLi-2 Filamente aus. Daher ist die Bildung von 

Filamenten wahrscheinlich auf die aktive Konformation und nicht die Kinaseaktivität zurückzu-

führen. Zusätzlich ist eine schützende Funktion des N-Terminus wahrscheinlich, da das RCKW 

Konstrukt unabhängig von Mutationen oder MLi-2-Behandlung Filamente bildet. Nur die 

RCKW-Kinase-Tot-Mutante D2017A konnte die Filamentbildung reduzieren. Dies bestätigt 

zusätzlich, dass eine aktive Kinase-Konformation für das Bilden von LRRK2-Filamenten 

benötigt wird, während dieser Prozess zusätzlich durch den N-Terminus reguliert wird. 

Zusammenfassend nehmen die ROC-Domäne sowie der N-Terminus wichtige regulative Rollen 

bei der Kontrolle von Kinaseaktivität und Filamentbildung bei LRRK2 ein. Abschließend wurde 

das Spine-Modell für Kinasen auf LRRK2 angewendet sowie Spine-Mutationen, welche 

potenziell die Stabilität der Kinase erhöhen, eingebracht und charakterisiert. Die Flexibilität 

dieses hydrophoben Netzwerks basiert auf einem fein abgestimmten Gleichgewicht zwischen 

dem aktiven und inaktiven Status der Kinase. Dieses Gleichgewicht kann relativ einfach durch 

pathogene Mutationen wie G2019S oder I2020T, die den aktiven Status präferieren, 

beeinträchtigt werden. Interessanterweise wurde die R-Spine-Mutation Y2018F als eine neue 

hyperaktive Kinase-Mutation in LRRK2 identifiziert.  
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 Abstract 

Abstract 
Parkinson’s disease (PD) is the second most neurodegenerative disorder, however, underlying 

pathomechanisms are only poorly understood. The leucine rich repeat kinase 2 (LRRK2) was 

found to play a major role in the development of PD and may provide a novel drug target as 

PD associated mutations in LRRK2 were generally found to alter kinase activity. Therefore, the 

intrinsic regulatory mechanisms of LRRK2 and how mutations impair these mechanisms was 

investigated to obtain a better understanding. Furthermore, Nanobodies against the ROC 

domain were tested on their impact on kinase activity. Two Nanobody bins were identified, 

one with a high and one with a low affinity towards the ROC domain. Interestingly, in a kinase 

assay the addition of the ROC domain binders, belonging to the high affinity bin, increased the 

kinase activity of LRRK2 for LRRKtide phosphorylation. The effect was lost for an N-terminal 

truncated ROC-Cor-Kinase-WD40 construct (RCKW). Together with crosslinking results 

performed by others this suggests an autoinhibitory domain comprising S1292. Additionally, 

it was shown that nucleotide-free LRRK2 shows a higher kinase activity than the GDP or GTP 

bound form. This indicates a regulation of kinase activation by modulating monomer-dimer-

cycling depending on the G-nucleotide state of the ROC domain. Strikingly, the R-spine 

mutation Y2018F, restoring the for kinases critically important DFG (DYG in LRRK2) motif, 

increases the kinase activity 3-4 times comparable to the PD associated mutation G2019S. 

Interestingly, LRRK2 Y2018F exhibits the same increased likelihood to form filaments around 

microtubules as described for the PD associated mutation I2020T. Both, increased activity, as 

well as filament formation, are therefore linked to the development of PD. Y2018F combines 

both effects by presumably stabilizing a specific active conformation of LRRK2 which is 

different to the stabilized conformation of G2019S. that an active kinase conformation and 

not kinase activity is causative for filament formation is supported by the finding that MLi-2 

inhibition does also induce filament formation. As the RCKW construct forms filaments 

independent of mutations and MLi-2 treatment, the N-terminus may shield the putative site 

for MT interaction. Only RCKW D2017A, a kinase dead mutant, showed a reduced l filament 

formation. This further supports the hypothesis of an active kinase conformation that is 

needed for filament formation, while this process is additionally inhibited by the N-terminus.  

Taken together the kinase activity and filament formation of LRRK2 is controlled by several 

intrinsic regulation mechanisms, in which the ROC and the N-terminus maintain important 

regulative roles. Finally, the spine model for kinases was introduced to LRRK2, and spine 

mutations which potentially stabilize the active kinase conformation were introduced and 

characterized. The flexibility of this hydrophobic network is based on a finetuned balance 

between the active and inactive state that can easily be impaired by pathogenic mutations 

like G2019S and I2020T, which favor the active state. Strikingly, the R-spine mutation Y2018F, 

restoring the classical DFG motif, was identified as a new hyperactive kinase mutation in 

LRRK2.  
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 Introduction 

1. Introduction 

1.1 The History of Parkinson’s Disease 
First Description of Parkinson’s Disease and early Research 

Parkinson’s Disease (PD) is the second most neurodegenerative disorder. Although it was 

already described more than 200 years ago, little is known about the underlying biochemical 

mechanisms. The disease was originally called shaking palsy or paralysis agitans and was first 

described by James Parkinson in 1817 in his publication “An Assay on the Shaking Palsy” 

(Reprint: Parkinson (2002)). Parkinson was the first to describe most of the nowadays known 

symptoms of PD starting from mild symptoms observed at the onset of the disease and ending 

with the inevitable death of the patients. He was also the first who identified that all the 

different symptoms belong to one degenerative disorder rather than being symptoms of 

different diseases. Parkinson believed that the origin of the disease could be found in a morbid 

change of the spinal cord (medulla dorsalis). 

It took more than 140 years to identify that the loss of dopamine in the brain is causing the 

development of PD. In 1957 Arvid Carlsson and coworkers described that the treatment of 

animals with reserpine, a plant derived indole alkaloid, resembles PD symptoms which can be 

reversed by applying L-DOPA (Levodopa) a precursor of dopamine (Carlsson et al., 1957). They 

concluded that dopamine therefore must play a role in the motor function. In 1958 Carlsson 

and colleagues were able to show that dopamine is abundant in the brain of rabbits and that 

reserpine leads to a reduction of dopamine in the brain, whereas treatment with L-DOPA 

increased the dopamine level (Carlsson et al., 1958). Sano et al. then measured the dopamine 

levels in different parts of the brain and figured out that the highest levels of dopamine can 

be found in the striatum (Sano et al., 1959). Based on this result, Ehringer and Hornykiewicz 

determined the post mortem dopamine levels of PD patients in the brain and found a 90 % 

decrease compared to healthy controls (Ehringer and Hornykiewicz, 1960). Thus, it was 

concluded that a loss of dopamine in the brain and not a morbid change in the spinal cord is 

responsible for the symptoms which were observed in PD patients (Fahn, 2015; Lees et al., 

2015; Kim, H. J. et al., 2017). In 1963, Hornykiewicz et al. reported that the loss of dopamine 

in the striatum might be driven by the cell loss of the pars compacta in the substantia nigra 

which was convincingly confirmed by Andén et al. one year later (Hornykiewicz, 1963; Andén 

et al., 1964; Lees et al., 2015). 

α-Synuclein and Lewy Bodies 

Although the genetic inheritance for PD was already described for the first time at the end of 

the 19th century, it took more than 100 years to identify the first PD associated gene and the 

encoded protein (Foltynie et al., 2002). The Protein was called α-Synuclein, which is the first 

PD associated protein and was identified in a large Italian family in 1996 (Polymeropoulos et 

al., 1996). Spillantani et al. demonstrated that α-Synuclein is the predominant protein in Lewy 

bodies, which were found in nerve cells of the brains of idiopathic PD cases (Spillantini et al., 

1997; Spillantini et al., 1998). Lewy bodies are a neuronal characteristic of PD which was 
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originally described in 1912 by Friedrich H. Lewy. He found eosinophilic inclusions in the brains 

of PD patients. In 1919, Tretiakoff also described these inclusion bodies in the substantia nigra 

(Wakabayashi et al., 2007).  

After the identification of α-Synuclein many more were identified and associated with PD. 

Nowadays more than 20 genes and their protein counterparts are identified. Although a 

contribution in the PD development was clearly shown for many of these mutated genes, the 

precise malfunctioning mechanisms remain elusive (Weintraub et al., 2008). 

1.2 Parkinson’s Disease Symptoms and Treatment 

1.2.1 PD Symptoms 

Cardinal and Non-Motor Symptoms 

PD was originally termed shaking palsy as the most obvious symptom of the disease is an 

asymmetrically beginning tremor in one of the hands or arms. From there the tremor starts to 

spread over the whole body with disease progression (Weintraub et al., 2008). Besides the 

resting tremor bradykinesia, rigidity and postural instability are the most common motor 

symptoms that occur during PD progression. These cardinal symptoms were already used and 

defined as such by Jean-Martin Charcot in 1876 (Walusinski, 2018). He used these symptoms 

to safely identify PD and was thereby able to separate PD from multiple sclerosis. 

Tremor might be the first motor symptom, which shows up, but bradykinesia which occurs in 

80-90 % of PD patients during progression, is the most disabling cardinal symptom (Weintraub 

et al., 2008; Poewe et al., 2017). Bradykinesia is also leading to reduced dexterity, a mask-like 

face and slow shuffling steps. While rigidity is already observed in the early stages of PD in 

more than 90 % of patients, postural instability is one of the last symptoms to appear during 

the late stages of the disease (Weintraub et al., 2008; Kalia and Lang, 2015). A drawback to 

use the motoric impairments as cardinal symptoms is that those symptoms arise after 30-80 % 

of the dopaminergic neurons of the substantia nigra pars compacta are already lost (Fearnley 

and Lees, 1991; Lesage and Brice, 2009; Fahn, 2015). Therefore, scientific investigations over 

the last decades focused on the identification of non-motor symptoms, which can already be 

observed prior to the development of the first cardinal symptom. One of those non-motor 

symptoms is the rapid eye movement sleep behavior disorder (RBD), which can be diagnosed 

in the very early stages of the disease. Schenk et al. reported that nearly 40 % of his test cohort 

of men developed PD when a RBD was diagnosed before (Schenck et al., 1996). Other 

identified early symptoms of PD are depression, constipation, anxiety and hyposmia (Poewe 

et al., 2017). Besides the early non-motor symptoms PD is also associated with non-motor 

symptoms which appear at the same timescale as the motor symptoms. The most serious ones 

are dementia, visual hallucinations and pain. All those impairments evolve gradually with 

disease progression as did the cardinal symptoms (Poewe et al., 2017). 

Molecular Disease Pattern of PD 

On a cellular and molecular level Lewy bodies were identified as a neuronal symptom of PD. 

It is assumed that those eosinophilic vesicles of aggregated proteins start to form early in 
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disease progression. However, as they appear in the CNS, they can only be identified post 

mortem. The predominant protein identified in the aggregates of the Lewy bodies is 

α-synuclein (Spillantini et al., 1997; Leroy et al., 1998; Spillantini et al., 1998; Wakabayashi et 

al., 2007; Friedman et al., 2012). Interestingly, many other proteins which are associated with 

the development of PD, were also found in Lewy bodies (Choi, P. et al., 2001; Foltynie et al., 

2002; Zhu, X. et al., 2006; Wakabayashi et al., 2007; Li, J. Q. et al., 2014; Power et al., 2017). It 

is thought that aggregated proteins, which cannot be degraded by the proteasome or the 

lysosomal autophagy system, are accumulated in Lewy bodies. This process is thought to be a 

cleansing mechanism, which ultimately results in apoptosis of the affected cell. It was also 

observed that Lewy bodies have the tendency to impair mitochondrial function which initiates 

mitophagy (Poewe et al., 2017; Power et al., 2017).  

The loss of the dopaminergic neurons in the substantia nigra lead to reduced pigmentation in 

this brain area as the dopaminergic neurons contain high levels of melanin. The loss of these 

neurons leads to the depletion of dopamine in the striatum which is linked to the motor 

neurons. If most of the dopaminergic neurons are lost during PD progression, the remaining 

ones are no longer able to compensate the dopamine demand of the striatum, which in turn 

results in the development of first motoric impairments (Fearnley and Lees, 1991; Fahn, 2015). 

In some cases, PD development was observed even in the absence of Lewy bodies, to explain 

this it could be shown that PD can be triggered by an enhanced activation of microglia cells 

leading to neuroinflammation which ultimately results in neuronal cell death. Many different 

factors that seem to promote the development of PD were shown to induce this 

neuroinflammation by microglia activation (Schapansky et al., 2014; Caggiu et al., 2019; 

Tsutsumi et al., 2019).  

Another aspect of PD is found in PD patients carrying a mutation in the leucine rich repeat 

kinase 2 (LRRK2), as they suffer from an altered morphology of neurons compared to healthy 

controls. Most often, degenerated axons can be observed, as a shortening of axons or an 

impaired synaptogenesis occur. In the same line, the formation of dendritic spines, which are 

important in the connectivity and plasticity of the brain, is altered in those PD patients 

(Parisiadou et al., 2014; Lavalley et al., 2016; Matikainen-Ankney et al., 2016; Bolognin et al., 

2019). 

1.2.2 Modern Treatment of PD 

L-DOPA Treatment 

The PD-drug L-DOPA, which was approved in 1970 by the FDA, is still the gold standard in 

tackling the most disabling motor symptoms of PD. L-DOPA is the precursor of dopamine and 

can easily pass the blood brain barrier. It is used to substitute the decreasing amounts of 

dopamine in the brain during the progression of PD, as it is transformed to dopamine by 

dopaminergic neurons. L-DOPA therefore evens out the dopamine and acetylcholine signaling, 

by increasing the dopamine level in the brain. This treatment is restoring the conditions of 

healthy humans and is a better treatment, than anticholinergic agents which were used prior 
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to L-DOPA. However, excessive concentrations of L-DOPA can result in high oxidative stress, 

which can further damage neurons, therefore administration of L-DOPA must be tightly 

controlled (Cheng et al., 1996; Asanuma et al., 2003; Stansley and Yamamoto, 2013). In 1974 

Duvoisin found that the high dosage treatment of L-DOPA invented by Cotzias and coworkers 

leads in 53 % of patients to the development of dyskinesia after six months of treatment. This 

number was further increased to 83 % after twelve months of treatment (Kim, H. J. et al., 

2017). These observations resulted in the development of enzyme inhibitors for the dopa 

decarboxylase, the monoamine oxidase (MAO) or the catechol-O-methyltransferases (COMT) 

to prevent the degradation of L-DOPA and dopamine into reactive oxygen species (Stevenson, 

1997; Schapira, 2005; Stansley and Yamamoto, 2013; Kim, H. J. et al., 2017; Poewe et al., 

2017). Nowadays L-DOPA is only administered in combination with such inhibitors to prevent 

the effect of high L-DOPA doses. Besides L-DOPA, dopaminergic receptor agonists were 

developed to substitute L-DOPA treatment and reduce the severe side effects, like dyskinesia 

(Kim, H. J. et al., 2017). 

Deep Brain Stimulation 

Another actual method with which parkinsonian symptoms can be controlled is deep brain 

stimulation (DBS). DBS featuring implanted electrodes which can stimulate the subthalamic 

nucleus in the brain of PD patients. This causes a silencing of the motor symptoms. The surgery 

leads to drug dosage reductions of about 60 %, which results in a reduction of 60-70 % of 

dyskinesias. Nevertheless, because surgeries always bear a certain operative risk and that the 

DBS therapy requires a high level of interdisciplinary expertise, this therapy has only a 

restricted range of application for PD treatment (Poewe et al., 2017). 

To sum this up many disabling symptoms of PD can be reduced by the current treatment with 

L-DOPA in combination with certain other drugs over a long period of time. It should also be 

mentioned that the currently used treatments have greatly improved the live expectancy for 

PD patients, as the degradation of dopaminergic neurons can be compensated for many years. 

The final goal is to reduce or stop the progression of PD or even develop treatments, which 

lead to a partial or complete remission of PD. To achieve this goal, it is of crucial importance 

to understand the underlying mechanisms that lead to the degeneration of the dopaminergic 

neurons. With the identification of genetically caused PD a good starting point to investigate 

the pathogenic mechanism was found. The understanding of the genetically driven PD forms 

might be also a sound basis for the general understanding of PD even of idiopathic form. 

  



 

 

P A G E  12 | 173 

 Introduction 

1.3 Biologic Susceptibility and Predisposition of PD 
PD is affecting around 0.3 % of the population, while 2-3 % of the population above 65 years 

of age and 4-5 % of the population above 85 years of age are affected (Weintraub et al., 2008). 

Nevertheless, 10 % of all PD cases emerge already at younger adults between the age of 20 

and 50 years. This form of PD is therefore called early-onset PD. With the demographic change 

of the western world it can be expected that the number of PD cases from 2005 will double 

till 2030 from 4.6 million to 9.3 million (Dorsey et al., 2007). 90 % of all PD cases are of an 

idiopathic nature, the last 10 % account for the familiar form of PD which depicts a clear 

Mendelian inheritance (Karimi-Moghadam et al., 2018; Kluss et al., 2019). The disease shows 

a 1.37- to 3.7-fold higher susceptibility in men compared to women. The reason for this higher 

susceptibility of men is not yet clear, but may be attributed to lifestyle differences or a 

neuroprotective effect of estrogen (Wooten, 2004; Miller and Cronin-Golomb, 2010; Gillies et 

al., 2014; Kalia and Lang, 2015). 

1.3.1 Familiar Predispositions and their Proteinogenic Relevance 
In the last 20 years, since the first PD associated gene mutation was identified in an Italian 

family, the number of loci associated with PD (PARK) increased to at least 23. These 23 loci 

cause a monogenic form of PD and have all been found to be inheritable. Even more genetic 

variations are associated with PD, but as these were often only found in single case studies of 

patients with sporadic PD, it stays questionable, if those mutations are causative for the 

development of PD (Clague and Rochin, 2016). 

PARK1/4: α-Synuclein 

With the identification of the A53T mutation (PARK1) in α-synuclein it was possible for the 

first time to study a specific mutation leading to the development of PD. Mutations in the 

SCNA gene are rare, as they were only causative for 8 % of the early-onset PD cases and 

around 2 % of all familiar PD cases (Lesage and Brice, 2009). In addition, only few mutations 

of the SCNA were found, including five missense mutations (p.A30P, p.E46K, p.H50Q, p.G51D, 

p.A53T/PARK1), as well as duplications and triplications (PARK4). The most frequent mutation 

A53T has a penetrance of 85 %, whereas amplifications show an estimated penetrance of only 

33 % (Klein and Westenberger, 2012; Feng et al., 2015). The mutation A53T leads to an 

hyperphosphorylation of α-synuclein, which promotes the formation of β-sheeted 

filamentous α-synuclein multimers and α-synuclein aggregates, resulting in the formation of 

Lewy bodies. The triplication of the α-synuclein gene was found in another family causing the 

same phenotype (Singleton et al., 2003). Interestingly, hyperphosphorylation of α-synuclein 

was also observed for α-synuclein aggregates found in patients suffering from idiopathic PD. 

As the Lewy body pathology is abundant in both, idiopathic and α-synuclein associated PD, 

this elegantly links both forms with one another, whereby the aggregation of α-synuclein is 

highlighting the beginning, as well as the end of the diseases (Cresto et al., 2018; Caggiu et al., 

2019). 
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PARK2 and PARK6: Parkin and PINK1 

The gene product of PARK2 is an E3-ubiquitin protein ligase (parkin), which is associated with 

the maintenance of mitochondria. The most frequent mutation in PARK2 results in the failure 

of mitochondria homeostasis and leads to neuronal cell death. Deletions in the PARK2 gene 

are responsible for 77 % of the juvenile cases of PD, which is defined by an age of onset at 20 

years or younger (Foltynie et al., 2002; Klein and Westenberger, 2012). Parkin wt is recruited 

to mitochondria via PINK1 (Phosphatase-and-tensin-homolog-induced kinase 1), thereby 

inducing mitophagy. In this regard, mutations of the PINK1 gene (PARK6) have also been found 

to cause PD. These mutations decrease kinase activity of PINK1 and are the second most 

frequent cause for early-onset PD (Klein and Westenberger, 2012; La Cognata et al., 2015; 

Karimi-Moghadam et al., 2018). In healthy mitochondria the membrane potential induces the 

uptake of PINK1 wt to the mitochondria. There PINK1 is cleaved and inactivated by PARL 

(mitochondrial intramembrane cleaving protease), which prevents accumulation of PINK1 on 

the outer mitochondria membrane (Klein and Westenberger, 2012; Beilina and Cookson, 

2016). If PINK1 is bound to malfunctioning depolarized mitochondria, this process is blocked. 

Therefore, PINK1 can recruit parkin, which ubiquitinates mitochondrial membrane proteins. 

Subsequently the ubiquitin modifications become phosphorylated by PINK1, resulting in a 

positive feedback loop and inducing mitophagy (Narendra et al., 2010; Karimi-Moghadam et 

al., 2018). This ensures proper functioning mitochondrial homeostasis, which is important for 

cell survival and is impaired by PD associated mutations of the PARK2 or PARK6 gene (Karimi-

Moghadam et al., 2018). 

PARK7: DJ-1 

The gene product of PARK7, DJ-1, possesses chaperone features, but was also found to play a 

role as an oxidative stress sensor, a protease, a transcription regulator and a regulator of 

mitochondria function and autophagy (Zondler et al., 2014). The PARK7 gene accounts for 

1-2 % of early-onset PD and shares an autosomal recessive inheritance with PARK2 and PARK6. 

DJ-1 mutations are attenuating the neuroprotective effect of DJ-1. Additionally, it was shown 

that DJ-1 directly interacts with α-synuclein and reduces the cytotoxicity of the latter, as DJ-1 

contributes to stabilize the monomeric form of α-synuclein (Tan and Skipper, 2007; Klein and 

Westenberger, 2012; Zondler et al., 2014; Karimi-Moghadam et al., 2018). 

PARK8: LRRK2 

In 2002, Funayama et al. found the most prevalent mutated gene locus in PD to in a Japanese 

family. This gene locus, namely PARK8, which is located on chromosome 12, causes 4 % of the 

autosomal dominant form of familiar PD and is also responsible for 1 % of sporadic PD cases 

worldwide (Kett and Dauer, 2012; Karimi-Moghadam et al., 2018). In 2004, Paisan-Ruiz and 

colleagues, as well as Zimprich and coworkers were able to identify the gene causing PD in the 

PARK8 locus to be LRRK2. The gene encodes a protein kinase sharing the same name. Together 

both working groups identified five different missense mutations in the LRRK2 gene 

(p.R1441C/G, p.Y1699C, p.I1122V and p.I2020T) (Paisan-Ruiz et al., 2004; Zimprich et al., 

2004). However, the most penetrating mutation p.G2019S was identified by Kachergus et al. 
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in 2005 by sequencing families from different origins. The results gave rise to the presumption 

of a common founder for the G2019S mutation, as it was found in many different families 

around the world sharing an ancestral haplotype.  

The penetrance of PD for this mutation is increasing with age, while only 17 % of the probands 

at the age of 50 years were affected, 51 % - 85 % of the probands at the age of 70 years 

suffered from cardinal symptoms (Kachergus et al., 2005; Lesage and Brice, 2009). Generally 

spoken G2019S is the most common mutation of all PARK loci in Europe and North America, 

where it is responsible for up to 2 % of all PD cases. In several populations like Ashkenazi Jews 

and North African Arabs LRRK2 mutations show a prevalence of up to 40 % in all PD cases 

(Lesage and Brice, 2009; Beilina and Cookson, 2016). Furthermore, all LRRK2 mutations have 

in common that they induce the late-onset form of PD, with an onset at 50 years of age and 

above. LRRK2 mutation driven PD shares the late onset of disease with the majority of 

idiopathic PD cases (Karimi-Moghadam et al., 2018). 

Interestingly, although all other LRRK2 mutations show a classical progression of disease, the 

mutation I2020T located in the kinase domain of LRRK2 differs in one essential symptom. This 

particular mutation does not induce Lewy body formation as found in post mortem analyzed 

brains of mutation carriers (Funayama et al., 2005). Today around 50 missense mutations have 

been found in the LRRK2 gene and sixteen of them are showing evidence to induce PD or are 

at least risk factors. The following mutations out of these were confirmed to autosomal 

dominantly cause PD: N1437H, R1441C/G/H, Y1699C, S1761R, I2012T, G2019S and I2020T 

(Klein and Westenberger, 2012; Lorenzo-Betancor et al., 2012; Mills et al., 2012; Puschmann 

et al., 2012; Mata et al., 2013; Paisan-Ruiz et al., 2013; Li, J. Q. et al., 2014; Fan et al., 2016). 

LRRK2 is one of the most promising candidates for understanding the pathogenic mechanism 

of PD in general as LRRK2 associated PD shares nearly all features like age of onset and cardinal 

symptoms with the idiopathic form of PD (Dzamko et al., 2014). 

1.4 The Leucin Rich Repeat Kinase 2 
With the identification of LRRK2 as one of the major causes of familiar PD and its role in 

sporadic PD, a good target protein was found to study the malfunctioning processes in PD. As 

LRRK2 mutations affecting several cellular signaling pathways, LRRK2 is subject of intensive 

research. Although LRRK2 was identified more than 15 years ago, little is known about its 

contribution to the development of PD. One reason might be that LRRK2 is involved in many 

different cellular signaling pathways. This can be attributed to the multitude of functional 

domains which result in a complex domain organization and regulation. As a consequence of 

the high number of different domains LRRK2 is a 2527 amino acids (aa) long protein kinase 

with a molecular weight of 286 kDa. 

1.4.1 LRRK2 Domain Composition and Function 
As a multifunctional protein LRRK2 consists of several scaffolding, as well as enzymatically 

active protein domains. LRRK2 possesses besides three N-terminal scaffolding domains, called 

armadillo (Arm), ankyrin repeat (Ank) and the name giving leucine rich repeat (LRR), also a 
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C-terminal scaffolding domain, termed WD40 repeat. The LRR and the WD40 domains are 

flanking the kinetic core of LRRK2 at the N- and C-terminus. The kinetic core is composed of a 

Ras of complex (ROC) GTPase domain and a kinase domain, which are connected by the C-

terminal of ROC (COR) domain (Fig. 1). With this rare domain composition LRRK2 is one of the 

few proteins embedding two kinetically active domains. This specific class of proteins, where 

a ROC-COR domain composition is flanked by several other domains, are classified as ROCO 

proteins and can be found in bacteria and eukaryotes (Marin et al., 2008). In human only three 

different ROCO proteins, which are embedding a ROC-COR, as well as a kinase domain, are 

known: LRRK1, LRRK2 and DAPK1 (death associated protein kinase 1) (Bae, Jae Ryul and Lee, 

2015; Deyaert et al., 2019). 

Dimerization and the G-nucleotide bound State in LRRK2: Implications for Regulation 

It is thought that this special domain organization of a GTPase and a kinase domain found on 

the same amino acid strand, is associated with an intrinsic regulation mechanism of one 

another. It was shown that LRRK2 GTPase activity could be enhanced by autophosphorylation 

while kinase activity is modulated by GTP/GDP (Guanosine tri/diphosphate) binding of the 

GTPase (West et al., 2007; Taymans et al., 2011; Biosa et al., 2013; Liu, Z. et al., 2016). 

 

Figure 1: Domain organization of LRRK2. LRRK2 is composed of three N-terminal scaffolding domains, the 

Armadillo (Arm), the Ankyrin repeat (Ank) and the name giving Leucin rich repeat (LRR) domain. These 

domains are followed by the catalytic core, which embeds a GTPase (ROC), as well as a kinase domain. These 

are linked with each other via the C-terminal of ROC (COR) domain. At the C-terminus another scaffolding 

domain, the WD40 domain, is located. Within those domains several missense mutations were identified. 

Crystal structures of the Arm, Ank and kinase domain were calculated using either LOMETS or Phyre 2 as online 

structure prediction tools. The structures of the LRR and the WD40 domain belonging to the PDB files: 5IL7 

and 6DLO. The ROCCOR domain was taken from the crystal structure file used in Guaitoli et al. (2016) and was 

kindly provided by Johannes Glöckner. 
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Furthermore, indications suggest that GTP-GPD-cycling is essential for maintaining kinase 

activity, as the cycling is thought to be associated with dimerization (GTP-bound state) and 

monomerization (GDP-bound state) (Civiero et al., 2012; Ho, F. Y. et al., 2014; Rosenbusch and 

Kortholt, 2016; Terheyden et al., 2016). In this regard, LRRK2 dimers were identified to be 

recruited to cellular membranes, which increases the LRRK2 kinase activity, whereas cytosolic 

monomers show lower kinase activity (Berger et al., 2010; James et al., 2012). This is however 

under current investigation. Results found for a closely related ROCO protein from Chlorobium 

tepidum (CtROCO1) which lacks the kinase domain suggests a different intrinsic regulation 

mechanism. It was described that GTP binding leads to monomerization of ctROCO1, which is 

else found in its homo-dimeric form (nucleotide-free or GDP-bound) (Deyaert et al., 2019). 

The homodimer interface of ROCO proteins is most likely provided predominantly by the COR 

domain, but also the ROC domain seems to have important dimer interaction points in ROCO 

proteins. In CtROCO1, the monomerization by GTP binding triggers GTP hydrolysis and 

isomerism of several conformations in the GDP-bound state induces subsequently 

dimerization again. Thereby, the protein is cycling between a monomeric and dimeric 

conformation (Deyaert et al., 2019). Applying these conformational changes of CtROCO1 to 

LRRK2 and given that the COR, as well as the LRR domain interact with both, the kinase and 

the ROC domain, it is likely that these transformations regulate kinase activity (Guaitoli et al., 

2016). Additionally, it was reported that an N-terminal deletion of LRRK2 leads to an enhanced 

kinase activity, further supporting the regulative role of the LRR domain (Greggio et al., 2008). 

Phosphorylation Clusters and the Kinase Domain of LRRK2 

Greggio and coworkers were not only able to show that the N-terminus has a regulating role, 

but also that the kinase most likely undergoes cis-autophosphorylation only. Furthermore, 

they were able to identify two potential autophosphorylation sites (S2032 and T2035) in the 

activation loop of the kinase domain. Both are essential for auto-, but not for substrate 

phosphorylation (Greggio et al., 2008).  

Glöckner et al. (2010) revealed that LRRK2 owns two phosphorylation clusters. The first is 

situated between the ANK and the LRR domain and comprises the following sites: 

S850/S858/S860/S865, S895/S898, S908/S910/S912, S926, S933/S935, S954/S955/S958, 

S971/S973/S975/S976/S979. Sites dived by (/) are possible phosphorylation sites within one 

phospho-peptide found in mass spectrometry analyses and are therefore indistinguishable. 

However, these sites are predominantly known to be phosphorylated by other kinases than 

LRRK2. The second phosphorylation cluster was identified in the ROC domain and seems to be 

exclusive for autophosphorylation by LRRK2. Autophosphorylation sites identified via mass 

spectrometry in LRRK2 are S4/S5, T424, T524, T776, T826, T833, T838, S1124, S1292, T1343, 

S1345, T1348, T1368, T1410, T1452, T1491, T1503 and T2483. Nonetheless, the number of 

phosphorylation sites found in LRRK2 keeps increasing caused by its sheer size (Kamikawaji et 

al., 2013). 
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By examining the autophosphorylation sites it became clear that LRRK2 is a preferably 

threonine specific serine/threonine kinase (Gloeckner et al., 2010; Ray et al., 2014). It was 

reported that LRRK2 shares a high homology with the mitogen-activated protein kinase kinase 

kinases (MAPKKK) especially with the Mixed-lineage kinase (MLK) family (Gloeckner et al., 

2009). However, West and colleagues stated in 2005 that LRRK2 lacks the characteristic 

activity of an MLK/MAPKKK tested in two cell lines (HEK293FT and SH-SY5Y) and is thus not 

considered to belong to this kinase class. In contrast, Glöckner et al. demonstrated in 2007 

that LRRK2 phosphorylates MAPKK3/6 and MAPKK4/7, which are typical substrates of MLKs. 

Besides LRRK2s association with MLKs, which is still debatable, LRRK2 is also closely related to 

the family of receptor-interacting protein kinases (RIPK). These are involved in the innate 

immune signaling. Hence, LRRK2 was classified as RIPK7 (West et al., 2007; Gloeckner et al., 

2009; Bae, Jae Ryul and Lee, 2015).  

Interestingly, LRRK2 was shown to phosphorylate α-synuclein, as well as moesin, ezrin and 

radixin. The latter three are involved in linking the cytoskeleton protein actin to the plasma 

membrane, thereby controlling dynamic processes of cell-cell interactions (Jaleel et al., 2007; 

Qing et al., 2009). Recently, Rab proteins were identified as bona fide substrates of LRRK2 in 

a complex mass spectrometry approach (Steger et al., 2016). 

The WD40 Domain: Scaffolding Function and intrinsic Regulation 

Besides the indications for the importance of the Ank, LRR, ROC and COR domain for kinase 

regulation, the propeller like shaped WD40 must also play an essential role in kinase function 

(Jorgensen et al., 2009). Deletion of WD40 results in a loss of kinase activity (Jaleel et al., 2007). 

Likewise, Guaitoli et al. (2016) were able to show in their structural approach that the kinase 

domain of LRRK2 is interacting closely with the WD40 domain. This further strengthens the 

hypothesis of a regulating function of the WD40 domain for kinase activity. Furthermore, the 

WD40 domain is playing a major role for complex formation of dimeric LRRK2 with other 

proteins. Deletion of the WD40 domain resulted in a complex which resembles the size of a 

homodimer of LRRK2, whereas interactions with other proteins seem to be lost (Jorgensen et 

al., 2009). Additionally, the WD40 domain was implicated to have a potential role in 

dimerization of LRRK2. It was further reported that the WD40 domain is primarily linking 

LRRK2 to proteins important in the presynaptic vesicle transport (Piccoli et al., 2011; Piccoli et 

al., 2014).  

Strikingly, it could be shown that it is sufficient to delete the last seven N-terminal residues of 

LRRK2 to completely lose kinase activity. Furthermore, C-terminal tags are less well tolerated 

in LRRK2 compared to N-terminal tags as C-terminal tags seem to attenuate protein stability 

(Jaleel et al., 2007; Gloeckner et al., 2010). This indicates that the very last amino acids of 

LRRK2 are crucial for kinase activity. Additionally, a close interaction between the kinase 

domain and the C-terminus can be assumed which is presumably stabilizing a certain active 

conformation of LRRK2. 
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As most of the LRRK2 domains have a regulative effect on the kinase domain and/or the 

GTPase domain, it can be assumed that mutations found in LRRK2 in either of these domains 

can have a deleterious effect on the finetuned intrinsic regulation of LRRK2. Some of these 

identified mutations will be described in the next chapter regarding their impact on LRRK2 

function. 

1.4.2 PD relevant Mutations in LRRK2 

G2019S and the DYG Motif of LRRK2 

The most commonly found LRRK2 mutations of familial, as well as of sporadic PD cases is the 

G2019S mutation (Gilks et al., 2005; Hernandez et al., 2005; Kachergus et al., 2005). This 

mutation is located in the kinase domain, more precisely it is replacing the glycine of the DFG-

motif. This motif is found in all serine/threonine protein kinases and recognizes one of the two 

Mg2+ ions needed for ATP (adenosine triphosphate) coordination (Kannan and Neuwald, 2005; 

Taylor and Kornev, 2011; Liu, M. et al., 2013). In LRRK2 however, the Phe is exchanged by a 

Tyr resulting in a DYG-motif. The G2019S mutation further changes this motif to DYS. This 

mutation was found to have an enhancing effect on the kinase activity of G2019S (West et al., 

2005; Liu, M. et al., 2013). Kinase activity is approximately increased by two- to four-fold 

compared to wt levels (Jaleel et al., 2007; West et al., 2007; Gloeckner et al., 2009). The reason 

for this increased kinase activity is thought to be linked to a decreased flexibility of the serine 

residue compared with the glycine residue, which in turn stabilizes a certain conformation of 

the kinase domain of LRRK2. The stabilized conformation is most likely the active form, which 

is priming the kinase for catalysis, resulting in a higher phosphorylation rate (Gloeckner et al., 

2009; Liu, M. et al., 2013). In general kinases tend to be stabilized in their inactive 

conformation as they are molecular switches, which if turned on by upstream signals are 

inducing cellular signaling pathways to control several aspects of cell homeostasis. If kinases 

become unregulated for example by an activating mutation, the regulation of the fine-tuned 

cellular signaling pathways will be disturbed. This often results ultimately in cell death, the 

generation of a cancerogenic potential or in other diseases (Taylor and Kornev, 2011; Taylor 

et al., 2012). 

Altered Substrate Phosphorylation by LRRK2 G2019S 

LRRK2 G2019S was shown to induce autosomal dominantly a late onset form of PD, 

resembling all features of the idiopathic PD form. It was shown that LRRK2 G2019S is causing 

a shortening of neurites, which also impairs cell survival and might be an explanation for the 

degeneration of the dopaminergic neurons in PD patients (MacLeod et al., 2006; Plowey et 

al., 2008; Cherra et al., 2013). A possible explanation why neurites are shortened might be 

that moesin becomes hyperphosphorylated by LRRK2 G2019S, which induces enhanced 

binding of moesin to actin terminals. As a result, the impaired homeostasis of the actin 

cytoskeleton will induce neurites to shorten (Jaleel et al., 2007). Another study reported that 

LRRK2 phosphorylates β-tubulin which enhances microtubule (MT) stability. It was suggested 

that LRRK2 G2019S will artificially increase MT stability, by hyperphosphorylation of β-tubulin. 

Thus, constrained MT dynamics were assumed, which can also explain the neurite shortening 
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seen in LRRK2 G2019S expressing neurons (Gillardon, 2009). Furthermore, it was shown that 

LRRK2 G2019S hyperphosphorylates α-synuclein at serine residue 129. Moreover, it was 

pointed out in this study that hyperphosphorylated S129 is associated with the formation of 

protein aggregates and Lewy bodies, providing a link of LRRK2 G2019S to PD pathology (Qing 

et al., 2009). 

LRRK2 I2020T alters Substrate Specificity and stabilizes the active Kinase Conformation 

The I2020T mutation in the kinase domain of LRRK2 is also providing an autosomal dominant 

inheritance. The first PD associated mutation in the LRRK2 gene was described by Funayama 

and coworkers in 2002 and were later shown to be I2020T (Funayama et al., 2005). The I2020 

residue is directly following the D(F/Y)G-motif and was found to be important in general in 

kinases for substrate specificity (Chen, C. et al., 2014). Indeed, LRRK2 I2020T possesses an 

increased propensity to phosphorylate serine substrates, as well as a decreased propensity to 

phosphorylate threonine substrates compared to LRRK2 wt (Ray et al., 2014). The shift in 

phosphorylation propensity, however, did not result in a switch of the preferred phosphate 

acceptor residue. Nevertheless, it is still likely to change the phosphorylation pattern and 

therefore cellular regulation mechanisms. It might also explain the different findings 

concerning the I2020T kinase activity as increased, as well as decreased kinase activities were 

reported in the literature (Gloeckner et al., 2006; Jaleel et al., 2007; Anand et al., 2009; 

Gloeckner et al., 2009; Sheng et al., 2012; Kamikawaji et al., 2013; Ho, Dong Hwan et al., 2016).  

Furthermore, it was found that I2020T stabilizes an active conformation of the kinase domain 

of LRRK2 in a comparable manner as the G2019S mutation (Ray et al., 2014). Besides the 

differences in reported kinase activities and changed phosphorylation propensity, it was 

reported that LRRK2 I2020T possesses an increased likelihood to associate with MT. In this 

regard, LRRK2 I2020T was reported to form regular multimers around MTs (Kett et al., 2012). 

In contrast, the G2019S mutation did not form these multimers and shared a cytosolic 

distribution with LRRK2 wt (Greggio et al., 2006; Kett et al., 2012). 

LRRK2 I2020T Degradation induces loss of Neuroprotection 

In 2013, Otha et al. reported that the I2020T mutation increases LRRK2 wt degradation if co-

expressed in neuroblastoma SH-SY5Y cells. To explain this finding a reduced stability and 

therefore increased degradation of the I2020T mutant form was observed. From this, it was 

concluded that I2020T increased the degradation of LRRK2 wt by heterodimer formation 

(Ohta et al., 2013). This was not observed for G2019S and is an indication that I2020T and 

G2019S are contributing to different pathogenic pathways. Furthermore, degradation of 

LRRK2 was shown to reduce the neuroprotective effect against reactive oxygen species (ROS) 

(Ohta et al., 2010). ROS are common byproducts of the conversion of L-DOPA to dopamine, 

which might explain the loss of dopaminergic neurons in the substantia nigra of I2020T 

carrying PD patients. This might also explain the absence of Lewy bodies in I2020T carriers as 

the cell death is in this case not induced by protein aggregation. The reason for the increased 

degradation observed for LRRK2 I2020T can be attributed to the enhanced likelihood to form 

dimers (Leandrou et al., 2019). The increased dimer formation of I2020T may also increase 
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the likelihood to form multimers or even aggregates, which are prone to degradation. In this 

regard, it was shown that LRRK2 I2020T exhibits a higher ubiquitination level as LRRK2 wt and 

is therefore more prone to degradation (Zhao et al., 2015). 

Mutations associated within the ROC-COR Tandem Domain 

An increased ubiquitination was also found for other PD associated LRRK2 mutations like 

Y1699C and R1441C/G (Greene et al., 2014; Leandrou et al., 2019). The R1441 residue is a 

mutational hotspot as four different missense mutations (R1441C/G/H/S) were found to cause 

PD (Mata et al., 2016). R1441 and Y1699 are both located in the ROC-COR tandem domain as 

R1441 is situated in the ROC domain, whereas Y1699C is situated in the COR domain. 

In vivo increased autophosphorylation activities were reported for the mutated R1441 

residues, whereas Y1699C exhibited wt autophosphorylation levels (Sheng et al., 2012). 

Conflicting results were, however, reported for in vitro phosphorylation as both mutation sites 

were shown to be unaffected or increase auto- and substrate phosphorylation (West et al., 

2005; Jaleel et al., 2007; Kamikawaji et al., 2013). It was also shown for R1441C/G and Y1699C 

mutations that they reduce GTPase activity and alter the overall stability, as well as 

dimerization properties of the ROC-COR domain (Li, Y. et al., 2009; Daniels et al., 2011; Ho, 

Dong Hwan et al., 2016). For R1441H it was suggested that the ROC domain spends a 

prolonged time in the GTP-bound state due to an increased GTP affinity and a reduced GTPase 

activity (Liao et al., 2014). The increased ability of R1441C/G/H and Y1699C to bind GTP, is 

thought to promote the recruitment of LRRK2 to Rab29. Thereby, these mutations also induce 

kinase domain activation (Purlyte et al., 2018). The reason for altering the GTPase activity and 

binding behavior can be found in the crystal structure of a close homolog the ROCO1 protein 

from C. tepidum. The analogous residues of R1441 and Y1699 in ROCO1 are interacting with 

each other. Thus, the PD associated mutations are likely to alter the interaction of the ROC 

and COR domain at the dimerization interface of LRRK2, as this region is highly conserved 

between LRRK2 and ctROCO1 (Gilsbach and Kortholt, 2014; Mills et al., 2014). 

Common Impairments of the Mutations Found in the Catalytic Core Region of LRRK2 

R1441C/G/H and Y1699C do not only share pathogenic characteristics with each other, but 

also with I2020T and/or G2019S. It was reported for R1441C/G/H, Y1699C, as well as I2020T 

that the mutations increase the number of cells incorporating filamentous structures or 

aggregated puncta of LRRK2 which are associated with microtubules. Interestingly, the 

additional introduction of a kinase inhibiting mutation again led to a cytosolic distribution like 

observed for LRRK2 wt (Greggio et al., 2006; Kett et al., 2012; Godena et al., 2014). It was also 

shown that all mutations of the catalytic core besides I2012T exhibited a decreased 

phosphorylation at S910 and S935, as well as at residue S955 and S973. The phosphorylation 

of these Ser residues allows 14-3-3 proteins to bind to these sites. 14-3-3 proteins are essential 

in regulating protein activity and distribution inside the cell (Nichols et al., 2010; Doggett et 

al., 2012). Another potential 14-3-3 anchor point in LRRK2 was identified in the ROC domain. 

Here, it was shown that the mutations of R1441 resulted in a loss of this binding site (Muda et 
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al., 2014). Furthermore, it was reported that R1441 mutants, as well as G2019S and I2020T 

reduced the by LRRK2 catalyzed phosphorylation of AKT1 at S473 (Ohta et al., 2011). 

Many of the mentioned alterations seen for the PD associated LRRK2 mutations were linked 

to impaired cellular pathways. These pathways will be more closely described in the next 

chapter to provide an overview of the cellular processes LRRK2 is associated with. 

1.5 Function and Regulation of LRRK2 

1.5.1 LRRK2 Involvement in cellular Signal Transduction Cascades 
Since the identification of LRRK2 as a PD associated protein kinase, LRRK2 was reported to 

play major roles in synaptogenesis, vesicle trafficking, cytoskeleton dynamics, 

neuroprotection, inflammation, Wnt (name is based on the genes wingless and Int-1) 

signaling, mitochondria homeostasis, as well as autophagy regulation. Given the importance 

of all these pathways with LRRK2 contribution, it is easy to imagine that it is sufficient to 

disturb only one of these pathways to induce cellular degradation. For some of the LRRK2 

interacting proteins involved in these cellular pathways it was therefore reported that 

mutations in those proteins can also induce PD. 

LRRK2 and Vesicle Trafficking 

Recently, the gene, which encodes the vascular protein sorting associated protein 35 (VPS35), 

was identified as a new PARK locus. VPS35 belongs to the retromer complex, which recycles 

transmembrane receptors and membrane associated proteins from the plasma membrane 

back to the trans-Golgi network. Interestingly, LRRK2 is interacting with VPS35 and pathogenic 

LRRK2 mutations led to a dysfunction of the retrograde protein transport. Assumingly caused 

by a LRRK2 induced reduction of the VPS35 levels inside the cell. However, overexpression of 

VPS35 was described to rescue the neurodegenerative effect of LRRK2 G2019S (MacLeod et 

al., 2013; Linhart et al., 2014). The mechanism how the LRRK2-VPS35-interaction is 

contributing to cellular degeneration of the dopaminergic neurons in PD patients is not 

known. Hence, an indication was found that VPS35 is not only involved in the retrograde 

protein transport, but also in the lysosomal clearance of Aminoacyl tRNA synthetase complex-

interacting multifunctional protein 2 (AIMP2). Accumulation of AIMP2 is found in PD patients 

and is known to induce dopaminergic cell death, providing a possible link between the 

interaction of LRRK2, VPS35 and neuronal degeneration (Fig. 2) (Yun et al., 2015). 

Another study revealed that Drosophila melanogaster Lrrk the homolog of human LRRK2 is 

regulating the anterograde and retrograde transport of Golgi outposts. Dynamic movements 

and fusion of the Golgi outposts with the plasma membrane are needed for the construction 

of the dendritic arbor. LRRK2 is regulating this process by inhibiting the interaction between 

the dynein heavy chain (Dhc) and the golgin Lava lamp (Lva). The pathogenic LRRK2 G2019S 

mutation strengthens the retrograde transport and thereby promoting neurite shortening 

(Fig. 2) (Piccoli et al., 2011; Lin et al., 2015). 
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Figure 2: The involvement of LRRK2 in several neuronal signaling pathways. LRRK2 was linked to many 

different aspects of several signaling pathways. An overview is provided here, as the following are the neuronal 

pathways in which LRRK2 was reported to play an essential role: cytoskeleton dynamics of both MT and actin, 

synaptic function, vesicle trafficking, calcium homeostasis, as well as neuroprotection. Furthermore, LRRK2 

has also been linked to two Wnt signaling pathways (the canonical/β-catenin or PCP Wnt signaling pathway, 

the inlet of Wnt signaling was inspired by Harvey and Outeiro (2019)). 
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Schreij and colleagues described that LRRK2 is interacting via the ROC domain with clathrin-

light chains (CLC) located at early endosomes. Knockdown of CLC or LRRK2 induces over 

assembly of actin which is maintained by Rac1. Interestingly, the activation of Rac1 seemed to 

be associated with the localization to early endosomes, indicating that Rac1 regulation is 

mediated by a pathway including both CLC and LRRK2 (Fig. 2) (Schreij et al., 2015). 

The Role of LRRK2 in Synaptic Function 

It was found that the kinase activity of LRRK2 is important in regulating clathrin-mediated 

endocytosis of synaptic vesicles as LRRK2 phosphorylates endophilin A (EndoA). This 

phosphorylation inhibits membrane tubulation and membrane association of endophilin A 

(Fig. 2) (Matta et al., 2012; Arranz et al., 2015). Furthermore, LRRK2 dependent alterations of 

glutamate and dopamine release in cortical neurons were found in knock-in mice expressing 

LRRK2 G2019S or overexpressing LRRK2 wt (Fig. 2). This proposed a role of LRRK2 in the 

synaptic function (Migheli et al., 2013; Beccano-Kelly et al., 2014; Beccano-Kelly et al., 2014). 

Furthermore, LRRK2 is involved in disassembling the SNARE complex of synaptic vesicles, 

relating LRRK2 again to synaptic function and vesicle homeostasis (Belluzzi et al., 2016).  

Ca2+-Signaling and LRRK2 

LRRK2 was not only shown to regulate the synaptic function via its involvement in vesicle 

homeostasis, but also via influencing Ca2+-signaling. It was stated that LRRK2 regulates the 

function of voltage-gated calcium channels (Cav) in a kinase dependent manner, as LRRK2 

G2019S enhanced and LRRK2 inhibition decreased the calcium influx (Fig. 2) (Bedford et al., 

2016). LRRK2 also seems to play a role in the Ca2+ control of the endoplasmic reticulum (ER) 

as LRRK2 G2019S decreases the calcium levels inside the ER. This might be mediated via LRRK2 

G2019S induced changes in the gene expression levels of certain key proteins controlling the 

Ca2+ entry to the ER (Fig. 2). In addition, an impaired Ca2+ homeostasis of the ER induced by 

LRRK2 G2019S was linked to neurite shortening (Korecka et al., 2019). Moreover, Ca2+ 

signaling was also associated with lysosomal dysfunction seen in PD. It was shown in several 

studies that LRRK2 mutations seems to be responsible for this malfunctioning (Fig. 2). In 

conclusion, this suggests an important role of LRRK2 in controlling the Ca2+ homeostasis and 

also emphasizes the potential role of Ca2+ signaling in PD pathology (Kilpatrick, 2016). 

Ca2+ entry to the ER (Fig. 2). In addition, an impaired Ca2+ homeostasis of the ER induced by 

LRRK2 G2019S was linked to neurite shortening (Korecka et al., 2019). Moreover, Ca2+ 

signaling was also associated with lysosomal dysfunction seen in PD. It was shown in several 

studies that LRRK2 mutations seems to be responsible for this malfunctioning (Fig. 2). In 

conclusion, this suggests an important role of LRRK2 in controlling the Ca2+ homeostasis and 

also emphasizes the potential role of Ca2+ signaling in PD pathology (Kilpatrick, 2016). 

Synaptogenesis and Neuronal Plasticity 

LRRK2 plays an important role in maintaining synaptogenesis, which is critical for neuronal 

survival. It was reported that LRRK2 binds the PKA (cAMP dependent protein kinase) 

holoenzyme via its ROC domain, thereby recruiting PKA to the dendritic shaft of neurons. This 
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regulates the phosphorylation of the actin-disassembling protein cofilin in the dendritic 

spines, resulting in the formation of properly shaped dendritic spines. Impairing the LRRK2-

PKA interaction results, however, in a translocation of active PKA catalytic subunit (Cα) into 

the dendritic spines. This inhibits cofilin by a PKA induced phosphorylation and impairs actin 

dynamics (Fig. 2) (Parisiadou et al., 2014). Following the same line of evidence, it was clearly 

shown in another publication that LRRK2 is involved in shaping the postsynaptic spine head. 

It was depicted that the LRRK2 G2019S mutation correlates with an increased size of spine 

heads and thereby leading to an enhanced amplitude of spontaneous excitatory postsynaptic 

currents (Matikainen-Ankney et al., 2016). 

Neuroprotection by Phosphorylation of PKB 

LRRK2 was suggested to act as a neuroprotective enzyme. Ohta and coworkers for example 

reported that LRRK2 possesses a neuroprotective effect which is lost if LRRK2 protein levels 

are decreased. These decreased LRRK2 protein levels, which occurred for LRRK2 I2020T 

expressing or LRRK2 knock down cells, reduced LRRK2 mediated phosphorylation of the 

protein kinase B (PKB/Akt1). This inactivates PKB and subsequently induces apoptosis via 

caspase 9 which results in neurodegeneration. Additionally, PD associated LRRK2 mutations 

were reported to decrease the interaction and phosphorylation of Akt1, suggesting a reduced 

resistance to apoptosis of affected neurons. In summary, these results clearly depict a 

neuroprotective effect of LRRK2 (Fig. 2) (Ohta et al., 2010; Ohta et al., 2011; Ohta et al., 2013).  

Following along, another group in 2014 presented that Akt1 phosphorylation by LRRK2 is 

crucial for FOXO1 phosphorylation and inhibition, which also promotes neuronal survival. This 

process was again impaired by pathogenic PD mutations. The same findings were observed 

for the Drosophila Lrrk (Chuang et al., 2014). Additionally, phosphorylation of both p53, as 

well as p62 by LRRK2 were associated with increased cytotoxicity and therefore induced 

apoptosis (Ho, D. H. et al., 2015; Kalogeropulou et al., 2018). Furthermore, it could be 

demonstrated that the interaction of LRRK2 with several proteins can rescue the cytotoxic 

effect with PD associated mutations. For example, it was reported that MAP1B 

(microtubule-associated protein 1B) and synphilin-1 could rescue cytotoxicity of LRRK2 

mutants (Fig. 2). Both inhibit LRRK2 kinase activity by interacting with the C-terminus of LRRK2 

including the kinase domain (Chan et al., 2014; Liu, J. et al., 2016). Hence, the interaction with 

MAP1B links LRRK2 to the important cellular regulation process of cytoskeleton dynamics. 

LRRK2 and its Function in the Cytoskeleton Dynamics of Microtubules 

It was shown that LRRK2 is interacting with MTs, actin, as well as MT and actin regulating 

proteins. Direct interaction of LRRK2 with β-tubulin were associated with attenuated 

acetylation of α-tubulin. This causes an increased number of filopodia in case of LRRK2 

G2019S, implicating again a role in neurite outgrowth. Furthermore, it was shown that LRRK2 

interacts via its ROC domain with β-tubulin and preferentially interacts with deacetylated MTs. 

Mutant LRRK2 (R1441C and Y1699C) was found to form filamentous structures around MTs, 

which causes inhibition of axonal transport (Godena et al., 2014; Law et al., 2014).  
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In LRRK2 G2019S and R1441G expressing fibroblasts, cell migration was accelerated 

suggesting an involvement of LRRK2 in the motility of fibroblasts, which is contradictory to the 

observed reduction of mutant LRRK2 induced neurite outgrowth (Caesar et al., 2013). In a 

report of Gillardon in 2009 he found that LRRK2 is interacting with elongation factor 1α (EF1α), 

which is known to maintain stability of MTs. The interaction attenuates LRRK2 kinase activity 

and interestingly impairs the stabilizing effect of EF1α on MTs (Gillardon, 2009). Another work 

identified microtubule affinity-regulating kinase 1 (MARK1) as a substrate of LRRK2 (Krumova 

et al., 2015). This suggests an additional role of LRRK2 in the cytoskeleton dynamics as MARK1 

is phosphorylating MT associated proteins such as tau, which results in MT destabilization 

(Fig. 2) (Krumova et al., 2015). In this line, LRRK2 was also suggested to play the role of a 

scaffolding protein as it interacts with tau and GSK-3β (glycogen synthase kinase-3β) or 

CDK5/p25, two kinases which efficiently phosphorylate tau. Additionally, it was shown that 

GSK-3β is activated by LRRK2 via Akt1 inhibition (Fig. 2), resulting in case of LRRK2 I2020T in 

hyperphosphorylation of tau (Ohta et al., 2015). Together, this promotes the theory that 

LRRK2 is involved in tau aggregation in a kinase activity independent, as well as dependent 

manner (Kawakami et al., 2014; Guerreiro et al., 2015; Ohta et al., 2015; Shanley et al., 2015). 

LRRK2’s Involvement in other cellular Functions 

Besides the involvement in MT dynamics LRRK2 was also reported to be involved in the actin 

cytoskeleton dynamics (Caesar et al., 2015; Bardai et al., 2018). For example LRRK2 was 

associated with the activation of PAK6 (p21-activated kinase 6), which indirectly resulted in 

altered actin cytoskeleton dynamics (Civiero et al., 2015) (Fig 2). LRRK2 was also found to be 

associated with the actin-network dependent chemotaxis (Dzamko et al., 2012; Moehle et al., 

2015). Furthermore, LRRK2 is involved in the regulation of the inflammatory process of 

microglial cells and their movement (Choi, I. et al., 2015; Russo et al., 2015; Choi, I. et al., 2016; 

Ma et al., 2016; Greggio et al., 2017; Russo et al., 2018).Interestingly, LRRK2 was also reported 

to play an important role in manganese induced parkinsonism, as manganese induces 

microglial activation (Chen, J. et al., 2018; Kim, J. et al., 2019). 

Impaired Autophagy is another malfunctioning process in PD with participation of LRRK2 

(Alegre-Abarrategui et al., 2009; Manzoni et al., 2013). Furthermore, endocytosis, as well as 

macroautophagy is controlled by a LRRK2 derived phosphorylation of endophilin A at the 

presynaptic terminals (Fig. 2) (Soukup et al., 2016). Additionally a deficit in the calcium 

homeostasis seems to be responsible for neurite shortening and mitophagy in LRRK2 mutant 

expressing cortical neurons (Fig. 2) (Cherra et al., 2013). Control of autophagy by LRRK2 is well 

accepted, nevertheless contradictory results suggest missing mechanistic details and 

therefore a more complex regulation (Manzoni, 2017). 

LRRK2 was found to play an important role in the Wnt signaling pathway, which controls 

embryonic and adult neurogenesis, development of dopaminergic neurons, axonal guidance, 

synapse formation and neuronal maintenance. In this regard, LRRK2 was described to interact 

with dishevelled segment polarity protein 1-3 (DVL), cytosolic distributed GSK-3β and the co-

receptor low-density lipoprotein receptor-related protein 6 (LRP6) situated in the plasma 
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membrane (Sancho et al., 2009; Le Grand et al., 2015). LRRK2 therefore represents the 

bridging protein between the cytosolic and membrane components of the Wnt signaling 

pathway. GSK-3β is part of the β-catenin destruction complex and phosphorylates β-catenin, 

which is arranged by LRRK2, functioning as a scaffolding protein. Thereby, β-catenin becomes 

degraded (Berwick and Harvey, 2012; Harvey and Outeiro, 2019). LRRK2 controls the canonical 

Wnt and the non-canonical planar cell polarity (PCP) Wnt signaling pathway. The canonical 

Wnt pathway regulates β-catenin induced gene expression, whereas the PCP Wnt signaling 

regulates the restructuring of the cytoskeleton. If the canonical Wnt signaling pathway 

becomes activated by binding of Wnt3a to Frizzeld and LRP6, LRRK2 enhances β-catenin 

induced gene transcription. If the PCP Wnt signaling pathway becomes activated LRRK2 

interacts with PRICKLE1 and inhibits β-catenin driven gene transcription, while regulating 

cytoskeleton dynamics and polarity (Fig. 2) (Salasova et al., 2017; Harvey and Outeiro, 2019). 

The reason, why the exact pathogenic mechanism of PD associated LRRK2 mutations has not 

been solved even after more than 15 years of research, may be related to the fact that LRRK2 

is involved in so many different signaling pathways. This will make it difficult to define one 

precise mechanism how a specific LRRK2 mutation drives the pathogenicity of PD. 

1.5.2 LRRK2 Regulation: Intrinsic Regulation versus Modulators 
Intrinsic regulation mechanisms are a realistic assumption for a protein of the size of LRRK2 as 

it contains many different domains. The fact that LRRK2 has a GTPase, as well as a kinase 

domain embedded on the same amino acid strand promotes this theory. Both enzyme classes 

have been shown to regulate each other in a broad spectrum of cellular processes. 

Intrinsic Regulation of LRRK2 by Dimerization and the G-Nucleotide State 

Small GTPases like Ras need guanine exchange factors (GEFs), which exchange the bound GDP 

to GTP, and GTPase activating proteins (GAPs), which can increase the GTPase activity by 

several orders of magnitude, to efficiently hydrolyze GTP. Therefore, an initial theory for an 

intrinsic regulation of LRRK2 was assumed where a GEF exchanges GDP for GTP. This was 

thought to result in a conformational change breaking an inactive LRRK2 oligomer apart and 

releasing the autoinhibited kinase domain, which then was thought to induce LRRK2 

autophosphorylation. Phosphorylated LRRK2 dimerizes and becomes an active dimer as long 

as GTP is not hydrolyzed by the ROC domain promoted by a GAP. After hydrolyzation of GTP 

to GDP LRRK2 performs another conformational shift and becomes thereby inactivated, while 

rebuilding the LRRK2 oligomer (Webber and West, 2009).  

However, only one potential GEF and one potential GAP were identified so far for LRRK2. The 

latter increases GTPase activity only by 2.5-fold (Haebig et al., 2010; Stafa et al., 2012). This 

raises the question if LRRK2 really needs GEFs and GAPs for the GTPase activity of the ROC 

domain. It has been shown that the affinity for GDP and GTP in the ROC domain is comparably 

low if compared to small GTPases, indicating that no GEF is needed for the exchange. 

Furthermore, it was suggested by homology models with other ROCO proteins that a 

monomer of a LRRK2 dimer probably provides the arginine finger, which is found as an 
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essential element in GAPs to accelerate GTP hydrolysis, for the other LRRK2 monomer 

(Terheyden et al., 2016). Therefore, the GEFs, as well as GAPs were eliminated from the initial 

intrinsic regulation model, but also was the oligomeric state, as it was suggested to be only a 

pathogenic feature (Gomez-Suaga et al., 2014). The most recent model highlights dimerization 

as one of the essential activating steps of the kinase domain. It is however controversially 

discussed if the GTP bound, the GDP bound, or the nucleotide-free state induces dimerization 

and thereby activation of LRRK2. Some also argue that the cycling of GTP to GDP is needed for 

kinase activity (West et al., 2007; Taymans et al., 2011; Ho, F. Y. et al., 2014; Deyaert et al., 

2019). Several results, however, indicate that the N-terminus especially the LRR domain of 

LRRK2 is involved in the intrinsic regulation of kinase activity by the ROC domain (Fig. 3A 

highlighting a GTP dependent activation model)(Greggio et al., 2008; Gilsbach and Kortholt, 

2014; Guaitoli et al., 2016; Rosenbusch and Kortholt, 2016). 

Regulation of LRRK2 by 14-3-3 Proteins 

In 2014, Muda et al. proposed another semi intrinsic regulation of LRRK2. Here LRRK2 

becomes phosphorylated by PKA at S910 and S1444 which induces a conformational shift and 

14-3-3 binding. Subsequently, the 14-3-3 proteins are stabilizing an autoinhibited state of 

LRRK2. If the pathogenic mutations R1441C/G/H were introduced into LRRK2, PKA was no 

longer able to phosphorylate S1444 which resulted in the kinase activation of LRRK2 and 

abolished 14-3-3 binding (Fig. 3B) (Muda et al., 2014). Lavalley and colleagues (2015) also 

reported a kinase activity regulating function of 14-3-3 proteins for LRRK2. They report that 

14-3-3 proteins rescued neurite outgrowth defects and reduced toxicity of LRRK2 G2019S in 

neurons. Initially 14-3-3 proteins were reported to bind to pS910 and pS935 of LRRK2 thereby 

changing LRRK2 distribution inside the cell. It was shown that LRRK2 is distributed cytosolically 

if S910 and S935 are phosphorylated, whereas PD associated mutations or inhibition of LRRK2 

attenuated S910 and S935 phosphorylation and inhibited 14-3-3 binding. This leads to a MT 

associated distribution of LRRK2 and resulted in the formation of LRRK2 accumulation pools 

after a prolonged inhibitor treatment. The resulting phenotype could be rescued by 

overexpression of 14-3-3 proteins, resulting in a restored cytosolic distribution (Dzamko et al., 

2010; Nichols et al., 2010; Fraser et al., 2013). Additionally, Fraser et al. reported that 14-3-3 

proteins facilitate the redistribution of LRRK2 to exosomes. Furthermore, 14-3-3 proteins 

were suggested to protect the bound LRRK2 phosphorylation sites from dephosphorylation, 

thus inhibiting LRRK2 ubiquitination and lysosomal degradation (Stevers et al., 2017). In 

summary, 14-3-3 proteins were identified as important upstream regulators of LRRK2, 

maintaining several aspects of LRRK2 regulation. 

Rab Proteins are important up- and downstream Regulators of LRRK2 

The other big group of upstream regulators, which also functions as substrates of LRRK2 are 

Rab proteins. Rab7L1/Rab29 recruits LRRK2 to the trans Golgi plasma membrane and by this 

activates the kinase domain. The activation by Rab29 increases the phosphorylation of Rab29 

itself, as well as of the downstream effector proteins Rab8 and Rab10 (Purlyte et al., 2018).  
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Furthermore, Rab29 overexpression was reported to rescue degeneration of LRRK2 mutant 

expressing cells in Drosophila (MacLeod et al., 2013). Both enzymes work coordinately to 

regulate axonal elongation, lysosome integrity and intracellular trafficking (Kuwahara et al., 

2016). Nevertheless, other Rab proteins have also been implicated in the regulation of several 

different LRRK2 processes. Rab32 was found to directly interact with the N-terminus of LRRK2, 

thereby trafficking it to recycling endosomes and transport vesicles (Waschbusch et al., 2014). 

Hence, Rab proteins do not only work as upstream regulators, but were also found to be 

downstream substrates of LRRK2. Rab5b, which is associated with the regulation of motility 

and fusion of early endosomes, for example becomes phosphorylated by LRRK2. 

 
 

Figure 3: Regulation mechanisms of LRRK2. A) The intrinsic kinase activation of LRRK2 is thought to be 

facilitated by the dimerization of LRRK2 and the binding of GTP. This is thought to induce a conformational 

change that abrogates the inhibition of the kinase domain by the LRR domain. Subsequently, GTP hydrolysis 

to GDP is restoring the inactive state again. B) PKA and 14-3-3 proteins facilitating a semi-intrinsic inhibition 

of LRRK2. Increased levels of cAMP activate PKA which phosphorylates S910 and S1444 in LRRK2, thus 

promoting 14-3-3 binding to both sites. This results in a 14-3-3 stabilized inactive conformation of LRRK2. C) 
Rab29 recruits LRRK2 to the trans Golgi network, inducing a conformational shift, which activates LRRK2. 
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Phosphorylation of Rab5b activates GTPase activity but attenuates Rab5b signaling. Cells 

expressing a phosphomimetic mutant of the LRRK2 phosphorylation site in Rab5b resulting in 

decreased neurite lengths and reduced degradation of the epidermal growth factor receptor 

(EGFR) (Yun et al., 2015). The impaired degradation of EGFR by LRRK2 mutant expressing cells 

could be reversed by coexpression of Rab7. In addition, it was stated that LRRK2 also regulates 

the Rab7 driven endocytic membrane trafficking (Gomez-Suaga et al., 2014). Furthermore,  

the phosphorylation of Rab8A by LRRK2 mediates the formation of lipid droplets and thereby 

lipid storage (Yu et al., 2018). Another Rab protein whose phosphorylation becomes 

dysregulated by LRRK2 mutants is Rab35. The dysregulation is associated with impaired 

α-synuclein propagation and neurotoxicity (Bae, E. J. et al., 2018; Jeong et al., 2018). 

This chapter highlights the intracellular multilayered regulation mechanism by which the 

kinase domain of LRRK2 is regulated, to assure a precise activation of the kinase. Hence, a 

single point mutation may be enough to destroy this regulatory network and thus promote 

the development of PD. This malfunctioning kinase domain of LRRK2 associated PD mutations 

is subject of current investigations to develop proper treatments. To achieve this goal a 

multitude of LRRK2 kinase inhibitors have been designed. 

1.6 LRRK2 Inhibitors 
LRRK2 inhibitors have neuroprotective abilities, as they reduce kinase activity while not 

decreasing protein concentration. Thereby, they maintain the scaffolding function of LRRK2 

(Lee et al., 2012; Daher et al., 2015). LRRK2 inhibition causes LRRK2 filament formation around 

MTs, a phenotype which is also observed for certain PD associated LRRK2 mutations (Kett et 

al., 2012). This altered LRRK2 behavior by inhibition indicates an impaired regulation and may 

have severe side effects, which are not directly connected with LRRK2 homeostasis. 

LRRK-IN-1 and Diaminopyrimidines 

Besides the classical nonselective kinase inhibitors, which inhibit a broad variety of different 

kinases, LRRK-IN-1 was identified as a potent and specific LRRK2 kinase inhibitor. The half 

maximal inhibitory concentration (IC50) is in the nM range, while the pathogenic G2019S 

mutation exhibits a lower IC50 value as LRRK2 wt (IC50[G2019S]=6 nM, IC50[wt]=13 nM). 

Inhibition of LRRK2 by LRRK-IN-1 in cells led to the formation of LRRK2 filaments, which were 

shown to colocalize with MTs (Deng, X. et al., 2011; Liu, Z. et al., 2014). Unfortunately, several 

off-target effects and a low potency to cross the blood brain barrier have been found for 

LRRK-IN-1 (Estrada and Sweeney, 2015). Since LRRK-IN-1 has been introduced as an LRRK2 

specific inhibitor, a multitude of LRRK2 inhibitors from several life science companies have 

been synthesized with varying IC50 values, mostly in the two to three digit nanomolar range 

(Lee et al., 2012; Galatsis et al., 2014; Daher et al., 2015; Henderson et al., 2015). 

For clinical PD treatment trials, it is important that the inhibitors possess a high brain 

penetrance and low toxicities. Furthermore, off-target effects by inhibiting other kinases of 

the human kinome should be prevented. One example for inhibitors which achieve these goals 
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are diaminopyrimidines from Genentech. Yet, they were found to induce lamellar body 

accumulation in the lungs of mice (Estrada and Sweeney, 2015). 

MLi-2 and special Features of PD-associated LRRK2 Kinase Mutations 

A highly selective and affine LRRK2 inhibitor was released by MERCK in 2015, which is called 

Merck-LRRK2-Inhibitor-2 (MLi-2). MLi-2 was the first highly specific LRRK2 inhibitor with an 

IC50 value below the nanomolar range (IC50=0.8 nM), it exhibits a good brain penetrance and 

has at least a 295-fold selectivity to LRRK2 for over 300 kinases tested. Hence, the same on-

target effects like for the diaminopyrimidine inhibitors were observed. Aggregation and 

accumulation of LRRK2 seem to be a generally observed on-target effect of LRRK2 inhibition. 

This on-target effect can be, however, reversed by a wash out of the inhibitor (Fell et al., 2015). 

The goal of current investigations is to find a LRRK2 inhibitor which specifically inhibits only 

the mutant forms of LRRK2 to further reduce off-target or unwanted on-target effects. In this 

regard, Liu et al. (2013) and Ray et al. (2014) were able to identify that non-specific type II 

kinase inhibitors inhibited LRRK2 G2019S, as well as I2020T in a competitive fashion. This is 

unusual as type II inhibitors normally show a noncompetitive kinase inhibition. Based on 

molecular dynamic calculations G2019S not only stabilizes the active kinase conformation but 

is also providing an additional binding pocket. This binding pocket can be occupied by the type 

II inhibitors, whereas they normally lead to a displacement of the DFG-motif, forcing the kinase 

to become stabilized in an inactive conformation (Liu, M. et al., 2013; Ray et al., 2014).  

This unique feature of LRRK2 G2019S and I2020T can be exploited to generate highly specific 

LRRK2 mutant inhibitors. These inhibitors will have the potency not only to target the arising 

symptoms but might rather provide the first real cure of PD at least for G2019S carriers, which 

are the most common ones with a genetic PD background. Nevertheless, this will require a 

more profound understanding of the intrinsic regulation of LRRK2 itself.  
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1.7 Motivation 
LRRK2 associated mutations are the major cause for the development of the familiar form of 

PD, therefore, LRRK2 has a great potential to serve as a drug target. The challenge to 

understand and elucidate the underlying regulation mechanisms which are controlling LRRK2 

and which are malfunctioning in PD is what I am interested in. Although LRRK2 has been 

intensively studied for more than 15 years it is neither completely clear in which signal 

transduction pathways it is involved nor how it is controlled. In this regard, it is also not well 

understood how the intrinsic regulation of this large multidomain protein is facilitated. 

The main aim of this thesis is to elucidate these intrinsic regulation mechanisms, which 

maintain the kinase activity. Therefore, Nanobodies, which were selected to bind to the ROC 

domain (GTPase domain) of LRRK2, will be investigated, if they are able to alter the kinase 

activity by binding to the ROC domain. Furthermore, the characterization of those binders will 

give an insight as well on the binding properties to LRRK2 as on the impact of MgGDP/GTP 

binding to the ROC domain in driving conformational changes. Therefore, these Nanobodies 

can be useful tools to examine the proposed crosstalk of the ROC domain with the kinase 

domain. Additionally, these Nanobodies may have the potential to treat PD or being used to 

detect malfunctioning LRRK2 inside living cells. 

Another approach to elucidate the intrinsic regulation mechanisms of LRRK2 will be focusing 

on the kinase domain itself. Therefore, the well accepted model of kinase spines will be 

introduced into LRRK2 to find potential mutations, which are stabilizing certain conformations 

of the kinase domain. On the one hand, this will help to decipher the importance of the kinase 

spines in LRRK2 kinase regulation, but on the other hand it will also help to get a better 

understanding of the pathogenicity of PD linked kinase domain mutations. Furthermore, the 

unusual DYG motif of LRRK2, which is involved in the spine formation, will be introduced to 

the model kinase PKA and kinase activities will be examined. The combined results for LRRK2 

and PKA will give further insights into the distinct details of kinase regulation. 

Finally, it will be investigated how the spine mutations behave in a cellular context. Here, the 

cellular distribution patterns of these LRRK2 variants will be examined in dependence of the 

inhibitor MLi-2. Furthermore, a shortened LRRK2 construct comprising only the ROC, COR, 

kinase and WD40 domain (RCKW) will also be investigated for its cellular distribution. These 

experiments will give important information about the importance of the N-terminus for the 

cellular localization of LRRK2 but will further also reveal which impact the highly specific LRRK2 

inhibitor MLi-2 has on LRRK2 regulation. Additionally, data for the different LRRK2 constructs 

and mutants supported by the MLi-2 data will be used to propose a model how the kinase 

domain of LRRK2 contributes by conformational changes to the cellular distribution of LRRK2. 

All results obtained during this thesis will be combined to generate a regulation model for 

LRRK2, which will also be based on results taken from literature to generate the most 

complete picture of intrinsic LRRK2 regulation possible.  
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2. Material and Methods 

2.1 Material 

2.1.1 General Chemicals and Disposables 
The general chemicals used in this thesis (e.g. additives, buffer substances, detergents, 

nucleotides, salts, etc.) were, if not stated otherwise, purchased from AppliChem GmbH, 

Biolog Life Science Institute, Carl Roth GmbH & Co KG, Merck KGaA, or Serva Electrophoresis 

GmbH, Sigma-Aldrich GmbH. Buffers produced with the above-mentioned chemicals were 

filtered prior to use with either Rotilabo syringe filters (Ø 0.45 μm pore size, Carl Roth) or with 

Ø47mm Polyethersulfone membrane filters (Ø0.2 μm pore size, Sapor). Subsequently they 

were stored at 4 °C. Cell culture media for eukaryotic cells was purchased from Capricorn 

Scientific GmbH. Molecular weight standards for electrophoretic purposes were obtained 

from Bio-Rad Laboratories Inc., Li-COR Bioscience Inc. or Thermo Fisher Scientific Inc.. All 

disposables like plastic vials and pipette tips were purchased from Sarstedt AG unless 

indicated otherwise. 

2.1.2 Enzymes, Plasmids and DNA Oligonucleotides for Molecular Biology 
The restriction enzymes, ligases, alkaline phosphatases and the respective buffers, which were 

used to generate the DNA constructs and mutations of LRRK2, were purchased from Thermo 

Fisher Scientific. The Kapa High fidelity DNA polymerase used in PCR reactions was from KAPA 

Biosystems. All LRRK2 plasmids encompassing constructs and mutations used in this thesis 

except for the ROC-domain construct (pETM11 His-ROC [aa1334-1516]) were generated from 

the vector pDEST-FSS-LRRK2 wt, which was provided as a gift by Johannes Glöckner (German 

Center of Neurodegenerative Diseases [DZNE], Tübingen) (Tab. 2.1, Suppl. Fig. 1). All the 

plasmids encoding LRRK2 mutations used in this thesis were generated by Natascha Mumdey 

except for pDEST-FSS-LRRK2 F1908L. pCDNA3.0 FSS-RCKW plasmids were generated by 

Maximilian Wallbott in his master thesis, which was supervised by me. The plasmid encoding 

Rab8A (6-176) was provided as a gift by Arjan Kortholt (Department of Cell Biochemistry, 

University of Groningen, Groningen). pET15b His-PKA wt was generated by Erik Machal. 

Oligonucleotides serving as primers for PCR reactions were purchased from Eurofins Genomics 

GmbH (Tab. 2.2). 

Table 2.1: Plasmids used in this thesis 

Plasmid name Antibiotic resistance Comment 

pETM11 His-ROC (1334-1516) kanamycin 6xHis-tag 

pDEST-FSS-LRRK2 wt Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 A1904F Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 K1906M Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 K1906A Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 F1908L Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 
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pDEST-FSS-LRRK2 L1924F Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 L1935F Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 Y1992F Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 D2017A Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 Y2018F Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 G2019S Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pDEST-FSS-LRRK2 I2020T Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pCDNA3.0-FSS-RCKW wt (1327-2527) Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pCDNA3.0-FSS-RCKW D2017A Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pCDNA3.0-FSS-RCKW Y2018F Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pCDNA3.0-FSS-RCKW G2019S Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pCDNA3.0-FSS-RCKW I2020T Kanamycin (SV40)/ Ampicillin Flag-Strep-Strep-Tag 

pET19 His-Rab8A (6-176) Ampicillin 6xHis-Tag 

pET15b His-PKA Cα wt Ampicillin 6xHis-Tag 

pET15b His-PKA Cα F185Y Ampicillin 6xHis-Tag 

pET15b His-PKA Cα G186S Ampicillin 6xHis-Tag 

pET15b His-PKA Cα F185Y/G186S Ampicillin 6xHis-Tag 

Table 2.2: Oligonucleotides used as Primers for PCR reactions 

Primers for subcloning Sequence (5’→3’) 

RCKW_for GGAGCTAGCGGAGGAAGCAAAAAGGCTGTGCC 

RCKW_rev GGCACAGCCTTTTTGCTTCCTCCGCTAGCTCC 

Primers for mutagenesis  

LRRK2 A1904F fw CCTATGAAGGAGAAGAAGTGTTTGTGAAGATTTTTAATAAAC 

LRRK2 A1904F rev GTTTATTAAAAATCTTCACAAACACTTCTTCTCCTTCATAGG 

LRRK2 K1906A fw GGAGAAGAAGTGGCTGTGGCGATTTTTAATAAAC 

LRRK2 K1906A rev GTTTATTAAAAATCGCCACAGCCACTTCTTCTCC 

LRRK2 K1906M fw GGAGAAGAAGTGGCTGTGATGATTTTTAATAAAC 

LRRK2 K1906M rev GTTTATTAAAAATCATCACAGCCACTTCTTCTCC 

LRRK2 F1908L fw CTGTGAAGATTTTGAATAAACATACATCACTC 

LRRK2 F1908L rev GAGTGATGTATGTTTATTCAAAATCTTCACAG 

LRRK2 L1924F fw GCTTGTGGTGTTTTGCCACCTCCACCACCC 

LRRK2 L1924F rev GGGTGGTGGAGGTGGCAAAACACCACAAGC 

LRRK2 L1935F fw CCAGTTTGATATCTTTCCTGGCAGCTGGG 

LRRK2 L1935F rev CCCAGCTGCCAGGAAAGATATCAAACTGG 

LRRK2 L1992F fw CAGCCATGATTATATTCCGAGACCTGAAACCCC 

LRRK2 L1992F rev GGGGTTTCAGGTCTCGGAATATAATCATGGCTG 

LRRK2 D2017A fw GCCATCATTGCAAAGATTGCTGCCTACGGCATTGCTCAG 

LRRK2 D2017A rev CTGAGCAATGCCGTAGGCAGCAATCTTTGCAATGATGGC 

LRRK2 Y2018F fw GCAAAGATTGCTGACTTCGGCATTGCTCAG 

LRRK2 Y2018F rev CTGAGCAATGCCGAAGTCAGCAATCTTTGC 

LRRK2 G2019S fw GATTGCTGACTACAGCATTGCTCAGTACTGC 

LRRK2 G2019S rev GCAGTACTGAGCAATGCTGTAGTCAGCAATC 

LRRK2 I2020T fw GCTGACTACGGCACTGCTCAGTACTGCTGTAG 
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LRRK2 I2020T rev CTACAGCAGTACTGAGCAGTGCCGTAGTCAGC 

PKA Cα F185Y fw GGTGACAGACTACAGTTTCGCCAAGC 

PKA Cα F185Y rev GCTTGGCGAAACCGTAGTCTGTCACC 

PKA Cα G186S fw GGTGACAGACTTCAGTTTCGCCAAGC 

PKA Cα G186S rev GCTTGGCGAAACTGAAGTCTGTCACC 

PKA Cα F185Y/G186S fw GGTGACAGACTACAGTTTCGCCAAGC 

PKA Cα F185Y/G186S rev GCTTGGCGAAACTGTAGTCTGTCACC 

 

2.1.3 Peptides 
For quantitative kinase assays peptides were used as substrates, these peptides were ordered 

from GeneCust Europe. LRRKtide is based on a sequence which can be phosphorylated by 

LRRK2 and was found in the protein moesin (Jaleel et al., 2007). For quantitative analysis a 

mixture of this peptide and a Fluorescein isothiocyanate (FITC) labeled form was used 

(Tab. 2.3). The FITC label was fused to the peptide via an amino hexanoic acid (Ahx) linker. 

PKStide is based on the surrounding amino acid (aa) sequence of the pseudo substrate 

sequence of the protein kinase A inhibitor (PKI). To obtain a substrate from the PKI sequence 

used for PKStide, the not phosphorylatable residue Ala found in the pseudo substrate 

sequence was changed to Ser. All peptides used in this thesis carry an NH2-terminus. 

Table 2.3: List of peptides used in this thesis. The phosphorylatable aa are depicted as underlined 

and bold characters.  

Peptide name Sequence 
Molecular weight 

[kDa] 

LRRKtide Ahx-RLGRDKYKTLRQIRQ-NH2 2.04 

FITC-LRRKtide FITC-Ahx-RLGRDKYKTLRQIRQ-NH2 2.43 

Kemptide H-LRRASLG-NH2 0.77 

PKStide H-GRTGRRNSI-NH2 1.01 

 

2.1.4 Bacterial Strains and eukaryotic Cell Lines 
In this thesis, the following bacterial strains were used for DNA amplification and protein 

expression: 

Table 2.4: List of bacterial strains used for DNA amplification and protein expression. 

Bacterial strain Purpose Supplier 

Escherichia coli (E.coli) Top10 DNA amplification Invitrogen 

Escherichia coli (E.coli) DH5α 
DNA amplification and in 

cellulae ligation 
Thermo Fischer Scientific 

Escherichia coli (E.coli) XL10 

gold 

DNA amplification for 

eukaryotic cell culture 
Stratagene/Agilent 

Escherichia coli (E.coli) BL21DE3 Expression of His-PKA Cα Novagen/MERK 

Escherichia coli (E.coli) BL21DE3 

RIL 

Expression of His-ROC, His-

Rab8A 
Stratagene/Agilent 
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For expression of LRRK2 and the shorter ROC-COR-Kinase-WD40 (RCKW) construct the 

immortalized eukaryotic cell line human embryonic kidney 293 cells, which express a mutant 

form of the SV40 large T antigen (HEK293T), were used (Dubridge et al., 1987). This cell line is 

able to increase the protein yield as long as the encoding DNA of the respective protein is 

under control of an SV40 promotor. 

2.1.5 Materials used for Surface Plasmon Resonance (SPR) Assays, 

Microfluidic Mobility Shift Assays (MMSA) and Western Blotting 
For SPR measurements devices from GE Healthcare (Biacore3000, Biacore T200) and Sierra 

Sensors (SPR-4) were used. The according chips like CAP chips (Biacore), CM5 chips (Biacore) 

or high-density amine chips (Sierra Sensors), coupling kits like the Biotin CAPture kit (Biacore) 

or the amine coupling kit (Biacore, Sierra Sensors), as well as plastic vials and lids were 

purchased from GE Healthcare or Sierra Sensors. All running buffers were prepared at RT and 

supplemented with 0.05 % P20 (Sigma-Aldrich). In case of the Biacore3000 system buffers 

were additionally degassed for 30 min prior to use. For regeneration of the flow cells a solution 

of 3 M MgCl2 from MERK was used, as MgCl2 from other vendors lead to unspecific binding 

most likely due to impurities. 

For MMSAs the LabChip DeskTop Profiler from PerkinElmer was used with the according chips. 

The running buffer were supplemented with 50 μM Coating Reagent 8 (CR8) both purchased 

from PerkinElmer. Reaction buffer was supplemented with 0.05 % of L31 (Sigma Aldrich). 

For Western Blotting nitrocellulose membranes from GE Healthcare were purchased. 

Secondary antibody incubation was performed in black boxes from LiCOR Inc.. For the 

antibody detection secondary fluorescently labeled antibodies (LiCOR) were visualized via the 

LiCOR Odessey FC (LiCOR). 

2.2 Methods 

2.2.1 Molecular Biology Methods 
Plasmids are essential tools to incorporate the DNA for specific protein overexpression inside 

bacterial strains, as well as eukaryotic cell lines. By cloning the cDNA of the desired protein 

into a plasmid it is also easily possible to introduce mutations, which are disease related or 

are critical for protein function. In the following techniques to generate those plasmids 

encoding the proteins used during this thesis will be explained. 

2.2.1.1 Polymerase Chain Reaction (PCR) 

The PCR is one of the most essential techniques in molecular biology and can be used for 

amplifying a DNA construct of a specific length from the target DNA. Thereby, it is possible to 

produce DNA sequences encoding shortened protein constructs. Furthermore, with this 

technique point mutations are easily generated in the resulting PCR products, by using 

mismatches between the target DNA and the mutagenesis primers. The PCR technique was 

invented by Mullis et al. (1986), for which he was rewarded with the Nobel Prize in 1993. 



 

 

P A G E  36 | 173 

 Material and Methods 

Subcloning 

To generate the expression vector of the four-domain construct RCKW of LRRK2 the respective 

DNA sequence of RCKW (aa 1327-2527) was amplified in a PCR (Tab. 2.5 and Tab. 2.6). 

Therefore, the template vector pDEST-FSS-LRRK2, the KAPA Hifi DNA Polymerase (KAPA 

Biosystems) and the primers RCKW_for and RCKW_rev were used. These primers are flanking 

the DNA of the desired construct and encompassing restriction sites for NheI (RCKW_for) and 

XhoI (RCKW_rev). Thereby, the restriction sites were also introduced to the 5’- or 3’-end of 

the resulting PCR product and can later be utilized for ligation with the target plasmid. 

Subsequently PCR products were separated on an 0.5 % agarose gel, supplemented with 

ethidium bromide. The band of the expected calculated size was cut out from the gel and the 

contained DNA was isolated using the Gel and PCR Clean-Up kit from Promega. In the following 

the DNA concentration and purity was photometrically determined by measuring the 

absorbance at 260 nm and 280 nm. 

Table 2.5: Composition of the PCR mixture for generating the RCKW construct 

Component Stock Amount/Volume 

pDEST-FSS-LRRK2 - 5.0 ng 

RCKW_for 10 μM 2.0 μl 

RCKW_rev 10 μM 2.0 μl 

dNTP each 10 mM 1.5 μl 

KAPA Hifi Buffer 5x 10.0 μl 

KAPA Hifi Polymerase 1 U/μl 1.0 μl 

Nuclease free water - ad 50.0 μl 

Table 2.6: PCR program 

 Time [min] Temperature [°C] Cycles 

First denaturing 5’00 94 - 

Denaturing 0’30 94 

30x Annealing 0’30 53 

Elongation 2’00 72 

Final elongation 10’00 72 - 

hold ∞ 10 - 

 

Double Digestion 

The purified DNA encoding the RCKW construct, as well as the target vector, pCDNA3.0 were 

each digested with NheI and XhoI. The reaction was carried out with the appropriate buffer 

for 1 h at 37 °C, the buffer and the amounts of enzymes were calculated with the Double 

Digest Calculator online tool from Thermo Fisher Scientific. Subsequently 1 μl of shrimp 

alkaline phosphatase was added to the reaction mix and incubated for 30 min at 37 °C to 

dephosphorylate the sticky ends and thereby prevent self-ligation of the digested plasmid. 
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Ligation 

For ligating the digested RCKW-DNA and the digested pCDNA3.0 vector the T4-DNA-Ligase and 

appropriate buffers were used (Tab. 2.7). Therefore, an insert to vector ratio of 2:1 was 

chosen. The reaction was carried out overnight at RT, followed by a heat inactivation of the 

Ligase at 65 °C for 10 min. Subsequently 5 μl of the ligation mixture were transformed in 

chemically competent E. coli DH5α cells (s Chapter 2.2.1.2). The transformed cells were plated 

on Lysogenic Broth (1 % [w/v] NaCl, 1% [w/v] tryptone, 0.5% [w/v] yeast extract) agar 

containing 100 μg/ml Ampicillin (LBamp) for selection purposes. 

Table 2.7: Composition of the ligation assay 

Component Stock Amount/Volume 

pCDNA3.0 - 200 ng 

PCR product - 400 ng 

T4-DNA-Ligase 5 U/μl 0.2 μl 

T4-DNA-Ligase Buffer 10x 4 μl 

Nuclease free water - ad 40 μl 

 

10 x 5 ml LBamp-media was inoculated with ten colonies from the LBamp plate and incubated 

overnight at 37 °C. During inoculation the positive colonies were also subjected to a colony 

PCR, to check for ligation of the RCKW coding DNA with the vector pCDNA3.0 (Tab. 2.8 and 

Tab. 2.9). Positive E. coli colonies were then harvested by centrifugation and plasmid-DNA was 

purified with the E.Z.N.A. Plasmid Mini Kit I (Omega Bio-tek). The obtained plasmid DNA was 

checked by sanger sequencing conducted by Seqlab Sequence Laboratories GmbH. 

The experimental design for subcloning of pCDNA3.0-FSS-RCKW was constructed by me, but 

the actual experiments were done by Maximilian Wallbott and can be found in his master 

thesis “Charakterisierung von ROC-COR-Kinase-WD40 Konstrukten der Leucin-Rich Repeat 

Kinase2”, which was supervised by me. 
Table 2.8: Composition of the PCR mix for the colony PCR. DNA from colonies was added by 

incubating the pipette tips used to pick the colonies with a reaction mix. 

Component Stock Amount/Volume 

RCKW_for 10 μM 2.0 μl 

RCKW_rev 10 μM 2.0 μl 

dNTP each 10 mM 1.0 μl 

Taq Polymerase Buffer 10x 2.0 μl 

Taq Polymerase 1 U/μl 1.0 μl 

Nuclease free water - ad 20.0 μl 
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Table 2.9: Colony PCR program 

 Time [min] Temperature [°C] Cycles 

First denaturing 5’00 94 - 

Denaturing 0’30 94 

25x Annealing 0’30 53 

Elongation 4’00 72 

Final elongation 10’00 72 - 

hold ∞ 10 - 

Site Directed Mutagenesis 

For introduction of point mutations to the gene of interest, a PCR approach can be used where 

both primers bind to the same location on the codogenic or anticodogenic strand. These 

primers also encompass designed mismatches to alter the DNA sequences of the amplified 

PCR products. This will ultimately result in a changed aa sequence of the encoded protein.  

In this thesis, point mutations were introduced to the plasmids encoding LRRK2, the RCKW 

construct and PKA (cAMP dependent protein kinase) applying this method. As described 

above the designed primers for the respective mutations were used to induce the mutations 

to the resulting PCR products (Tab. 2.10 and Tab. 2.11). In contrast, to the PCR method 

employed for subcloning, where only the construct of interest is amplified, in the mutagenesis 

PCR the complete plasmid needs to be amplificated. Therefore, a DNA polymerase with a very 

low error rate is needed, one example is the KAPA Hifi DNA-Polymerase which possesses a 100 

times lower error rate than the classical Taq-(Thermus aquaticus)-Polymerase. 

Table 2.10: Composition of the PCR mix for mutagenesis PCRs. 

Component Stock Amount/Volume 

Template DNA - 5.00 ng 

Forward Primer 10 μM 0.75 μl 

Revers Primer 10 μM 0.75 μl 

dNTP each 10 mM 0.75 μl 

KAPA Hifi Buffer 5x 5.00 μl 

KAPA Hifi Polymerase 1 U/μl 0.50 μl 

Nuclease free water - ad 25.00 μl 

Table 2.11: General mutagenesis PCR program 

 Time [min] Temperature [°C] Cycles 

First denaturing 3’00 94 - 

Denaturing 0’20 94 

18x Annealing 0’15 TM – (5 to10 °C) 

Elongation 0’30 /kb 72 

Final elongation 7’00 72 - 

hold ∞ 10 - 
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In the following the methylated template DNA in the PCR mix was digested by adding 1 μl of 

DpnI (10 U/μl). The mix was incubated for at least 1 h at 37 °C. Subsequently, 5 μl of the PCR 

mix was used for transformation of E. coli DH5α (LRRK2/RCKW constructs) or Top10 (PKA 

constructs). Positive cells were selected by plating the cells onto LBamp-Agar and incubating 

them overnight at 37 °C, followed by inoculation of 5 ml LBamp Media per mutant. The cells 

were again incubated overnight at 37 °C. Finally, the plasmid-DNA was isolated from the cells 

using the E.Z.N.A. Plasmid Mini kit I (Omega Bio-tek) and sent to Seqlab Sequence Laboratories 

GmbH for sequencing. 

2.2.1.2 Transformation of chemically or electro competent E. coli Strains 

Chemically competent E. coli strains (XL10Gold; DH5α; TOP10) were transformed by the heat 

shock method. Therefore, 50 μl of the chemically competent cells were thawed on ice. Then 

the E. coli XL10Gold strain, but not the TOP10 or DH5α strain was incubated with 43 mM 

β-Mercaptoethanol (β-ME) for 20 min. Subsequently, 25 ng of the respective plasmid DNA was 

added to all E. coli strains. This mixture was incubated on ice for 30 min. For the heat shock 

cells were heated for 45 s to 42 °C, followed by another 5 min incubation on ice prior to the 

addition of 1 ml super optimal broth (SOC) medium (10.0 mM NaCl, 2.5 mM KCl, 10.0 MgCl2, 

10 mM MgSO4, 20 mM glucose, 2 % [w/v] tryptone, 0.5% [w/v] yeast extract). Cell suspension 

was incubated for 45 min at 37 °C while shaking. Then, 50 μl of the cell suspension was plated 

on an LBamp agar plate followed by an overnight incubation at 37 °C. Finally, positive colonies 

were used for inoculation of LBamp-Media for Mini- (5 ml LBamp) or Midi-preparations (250 ml 

LBamp). 

Electrocompetent E. coli strains (Bl21(DE3); Bl21(DE3)RIL) were transformed by 

electroporation. Cells were therefore thawed on ice and 25 ng of the respective plasmid was 

added. Subsequently, cells were transferred into an electroporation cuvette and 

electroporated by applying 2500 V for 5 ms using a Multiporator® (Eppendorf). Immediately 

1 ml SOC medium was added and cells were incubated for 45 min at 37 °C while shaking. 

Finally, 20 μl to 100 μl were plated on an LBamp agar plate and stored overnight at 37 °C. 

Positive colonies were used for protein overexpression. 

2.2.1.3 DNA Amplification und Extraction from E. coli XL10Gold for Cell Culture 

With sequencing approved plasmid DNA Midi Preparation were prepared by transformation 

of the DNA to E. coli XL10Gold cells. Therefore, the protocol of chapter 2.2.1.2 for chemical 

competent E. coli XL10Gold cells was applied. Subsequently, positive colonies were picked 

from the plate and used for inoculation of 250 ml LBamp medium. The inoculated medium was 

incubated overnight at 37 °C and plasmid DNA was isolated using the PureYield™ Plasmid 

Midiprep System from Promega. This kit incorporates an endotoxin removal step which is 

essential for eukaryotic cell culture. Concentration and purity of the isolated plasmids were 

photometrically determined. DNA were stored at -20 °C until transfection of HEK293T cells. 
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2.2.2 Protein Expression 
To obtain workable protein concentrations for in vitro experiments proteins need to be 

overexpressed. Therefore, the generated plasmids were transformed to E. coli or transfected 

to HEK293T cells, depending on size and need of posttranslational modifications for protein 

function. E. coli strains provide the advantage of high division rates and therefore, high protein 

yields, while HEK293T cells provide a more natural environment for human proteins like 

LRRK2, so that correct folding and proper posttranslational modifications can be assumed. 

2.2.2.1 Protein Overexpression in E. coli 

The E. coli strains BL21(DE3) or BL21(DE3) RIL were used for the overexpression of His-PKA Cα 

constructs or His-ROC and His-Rab8A. Therefore, 1 l LBamp medium was inoculated with a 

positive colony of the respective transformed E. coli strain. Cell suspensions were incubated 

at 37 °C in a flask shaker at 180 rpm. In addition, the optical cell density at 600 nm (OD600) was 

measured regularly. When the OD600 reaches a value of 0.6, cell expression was induced by 

addition of 0.4 to 1.0 mM Isopropyl β-D-1-thiogalactopyranoside (ITPG). After induction cells 

were incubated at RT overnight. Subsequently cells were harvested by centrifugation at 

17500 xg for 30 min. The obtained cell pellets were stored till purification at -20 °C. 

2.2.2.2 Transfection and Protein Expression in HEK293T Cells 

HEK293T cells were raised as an adherent cell culture in cell culture dishes/flasks. As cell 

culture medium Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/l Glucose (high 

Glucose) and L-Glutamine (Capricorn Scientific) was used and supplemented with 10 % fetal 

bovine serum (FBS, Capricorn). Cells were raised at 5 % CO2 and 37 °C in an incubator till they 

reached 80-90 % confluency (2-3 days). Subsequently, cells were washed with MOPS buffer 

(pH 7.0) and resuspended in fresh DMEM (+10 % FBS). Cell density was determined, and cells 

were passaged to new cell culture dishes/flasks. In this line cells were seeded at a confluency 

of about 50 % and supplied with additional fresh DMEM (+10 % FBS). Prior to transfection each 

of the ten Ø15 cm dishes used per construct, were seeded with 1.2x107 HEK293T cells, filled 

with 30 ml DMEM (+10 % FBS). Cells were then incubated overnight in an incubator. For 

transfection 15 μg plasmid DNA were used per Ø15 cm dish. Therefore, the respective plasmid 

DNA was mixed with Polyethyleneimine (PEI) in a 1:10 (w/v) ratio in 1.6 ml DMEM per 15 μg 

plasmid DNA. The mixture was incubated for 20 min at RT before the appropriate volume of 

the transfection mixture was added to each cell culture dish. After 24 h of incubation the 

medium was exchanged with 35 ml of fresh DMEM (+10 % FBS) to stop transfection, followed 

by another 24 h incubation. Finally, HEK293T cells were harvested by resuspending the cells 

in 5-10 ml DMEM per dish, followed by centrifugation at 500 xg for 10 min and two washing 

steps with MOPS buffer (pH 7.0). Each washing step was followed by an additional 

centrifugation step at 500 xg for 10 min. Cell pellets were pooled and stored at -20 °C. 

2.2.3 Protein Purification 
For the understanding of basic mechanistic aspects of protein-protein-interactions, in vitro 

experiments are of critical importance. Those experiments can provide information about a 
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specific interaction excluding disturbing effectors found in a cellular context. Therefore, the 

ability to purify proteins of interest from cells is essential for biochemical analysis. While in 

the beginning of protein purification often complex and time-consuming separations 

processes were conducted, the development of the nowadays increasing number of smaller 

and smaller protein tags simplified protein purification a lot. 

2.2.3.1 Purification of His-tagged Proteins from E. coli 

His-Rab8A (6-176): 

For purification of His-Rab8A from a 1 l E. coli suspension culture pellet, the pellet was 

resuspended in 10 ml ice cold lysis buffer (50 mM HEPES pH 7.5, 500 mM LiCl, 20 mM 

Imidazole, 1 mM MgCl2, 10 μM GDP, 2 mM β-ME, 1 mM PMSF, 1 pill/50 ml cOmplete™ EDTA-

free Protease Inhibitor Cocktail [Roche]). Cells were homogenized by a tissue grinder and lysed 

by a French pressure cell press (Thermo Fisher). After three lysis runs at 1000 psi, cell debris 

were removed by centrifugation (40,000 xg, 4 °C, 45 min). Subsequently the supernatant was 

filtered by applying it to a Rotilabo syringe filter with a pore size of 0.45 μm.  

A fast protein liquid chromatography (FPLC) was done by loading the filtered supernatant onto 

a 5 ml Protino® Ni-NTA-column (Macherey-Nagel) utilizing the ÄKTApurifier (GE Healthcare). 

The metal ion affinity chromatography (IMAC) was carried at a pressure limit of 0.6 MPa, with 

adjusting flow rates (between 2-3 ml/min), referring to the Ni-NTA-column manual. After 

loading was complete column was equilibrated with two column volumes (CV) of 98 % 

Buffer A (50 mM HEPES pH 7.5, 500 mM LiCl, 20 mM Imidazole, 1 mM MgCl2, 10 μM GDP, 

2 mM β-ME) mixed with 2 % Buffer B (50 mM HEPES pH 7.5, 500 mM LiCl, 500 mM Imidazole, 

1 mM MgCl2, 10 μM GDP, 2 mM β-ME). Then the column was washed with 8 CV of a mixture 

of 92 % Buffer A and 8 % Buffer B (resulting in a concentration of 50 mM Imidazole) followed 

by the elution step. For eluting the protein from the column 5 CV of 50 % Buffer A and B each 

was applied to the column followed by a column regeneration step with 5 CV of 100 % Buffer 

B. 2 ml fractions were taken and analyzed via SDS-PAGE (chapter 2.2.4.1). Fractions with 

highest protein yields were pooled and a buffer exchange to anion-exchange-loading buffer 

(20 mM TRIS HCl pH 8.0, 20 mM NaCl, 1 mM MgCl2, 10 μM GDP, 2 mM β-ME) via an Amicon 

Ultra-15 Centrifugal Filter Unit with a 10 kDa cutoff (MERK) was conducted. 

Subsequently the protein was loaded onto a 1 ml Resource™ Q anion-exchange column (GE 

Healthcare) via the ÄKTApurifier. Protein was eluted with a gradient of an anion exchange-

elution buffer (20 mM TRIS HCl pH 8.0, 500 mM NaCl, 1 mM MgCl2, 10 μM GDP, 2 mM β-ME) 

from 0 to 100 % in 20 CV. 1 ml fractions were taken and analyzed via SDS-PAGE. Pure protein 

samples (flow through) were pooled and concentrated to 500 μl followed by a concentration 

determination via the photometric Bradford assay (Bradford, 1976). The concentrated protein 

solution was finally stored in 50 μl aliquots at -20 °C. An exemplary purification can be found 

in the in the Supplement (Suppl. Fig. 2A). 
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His-ROC: 

For purification of His-ROC from a 1 l E. coli suspension culture pellet, the pellet was 

resuspended in 15 ml ice cold lysis buffer (20 mM TRIS HCl pH 8.0, 500 mM NaCl, 20 mM 

Imidazole, 10 mM MgCl2, 500 μM GDP, 10 % (v/v) glycerol, 1 pill/50 ml cOmplete™ EDTA-free 

Protease Inhibitor Cocktail [Roche]). Cells were homogenized by a tissue grinder and lysed by 

a French pressure cell press (Thermo Fisher). After three lysis runs at 1000 psi, cell debris were 

removed by centrifugation (40,000 xg, 4 °C, 30 min). Subsequently, supernatant was added to 

1 ml of with lysis buffer equilibrated Protino® Ni-NTA-agarose (Macherey-Nagel). This was 

followed by an incubation of the supernatant with the agarose for 1 h at 4 °C while being 

constantly rotated. Then the agarose was pelleted by centrifugation (500 xg, 2 min, 4 °C), and 

the supernatant was discarded. Next, the agarose was washed with washing buffer (20 mM 

TRIS HCl pH 8.0, 500 mM NaCl, 20 mM Imidazole, 10 mM MgCl2, 500 μM GDP, 10 % (v/v) 

glycerol) several times. In the following, agarose was transferred to a Pierce™ Disposable 

Column (Thermon Fisher) and the His-ROC domain was eluted with 1 ml steps of elution buffer 

(20 mM TRIS HCl pH 8.0, 500 mM NaCl, 125 mM Imidazole, 10 mM MgCl2, 500 μM GDP, 10 % 

(v/v) glycerol). Finally, protein quality was checked via SDS-PAGE, protein concentration was 

determined via Bradford assay and elution steps containing pure protein were pooled and 

stored as 100 μl aliquots at either 4 °C on ice or -20 °C. An exemplary purification can be found 

in the in the Supplement (Suppl. Fig. 2B). 

2.2.3.2 Purification of Strep-tagged Proteins from eukaryotic Cells 

For purification of FSS-tagged LRRK2 or RCKW constructs from a HEK293T cell pellet, the pellet 

was resuspended in 10 ml ice cold lysis buffer (25 mM TRIS HCl pH 7.5, 150 mM NaCl, 0.5 % 

Tween20, 10 mM MgCl2, 500 μM GDP/GTP/no nucleotide, 1 pill/50 ml cOmplete™ EDTA-free 

Protease Inhibitor Cocktail [Roche], 1 pill/10 ml PhosSTOP™ [Roche]). Cells were homogenized 

on ice. For efficient cell lysis the cell suspension was incubated for 30-45 min at 4 °C while 

rotating. In the following cell debris were removed by centrifugation (50,000 xg, 4 °C, 45 min). 

Subsequently the supernatant was filtered by applying it to a Rotilabo syringe filter with a pore 

size of 0.45 μm. Supernatant was then added to a Pierce™ Disposable Column containing 

0.5 ml of Strep-Tactin Superflow resin (IBA life science), which was equilibrated with wash 

buffer 1 (100 mM TRIS HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 10 mM MgCl2, 500 μM 

GDP/GTP/no nucleotide). Next, the agarose was washed with 10 CV wash buffer 1 and wash 

buffer 2 (100 mM TRIS HCl pH 8.0, 500 mM NaCl, 1 mM EDTA, 10 mM MgCl2, 500 μM 

GDP/GTP/no nucleotide), respectively. In the following the LRRK2 or RCKW variant was eluted 

with 250 μl steps of elution buffer (100 mM TRIS HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 

2.5 mM D-Desthiobiotin, 10 mM MgCl2, 500 μM GDP/GTP/no nucleotide, 0.5 mM TCEP). 

Subsequently, protein quality was checked via SDS-PAGE, protein concentration was 

determined via Bradford assay and 10 % (v/v) Glycerol was added to the pooled elution 

fractions. Finally, protein solution was stored as 20 μl aliquots at -80 °C. An exemplary 

purification of LRRK2 wt can be found in the in the Supplement (Suppl. Fig. 2C). 
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2.2.4 Methods of biochemical Protein Characterization 

2.2.4.1 Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

The SDS-PAGE is a technique to separate proteins by their molecular weight using 

discontinuous gels (Laemmli, 1970). Therefore, proteins need to be denatured, which is 

achieved by an incubation at 100 °C with SDS-sample buffer (5x SDS-sample buffer: 310 mM 

TRIS pH 6.8, 50 % glycerol, 10 % SDS, 0.0018 % (w/v) bromophenol blue, 10 % (w/v) β-ME) for 

5-10 min. During this time the discontinuous gel was placed in an electrophoresis chamber 

(Mini-PROTEAN®Tetra Vertical Electrophoresis Cell from Bio-Rad) filled with SDS-PAGE 

running buffer (25 mM TRIS, 192 mM glycerol, 1 % (w/v) SDS). In the following the SDS-PAGE 

protein samples were pipetted into the gel pockets incorporated in the 5 % stacking gel of the 

discontinuous gel. The SDS-PAGE was run at 200/300 V for 60/25 min. Depending on the 

protein size 8/12 % separating gels were used for separation. Subsequently, gels were put into 

water and heated three times in a microwave (700 W, 90 s). After each heating step water 

was exchanged. Finally, gels were stained with Coomassie Brilliant Blue staining solution (12 % 

phosphoric acid, 4 % (v/v) ethanol, 2 % (w/v) β-cyclodextrin (Acros), 0.05 % (w/v) Coomassie 

Brilliant Blue G250). 

For Western Blotting purposes NuPAGE® Novex® Bis-Tris gradient gels (4-12 %) (Thermo 

Fisher), NuPAGE MES SDS Running Buffer (Thermo Fisher), as well as a XCell SureLOCK™ Mini-

Cell Electrophoresis System (Thermo Fisher) were used instead of the SDS-PAGE described 

above. Gels were run at 200 V for 60 min. 

2.2.4.2 Protein Concentration Determination after Bradford 

Total protein concentration of purified protein samples were determined by a photometric 

approach, which was described by Bradford (1976). Therefore, the protein samples were 

diluted in 800 μl ddH2O and 200 μl of the 5x Bradford reagent (Bio-Rad) were added. Samples 

were mixed and incubated for 15 min at RT in the dark. In the following the absorption at 

λ=595 nm was measured and referenced to a control without protein. The protein 

concentration was then determined by comparing the obtained values with a bovine serum 

albumin (BSA) standard curve. Each concentration was measured at least twice. 

2.2.4.3 Surface Plasmon Resonance (SPR) 

Surface plasmon resonance spectroscopy is based on the ability of photons to excite surface 

plasmons. Those are describing longitudinal electron density oscillations near and along the 

plain of the surface of a conductor like gold. These oscillations can be excited by 

monochromatic p-polarized light that is guided through a prism onto the gold layer under total 

internal reflection conditions. For excitation of surface plasmons the magnitude of the 

incident light wave vector component which is parallel to the surface of the gold must met the 

magnitude of the excitation wave vector of the surface plasmons (Zeng et al., 2013). If this 

condition is met surface plasmon will be excited, resulting in an intensity loss of the reflected 

light, which can be detected by a photodiode (Fig. 4). Interestingly, the surface plasmons will 

be excited at the opposing site of the gold layer where the total internal reflection is taking 
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place. This is because if light is not able to travel through a certain medium (here gold), the 

wave function of the reflected light will not become directly zero behind this interface but will 

rather exponentially decrease with distance. This decreasing wave function is also termed 

evanescent wave. Now if the gold layer is thin enough, the amplitude of the evanescent wave 

is sufficient to excite the surface plasmons (Davis and Faulkner, 1996). As surface plasmons 

are density oscillations of electrons this will create an electromagnetic field. The 

electromagnetic field could be itself described as an evanescent wave as it propagates from 

the gold layer of an SPR-chip into the dielectric medium (water/buffer) of the flow channel 

(Davis and Faulkner, 1996). By changing the dielectric medium for instance by an accumulation 

of a protein due to a binding event, the dielectric constant will also dynamically change. This 

change of the dielectric constant will have an impact on the excitation conditions of the 

surface plasmons as the electric field is affected and thereby the oscillation of the electrons. 

Ultimately this will result in the need for an altered angle of the reflected incident light to 

excite the surface plasmons, as the magnitude of the light wave vector component parallel to 

the surface can only be changed by altering the angle of the incident light. By measuring the 

angle at which the absorption minimum is observed (SPR-angle), it is possible to measure 

protein-protein-interactions (Fig. 4). The change of the SPR-angle is measured in resonance 

units (RU), 1000 RU correspond with the binding of 1 ng/mm2 protein to the gold surface 

(Herberg and Zimmermann, 1999). 

 
Figure 4: Principal methodic of an interaction analysis via SPR. Linear polarized light is irradiated through a 

prism onto a thin gold layer, where it is reflected under total internal reflection to a detector. The laser is 

moved over a certain range of angles to determine the angle at which surface plasmons are excited, which is 

reflected in a decrease of the detected light intensity. This angle is transformed into an SPR signal (left panel). 

The gold layer is coupled to dextran threads, which ranging into the flow channel of the SPR device (black zig 

zag lines). On these threads’ proteins can be covalently coupled (teal dots). If an analyte (red dots) is flowing 

through the flow channel and binds to the covalently couple protein, the excitation conditions of surface 

plasmons are changing. This results in the need to move the laser to another angle which is reflected by an 

increased SPR signal (middle panel). In the steady state the number of association and dissociation events are 

the same, which is resembled by a stable increased SPR signal (right panel). The orange boxes indicate how 

the wave vectors of the incident light must change to excite surface plasmons. 
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The SPR sensors Biacore 3000/T200 (GE Healthcare) and the SPR-4 (Sierra Sensors) used in 

this thesis have a built-in flow system which is coupled with the SPR-chip. This allows to apply 

samples at a constant flow rate and therefore also with a constant concentration, which is not 

depleted in the flow phase due to protein-protein-interactions. All systems encompassing four 

flow channels which can be measured in parallel and makes it possible to analyze four 

different surface conditions at a time. All measurements were performed at RT, whereas the 

sample compartment was cooled to 16 °C (only for Biacore T200/3000). 

Amine Coupling of LRRK2 Constructs 

For analyzing the interaction of Nanobodies with either the ROC domain, the RCKW construct 

or the LRRK2 full length construct, covalent couplings of the LRRK2 constructs were performed 

in a Biacore T200 or Biacore 3000 system employing a CM5 SPR-chip. This chip has a 

carboxymethylated dextran matrix covalently attached to the gold surface and is therefore 

suitable for an N-hydroxy succinimide (NHS)/ 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC) coupling chemistry. Coupling was performed with the Amine Coupling Kit (GE 

Healthcare), using a phosphate buffered saline (PBS) based running buffer (PBS pH 7.4, 0.01 % 

P20, filtered and degassed) and a flow rate of 10 μl/min. For efficient coupling LRRK2 

constructs were diluted in acetate buffer (pH 5.0). All flow cells were primed for activation by 

three 30 s-injections of 50 mM NaOH. The flow cells were activated, one at a time, by injecting 

a mixture of 50 mM NHS and 200 mM EDC for 7 min. The first flow cell served as a reference 

and was therefore directly deactivated with 1 M ethanolamine-HCl (pH 8.5) for 7 min. Each of 

the left three surfaces was coupled with one of the LRRK2 constructs. 1000-1200 RU of the 

RCKW construct, 1500-2000 RU of the LRRK2 full length construct and 300-500 RU of the ROC 

domain were couple to either of the flow cells using an appropriated injection time and 

protein dilution. Subsequently those flow cells were inactivated by the injection of 1 M 

ethanolamine-HCl (pH 8.5) for 7 min. Finally, all flow cells were washed three times for 45 s 

with 3 M MgCl2. 

Nanobody Binding Screen  

Nanobodies generated against the ROC domain by Serge Muyldermans and Cecils Vincke were 

analyzed prior to affinity determinations in a simple ROC domain binding experiment. 

Therefore, the high capacity amine SPR affinity sensor chip (Sierra Sensors, analogous to CM5) 

was coupled with 1600 RU of the ROC domain. Coupling was done analogous to the coupling 

of the Biacore CM5 chips. For the screening Nanobodies were diluted to a concentration of 

500 nM in running buffer (25 mM Tris/HCl pH 7.5, 50 mM NaCl, 0.01 % P20, 10 mM MgCl2). 

Subsequently the association of each Nanobody to the ROC-domain was measured for 3 min 

at a flow rate of 30 μl/min, followed by a dissociation of 5 min. The resulting SPR-signals were 

plotted against the time and a bar diagram showing the SPR values at around 160 s of each 

Nanobody was generated using Graph Pad Prism 6. 

Direct Binding Analyses 

The binding of the Nanobodies to the coupled LRRK2 constructs was investigated using a TRIS-

HCl based running buffer (25 mM Tris/HCl, pH 7.5, 50 mM NaCl, 0.01 % P20, 10 mM MgCl2). 
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This buffer was also used to prepare dilution series of the respective Nanobodies. Each dilution 

series was ranging from 10 μM to 1.5 nM, consisting of nine 1:3 dilution steps and one buffer 

control. Association of each Nanobody dilution was measured for 5 min at 10 μl/min followed 

by a dissociation phase of 3 min. From the resulting binding curves, the Nanobody affinity 

towards the respective LRRK2 construct surfaces was analyzed using a steady state evaluation. 

Therefore, the binding signal at a certain timepoint in the steady state of the resulting curves 

were plotted against the respective Nanobody concentration. To evaluate the affinities for the 

Nanobody interactions with the LRRK2 construct surfaces from this graph a fit called One site 

– Total binding, which is implemented in Graph Pad Prism 6, was used. 

Nanobody Epitope Binning 

During this thesis, I investigated if the Nanobodies generated against the ROC domain are all 

binding to the same epitope or if more than one epitope can be identified. Therefore, two 

different assay setups were tested: 

The in tandem setup: 

In this setup a CM5 SPR-chip was coupled with 70 RU of the ROC domain and a PBS based 

running buffer was used (PBS pH 7.4, 0.01 % P20, filtered and degassed). Then a co-injection 

was performed at a flow rate of 30 μl/min. In the first injection step of the co-injection a 

dilution containing 10 μM of the Nanobody NbROC5 was injected, whereas in the second 

injection step a mixture, containing 10 μM of the NbROC5 and 10 μM of an additional 

Nanobody, was injected. Both injection steps last for 5 min to achieve a stable steady state in 

both steps. For regeneration 3 M MgCl2 was injected two times for 15 s. The SPR-signals for 

both association phases in the steady state and the total SPR-binding signals (sum of the SPR-

signal from both injection steps) were plotted in a bar diagram using Graph Pad Prism 6. The 

Nanobody (NbRCO5) which was injected first was kept constant as a reference, whereas the 

additional Nanobody in the second injection step was exchanged in each measurement. 

The classical sandwich setup: 

In this setup the surfaces besides the reference surfaces of the CM5 SPR-chips were coupled 

with 100 RU of different Nanobodies, using the same PBS running buffer as for the in tandem 

setup. Coupling was done according to the instruction given above (s. Amine Coupling for 

LRRK2 constructs). In this thesis, surfaces containing NbROC1, NbROC5, NbROC6 or NbROC11 

were generated. The first step after coupling was the capturing of the ROC domain. Therefore, 

a 150 nM ROC domain dilution was prepared in running buffer containing 0.5 mg/ml BSA. 

Capturing of the ROC domain by the NbROC surfaces was performed for 20 s at a flow rate of 

30 μl/min. In the following one of the ROC domain binding Nanobodies was injected at a 

concentration of 10 μM for 280 s. Subsequently, the chip was regenerated by injecting 10 mM 

glycine buffer (pH 1.9) twice for 30 s. This procedure was repeated for every Nanobody from 

the provided set of ROC binders. SPR-signals of the steady state for each interaction analyzed 

were plotted in a bar diagram for the respective NbROC surface using Graph Pad Prism 6. By 
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comparing the results of the different surfaces, it is possible to identify Nanobodies that bind 

to the same or to different epitopes. 

Both setups were described by Abdiche et al. (2009) for identifying antibody bins with an SPR 

sensor and can be one to one transferred for the analysis of Nanobodies. The third setup they 

proposed was not tested in this thesis. 

Testing Nanobody Binding at different Nucleotide Conditions 

The two Nanobodies NbROC20 and NbLRRK51 were tested for their ability to bind to RCKW 

under conditions with MgGDP, MgGTP or without MgCl2 and GDP or GTP. Therefore, 

Nanobody dilutions with a concentration of 111 nM were prepared in running buffer (20 mM 

HEPES, 150 mM NaCl, 0.01 % P20) also containing 10 mM MgCl2 and 0.5 mM GDP/GTP, 

respectively. For interaction analysis a CAP sensor chip from a Biotin CAPture kit (GE 

Healthcare) and the Biacore T200 were used. The chip was primed for 300 s at a flow rate of 

2 μl/min with the Biotin CAPture reagent. Then 300 RU of a biotinylated RCKW construct from 

SF9 cells, which was provided as a gift from Dr. Stefan Knapp, were captured at flow channel 2 

by an injection of 30 s at a flow rate of 10 μl/min. Subsequently the Nanobody dilutions were 

injected for 300 s at a flow rate of 30 μl/min and in the following dissociation was measured 

for at least 240 s. The chip was regenerated with the kits’ regeneration solution for 120 s at a 

flow rate of 20 μl/min between each condition tested. The SPR binding signal was plotted 

against the time for each condition and Nanobody using Graph Pad Prism 6. 

2.2.4.4 Microfluidic-Mobility-Shift-Assay 

Quantitative determination of kinase activities can be essential in the understanding how a 

mutation, an inhibitor or an activator affects the kinase. Therefore, the quantitative 

Microfluidic Mobility Shift Assay (MMSA) was used in present thesis as a read-out to measure 

the kinase activity of LRRK2. Fluorescently labeled peptides are used as substrates for the 

kinase assay as they can be easily detected (Fig. 5A). The MMSA is based on the fact that the 

substrate is less negatively charged than the phosphorylated product. This difference in 

charge can be used to separate both species in an electric field via an electrophoresis. 

Depending on the peptides used, the pressure and thereby the flow rate, as well as the voltage 

of the electrodes for the electrophoresis can be adjusted to obtain optimal separation 

conditions (Fig. 5B). 

The MMSA was performed in an EZ Reader LabChip Profiler (Perkin Elmer), which is a Lab on 

a Chip device. The chip contains a microfluidic system to save as much sample as possible and 

to be able to perform the MMSA as precisely as possible. Furthermore, the microfluidic system 

of the chip is linked via robotics to a 384 well plate in which the kinase assay is performed. The 

device can analyze the reactions in the 384 well plate over time by performing several MMSA 

cycles. The reaction volume in the plate was typically 20 μl, while the sample consumption per 

cycle was only 10 nl. The samples were sipped via four sippers, which were applying a vacuum. 

These sippers are positioned at the bottom of the chip. The different species of the 

fluorescently labeled peptide (phosphorylated and not phosphorylated) of each sample get 
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separated in the electrophoresis. Subsequently, the fluorescence intensities of the separated 

peptide species were measured in the dependence of time (Fig. 5B). The height of the peaks 

of the separated product and substrate were then determined and used to calculate the 

percental conversion, which can be further analyzed (Fig. 5C). The separated samples are then 

flushed in a waste container, which is integrated on the top of the chip. Before and after each 

cycle a marker dye is sipped to separate the cycles from each other. The marker dye is the 

fluorescently labeled substrate peptide diluted in running buffer. 

LRRK2 Kinase Activity Screen under the Influence of Nanobodies 

The kinase activity of LRRK2 was measured under the influence of different sets of Nanobodies 

and in the presence and absence of MgGDP/MgGTP/GDP/GTP. Therefore, the assay buffer (BI: 

25 nM TRIS HCl pH 7.5, 50 mM NaCl, 1.0 mM Dithiothreitol [DTT], 0.1 mg/ml BSA, 0.05 % 

Pluronic® L31) was used for all other buffers beside the running buffer. The 2x substrate buffer 

(BII) always contained 300 /1900 μM LRRKtide, 100 μM Fluo-LRRKtide and 2 mM ATP. 

Depending on the assay 20 mM MgCl2, 1 mM GDP/GTP and/or 10 μM of a Nanobody were 

 
 

Figure 5: Overview of one cycle of a kinase assay performed in the EZ Reader Profiler. A) A kinase assay is 

performed in a 384-well plate. The kinase phosphorylates a fluorescently labeled peptide under the 

consumption of ATP. B) In the next step the reaction mixture is sipped by one of the four sippers and an 

electrophoresis is performed in the microfluidic system of the EZ Reader chip. Thereby, the more negatively 

charged phosphorylated product becomes separated from the substrate as it travels faster through the 

pressure-driven flow due to the additional acceleration of the applied electric field. The excitation via a laser 

of the fluorophore labeled to the peptides and the resulting fluorescence detection is following the 

electrophoresis. C) The detector is measuring the intensity of the flow channel and the resulting intensities 

were plotted against time by the devices’ software. The heights of the clearly separated product and substrate 

peak are then used to calculate the percental conversion of the substrate to the product by the kinase (inspired 

by Perkin Elmer “LabChip EZ Reader Support”, 2019) 
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also added. The 2x kinase buffer (BIII) always contained 100 nm of LRRK2 wt/RCKW wt, 

whereas the stock concentration of both constructs was determined via Bradford assay. This 

buffer could also contain 20 mM MgCl2, 1 mM of GDP/GTP and/or 10 μM of a Nanobody 

corresponding to the assay. 10 μl of BII were pipetted into two wells of a 384-well plate. The 

kinase reaction was started by mixing 10 μl of BIII with BII. Reaction was typically performed 

for 60-90 min at RT. During this time, the conversion was measured at least four to five times 

for every well. Therefore, the phosphorylated FITC-LRRKtide was separated from the not 

phosphorylated species by applying a downstream voltage of -100 V and an upstream voltage 

of -1450 V, while a constant pressure of -1.2 psi was applied. To guarantee satisfying 

separation results buffer was sipped for 90-110 s between each sample. For optimal detection 

the Laser power was set to 65 %, the shutter frequency to 10 Hz and the detection frequency 

also to 10 Hz. After the measurement was completed, the percental conversions were plotted 

against time and the slope for the particular Nanobody was determined via a linear fit using 

Graph Pad Prism 6. The slope was then used to calculate the reaction velocity (v), which was 

plotted in Bar diagram for the respective Nanobody and the respective construct. 

MLi-2 Titration Assay: A new Approach to determine active Protein Concentrations of 

LRRK2 

In most cases the actual active concentration of LRRK2 is important to know to characterize 

the kinetic values of the kinase domain of LRRK2. Thus, Maximilian Wallbott and I developed 

an assay to determine this active concentration. With the release of MLi-2 we got the right 

tool to our hands, as the inhibitory constant (Ki) was below 1 nM and therefore low enough 

to be used in titration experiments of the kinase domain. For the determination of the active 

LRRK2 concentration a 104.2 nM LRRK2/RCKW (determined by the Bradford assay) dilution of 

wt or mutants was prepared in BI (s.a.) supplemented with 1 mM GTP and 20 mM MgCl2. The 

two times concentrated buffer BII, which is also based on BI, contained 160-400 μM ATP 

(depending on the Michaelis Menten constant (KM) of the variant), 1900 μM LRRKtide and 

100 μM Fluo-LRRKtide. Additionally, a 50 times concentrated dilution series of MLi-2 was 

prepared in 100 % DMSO, ranging from 1.5 μM to 0.13 μM or from 2.5 μM to 0.22 μM. This 

resolves in a final concentration range from 30 nM to 2.6 nM or from 50 nM to 4.4 nM as 1 μl 

of each dilution is added to 24 μl of the Kinase dilution, followed by an incubation time of 

5 min. Each MLi-2 titration was also extended with a vehicle control by adding 1 μl of DMSO 

to 24 μl of the kinase dilution. During the incubation time 10 μl of BII per MLi-2 dilution step 

were pipetted into a well of a 384-well plate. Then reaction was started by adding 10 μl of a 

kinase MLi-2 dilution step to each respective well. Each MLi-2 dilution step was measured in 

duplicates. Kinase reaction was performed for 60-75 min, during this time 5 MMSA cycles 

were done and the resulting conversions of each cycle were plotted against time for each MLi-

2 dilution step. For evaluation the slope for every MLi-2 dilution step was determined from 

the conversions plotted over time by applying a linear fit which is implemented in Graph Pad 

Prism 6. The slopes were then plotted against the respective MLi-2 concentrations and a linear 

fit was applied to the linear region of the MLi-2 inhibition. The active concentration was then 
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determined by calculating the x-axis intercept which is equal to the active LRRK2/RCKW 

concentration. 

Michaelis Menten Kinetics for ATP with LRRK2 

The constants obtained from Michaelis Menten kinetics are important factors to describe the 

properties of an enzyme. In addition, they can help to elucidate regulation processes of an 

enzyme in the cellular context by comparing the KM value for a substrate with the respective 

concentrations of this substrate inside the cell. Such comparisons can often also be used to 

explain the pathogenicity of a certain mutation. In this regard, I determined the KM and vmax 

(maximal reaction velocity) constants for LRRK2 wt and mutations. For comparison reasons 

vmax was transformed into kcat (turnover number). Thus, four times concentrated ATP dilution 

series were prepared using BI. The final ATP concentrations ranging from 2 mM to 0 μM. The 

two times concentrated buffer BII is based on BI and additionally contained 1900 μM LRRKtide 

and 100 μM Fluo-LRRKtide. The four times concentrated kinase dilution based on BI contained 

200 μM LRRK2 (wt or mutations), 2 mM GTP and 40 mM MgCl2. Per ATP dilution step 10 μl of 

BII were pipetted into a well of a 384-well plate, then 5 μl of the respective ATP dilution step 

were added and the kinase reaction was started by adding another 5 μl of the kinase dilution 

to the reaction mix. Each reaction was prepared in duplicates and kinase reaction was 

measured for 75 min. During this time six MMSA cycles were performed. The conversions 

taken from each cycle were plotted against time and the slopes were calculated like described 

above for each ATP concentration. Slope values were then transformed into observed 

turnover numbers (kobs) and plotted against the ATP concentration. A Michaelis Menten fit 

implemented in Graph Pad Prism 6 was calculated. The constants vmax/kcat and KM were 

obtained from this fit and plotted in a bar diagram for the LRRK2 variant, respectively. Finally, 

the ratios of kcat over KM, which refer to the catalytic efficiency, were calculated and displayed 

in a bar diagram. 

2.2.4.5 Western Blot coupled Kinase Assay 

Besides using LRRKtide as a peptide substrate I was also interested in investigating a protein 

substrate of LRRK2, which puts the effects of the mutations in a more physiological relevant 

context. For this purpose, I examined the potential of the LRRK2 variants to phosphorylate the 

bona-fide substrate Rab8A which was identified by Steger et al. (2016). I performed kinases 

assays at 30 °C for 1 h or 0.5 h with all of the LRRK2 variants. Therefore, I used 2.5 μM of His-

Rab8A (6-176) as a protein substrate and started the kinase reaction with 100 nM of a 

corresponding LRRK2 variant. Both proteins were diluted in kinase assay buffer (25 mM TRIS 

HCl pH 7.5, 50 mM NaCl, 10 mM MgCl2, 1 mM ATP, 0.5 mM GTP, 1 mM DTT, 0.1 mg/ml BSA). 

After the respective assay incubation time was over reaction was stopped by adding 5x SDS 

sample buffer and boiling the samples at 105 °C for 5-10 min. Subsequently the kinase assay 

samples were loaded onto a 12 % SDS-gel and an SDS-PAGE was performed. Each of the loaded 

samples contained 500 ng His-Rab8A. SDS-PAGE was followed by a blotting step, transferring 

the proteins from the gel to an Amersham™ Protran® Western blotting membrane (GE 

Healthcare) utilizing a Perfect Blue™ Semi-Dry Electro Blotter (PEQLab/VWR). Prior to the 
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blotting step the membrane, as well as six Whatman papers were incubated in Blotto Buffer 

(25 mM TRIS pH 8.3, 192 mM glycine, 0.1 % (w/v) SDS), then a stack of three Whatman papers, 

the membrane, the SDS-gel and three final Whatman papers was built and placed in the 

blotter. Blotting was performed at 100 mA per gel for 45 min. Subsequently, the membrane 

was subjected to a blotting step with 5 % BSA diluted in TRIS buffered saline supplemented 

with Tween 20 (TBS-T: 50 mM TRIS HCl pH 7.5, 150 mM NaCl, 0.1 % Tween 20) for 1 h at room 

temperature. This step was followed by the primary antibody incubation at 4 °C over night. As 

primary antibodies a murine anti-His antibody (GE Healthcare) and a rabbit anti-p72-Rab8A 

antibody (MJF-R20, abcam) were diluted 1:1000 in 2 ml of the 5 % BSA solution. Next the 

membrane was washed three times for 5-10 min with TBS-T followed by the secondary 

antibody incubation. The secondary antibodies goat Anti-mouse IRDye® 680RD and donkey 

Anti-rabbit IRDye® 800CW (both from LiCOR) were diluted 1:15,000 in 20 ml of a 5 % BSA TBS-

T solution. Finally, the membrane was washed again three times with TBS-T for 5-10 min each 

and was analyzed via the Odyssey® FC Imaging System (LiCOR). 

2.2.4.6 Cook-Assay 

Cook et al. (1982) invented a spectrophotometric assay to measure the depletion of ATP by 

several enzyme-coupled reactions (Fig. 6). The output signal is the absorbance of NADH at 

340 nm. The first enzyme of the cascade is a protein kinase that is converting ATP to ADP and 

thereby phosphorylating its substrate. In the second reaction ATP is regenerated from ADP by 

the pyruvate kinase (PK) under phosphoenolpyruvate (PEP) consumption. In the following final 

reaction pyruvate is converted to lactate by the lactated dehydrogenase (LDH) under NADH + 

H+ depletion to NAD+. Therefore, each consumed and regenerated ATP molecule leads to the 

depletion of one NADH molecule. This depletion of NADH can be observed as a decline in the 

absorbance at 340 nm and can thus be used to measure the substrate phosphorylation rate 

of the kinase (Fig 6B). 

Active Protein Determination of PKA Cα wt and DFG-Motif Mutations 

For quantitative analysis of kinase activities, it is crucial to know the active concentration of 

the respective kinase. Therefore, a titration assay for PKA Cα variants using the protein 

kinase A inhibitor (PKI) was performed. A Cook-assay mix (100 mM MOPS pH 7.0, 10 mM 

MgCl2, 1 mM PEP, 1 mM ATP, 0.2 mM NADH, 5 mM β-ME, 150 U LDH, 84 U PK) was prepared 

containing 0.2 mg/ml Kemptide as a PKA Cα substrate. Then 100 μl of the Cook-assay mix were 

pipetted in a quartz cuvette. Subsequently, 20 nM of a respective PKA Cα variant were added 

and the cuvette was placed in a photometer. The extinction decrease at 340 nm was measured 

over time for at least 1 min. In the next measurement the reaction mix was additionally 

supplemented before the addition of PKA Cα with 1 μl of a 340 nM PKI solution and measured 

again. In the following measurements the volume of the PKI solution was constantly increased 

by 1 μl until no extinction decrease could be observed over a timeframe of 2 min. The resulting 

slopes of E340nm/min were plotted against the respective PKI concentrations. The linear area 

of each titration was fitted by applying the linear fit function of Graph Pad Prism 6. The x-axis-
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intercepts of those fits are representing the active concentrations of the respective PKA Cα 

variants. 

Determination of observable Turnover Numbers of His-PKA Cα wt and DFG-Motif 

Mutations 

In this thesis, substrate phosphorylation of His-PKA Cα wt and DFG-motif mutations were 

examined. Therefore, a two times concentrated Cook-assay mix (100 mM MOPS pH 7.0, 

20 mM MgCl2, 2 mM PEP, 2 mM ATP, 0.4 mM NADH, 4 mM DTT, 302 U LDH, 168 U PK) was 

prepared. Additionally, four times concentrated His-PKA Cα (wt and mutants) dilutions with a 

concentration of 80 nM and a four times concentrated PKStide dilution with a concentration 

of 2 mM were prepared in 100 mM MOPS buffer (pH 7.0). 50 μl of both dilutions were mixed 

in a 96-well plate and the plate was inserted in the plate reader POLARstar Omega (BMG 

Labtech). Subsequently the plate reader applied 100 μl of the prepared Cook assay mix to a 

respective well and mixed the dilution by shaking the plate for 1 s. The started reaction was 

measured for 2 min after a settle time of 4 s. During this time 240 intervals were measured; 

each interval consists of 22 flashes at a wavelength of 340 nm and took 0.5 s. After completion 

100 μl of the Cook assay mix were applied to the next well and the measurement was 

performed again. The resulting decrease of the absorbed light at 340 nm is then evaluated by 

calculating the slope of the decrease over time using the device associated evaluation 

software MARS. The slopes were then transformed into the turnover numbers (kobs) and 

plotted in a bar diagram by using Microsoft Excel Office 365 and Graph Pad Prism 6. 

2.2.4.7 Immunofluorescence and Laser confocal Imaging 

In cooperation with Daniela Boassa (PhD) from the NCMIR (USA, San Diego) the cellular 

distribution behavior of overexpressing LRRK2 variants and RCKW construct variants in 

 
Figure 6: Principle of the spectrophotometric Cook-assay. A) Reaction cascade of the Cook-assay. The by a 

kinase consumed ATP is regenerated by depletion of phosphoenolpyruvate and NADH. B) Schematic 

absorbance spectrum of NADH and NAD+. In contrast, to NADH, NAD+ is not absorbing light at 340 nm. 
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presence and absence of MLi-2 were investigated in HEK293T cells. HEK293T cells were 

therefore seeded onto 6-well dishes containing poly-D-lysine-coated glass coverslips. The 

cover slips were coated by adding 2 ml of a solution containing 1 mg/ml poly-D-lysine followed 

by an incubation step for at least two hours at 37 °C. Subsequently poly-D-lysine was removed, 

and cover slips were washed two times with water and two times with PBS. Next 3 ml of 

DMEM + 10 % FBS were added per well. Then 30 μl of a HEK293T cell suspension, resuspended 

from a confluent 25 cm2 dish in 5 ml DMEM +10 % FBS, were passed into each well. After 

incubation for two to three days at 37 °C media was exchanged, and transfection was 

performed by adding a 30 min incubated mixture of 1 μg plasmid DNA and 4 μl Lipofectamine 

2000 in 400 μl Gibco™ Opti-MEM™ (Fisher Scientific). Cells were incubated at 37 °C for 48 h 

before the media was exchanged and the optional MLi-2 treatment was performed. 

Therefore, the LRRK2/RCKW overexpressing cells were treated with 100 nM MLi-2 (10 μM 

stock in 100 % DMSO) for 2 h prior to the fixation process. For cell fixation the cells were 

treated for 15-30 min with a 37 °C warm paraformaldehyde containing fixative solution (PBS 

pH 7.4, 4 % (w/v) paraformaldehyde, 2.5 mM NaOH). Subsequently the fixated cells were 

washed three times with PBS followed by an 3-5 min incubation of PBS containing 0.3 % 

Triton-X to perforate the cells. The cells were then stained with 300 nM of the DNA staining 

dye 4′,6-Diamidin-2-phenylindol (DAPI) diluted in PBS. Subsequently the cells were blocked 

with blocking buffer (PBS pH 7.4, 1.0 % (w/v) BSA, 2.0 % (v/v) goat serum, 0.1 % (v/v) Triton-

X, 50 mM Glycine, 1.0 % (v/v) fish gelatin) for 30 min. Next the cells were washed three times 

with working solution (PBS pH 7.4, 0.2 % (w/v) BSA, 0.4 % (v/v) goat serum, 0.02 % (v/v) 

Triton-X, 10 mM Glycine, 0.1 % (v/v) fish gelatin). In the following the primary rabbit anti-Flag 

antibody (Abnova Company) was diluted 1:200 in the working solution (PBS pH 7.4, 0.2 % 

(w/v) BSA, 0.4 % (v/v) goat serum, 0.02 % (v/v) Triton-X, 10 mM Glycine, 0.1 % (v/v) fish 

gelatin) and incubated for 1 h at RT with the cells. Then the antibody solution was rinsed, and 

cells were washed again three times for 5 min with working solution. A secondary donkey anti-

rabbit antibody coupled to the fluorophore Alexa568 (Invitrogen) was diluted 1:100 in working 

solution and incubated for 1 h at RT in the dark. After the secondary antibody incubation cells 

were washed again three times for 5 min with working solution. Finally, the cover slips were 

mounted onto microscope slides by using 50-100 μl Gelvatol and cells analyzed with the laser 

scanning confocal microscope Olympus Fluoview 100. Therefore, a 60x oil immersion 

objective lens with numerical aperture 1.42 was used for acquiring 0.3 μm step sized Z-stack 

images. The resulting Z-Stack images were processed using the Fiji software package 

(Schindelin et al., 2012). Cells expressing the different LRRK2 and RCKW variants were 

quantified by also using Fiji. In addition, LRRK2 and RCKW variants expressing cells were 

investigated for the presence of filamentous structures and the percentage of LRRK2/RCKW 

overexpressing cells showing filaments were determined in two to five independent 

experiments. Data evaluation and the generation of bar diagrams was done with Microsoft 

Excel Office 365 and Graph Pad Prism 6. 
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3. Results 
LRRK2 has been subject of intensive PD research for more than 15 years. However, neither 

has a potent drug been found to cure PD, nor has a proper early detection method been 

developed in the meantime. To meet these challenges, it is of big importance to understand 

the regulation mechanisms of LRRK2 on a molecular level. Recent research indicated that 

besides upstream proteins, LRRK2 itself exhibits an intrinsic regulation mechanism involving 

the GTPase and the kinase domains. Both domains seem to modulate the activity of one 

another: either directly, by phosphorylation events or conformational changes, or indirectly, 

by processes like dimerization (Stafa et al., 2012; Biosa et al., 2013; Gilsbach and Kortholt, 

2014; Reynolds et al., 2014). In addition, the scaffolding domains of LRRK2, like the LRR repeat 

and the WD40 domains, seem to be important in mediating the crosstalk of both catalytically 

active domains (Guaitoli et al., 2016). The aim of this thesis is to further elucidate the 

interaction and the mutual regulation of the kinase and GTPase domain, with a major focus 

on the regulation of the kinase activation. 

3.1 Investigation of the intrinsic Crosstalk of LRRK2 
LRRK2 harbors a ROC GTPase domain together with a COR domain and therefore belongs to 

the ROCO protein family. These proteins are known as “stand-alone transduction units” as 

they bear several scaffolding domains and sometimes kinase domains. Thereby, several 

aspects, which coordinate signal transduction cascades, are embedded in one protein (Marin 

et al., 2008). Hence, as already mentioned, an internal crosstalk of the ROC and kinase domain 

must be considered for LRRK2. In the scope of this work several aspects of the mutual 

regulation of both kinetically active domains were examined. Furthermore, the impact of 

purifying LRRK2 in the presence of MgCl2 and G-nucleotides on kinase activity was 

investigated. In addition, the effect of a set of Nanobodies, selected to bind to certain domains 

of the LRRK2 protein, were studied. These Nanobodies were characterized regarding their 

binding affinities towards LRRK2 (fl), the shorter RCKW construct, as well as the isolated ROC 

domain. Finally, the Nanobodies were used as tools to obtain insights in the intrinsic regulation 

mechanism of LRRK2 and how its kinase activity is controlled. 

3.1.1 MgGDP/GTP is crucial for LRRK2 Stability and Kinase Regulation 

Within this work several conditions were tested regarding their potential to improve LRRK2 

stability. Additionally, the stabilizing effect of MgCl2 and GDP/GTP could also be confirmed for 

a construct of the isolated ROC domain (aa 1334-1516) of LRRK2. It turned out that 

supplementation with 500 μM GDP/GTP and 10 mM MgCl2 during purification and storage 

improves the protein half-life (estimated qualitatively according to precipitated protein in the 

storage tubes), as well as protein yield (Bradford protein concentration). In absence of these 

supplements, protein aggregation occurred already during the purification procedure, e.g. 

after elution from the affinity chromatography column. Interestingly, it played no role, 

whether MgGDP or MgGTP (MgGDP/GTP conditions are defined as 10 mM MgCl2, 500 μM 
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GDP/GTP) were supplied. Both nucleotides significantly prolonged the half-life: protein 

aggregation was only recognized after one week of storage on ice at 4 °C. Protein yields were 

also improved by a factor of 8-10. Moreover, the effect of different storage temperatures was 

tested: storing the ROC domain at 4 °C or -20 °C led to visible aggregates after one week or 

one month of storage, respectively. In contrast, the ROC domain showed no aggregation when 

stored at -80 °C, even after several months. 

Supplementing LRRK2 with the same concentrations of MgCl2 and GDP/GTP, as used for the 

ROC domain purification, had a similarly beneficial effect. If purified in presence of 

MgGTP/GDP the kinase activity remains stable for three to four weeks, while LRRK2 purified 

without these supplements lost kinase activity within one week. This finding was further 

supported by MLi-2 titrations, which were used to determine the active protein 

concentrations. MLi-2 (Fig. 7A) is a highly specific type 1 inhibitor of LRRK2 which shows a 

subnanomolar affinity (IC50=0.76 nM) towards LRRK2 (Fell et al., 2015). The fraction of active 

LRRK2 after one day of storage was always by about 40 % lower, when LRRK2 was purified 

without supplements (Fig. 7B and Suppl. Fig. 5A). In addition, titrations also validated that the 

 
 

Figure 7: LRRK2 wt MLi-2 titration assays in presence and absence of GTP. A) Chemical structure of MLi-2 

(taken from Fell et al. 2015). B/C/D) LRRK2 was purified in the presence or absence of MgGTP. To determine 

active protein concentrations, a micro mobility shift assay was used to monitor the kinase activity in the 

presence of different MLi-2 concentrations. Each reaction contained a LRRK2 concentration of 50 nM 

according to Bradford assays, which were immediately performed after purification. Active concentrations (x-

axis intercept) were determined by linear regressions of the respective titration curves. The titration 

experiments were carried out at day 1 and day 30 after purification for LRRK2 wt with MgGTP or day 1 and 

day 4 for LRRK2 wt w.o. nucleotide, respectively. Faint values were not considered for linear regressions. 
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active kinase concentration decreases much faster in the nucleotide-free state than in the 

MgGTP-bound state. For LRRK2 wt (MgGTP), the active kinase concentration is only decreased 

by 4 nM after four weeks of storage at -80 °C, while LRRK2 wt purified in the absence of 

nucleotides has lost already 5 nM of active protein concentration after only three days of 

storage (Fig. 7B). Furthermore, kinase activity of the latter is completely gone after one week 

(data not shown). 

Interestingly, although the percentage of active LRRK2 wt purified without nucleotides was 

strongly decreased compared to LRRK2 wt (MgGTP/GDP), the uninhibited kinase activity (i.e. 

the conversion rate with 0 nM MLi-2) was approximately 2.5 times higher. 

These results not only highlight the stabilizing function of nucleotides, but also point to the 

aspect and stronger regulation of LRRK2 kinase activity modulation in response to the 

association of MgGTP/GDP to the ROC (GTPase) domain. To further elucidate the importance 

of the ROC domain in kinase regulation, Nanobodies raised against the ROC domain were 

characterized. These have the potential to trap and stabilize different nucleotide-bound and 

nucleotide-free states of LRRK2. 

3.1.2 ROC Domain binding Nanobodies can be divided in high and low Affinity 

Binders 
Heavy-chain antibodies were identified in sharks and camelids. These antibodies have a 

paratope which differs significantly from the paratope found in classical antibodies. This is 

attributed to the fact that the paratope of a heavy-chain antibody is lacking the portion from 

the light chain of a classical antibody. The paratope of a heavy-chain antibody is formed by 

the N-terminal variable region (VHH). This region consists of three loops called 

complementarity-determining region 1-3 (CDR1-3) (Muyldermans, 2013). Herein CDR3 is the 

longest and most important loop for defining the epitope specificity (Lauwereys et al., 1998). 

The fact that the paratope of a heavy-chain antibody is encoded by a continuous DNA 

sequence is convenient for engineering new binders. Recombinant expression of the VHH 

domain produces so called Nanobodies (Nb). Compared to classical antibodies they have very 

special features as they preferentially bind to cavities like the active cleft of an enzyme; this is 

possible due to the long CDR3 loop which can be able to penetrate deeply in the active cleft 

(Lauwereys et al., 1998). This could lead to inhibition of the enzyme which in turn makes 

Nanobodies to an interesting target in medical research as potential drugs or tools for 

therapies. 

In the scope of this thesis, Nanobodies against the purified ROC domain of LRRK2 were 

produced in Alpacas by our cooperation partners. The resulting Nanobodies were tested 

regarding their binding properties to LRRK2 and the ROC domain alone. 
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3.1.2.1 Characterization of Nanobodies raised against the ROC domain revealed 

two Subclasses of Binders 

In a first SPR screening approach using the Sierra Sensor SPR-4 device a set of Nanobodies 

raised against the ROC domain was tested for binding to ROC (Fig. 8). In this experiment, the 

ROC domain was coupled to the sensor surface and one concentration of each NbROC was 

injected (Fig. 8A). All NbROCs showed a biphasic binding behavior, i.e. none of the curves 

reached a steady state, but the SPR signa kept increasing until the end of the association phase 

(Fig. 8). Since Nanobodies are known to be monovalent binders, the slower second binding 

event is assumed to be of an unspecific nature, e.g. due to aggregation of the Nanobodies with 

a mis- or unfolded portion of the immobilized ROC domain. 

 
Figure 8: Screening for binding of NbROCs to the ROC domain of LRRK2 via SPR. In advance to the screening 

approach, 2500 RU of the ROC domain (highly dense surface) were immobilized on the Sierra Sensors SPR4 

chip. Subsequently, 500 nM of the respective Nanobody were injected for 180 s followed by a dissociation 

phase of 300 s. A) During association and dissociation phases, unspecific binding was observed. Nevertheless, 

the overall shape of the curves could be divided into two clusters: the first is showing binding signals above 

800 RU the other below 200 RU. Additionally, two Nbs namely NbROC1 and 3 could not be associated with 

either cluster as they show an intermediate binding behavior B) The bar diagram shows the summarized values 

of the maximal binding signal of each Nanobody. The bar diagram again highlights the two subsets of 

Nanobodies (green and dark grey) and the NbROC1 and 3 which are showing an intermediate binding behavior. 

 

Interestingly, the set of Nanobodies could be divided into two major clusters, according to the 

maximal signals (“pseudo”-steady state) of the binding curves. The low affinity cluster led to 

low SPR signals of around 200 RU and the high affinity cluster to high SPR signals of around 

800 RU and above (Fig. 8B). Two Nanobodies (NbROC1 and NbROC3) did not fit into the 

clusters, as they showed intermediate binding properties. To further validate this hypothesis, 

affinity determinations were done via SPR assays. For this purpose, the ROC domain, as well 

as LRRK2 full length were coupled with low density on separate flow cells of a CM5-SPR-chip 

to perform interaction analyses using the Biacore 3000 system.  
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All NbROCs were able to bind to the ROC domain in a specific manner, while the maximal 

binding levels differed depending on the NbROCs (Fig. 9). Again, two major subsets, 

representing Nanobodies with high and low affinities, were found. All NbROCs showed a 

biphasic association and dissociation phase. Caused by an unspecific second binding event, 

the curves did not reach a steady state. Additionally, no maximal specific binding signal (Bmax) 

could be determined, as the unspecific binding led to an additional concentration dependent 

linear increase in each binding curve, which was independent of the specific binding behavior. 

There was no suitable mathematical model to fit the experimental data in order to determine 

the kinetic constants of the specific binding events. To yet obtain KD values, a steady state 

analysis was performed for every NbROC data set. A specific timepoint at the end of the 

association phase was selected as a reference and the corresponding SPR signals were plotted 

 
Figure 9: Interaction analysis of the ROC domain and the NbROCs based on SPR. A dilution series, ranging 

from 10 μM to 1.4 nM, of each NbROC was injected to a ROC-coupled surface on a Biacore-CM5-chip and 

monitored over time. Kinetic evaluation of the curves was not feasible, because of unspecific binding which 

happened in addition to the specific interaction between NbROCs and ROC domain. For all NbROCs an explicit 

interaction with the ROC domain could be identified, although for some NbROCs KD values were not 

determinable. 
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against the respective NbROC concentration (Fig. 11). KD values were then calculated 

considering unspecific binding by using the fit One site – Total binding in Graph Pad Prism 6. 

This fit can be used under the assumption that unspecific binding is proportional to the 

injected concentration of ligand (NbROC). The fit is based on the following equation: 

� �
���� ∙ �

	
 � �
� � ∙ � 

Bmax is the maximal specific binding value of an NbROC to a certain SPR surface, X is the 

concentration of the respective NbROC, KD is the equilibrium binding constant and NS refers 

to the slope of nonspecific binding. 

 
 

Figure 10: Interaction analysis of LRRK2 wt and the NbROCs based on SPR. A dilution series, ranging from 

10 μM to 1.4 nM, of each NbROC was injected to a LRRK2-coupled surface on a Biacore-CM5-chip and was 

monitored over time. Kinetic evaluation was not feasible, because of additional unspecific binding events or 

because NbROCs did not show binding at all. Given the low coupling level of LRRK2 wt (~800 RU), the active 

concentration of around 50 % and the big difference in size between LRRK2 and NbROCs, maximal binding 

signals of only 15 RU were expected. These maximal binding levels could only be observed for the high affinity 

binders NbROC5, NbROC6, NbROC20 and also for NbROC3 representing an intermediate affinity binder. 
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The resulting KD values reaffirm and validate the hypothesis of two NbROC clusters: one 

showing high affinities in the two- to low three-digit nanomolar range, while the NbROCs from 

the other cluster showed affinities in the high three-digit nanomolar range (Tab. 3.1). 

Table 3.1:  Binding affinities for the NbROC interaction with the ROC domain or LRRK2 fl. 

 KD values for  
ROC surface[nM] 

KD values for  
LRRK2 surface[nM] 

NbROC1 460 680 

NbROC3 280 370 

NbROC5 110 80 

NbROC6 50 40 

NbROC11 460 n.b. 

NbROC13 570 n.b. 

NbROC15 790 n.d. 

NbROC20 50 40 

NbROC22 880 n.b. 

NbROC25 300 n.d. 

NbROC46 820 n.b. 

NbROC65 20 12 

n.b. – not binding   ,   n.d. – not determinable 

 

When testing the NbROCs for the LRRK2 full length interaction, four NbROCs did not show 

binding to the LRRK2 surface and two were not determinable due to insufficient binding 

signals (Tab. 3.1). This could be attributed to the low coupling level of LRRK2 (~800 RU), the 

assumed active concentration of around 50 % and the 20-fold size difference of NbROC and 

 
Figure 11: Equilibrium binding analysis of the interactions between NbROCs and the ROC domain of 
LRRK2 (left) or LRRK2 full length (right). KD values were determined with the One site – Total binding 

model which takes account of unspecific binding. The impact of unspecific binding is more severe for 

the LRRK2-NbROC interaction. Therefore, the KD values must be considered more error prone and have 

to interpreted with care. While the extent of unspecific binding to the ROC domain surface seems to 

be comparable for all NbROCs, the effect seems to vary on the LRRK2 full length surface in an NbROC 

dependent manner. The colors of the curves denote the Nanobody cluster: green – high affinity, black 

– low affinity, grey and salmon – medium affinity 
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LRRK2. Taking these three factors into consideration, the predicted maximal binding level 

would be only ~15 RU. Moreover, the five Nanobodies belong to the low affinity binder cluster 

regarding their ROC domain interaction. Thus, the applied concentrations might have been to 

low to reach a detectable binding level. that the KD value for NbROC15/25 were not 

determinable, could be accounted to the low signal to noise ratio at SPR signals below 5 RU, 

which is about the lower limit of the Biacore 3000. Additionally, it has to be kept in mind that 

the NbROCs were panned against the ROC domain. Therefore, the affinities for LRRK2 might 

be lower than for the ROC domain, or potential binding sites might even be blocked in the full-

length protein. Nevertheless, binding to LRRK2 full length could be detected for the 

intermediate bindersNbROC1 and 3, as well as for all high affinity binders (NbROC5, 6, 20 and 

65; Fig. 10). Because of the low binding signals, the quality of the resulting curves is already 

affected by signal to noise issues and subtle changes in the buffer composition. Moreover, 

unspecific binding is even more problematic for the interaction with LRRK2 than it was for the 

ROC domain interaction (Fig. 11). However, if the affinities of the six identified binders for 

LRRK2 are compared with the affinities for the ROC domain, it becomes obvious that each of 

these NbROCs has comparable affinities for both targets. The result suggests that the binding 

sites of those high affinity NbROCs must be as well accessible in full length LRRK2 as they are 

in the isolated ROC domain. Yet the numerical values of the KDs should only be considered as 

an approximation because the high extent of unspecific binding prevents a more precise 

calculation. Therefore, after further characterization of the NbROCs (s. chapter 3.1.3), the 

most promising candidates were analyzed again (in triplicates) on new CM5-chips with 

comparable coupling levels of the ROC domain and higher coupling levels of LRRK2. 

Additionally, the four-domain construct RCKW was coupled to one of the remaining flow cells 

and also analyzed for NbROC binding. Compared to the previous experiment (Fig. 10 and 11), 

non-specific binding was reduced in this set of measurements, probably because of an 

increased LRRK2 protein quality, which prevents unspecific binding. Resulting KD values are 

summarized in Table 3.2. Interestingly, NbROC65, which was identified as a high affinity binder 

in the previous screen, did not show binding to RCKW or LRRK2 full length anymore. Although 

binding to the isolated ROC domain was still detectable, the KD was about three times higher 

than before. It is likely that this result is an artifact caused by NbROC65 degradation. 

Table 3.2: KD values for the interaction of high affinity NbROCs with the ROC domain, RCKW and 

LRRK2 full length. 

 KD values for 
ROC surface[nM] 

KD values for  
RCKW surface[nM] 

KD values for  
LRRK2 surface[nM] 

NbROC3 118±2   (3) 150±10   (3) 314±74   (3) 

NbROC5 71±3   (3) 40±  5   (3) 46±10   (3) 

NbROC6 54±1   (3) 44±  3   (3) 38±  4   (3) 

NbROC20 46±1   (3) 27±  2   (3) 32±  3   (3) 

NbROC65 66±3   (3) n.b.   (3) n.b.   (3) 

Mean ± SEM, (n) - number of measurements, n.b. – not binding 
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The binding data suggest two to four binding sites for the different NbROCs in the ROC domain. 

This hypothesis is based on the fact that one subset of NbROCs binds with a high affinity to 

either the ROC domain, the RCKW construct and LRRK2 full length, while the other subset 

shows only low affinities towards the ROC domain and no detectable binding towards RCKW 

or LRRK2 full length. The possible third and fourth binding site could be addressed by the two 

intermediate binding NbROCs, but they might also bind to one of the other two binding sites 

just with lower affinity. To test this hypothesis, epitope binning experiments were done via 

SPR interaction analysis using the ROC domain as the target protein. 

3.1.2.2 Epitope Binning Experiments reveal two distinct Binding Sites in the ROC 

Domain 

Abdiche et al. (2009) described a method where SPR sensors were used for epitope binning 

experiments to cluster Antibodies in so called bins, when they bind to the same epitope. They 

tested different assay orientations which they termed in tandem, premix and classical 

sandwich and were able to show matching results for all setups. In this thesis, the in tandem 

and the classical sandwich setup were used to determine different epitopes of the Nanobodies 

(Fig 12). 

 
Figure 12: SPR-based epitope binning experiments to cluster Nanobodies by their epitope. In tandem Setup: 

The ROC domain is coupled to the sensor surface. Subsequently, NbROC X is injected to the flow cell until the 

steady state of binding is reached. In the following step NbROC X and Y are coinjected to avoid NbROC X 

dissociation. If NbROC Y binds to a different epitope than NbROC X, an additional increase in the SPR signal 

should be observed. Classic sandwich Setup: NbROC X is coupled to the sensor surface followed by an injection 

of the ROC domain until a certain binding level is reached. Subsequently, NbROC Y is injected. If the epitope is 

not blocked by NbROC X yet, additional binding occurs. 

 

In a first approach the in tandem setup was used, but as the dissociation rates of the first 

NbROC (NbROC X) were always rather high, regardless of which NbROC was used as NbROC Y. 

Therefore, a coinjection with the second NbROC was necessary to prevent dissociation of the 

first. The high affinity binder NbROC5 was used as a reference in all in tandem experiments, 

either as Nb ROC X or Y (Fig. 13A). Interestingly, those Nanobodies that bound to the same 

binding site as NbROC5, all belong, like NbROC5, to the high affinity cluster (as described in 

chapter 3.1.2.2). Unlike NbROC1, NbROC3 binds to the same site as NbROC5, although both 

were identified as intermediate binders. NbROC1 and all the low affinity cluster NbROCs show 

additional binding in the in tandem assay (Fig. 13B), indicating at least one other binding site. 
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To identify which NbROCs belong to the same bin as NbROC5, the data were evaluated as 

follows: The steady state signal of NbROC X and the additional steady state signal of NbROC Y, 

resulting from coinjection, were compared to each other. If the binding signal of NbROC Y was 

comparable to NbROC X, different binding sites were considered (Fig. 13B/C). If the binding 

signal of NbROC Y was much lower compared to NbROC X, same sites were assumed 

(Fig. 13A/C). To exclude the possibility that NbROC Y did not bind at all the data was validated 

by testing both injection orders (NbROC X followed by NbROC Y or NbROC Y followed by 

NbROC X). 

To further analyze the different binding sites in binning experiments, the classical sandwich 

setup was used, since the in tandem setup has some drawbacks for the here investigated 

interaction. For example, the ROC domain-coupled sensor surface was less stable an less 

efficient to regenerate than the NbROC-coupled surfaces. Interestingly, in the classical 

sandwich setup it could be shown that the dissociation of the ROC domain is virtually 

 
Figure 13: NbROC binning experiments in the in tandem setup. The ROC domain was coupled to the surface 

of the sensor chip, subsequently NbROC5 or another NbROC was injected. After 300 s a coinjection with 

NbROC5 and the other NbROC was performed. A) SPR data representing the NbROCs which share their binding 

site with NbROC5, as only little additional binding during coinjection could be observed. B) SPR data of NbROCs 

which bind to another binding site since additional binding is comparable to the initial injection. C) Bar diagram 

showing the steady state binding signal of the first Association phase (Phase1), the additional steady state 

binding signal of the second Association phase (Phase2) and the overall binding signal (Phase1+2). For each 

NbROC5/NbROCX combination, both injection orders were tested (indicated by the order of the NbROC 

numbers). Binding levels with comparable values for the first and second association suggest that both 

Nanobodies have different binding sites. Those with much lower binding levels of the second association 

phase point to a shared binding site. 
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nonexistent, regardless of the NbROC coupled to the sensor surface. Thus, no coinjection with 

the ROC domain during NbROC injection was needed. Based on the affinities and the maximal 

binding signals, as well as the results from the in tandem binning experiment a Nanobody of 

each cluster (high affine – NbROC6, intermediate affine – NbROC1 and low affine - bROC11) 

was chosen for the classical sandwich setup approach. Additionally, NbROC5 was used again 

as a reference. Prior to the actual binning experiment the chosen NbROCs were independently 

coupled to different flow cells. The results from the classical sandwich setup (Fig. 14 and 

Suppl. Fig. 3) for NbROC5 confirmed the epitope assignments from the in tandem experiment. 

Furthermore, by comparing the binding pattern of the Nanobodies to the ROC domain, 

captured by the different NbROC surfaces, it could be shown that only two patterns can be 

observed (Fig. 14 and Suppl. Fig. 3). Therefrom it can be concluded that all NbROCs bind to 

only two epitopes in the ROC domain. One binding site is addressed by the high affinity cluster 

of NbROCs together with NbROC3, the other binding site belongs to the low affinity NbROC 

cluster, including the intermediate binder NbROC1. 

Figure 14: NbROC binning experiments in the classical sandwich setup. SPR measurements were done with 

NbROC1 (A), NbROC5 (B), NbROC6 (C) and NbROC11 (D) surfaces. After the NbROC coupling step, the ROC 

domain was injected, followed by NbROCs injection. As an internal negative control, injection of the NbROC 

which was coupled to the respective surface, was also tested. Each measurement was performed twice (except 

for the NbROC5 surface) with 1 μM injections of the different NbROCs. If binding during NbROC injection 

occurs, the ROC domain must offer an additional binding site as the surface coupled NbROC is already 

occupying an epitope on the ROC domain. However, if no binding or “negative” binding was measured, the 

injected NbROC must bind to the same site in the ROC domain as the NbROC coupled to the surface. For all 

surfaces, only two distinct patterns were identified indicating, two separate binding sites: while NbROC5 and 
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NbROC6 surfaces showed no binding for NbROC 3, 5, 6, 20 and 65, the NbROC1 and 11 surfaces showed 

binding for those NbROCs. In contrast, no binding of NbROC1, 11, 13, 15, 22, 25 and 46 could be observed to 

these surfaces, which in turn were binding to the NbROC5 and 6 surfaces. The colors of the bar diagrams 

represent the Nanobody cluster: green – high affinity, dark grey – low affinity, grey and salmon – medium 

affinity 

 

Taken together, two clusters of ROC domain binding Nanobodies were identified. The first one 

contains the high affine Nanobodies which bind in the two-digit nanomolar range, while the 

other comprises less affine Nanobodies, binding in the medium to high three-digit nanomolar 

range. Strikingly the classical sandwich experiment gave evidence that each cluster is also 

representing one bin, as all NbROCs from one cluster bind to the same binding site. After 

characterizing the binding properties of those Nanobodies their effect on protein function was 

also investigated. It could be shown by many that Nanobodies have a great potential as 

specific and even non-competitive inhibitors of several proteins (Jahnichen et al., 2010; Oyen 

et al., 2011; Zhu, J. et al., 2012; Ardekani et al., 2013). Unger et al. (2015) for example were 

able to show that Nanobodies against Clostridium difficile transferase (CDT) blocks its activity 

(Unger et al., 2015). In order to characterize the modulatory potency of the Nanobodies, the 

set of NbROCs was subjected to a LRRK2 kinase assay. 

3.1.3 High Affinity NbROCs affecting LRRK2 by enhancing its Kinase Activity 
In 2007, moesin was identified as a potential substrate of LRRK2 (Jaleel et al., 2007). It was 

shown that moesin was phosphorylated by LRRK2 at Threonine 558. Based on the surrounding 

sequence, the synthetic peptide LRRKtide was designed, which is widely accepted as a model 

substrate for LRRK2. 

In the present study, a fluorescently labeled version of LRRKtide was used to monitor the 

phosphoryl transfer activity of LRRK2 in MMSAs (Chapter 2.2.4.4). The herein used LRRK2 

protein was purified without the addition of MgCl2, preventing GDP from binding to the ROC 

domain. The effect of NbROCs on LRRK2 kinase activity were investigated with a fixed LRRK2 

concentration, which was incubated with 10 μM of a respective NbROC for 5 min. 

Subsequently the assay was started by mixing the incubated LRRK2-NbROC-solution with a 

buffer containing ATP, MgCl2, GTP and LRRKtide. The linear regressions of the resulting 

conversions plotted against the time revealed that certain NbROCs indeed modified the kinase 

activity of LRRK2. Strikingly the determined kinase activities of LRRK2 were increasing when 

LRRK2 was incubated with the bin of NbROCs which bound the ROC domain with high affinities 

(Fig. 15). The most strongly activating effect could be observed for NbROC20, which led to an 

increase of activity by 150 – 200%, followed by NbROC5 and 6 (Tab. 3.3). If LRRK2 was purified 

with MgCl2 and GDP, no effect on kinase activity was observed (s. chapter 3.1.4.2). 

The NbROCs from the low affinity bin did either have minor inhibiting or no effect on the 

kinase activity of LRRK2 (Fig. 15 and Tab. 3.3). The strongest inhibitory effect was shown by 

NbROC46, which however accounted only for a 20 % decrease in kinase activity at the applied 

NbROC concentration of 5 μM. All other NbROCs of this bin had a negligible impact on LRRK2 

kinase activity. This might be due to the relatively low NbROC concentration. Moreover, it is 
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likely that some of those NbROCs were not able to bind to LRRK2 full length protein, as steric 

hindrance by other domains of LRRK2 may block the binding site. This hypothesis is further 

supported by the fact that beside NbROC1 none of those NbROCs had bound to LRRK2 full 

length during the binding studies. Even if they can bind to the ROC domain in LRRK2 full length, 

it is most likely that their binding site and the surrounding area is not or just marginally 

involved in kinase regulation. 

 
 

Figure 15: LRRK2 kinase activity was determined in the presence of NbROCs. In a micro mobility shift assay 

the kinase activity of LRRK2 was determined in presence of 5 μM of the respective Nanobody. The activity of 

LRRK2 wt alone was defined as 100%. All measurements were at least repeated twice in duplicates. SEM is 

displayed by error bars. Colors indicate bins of NbROCs, while green and salmon bars belong to the high affinity 

bin, both shades of grey belong to the low affinity bin. All NbROCs of the high affinity bin increase the kinase 

activity, whereas the ones from the other bin have no effect or tend to decrease kinase activity. 

 
Table 3.3: Relative kinase activities of LRRK2 determined in the presence of 5 μM of NbROC. 

 Activity compared to wt [%] 

NbROC1 91 ± 10   (4) 

NbRCO3 116 ± 13   (4) 

NbROC5 144 ± 12   (4) 

NbROC6 152 ± 14   (2) 

NbROC11 99 ± 14   (3) 

NbROC13 97 ± 10   (4) 

NbROC15 101 ± 11   (3) 

NbROC20 173 ± 15   (4) 

NbROC22 98 ±   3   (2) 

NbROC25 92 ±   2   (2) 

NbROC46 82 ±   7   (2) 

NbROC65 141 ± 20   (3) 

Mean ± SEM, (n) - number of measurements 
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Taken together, the experiments revealed that certain NbROCs can bind to the ROC domain 

in full length LRRK2 and thereby induce changes in the overall arrangement of LRRK2, which 

in turn activates the kinase domain. In this line, NbROC20 was identified as the most promising 

candidate for further investigations as it possesses the highest affinity towards LRRK2, and it 

had the most strongly activating effect on the kinase domain of LRRK2. In the following, 

NbROC20 was used to investigate the effects on kinase activity when LRRK2 was purified in 

presence of GDP, GTP or without nucleotide. Furthermore, additional Nanobodies raised 

against different constructs of LRRK2 were investigated. Finally, Michaelis Menten kinetics of 

LRRK2 were measured for ATP under the influence of the most promising Nanobodies. 

3.1.4 Nanobodies and the Nucleotide bound State of LRRK2  
The characterization of the binding properties of the NbROCs revealed that they are not only 

binding to the ROC domain but being also able to alter LRRK2 kinase activity. Most importantly 

the kinase activity of LRRK2 is increased rather than inhibited, which is only found very rarely 

for the interaction of a Nanobody with its target. LRRK2, however, is special as it bears two 

catalytically active domains, a GTPase and a kinase domain, where one is thought to control 

the other. Thus, it is likely that the NbROCs are changing the intrinsic crosstalk of several LRRK2 

domains and thereby activating the kinase. To validate this, the binding of several Nanobodies 

were examined in the presence or absence of MgGDP or MgGTP to find specific binders for 

either condition. Furthermore, LRRK2 wt and the RCKW construct was supplemented with 

MgGTP, MgGDP or no nucleotide during purification. In the following the kinase activity was 

measured under these different conditions and in the presence of Nanobodies. 

3.1.4.1 In Contrast, to NbROC20, NbLRRK51 possesses an increased binding 

Potential to LRRK2 in the Presence of MgGDP 

Besides the Nanobodies raised against the ROC domain Serge Muyldermans provided me a 

Nanobody (NbLRRK51) which was panned against a purified four-domain construct of LRRK2 

(RCKW), which was expressed in SF9 cells. This Nanobody was unsuccessfully used before in 

LRRK2 crystallization trials by Stefan Knapp. Therefore, it is not known which domain of LRRK2 

it is targeting. To investigate its interaction with RCKW, binding was tested under several 

conditions via SPR. NbROC20 was also tested for binding under the same conditions. For these 

measurements a chemically biotinylated construct of RCKW, which was expressed in SF9 cells, 

was coupled to a biotin binding Cap-chip. While NbROC20 shows a robust binding in the 

absence of MgCl2 and the G-nucleotides, GDP or GTP, the binding signal for NbLRRK51 was 

much lower, which indicates a weaker binding (Fig. 16A/B). However, addition of MgGDP or 

MgGTP during the association phase of NbLRRK51 increased the binding signal of the 

interaction with the RCKW construct significantly (Fig 16A). In this regard, it should be noted 

that the binding level in presence of MgGDP was even higher than for MgGTP. In contrast, the 

binding levels for NbROC20 were decreased in the presence of MgGTP or MgGDP (Fig. 16B). If 

the measurement of NbROC20 in the absence of the MgGDP/GTP is compared with the 

measurement of NbLRRK51 in the presence of MgGDP, comparable binding behaviors occur. 

However, NbLRRK51 possesses a faster dissociation rate than NbROC20, which might be 
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attributed to the absence of MgGDP during dissociation. Additionally, both Nanobodies are 

exhibiting similar binding behaviors under the influence of MgGTP again with a faster 

dissociation rate for NbLRRK51. Taken together these findings indicate that NbROC20 

preferentially bind to the nucleotide-free form of RCKW, while NbLRRK51 prefers the 

nucleotide bound form especially the MgGDP bound one. Therefore, those Nanobodies have 

the potential to be helpful tools to discriminate between the nucleotide bound and 

nucleotide-free state of LRRK2. 

NbROC5 were found to behave like NbROC20. In an SPR measurement with an NbROC5 

coupled CM5 Biacore Chip the ROC domain was injected in presence of GTP and alternating 

MgCl2 levels between 0 mM and 10 mM. While the binding for the ROC domain was much 

stronger in the absence of MgCl2, a dramatic decrease in the binding signal was observed in 

the presence of MgGTP (Suppl. Fig. 4). This could be explained as binding of GDP or GTP to the 

catalytic cleft of the ROC domain is dependent on Mg-ions (Deng, J. et al., 2008; Mills et al., 

 
 

Figure 16: SPR measurements to identify the preferred RCKW G-nucleotide status and affinity for 
NbLRRK51 and NbROC20. A) NbLRRK51 was injected for 300 s to a RCKW (expressed in SF9 cells) 

coupled surface in the presence and absence of MgGTP and MgGDP. Dissociation was measured for 

240 s in the absence of MgGTP/MgGDP. The resulting SPR curves indicate a preferred binding of 

NbLRRK51 to RCKW in presence of MgGDP, whereas binding to the nucleotide-free or MgGTP bound 

RCKW construct was reduced. B) SPR curves of comparable NbROC20 measurements revealed that 

NbROC20 preferentially binds to the nucleotide-free RCKW construct. C/D) Affinity determinations 

were performed for NbLRRK51 in the presence of MgGTP or MgGDP. The resulting SPR curves show 

that concentrations above 1000 nM lead uncommon binding behaviors and were therefore not 

considered for affinity determinations. 
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2018). The binding of MgGTP might change the conformation of the ROC domain and thereby 

the affinity of NbROC5. Another explanation would be that MgGTP and the NbROCs are 

competing as they possess the same or overlapping binding sites. Additionally, it is also 

possible that a combination of both effects reduces the observed binding levels of NbROC5 

Affinity measurements for NbLRRK51 were performed via SPR to further characterize the 

interaction of NbLRRK51 and LRRK2 in presence of MgGDP or MgGTP. In the presence of 

MgGTP a KD value of 120±12 nM (±SEM, n=3) was determined for NbLRRK51, whereas in the 

presence of MgGDP the KD was reduced to 21 nM (n=1). This indicates conformational changes 

of LRRK2. However, these values must be interpreted cautiously as for higher NbLRRK51 

concentrations the binding signals start to decrease after a first steep increase during the 

association phase. This could be detected for both conditions (MgGDP/MgGTP) tested 

(Fig 16C/D). Therefore, binding curves of a certain NbLRRK51 concentration suffering from this 

behavior were not considered for affinity determinations. Moreover, additional KD 

measurements in the presence of MgGDP were not evaluable. The binding behaviors and 

affinities for the NbLRRK51-RCKW-interaction was resembling full length results. The here 

used RCKW construct was expressed and purified from HEK293T cells. Interestingly, binding 

to the isolated ROC domain could not be observed in presence of MgGTP, but with MgGDP. 

Thus, it can be assumed that the formation of the epitope of NbLRRK51 is dependent on 

MgGDP and located on the ROC domain. This hypothesis is further supported as the detected 

maximal SPR binding signals at same NbLRRK51 concentrations were twice as high for the 

interaction with LRRK2 in presence of MgGDP. Additionally, the dissociation is much slower in 

presence of MgGDP compared to MgGTP and explains the difference between the respective 

KD values (Fig 16C/D). 

In the next chapter the impact of NbROC20 and NbLRRK51 on the kinase activity of LRRK2 

were investigated under several G-nucleotide conditions. 

3.1.4.2 NbROC20 increases Kinase Activity of Nucleotide-free LRRK2, whereas 

NbLRRK51 increases Kinase Activity of the MgGDP/MgGTP bound Form. 

NbROC20 and NbLRRK51 were found to bind preferentially to different LRRK2 states 

(nucleotide-free and MgGDP bound. In the present thesis it was already shown that the kinase 

activity of LRRK2 was increased by NbROC20, if LRRK2 was incubated with NbROC20 in the 

absence of MgGDP or MgGTP (s. chapter 3.1.3). As MgCl2 is essential for GDP/GTP binding to 

the ROC domain (Deng, J. et al., 2008; Mills et al., 2018), LRRK2 was purified in presence of 

MgGDP, MgGTP, GDP or GTP. Next, LRRK2 was either preincubated with NbROC20 for 5 min 

or NbROC20 was added at the start of the kinase reaction. 

Kinase activity of LRRK2 was only influenced by NbROC20, if LRRK2 was preincubated with the 

Nanobody and purified without MgCl2 (Fig. 17A). If LRRK2 was purified with MgGDP or MgGTP, 

the residual amount of MgCl2 (approximately 1.5 mM) from purification was sufficient during 

preincubation with NbROC20 to inhibit the activating effect. In contrast, if LRRK2 was purified 

with either GTP or GDP alone and preincubated with NbROC20, kinase activity of LRRK2 was 
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increased between 170 % to 200 % (Fig. 17A). However, all preparations of LRRK2 were not 

activated by NbROC20, if NbROC20 was added to the final kinase assay. This indicates that 

NbROC20 and MgGDP/MgGTP compete for the same binding site, or that binding of 

MgGDP/MgGTP induces a conformational change, which inhibits NbROC20 from binding. 

Interestingly, preincubation of NbROC20 with LRRK2 in the presence of GDP or GTP increased 

the kinase activity, although MgCl2 was added to start the kinase reaction (Fig. 17A). Taken 

together, the results indicate that the first binding event efficiently blocks the other from 

happening, whether it is MgGDP/MgGTP or NbROC20 binding. This also reaffirms together 

with the SPR data of chapter 3.1.4.1 the crucial importance of Mg2+ for GTP and GDP binding 

to the ROC domain, as GDP or GTP alone seem to have no effect on NbROC20 binding. 

 
 

Figure 17: Influence of NbROC20 and NbLRRK51 on the kinase activity of LRRK2 and the RCKW construct 
under various G-nucleotide conditions. A) LRRK2 was purified in presence of MgGTP, MgGDP, GTP and GDP 

and was subsequently used in a kinase assay comprising 200 μM of LRRKtide as a substrate. Prior to the kinase 

reaction samples of each preparation were preincubated with 10 μM (5 μM in the final assay mix) NbROC20 

(NbROC20 (preinc.)) for 5 min. Furthermore, samples without NbROC 20 (w.o.) and samples where NbROC20 

was added at the start of the kinase reaction (NbROC20) were prepared. NbROC20 increased the kinase 

activity of LRRK2 only when LRRK2 was purified without MgCl2 and preincubated with NbROC20, otherwise 

NbROC20 had no effect on kinase activity. B) LRRK2 was purified in presence of MgGTP or MgGDP and in the 

G-nucleotide-free state. NbROC20 and NbLRRK51 were preincubated with LRRK2 and their impact on kinase 

activity (using 1 mM of LRRKtide) were investigated. NbLRRK51 increased the kinase activity in presence of 

MgGTP or MgGDP, whereas NbROC20 increased the kinase activity of the nucleotide-free state of LRRK2. C) 
Measurements performed in B) were replicated for the RCKW construct, but without testing MgGTP 

conditions. The kinase activity of the RCKW construct was not affected by the Nanobodies. All measurements 

were at least done in duplicates. Normalization of the bar diagrams was conducted using the activity of 

LRRK2 wt/RCKW wt purified in the presence of MgGTP/MgGDP as 100 %. 
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For an additional experiment LRRK2 was purified in presence of MgGDP, MgGDP and in the 

G-nucleotide-free state. LRRK2 was then preincubated with NbROC20 or NbLRRK51 and the 

kinase activity was determined. Here it was shown again that the kinase activity of LRRK2 was 

not affected by NbROC20, if LRRK2 was purified with MgGDP/MgGTP (Fig. 17B and Suppl. 

Fig. 5C). In the G-nucleotide-free state, however, the kinase activity was increased by 

NbROC20. Interestingly, the percental increase in kinase activity was lower than observed for 

the GDP or GTP purified LRRK2 preparations. This can likely be attributed to the usage of a 

higher LRRKtide concentration in these assays (1000 μM vs 200 μM). This also explains the 

four times higher reaction rates.  

In contrast, to NbROC20, NbLRRK51 increased kinase activity of LRRK2 in the presence of 

either MgGDP or MgGTP. These findings confirm the SPR data for these Nanobodies regarding 

their preferred binding state (nucleotide-free vs nucleotide bound) of LRRK2. Interestingly, 

both Nanobodies have an enhancing effect on kinase activity although they bind to different 

G-nucleotide bound states. Both Nanobodies must therefore interfere comparably with the 

intrinsic regulation mechanisms of LRRK2. A possible explanation might be that both are 

stabilizing a specific conformation or that they are hampering a potentially indirect interaction 

of the ROC and kinase domain. It was reported that an N-terminal LRRK2 deletion construct 

possesses higher kinase activity than the full-length protein. This suggest a role of the 

N-terminus to have regulative role on kinase activity (Greggio et al., 2008). To check the 

hypothesis of an intrinsic N-terminus driven regulation of LRRK2, the effect of both 

Nanobodies on the kinase activity of the shorter RCKW construct have been measured. This 

construct is missing the N-terminal part of LRRK2, including the LRR repeats. RCKW was 

purified in the presence and absence of MgGDP. Strikingly both Nanobodies, although binding 

to the RCKW construct was clearly shown before for both, did not alter kinase activity. 

(Fig. 17C). Thus, it can be concluded that the Nanobodies impair the proposed intrinsic 

regulation of LRRK2 by the N-terminus. 

3.1.5 Nanobodies did not alter KM values for ATP, but the vmax of LRRK2 wt 
Wim Versees provided me a set of Nanobodies that target the COR domain of LRRK2. In the 

present thesis these Nanobodies were tested together with the NbROCs, which bind to the 

high affinity binding site in the ROC domain, and NbLRRK51 for their ability to alter the kinase 

activity of LRRK2. Therefore, LRRK2 wt, purified in the presence of MgGDP, was preincubated 

with the Nanobodies. Subsequently the kinase reaction was started. As already shown for 

NbROC20, none of the tested NbROCs were able to enhance the kinase activity of LRRK2 wt 

(Fig. 18A). This strengthening the hypothesis that the activating effects of all NbROCs underly 

the same activation mechanism. Again, NbLRRK51 was able to activate LRRK2 wt, but to a 

lesser extent than seen before (Fig. 18A). This might be attributed to a decreased protein 

quality of NbLRRK51. Strikingly, in the new set of Nanobodies CA12618 was identified as the 

first Nanobody which was efficiently inhibiting the kinase activity of LRRK2. The Nanobody was 

able to reduce the kinase activity of LRRK2 by about 40% at a given concentration of 5 μM 

(Fig. 18A). While the Nanobody CA12620 of the new set showed no effect on kinase activity, 
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CA12610 and CA12614 were also able to reduce the kinase activity of LRRK2. However, the 

inhibiting effect was less strong than observed for CA12618. Unfortunately, it is not clear to 

which domain CA12618 binds. Therefore, it is not possible to propose a model how this 

Nanobody inhibits the kinase activity of LRRK2. 

 
Figure 18: Kinase activities and Michaelis Menten constants of LRRK2 wt were determined in the 
presence of several promising Nanobodies. A) Kinase activities of LRRK2 wt purified in the presence 

of MgGDP were determined in dependence of 5 μM Nanobodies from different Nanobody sets. Kinase 

activities were determined by three independent measurements in duplicates using LRRKtide as a 

substrate. B) Michaelis Menten kinetics for ATP were determined in the presence of a selection of the 

most promising Nanobodies. These measurements revealed that only vmax is changed by the incubation 

of LRRK2 with a Nanobody, while the KM values stay in a comparable range. Measurements were 

performed in duplicates. C) Overview of the obtained Michalis Menten constants. 

 

In the present thesis Nanobodies were identified which can enhance, as well as inhibit the 

kinase activity of LRRK2. It is thus from a kinetic point of view of interest which catalytic 

parameters are changed by these Nanobodies. Therefore, the impact of the most promising 

Nanobody of each set on Michaelis Menten kinetics of LRRK2 for ATP was investigated. The 

three most promising candidates were the activating Nanobodies NbROC20 and NbLRRK51 

and the inhibiting Nanobody CA12618. The Michaelis Menten kinetics revealed that again 

NbROC20 did neither impact the vmax nor the KM value for ATP, as LRRK2 wt was purified in 

the presence of MgGDP. In contrast, NbLRRK51 did increase vmax of LRRK2 wt (MgGDP) by 

around 170 %, but the KM value was not altered. Interestingly, also the Nanobody CA12618 

did not alter the KM value for ATP but decreases the vmax by around 40 %. Taken together the 

results indicate that ATP and/or LRRKtide can more easily bind to the catalytic core of the 

kinase domain. Additionally, these results support the hypothesis that NbROC20 and 

NbLRRK51 facilitated ATP/LRRKtide binding by interfering with the proposed intrinsic 

regulation of the LRR domain (Greggio et al., 2008). Nevertheless, it might also be possible 

that a COR domain mediated activation of the kinase domain is induced by the Nanobodies. 

This is likely, as the COR domain is the direct link between the ROC and the kinase domain. 
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As it cannot be excluded that the Nanobodies impair the same intrinsic regulation mechanisms 

of LRRK2 as PD associated mutations, the effect of NbROC20 and NbLRRK51 was also tested 

on LRRK2 G2019S. This mutation was chosen as it is the most common PD associated mutation 

and accounts for 1-2% of PD cases worldwide (Lesage and Brice, 2009). 

3.1.6 MgGTP, NbROC20 and NbLRRK51 enhancing LRRK2 G2019S Kinase 

Activity 
LRRK2 G2019S was found in Ashkenazi Jews as the major familiar cause for PD. In this ethnic 

group the mutation accounts for up to 15 % of all PD cases (Orr-Urtreger et al., 2007). In 

Morocco PD patients this mutation is even more penetrating as the frequency of probands 

with autosomal dominant inheritance was 76 %, while sporadic case where found to account 

for at least 28 % (Bouhouche et al., 2017). This makes G2019S one of the most interesting 

mutations in LRRK2 and in PD in general. It is assumed that the three times increased kinase 

activity of G2019S is causative for the development of PD (West et al., 2005; Jaleel et al., 2007; 

Gloeckner et al., 2009; Nichols et al., 2010). Therefore, it was investigated if the kinase activity 

of G2019S is controlled like LRRK2 wt or if G2019S possesses an altered regulation mechanism. 

Similarly, to the wt experiments, LRRK2 G2019S was purified in the presence of MgGDP or 

MgGTP and in the nucleotide-free state. Prior to the kinases assay the different preparations 

of LRRK2 G2019S were preincubated with NbROC20 or NbLRRK51. Thereby, it was revealed 

that the kinase activity was increased in the presence of the Nanobody regardless of the 

purification conditions or Nanobody used (Fig. 19A). 

However, NbLRRK51 increased the kinase activity by 250 % for LRRK2 wt, but only by 170 % 

for LRRK2 G2019S. In contrast, NbROC20 increases the kinase activity of both, wt and G2019S, 

to a similar extent by 140 % or 150 %, respectively. Interestingly, NbROC20 and NbLRRK51 had 

both an activating effect on the kinase domain, which was independent of the purification 

conditions for G2019S. This implicates a changed intrinsic regulation of G2019S as the 

Nanobodies do no longer seem to require a specific G-nucleotide bound state for kinase 

activation. As the Nanobodies can further increase the kinase activity of the already increased 

activity of G2019S, it is likely that they target an additional regulation mechanism, which is not 

impaired by the mutation. Once more this points to an involvement of the LRR domain in the 

mutual cross talk of the kinase and GTPase domain, as binding of the Nanobodies may block 

a specific interaction between the LRR and ROC domain. 

In a screening approach the concentration of NbROC20 which was needed to induce an 

increase in kinase activity was determined for LRRK2 wt and G2019S. Therefore, both LRRK2 

variants were purified in the presence of GDP, but in the absence of MgCl2. A dilution series 

of NbROC20 was incubated with 50 nM (concentration is based on the Bradford assay – [BF]) 

LRRK2 wt or G2019S prior to the addition of 10 mM MgCl2, 1 mM ATP and 240 μM LRRKtide, 

which started the kinase reaction. An increase in kinase activity of both LRRK2 wt and G2019S 

at NbROC20 was observed at concentrations above 1.25 μM (Fig. 19B). Nevertheless, potency 

of NbROC20 was higher for LRRK2 wt, as the percental increase in kinase activity was 270 % 

(190 %) for wt compared to 200 % (150 %) for G2019S at a NbROC20 concentration of 10 μM 
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(5 μM). The data also indicates that higher NbROC20 concentrations would further increase 

the kinase activity of LRRK2. If an involvement of the LRR domain in LRRK2’s kinase regulation 

is assumed and NbROC20 is targeting this regulation, the reduced activating potency of 

NbROC20 for LRRK2 G2019S could indicate a more “open” conformation of this mutation. This 

can be translated into a better accessibility and thereby higher activity of the kinase domain, 

induced by a conformational change of the LRR domain. Deyaert et al. (2019) published a 

crystal structure of a ROCO protein found in C. tepidum. They suspected an involvement of 

the ROC domain in changing the domain organization including the LRR domain. The ROC 

domain is connected to the LRR domain by a conserved linking region and by amino acid 

interactions which can be altered due to nucleotide binding. Nucleotide binding was also 

shown to induce monomerization, whereas the ROCO protein stayed in a dimeric 

conformation if it was nucleotide-free. As this ROCO protein is closely related with LRRK2 

similar regulating mechanisms concerning the overall domain organization can be assumed 

for LRRK2. This further highlights the importance of the ROC domain in maintaining LRRK2 

function, which seems to be impaired for G2019S.  

As a side note, the kinase activity of LRRK2 wt was always more enhanced by NbROC20 if 

LRRK2 wt was purified in the presence of GDP rather than in the nucleotide-free form 

(Fig. 17A/B, Fig. 19B). This finding is contradictory to the hypotheses that NbROC20 binds to 

the nucleotide-free form of LRRK2 and that MgCl2 is needed for G-nucleotide binding. 

Furthermore, this indicates a possibly weak binding of GDP to LRRK2 in the absence of Mg2+, 

which in turn may strengthen the NbROC20 interaction with LRRK2. In this line it is possible 

 
 

Figure 19: Kinase assays to determine the impact of Nanobodies on the kinase activity of the pathogenic 
LRRK2 mutation G2019S. A) LRRK2 G2019S was purified in presence or absence of MgGTP or MgGDP. In the 

following a kinase assay was performed with 50 nM LRRK2 G2019S which was preincubated with 10 μM 

NbROC20 or NbLRRK51 (final concentration in the assay: 5 μM). The activity was determined via an MMSA 

using 1 mM LRRKtide as a substrate. Both Nanobodies increased the kinase activity under all conditions. 

However, NbLRRK51 increased the activity by a larger degree than NbROC20. Measurements were done twice 

(n=2) in duplicates. B) In a screening approach the potency of NbROC20 to increase the kinase activity of LRRK2 

wt and G2019S was investigated. Therefore, 50 nM of LRRK2 wt and G2019S were preincubated with a dilution 

series of NbROC20, subsequently followed by a kinase assay using 240 μM LRRKtide and 1 mM ATP as 

substrates. Both LRRK2 variants were purified in the absence of MgCl2. The reaction velocities (v) were 

determined for each NbROC20 concentration and displayed in a Bar diagram. Effects on kinase activity were 

observed at concentrations above 1 μM for both LRRK2 variants tested. Nevertheless, NbROC20 shows a 

higher activating potency for LRRK2 wt as the percental increase in activity is higher. 
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that NbROC20 is occupying the Mg-ion binding site, which might be further stabilized by the 

additional binding of GDP. 

In summary, I was able to identify Nanobodies which are capable to distinguish between 

different G-nucleotide binding states of LRRK2. They are also able to influence the kinase 

activity of LRRK2 although they were shown to bind to the ROC (GTPase) domain of LRRK2. 

Therefore, they were used as biochemical tools to investigate the intrinsic regulation of the 

kinase activity of LRRK2. Moreover, this revealed an intrinsic multilayer mechanism which 

controls kinase activity. Indications pointing out that scaffolding domains like the LRR domain 

or the WD40 may play a major role in maintaining the overall function of LRRK2. Additionally, 

the crosstalk of the ROC domain with the kinase domain seems to be crucial for LRRK2 kinase 

regulation. Furthermore, I was able to strengthen the hypothesis that the LRR domain or at 

least the N-terminus plays an important role in mediating this crosstalk. Nevertheless, this 

cross talk cannot be the only intrinsic regulating mechanism as the already enhanced kinase 

activity of G2019S can be further increased with the interfering Nanobodies. This pointing 

towards a complex intrinsic regulation mechanism in LRRK2, where kinase activity is controlled 

on the one hand by the domain organization probably driven by the ROC domain and on the 

other hand by the conformation of the kinase domain itself.  

To further elucidate this elusive regulation mechanism of the kinase domain itself, the model 

of kinase spines was introduced into LRRK2. The formation of these spines is believed to be 

crucial for kinase activity and can be found in every kinase identified so far. As G2019 belongs 

to the conserved DFG motif (DYG in LRRK2) of the kinase domain, which is directly involved in 

the spine formation, mutations in this area are not well tolerated and often correlate with 

pathogenicity. 
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3.2 Introducing Kinase Spines into LRRK2 
It is believed that the kinase domain of LRRK2 is one of the driving forces in the development 

of PD as most pathogenic mutations are known to increase the kinase activity. Two of them 

are located in a highly conserved key element for kinase regulation and function, namely the 

DFGψ-motif (DYGψ in LRRK2). One of those pathogenic mutations is the G2019S which 

substitutes the Gly in the DYG to Ser, resulting in a three times increased kinase activity (West 

et al., 2005; Gloeckner et al., 2009). The other mutation is the directly adjacent I2020T 

mutation, which is known to alter substrate specificity (Gloeckner et al., 2006; Jaleel et al., 

2007). Both pathogenic mutations are therefore interfering with the intrinsic regulation of the 

kinase domain itself.  

Since both mutations are in close proximity to the regulatory spine residue Y2018, they can 

impair the tightly regulated balance of the regulatory-spine (R-spine) assembly and 

disassembly. The R-spine, as well as the catalytic-spine (C-spine) are hydrophobic networks 

conserved in each protein kinase to facilitate catalysis of substrate phosphorylation (Hu et al., 

2011). Therefore, this part of the thesis focused on the question how mutations of the R-spine 

residues to Phe were affecting the assembly and disassembly of the R-spine and thereby 

kinase activity. This led to a better understanding of the intrinsic regulation of the kinase 

domain of LRRK2. Furthermore, it helped to elucidate the pathogenic mechanisms of the PD 

associated mutations G2019S and I2020T. In addition, it was investigated, if a mutation of the 

catalytic spine can substitute ATP and thereby connecting the N- and C-lobal part of the 

C-spine with each other. To achieve these goals, a model of the kinase domain of LRRK2 was 

created and with the help of this model the spine residues were identified. After creation of 

the spine mutants, the LRRK2 phosphorylation of Rab8A, a specific substrate, was examined 

(Steger et al., 2016). Furthermore, Michaelis Menten kinetics were determined for ATP using 

LRRKtide as a substrate. Additionally, mutations were introduced to the model kinase PKA 

(cAMP dependent protein kinase) to mimic the specific features of the DYG motif of LRRK2 

and the pathogenic mutation G2019S. Finally, in collaboration with Dr. Daniela Boassa from 

the National Center for Microscopy and Imaging Research (NCMIR, San Diego, USA) several 

LRRK2 constructs were transfected in HEK293T cells and localization patterns were recorded. 

3.2.1 Developing a structural Model of the Kinase Domain of LRRK2 
Protein kinases are highly conserved and therefore, they share the same overall fold and motif 

organization. In this regard, it is critically important in drug design to know specific features of 

a certain kinase, to synthesize highly specific drugs. However, as there is no crystal  

structure of the kinase domain of LRRK2 available, I used the online tool Phyre2 

(http://www.sbg.bio.ic.ac.uk/phyre2) from the Structural Bioinformatics Group at the 

Imperial College in London, to generate a computational crystal structure of LRRK2 (Kelley et 

al., 2015). Therefore, the LRRK2 sequence comprising the kinase domain and ranging from aa 

1865 to 2135 was used. Subsequently the intensive mode in Phyre2 was selected, which uses 

multiple high-scoring models based on other kinase structures to find the best and most 

confident coverage of the applied sequence. Finally the protein was “synthesized” from a 
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virtual ribosome employing the Poing algorithm to get the final computational “crystal 

structure” (Kelley et al., 2015). The model of the resulting LRRK2 structure was based on SRC 

(Sarcoma tyrosine kinase), IKK1 (Inhibitor of κB kinase1), ABL1 (abelson murine leukemia viral 

oncogene homolog 1 [a tyrosine kinase]), BTK (Bruton’s tyrosine kinase) and CSK (C-terminal 

SRC kinase) (Fig. 19).  

Conserved hydrophobic connections, found in a multitude of protein kinases and which are 

associated with crucial kinase motifs, were also identified in the structural model of the kinase 

domain of LRRK2. For instance, the DYGψ motif of LRRK2, as well as the HRD (YRD in LRRK2) 

motif are interlinked by a hydrophobic contact of Y2018RS2 (DYGψ) and Y1992RS1 (YRD) 

(Fig. 19). The DYG motif is also connected by a hydrophobic interaction of Y2018 RS2 with 

L1924RS3 to the αC-helix, another crucial element in intrinsic kinase regulation. The αC-helix in 

turn is anchored to the N-terminal lobe (N-lobe) of the kinase via a hydrophobic connection 

of the L1924RS3 with L1935RS4. The latter is located right before the β4-strand. In conclusion, 

these four hydrophobic contact points form the so-called regulatory spine (R-spine) of the 

kinase. Its formation is necessary to prime the kinase for ATP and substrate binding. The 

hypothesis of kinase spines was first applied by Kornev et al. (2006), by screening several 

serine/threonine, as well as tyrosine kinases. 

Figure 20: Crystal structure of LRRK2s kinase domain based on a computational model. The kinase domain 

of LRRK2 was modeled using the intensive mode of the online tool Phyre2. The resulting crystal structure is 

based on the sequence coverage and confidence with the five kinase structures: SRC, IKK1, ABL1, BTK and CSK. 

All of those are tyrosine kinases, which makes sense as LRRK2 is a tyrosine like serine/threonine kinase 

belonging to the mixed linage kinase family. By analyzing the resulting structure, the hydrophobic network of 

the so-called kinase spines, already described in many other kinases, could be also identified in LRRK2. These 

spines could be divided in the R-Spine (red), which must be formed prior to substrate binding, and the C-spine 

(yellow), which is completed by the binding of ATP. By flanking the αF-helix (green) in the C-lobe (bright blue) 

and ranging to the N-lobe (light grey) both spines stabilize the overall kinase structure and thereby priming 

the kinase for catalysis. The C-spine consists of eight hydrophobic interactions and binding of ATP connects 

the N-lobal with the C-lobal part of the kinase (see inset C-spine). The R-spine consists of 4 hydrophobic 

residues and is linked to the αF-helix via a hydrophilic backbone interaction of Y1992 (RS1, YRD) with D2055 

(see inset R-Spine). The R-spine is critically important to coordinate crucial kinase motifs like the HRD (YRD in 

LRRK2) and the DFG (DYG in LRRK2, white labeling in the R-spine inset) motif and the αC-helix (teal). 
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The highly dynamic process of the assembly and disassembly of the R-spine is essential in 

controlling kinase activity and must be tightly regulated in order to guarantee a functional 

kinase (Kornev et al., 2008; Kornev and Taylor, 2010). As kinases are molecular switches, most 

kinases favoring the inactive, disassembled R-spine conformation. For switching the kinase on, 

the assembly of the R-spine is needed. This process is often induced by upstream signaling 

most likely by the binding of an interaction partner or by phosphorylation. The subsequent 

binding of ATP completes the second so-called catalytic spine (C-spine) which consists of eight 

hydrophobic residues (Kornev et al., 2008; Hu et al., 2011). In LRRK2 the C-spine comprises 

the residues I2066CS1, L2062CS2, L1955CS3, V2000CS4, L2002CS5, L2001CS6 in the C-lobe and 

V1893CS7 and A1904CS8 in the N-lobe (Fig. 19). ATP fuses the C-spine by connecting the N- and 

C-lobal part via hydrophobic interactions with its Adenine moiety. This primes the kinase for 

catalysis. All hydrophobic residues of the kinase spines and important motifs were identified 

in LRRK2 (Fig. 19). This indicates that LRRK2 belongs to the classical kinases and is not a pseudo 

kinase (Shaw et al., 2014). 

During my thesis, I wanted to evaluate how the rigidity of the kinase spines contribute to the 

kinase activation and activity. To put this into a broader context, it was shown that mutations 

in Raf kinases of several R- and C-spine residues leading to cancer, by stabilizing the spines (Hu 

et al., 2015). Therefore, I introduced phenylalanine residues to mimic these mutations and 

stabilize the kinase spines. In this regard, an increased hydrophobicity should lead to a 

stabilized active kinase conformation, comprising an assembled C- and R-spine. 

3.2.2 The C-spine Mutation A1904FCS8F inactivates LRRK2 and increases 

Filament Formation 
Mutating CS8 in BRaf to phenylalanine led to the substitution of ATP as the side chain of CS8F 

blocks the binding site for the adenine ring. This substitution is sufficient to complete the 

C-spine and thus stabilizing an active like kinase conformation, which is unable to bind ATP 

(Hu et al., 2011). This mutation was therefore also introduced to the C-spine of LRRK2, namely 

A1904FCS8F. As this spine mutation should be kinetically inactive, two known kinase dead 

mutations were used as controls. One of them was D2017A. D2017 belongs to the DYG motif 

and is crucial in metal and ATP binding, as it coordinates the magnesium ions and thereby the 

γ-phosphate of ATP (Fig. 21A). The second kinase dead mutation was K1906M. K1906 is 

located in the β3-strand and forms a hydrogen bond with E1920, located in the αC-helix. This 

stabilizes the correct orientation of the αC-helix and K1906. If ATP is bound and K1906 is 

coordinated by E1920, K1906 forms hydrogen bonds with the α-, as well as the β-phosphoryl 

group of ATP (Fig. 21A). The three here described amino acids (D2017, K1906 and E1920) are 

essential for catalysis as they together maintain the correct coordination of the metal ions and 

ATP and are therefore designated as the regulatory triad (Iyer et al., 2005; Taylor et al., 2019). 

After purification of LRRK2 variants from HEK293T cells in the presence of MgGDP, kinase 

activity was checked in an in vitro kinase assay, using LRRKtide as a substrate (Fig. 21B). It 

could be shown that A1904FCS8F is kinetically inactive, as well as D2017A and K1906M. This is 

the  first  indication  that  the  mutation  CS8F  in  LRRK2  is  unable  to  bind  ATP  and  is  thus 
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Figure 21: The C-Spine mutation A1904F is kinetically inactive while exhibiting increased formation of 
filaments in HEK293T cells. A) The coordination of ATP and Mg2+ ions is provided by the regulatory triad 

(D2017, K1906 and E1920). The modeled mutation A1904F overlaps with the adenine ring of ATP. The phenyl 

ring of A1904F is therefore suitable for replacing the ATP and completing the C-spine, thereby stabilizing an 

active like kinase conformation. B) LRRK2 variants were purified in the presence of MgGTP and kinase activity 

was checked in a kinase assay using LRRKtide as a substrate. C) LRRK2 variants were transfected into HEK293T 

cells and overexpressed. Localization patterns of LRRK2 were then investigated by immunohistochemistry 

using rhodamine red X coupled antibodies and DAPI. The ratio of filament forming cells and transfected cells 

in general were determined and displayed in a bar diagram. Cell counting and images were performed by Dr. 

Daniela Boassa (NCMIR, San Diego). The pathogenic mutation I2020T increased significantly the percentage 

of cells showing LRRK2 filaments, while A1904F also showed a slight increase in filament forming cells in 

comparison to wt (figure was adapted according to Schmidt et al., 2019 (see own publications)). 
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resembling the phenotype found for BRaf. Interestingly, when A1904FCS8F is overexpressed in 

HEK293T cells, it behaves differently to the other kinase dead mutations. Cells transfected 

with LRRK2 A1904FCS8F possess an increased likelihood compared to wt or the kinase dead 

mutants to form filaments. Similarly, filament formation was observed in cells transfected 

with the pathogenic LRRK2 mutation I2020T (Fig. 21C). While the percentage of transfected 

cells, which are forming those filaments, is around 60±13 % for I2020T, CS8F, however, shows 

only a slight increase (8±4 %) compared to wt (3±3 %). Both kinase dead mutations (D2017A 

and K1906M) tested showed negligible filament formation. This indicates that the formation 

of filaments is driven by a conformational state of the kinase domain. It suggests that both 

mutations, I2020T and A1904F, forming a similar conformation, thereby inducing filament 

formation. Therefore, it can be assumed that an active kinase conformation is needed to form 

the observed filaments. In this regard, the CS8F mutation should result in a completely 

assembled C-spine like in BRaf, whereas the kinase dead mutations are most likely stabilizing 

an inactive kinase conformation.  

3.2.3 Y2018FRS2F resembles the Activity of G2019S, but possesses an even 

higher catalytic Efficiency 
In the following the introduced R-spine mutations will be classified and characterized. The 

R-spine mutations Y1992FRS1F and Y2018FRS2F are mild mutations, which are associated with a 

slight increase in hydrophobicity caused by the loss of the hydrophilic alcohol-moiety. 

Furthermore, the mutation of Y2018 to phenylalanine restores the classical DFG motif found 

in most other kinases. The R-spine mutations L1924FRS3F and L1935FRS4F were changed to 

sterically much more demanding residues compared to the original leucine residues. For RS3F 

it might be possible that additionally to the increased hydrophobicity, π-π-stacking with RS2 

can occur further stabilizing the assembled R-spine conformation. For RS4F, steric hindrance 

might be a problem which would be disadvantageous for stabilizing the R-spine. Additionally, 

the C-spine mutation CS8F, the pathogenic mutations G2019S and I2020T and the kinase dead 

mutation D2017A were investigated. 

The introduced spine mutations were expressed and purified from HEK293T cells in the 

presence of MgGDP. Subsequently the LRRK2 variants were tested for their ability to 

phosphorylate Rab8A in an in vitro kinase assay, which was evaluated via Western Blotting 

followed by immunostaining. Rab proteins were identified as bona fide substrates of LRRK2 by 

Steger et al. (2016). The Western Blot revealed that the tested LRRK2 variants, except for 

A1904FCS8F and D2017A, phosphorylate Rab8A on T72 (Fig. 22B). The C-spine mutation 

A1904FCS8F and the kinase dead mutation D2017A were both not able to phosphorylate Rab8A 

as the Rab8A phosphorylation signals were as low as for the negative control (wt+MLi-2). Since 

both mutations were neither able to phosphorylate a peptide substrate (LRRKtide) nor a 

protein substrate (Rab8A), they can both be considered as kinase dead mutations. This further 

strengthens the hypothesis that the phenyl ring of the CS8F mutation can replace or at least 

block the binding of ATP. The Rab8A phosphorylation levels for LRRK2 Y1992FRS1F and 

L1924FRS3F were not changed compared to LRRK2 wt. Therefore, neither an activating nor an 
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Figure 22: Testing LRRK2 spine mutations for their ability to phosphorylate LRRK2 substrates revealed 
Y2018FRS2F as a hyperactive mutation. A) The Phyre2 based model of the assembled LRRK2 R-spine highlights 

the conformation of the DYGψ motif and the coordination of ATP and Mg2+ by D2017. B) Rab8A 

phosphorylation by LRRK2 spine mutations was tested in a kinase assay and evaluated via western blotting. 

Y2018F, G2019S and I2020T showed an increased phosphorylation of T72, whereas A1904FCS8F, D2017A (DYG) 

and wt supplemented with 500 nM MLi-2 showed only negligible phosphorylation signals. The 

phosphorylation signals of the other R-spine mutations L1992FRS1F, L1924FRS3F and L1935FRS4F were comparable 

to the wt signal. C) Exemplary Michaelis Menten kinetics of LRRK2 wt in comparison with LRRK2 Y2018FRS2F 

showing a three times increased kinase activity of RS2F (exemplary raw data: Suppl. Fig. 5B). LRRKtide was 

used as a substrate and read out for phosphorylation. D) Comparison of the kcat values taken from the 

Michaelis Menten kinetics revealed that Y2018F is even more active than G2019S, while all other mutations 

exhibited decreased kinase activities compared to wt. E) Y2018F, I2020T, F1908L and L1935F showed a 

markedly different Michaelis Menten constant (KM) compared to wt, whereas the KM value for G2019S and 

L1924F was comparable to wt. Only Y1992F showed an increased KM value. F) Catalytic efficiency kcat/KM was 

determined. Results pointing out that Y2018F is the most efficient variant tested, followed by G2019S and 

I2020T. All other variants were less efficient than wt. Michaelis Menten kinetics were determined from at least 

4 independent experiments, every point of a single experiment was measured in duplicates. To check for 

significant differences between LRRK2 wt and mutants in D), E) & F) a one-way ANOVA was performed (* ≙ 

p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.0001, **** ≙ p≤0.0001). (Figure was adapted according to Schmidt et al., 

2019 (see own publications)) 
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inhibiting effect of the introduced residues can be concluded. This led to the assumptions that 

those mutations either did not stabilize the assembly of the R-spine, or that the stabilization 

did not contribute to an in- or decreased kinase activity. The LRRK2 R-spine mutation 

L1935FRS4F exhibited a reduced pT72 signal for Rab8A. This reduced phosphorylation of Rab8A 

is most likely explained by a destabilization of the kinase domain of LRRK2. 

Compared to LRRK2 wt the pathogenic gain of function mutation G2019S enhanced the 

phosphorylation of Rab8A T72, also Y2018FRS2F and I2020T exhibited slightly elevated 

phosphorylation levels of Rab8A. It should be mentioned that Y2018F is the only spine 

mutation which was able to increase the phosphorylation of Rab8A. Interestingly, it is directly 

adjacent to both pathogenic mutations, which were also elevating the phosphorylation of 

Rab8A. Furthermore, it belongs like the pathogenic mutations to one of the most important 

motifs for kinases regulation, the DFGψ motif (DYGψ in LRRK2) (Taylor and Kornev, 2011). To 

further elucidate the role of Y2018 and how the kinase domain of LRRK2 is regulating itself, 

Michaelis Menten kinetics were performed. Therefore, the spine mutations and the two 

kinase associated pathogenic mutations were investigated. Additionally, F1908L was added to 

the set of tested mutations. Interestingly, the homologous residue in BRaf wt is a leucine 

(L485) and the mutation to phenylalanine was found to be cancerogenic, as it renders the 

kinase to become constitutive active (Hu et al., 2015). Therefore, I was interested to elucidate 

its role in LRRK2 and mutated F1908 to a leucine to meet the BRaf wt conditions. The residue 

belongs to an extended hydrophobic network (HN), which is conserved throughout kinases 

and connects the R- and C-spine in the N-lobal part of the kinase with each other. This residue 

(HN1) assists to correctly orientate the αC-helix by a hydrophobic interaction with it (Hu et al., 

2015). To shed light on the role of each of the aforementioned residues in kinase regulation 

the Michaelis Menten constants (KM) were determined for ATP, as most of the mutations 

should preferentially alter the binding of ATP. 

Prior to the Michaelis Menten kinetics active LRRK2 concentrations were determined by 

titration assays utilizing the LRRK2 inhibitor MLi-2 (Chapter 2.2.4.4). The thus acquired 

turnover numbers (kcat) from the Michaelis Menten kinetics roughly resembled the results of 

the Rab8A kinase assay. The data clearly displays that the kinase dead mutations D2017A and 

A1904FCS8F are inactive again, but the R-spine mutations except for Y2018FRS2F exhibit 

decreased kinase activities. Like for the Rab8A phosphorylation assay, L1935FRS4F showed 

again the strongest decrease in the kcat value of the R-spine mutations, whereas Y1992FRS1F 

and L1924FRS3F possess comparable decreased kcat values. For L1935FRS4F this further 

strengthens the hypothesis of steric hindrances and clashes in the kinase domain by the 

introduction of a phenylalanine. While Y1992FRSF1 exhibited a significantly increased KM value 

for ATP, the KM value for L1924F was not changed significantly compared to the wt, whereas 

L1935FRS4F showed a significantly decreased KM value (Fig. 22E, Tab. 3.4). From the definition 

of the Michaelis Menten constant by Briggs and Haldane (	� �
�������

��
) and the equilibrium 

binding constant (	
 �
��

��
), it could be concluded that the affinity for ATP must be decreased 
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for Y1992F. This can be explained by the fact that the KM value and the turnover number, kcat, 

are diverging from each other (Fig. 22D/E, Tab. 3.4). This indicates that the loss of the alcohol 

moiety of Y1992F plays a role in the binding of ATP. In this regard, the loss of the alcohol 

moiety may accompany with the loss of a hydrogen bond, or an increase in R-spine stability. 

Both can attenuate the association of ATP or strengthen its dissociation. An interpretation 

regarding the ATP affinity of the other R-spine mutants is more challenging, as a decreased or 

not changed KM value in combination with a decreased kcat value cannot easily be combined 

with a statement about the affinity. Therefore, the catalytic efficiency (kcat/Km) was calculated 

which gives an idea about how efficient an enzyme can catalyze its reaction, considering both 

the turnover number kcat and the KM value. Therefore, it can be used to compare mutations of 

an enzyme with each other, considering several aspects of the enzyme at once. The catalytic 

efficiency of LRRK2 R-spine mutations, Y1992F, L1924F and L1935F was compared with LRRK2 

wt, thereby it became obvious that all of them are much less efficient than the wt. This means 

that the introduction of those mutations hugely impaired the phosphorylation of LRRKtide by 

LRRK2. This could be driven by the decreased turnover numbers alone or by a combination 

with a decrease in ATP affinity. Hence, the proposed stabilizing effect of the LRRK2 R-spine 

mutations might not be beneficial for catalyzing the phosphorylation. Another possibility 

might be that the R-spine mutations induced a destabilization of the R-spine rather than a 

stabilization.  

Table 3.4: Michaelis Menten kinetic data of LRRK2 constructs. Values are given as mean +/- SD from at 

least two independent protein preparations with each preparation measured at least twice except for 

F1908L, where one protein preparation was measured in four independent experiments. (in accordance 

to Schmidt et al., 2019) 

 KM(ATP) [µM] kcat [1/min] kcat/KM [1/(min µM)] 

wt 136 ± 23 (9) 140 ± 32 (9) 1.10 ± 0.30 (9) 

A1904F  (CS8) - Inactive (6) - 

L1924F   (RS3) 113 ± 18 (6) 40 ±   6 (6) 0.36 ± 0.06 (6) 

L1935F   (RS4) 76 ± 22 (4) 14 ± 12 (4) 0.10 ± 0.04 (4) 

Y1992F   (RS1) 204 ± 25 (6) 45 ±   9 (6) 0.23 ± 0.06 (6) 

D2017A  (DFGψ) - Inactive (6) - 

Y2018F   (RS2/DYGψ) 85 ± 12 (9) 413 ± 40 (9) 4.90 ± 0.90 (9) 

G2019S  (DFGψ) 138 ± 15 (6) 322 ± 35 (6) 2.40 ± 0.20 (6) 

I2020T    (DFGψ) 43 ± 18 (5) 79 ± 12 (5) 2.30 ± 1.50 (5) 

F1908L   (HN1) 85 ±   9 (4) 17 ±   1 (4) 0.21 ± 0.02 (4) 

Mean ± SD, (n) - number of measurements  

 

Similarly, the BRaf mutation L485FHN1 is known to render the kinase constitutively active. In 

LRRK2 wt the homologous residue is, however, already a phenylalanine. Mutating F1908HN1 to 

a leucine results in significantly reduced turnover number on the one hand, but on the other 

it also lead to a decreased KM value (Fig. 22D,E; Tab. 3.4). As a result, this means that F1908 is 

essential in stabilizing the active kinase conformation of LRRK2 and therefore differs from the 

regulation mechanism in BRaf. Since F1908HN1 is most likely stabilizing the correct orientation 

of the αC-helix via a hydrophobic interaction, it is likely that F1908L is not providing a sufficient 

electron density to form a hydrophobic interaction with L1917 of the αC-helix. 
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Strikingly, by taking a closer look at the mutations comprising the DYG motif of LRRK2, an 

additional hyperactive mutation, namely Y2018FRS2F, was revealed which possessed a 

comparable turnover number to the pathogenic mutation G2019S. This is highly interesting as 

this is the first yet described artificial point mutation in LRRK2, which increases the kinase 

activity. In contrast, to the Rab8A phosphorylation assay, the kinase activity of LRRK2 

Y2018FRS2F for LRRKtide was even higher than the activity of G2019S. This can be explained, as 

the concentrations used in the Rab8A phosphorylation assay were determined via Bradford, 

whereas concentrations used in the LRRKtide kinase assay were based on active 

concentrations. The percental active concentration of LRRK2 Y2018FRS2F was always much 

lower than for LRRK2 G2019S or wt. This means that although same amounts of Bradford 

determined LRRK2 concentrations were used, the active concentration of Y2018F compared 

to LRRK2 wt was significantly lower in the Rab8A phosphorylation assays. Thus, the observed 

Rab8A phosphorylation signal can be assumed to be too low for Y2018F. The other pathogenic 

mutation I2020T had, however, a decreased turnover number compared to LRRK2 wt. Yet, the 

catalytic efficiency (kcat/KM) was higher compared to LRRK2 wt and comparable to G2019S, 

whereas Y2018F possessed a two times higher catalytic efficiency as G2019S (Tab. 3.4).  

It must be mentioned that the catalytic efficiency of I2020T is, however, highly error prone as 

there are two regimes belonging to two separate protein preparations and must therefore be 

interpreted carefully. Nevertheless, I2020T seemed to be at least as efficient as LRRK2 wt. 

While compared to LRRK2 wt the catalytic efficiency of G2019S is increased by the same factor 

as the turnover number, due to comparable KM values. The catalytic efficiency of Y2018FRS2F 

is even further enhanced, as its KM value was significantly lower. A much lower KM value for 

I2020T than for wt is also the reason of the high catalytic efficiency of I2020T. Taken together 

the data revealed that all three mutations possessed an increased catalytic efficiency, maybe 

by shifting the equilibrium towards the active conformation of the kinase domain. In case of 

Y2018F, the classical DFG motif is restored. The data acquired during the Michaelis Menten 

kinetic analysis indicates that the affinity for ATP is thereby increased. The observed increase 

can be attributed to the fact that the KM value and the kcat value diverged from each other. 

The increased ATP affinity suggests a shift of the equilibrium towards the assembled R-spine 

conformation. This may also be the cause for an increased turnover number. To sum this up 

Y2018 seems to play an important role in regulating the kinase activity. This residue is not only 

essential for orienting the DFGψ motif correctly, but also for coordinating the αC-helix and the 

YRD motif via hydrophobic interactions with the respective spine residues (Kornev et al., 

2006). In this line, G2019S and I2020T were also shown to stabilize the active conformation 

like assumed for Y2018F, but for different reasons. Based on computational models, it was 

suggested that the toggling between a DYGψ-in and -out conformation is aggravated for these 

mutants (Liu, M. et al., 2013; Ray et al., 2014). As this led to a malfunction of the susceptible 

and fine-tuned kinase regulation mechanism, it may also explain why both pathogenic 

mutations have such a severe impact in the development of PD. 
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As these DYGψ mutations play such a critical role in the control of kinase activity of LRRK2, I 

was wondering which impact they would have if introduced to another kinase. Therefore, I 

chose the traditional model kinase PKA and introduced the following mutations: PKA F185YRS2Y 

was generated to resemble the DYG motif found in LRRK2, PKA G186S was generated to 

resemble the pathogenic mutation G2019S of LRRK2 and finally the double mutation PKA 

F185Y, G186S was generated to resemble the conditions of the pathogenic variant of LRRK2 

more closely. I2020T was not introduced here as the DFGψ site is preferentially known in 

kinases to control substrate specificity rather than kinase activation, which might be different 

in LRRK2 (Chen, C. et al., 2014; Ray et al., 2014). 

3.2.4 The PKA DFG Mutations F185Y, G186S and F185Y/G186S increase 

Kinase Activity 
PKA is one of the best studied protein kinases to date. The holoenzyme consists of two 

regulatory and two catalytic subunits. PKA is activated upon cAMP binding to the regulatory 

subunits, thereby dissociation of the autoinhibited catalytic subunits is induced, which renders 

the kinase to become active (Taylor et al., 2012). In the catalytic subunit all important and 

conserved kinase motifs are embedded. Thus, also the hydrophobic network formed by the R- 

and C-spine is present. While PKA possesses a classical DFG motif, it also features a YRD motif 

like LRRK2 instead of an HRD motif in the catalytic loop, found in most kinases. 

The LRRK2 homologue mutations introduced to PKA Cα, were assumed to alter the kinase 

activity. Therefore, the kinase activity of PKA Cα wt and mutations was determined in a COOK 

assay using the peptide substrate PKStide. Unexpectedly the kinase activity for all three 

mutations was increased compared to wt, but the mutation F185YRS2Y exhibits the strongest 

increase (Fig. 23A, Tab. 3.5). This interesting behavior is however counterintuitive as the 

mutation is resembling the DYG motif of LRRK2 wt, which in LRRK2 is less active as the Y2018F 

mutation which restores a classical DFG motif. This means that Y2018 must have an exclusive 

inhibiting and thereby regulating effect on the kinase activity of LRRK2, which could not be 

resembled in PKA Cα. This strengthened the hypothesis of a LRRK2 specific hydrogen bond of 

Y2018 in the inactive conformation with a yet unknown amino acid. The activating effect of 

F185Y in PKA however is hard to interpret, but the addition of an alcohol moiety is always 

allowing for the formation of new hydrogen bonds. This could increase the stability of the 

R-spine without losing too much of flexibility and result in a hyperactive kinase. G186S showed 

only a slight increase in kinase activity, while the double mutation F185Y/G186S showed an 

intermediate activity between both single mutations (Fig. 23A, Tab. 3.5). The increase in 

kinase activity for G186S is not significant compared to PKA Cα wt (Fig. 23A). This might be 

explained by the fact that the catalytic subunit of PKA is regulated by binding to the regulatory 

subunit and therefore stays always in an active conformation. As G2019S is thought to reduce 

the toggling between DFG-in and -out, it may not have a huge impact on the kinase activity 

because PKA possesses an already stable active conformation. On the contrary, the double 

mutation might be already too stable, prohibiting a summation of the activating effects of the 

two mutations. If the formation of the R-spine is strengthened too much, the needed flexibility 
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might be too low to guarantee a proper and fast exchange of the depleted ADP for fresh ATP 

in the kinase core. This might lead to a reduced kinase activity. For LRRK2, Q1919 or E1920 

(PKA E91; residue of the regulatory triad) were proposed to be potential interaction partners 

of G2019S, stabilizing a DYG-in conformation (Liu, M. et al., 2013; Gilsbach and Kortholt, 2014; 

Mills et al., 2014). A potential interaction with E1920 could also be identified in the LRRK2 

model of the present thesis (Fig. 23B). Moreover, interactions with K1906 (regulatory triad 

residue) and with the side chain and the backbone of D2017 are also possible, based on the 

present model (Fig. 23B). The G2019S mutation was introduced to the model by using the 

mutagenesis tool of PyMOL 3.7 and choosing an appropriate rotamer (Fig. 23B). No energy 

minimization was performed as the model fitted well with the energy minimized 

computational model by Liu, M. et al. (2013). 

 
 

Figure 23: Introducing Y2018 and the pathogenic mutation G2019S of LRRK2 to the homologous residues in 
PKA, revealed an increased kinase activity for PKA F185YRS2Y. A) Kinase activity of PKA variants (20 nM) was 

measured via Cook assay, using 1 mM PKStide and 1 mM ATP as substrates. The mutation F185YRS2Y, 

resembling the DYG motif found in LRRK2 wt, possessed a kinase activity which was two times higher than for 

PKA wt. The other mutations increased kinase activity only mildly. kobs was determined from six independent 

measurements. To check for significant differences between the mutants and the wt a one-way ANOVA was 

performed (* ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.0001, **** ≙ p≤0.0001) (adapted according to Schmidt et 

al., 2019). B) The increased activity of G2019S in LRRK2 is likely driven by a stabilization of the active 

conformation of LRRK2. This stabilization might be acquired by additional, potential hydrogen bonds of the 

alcohol moiety of the serine site chain shown in yellow dashed lines. 

 
Table 3.5: Kinase activity (kobs) of PKA variants resembling the DFG/S motif of LRRK2. 

 kobs [1/s] 

PKA Cα wt 4.9 ± 0.5 (6) 

PKA Cα F185Y 11.0 ± 2.4 (6) 

PKA Cα G186S 6.9 ± 1.0 (6) 

PKA Cα F185Y/G186S 7.5 ± 0.6 (6) 

Mean ± SD, (n) - number of measurements 
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These results are clearly pointing out how finetuned the kinase activity of LRRK2 is designed 

by nature to keep it in an inactive state. It also shows that the kinase activity is regulated by 

several intrinsic and domain spanning regulation mechanisms. To put all those results into a 

more biologically relevant context, cell assays using HEK293T cells were performed in 

cooperation with the NCMIR (San Diego, USA). 

3.2.5 Y2018F resembles the Phenotype of the pathogenic I2020T Mutation in 

HEK293T Cells 
HEK293T cells were transfected with the spine mutations of LRRK2, to investigate the cellular 

phenotype of those mutations. Kett et al. (2012) were able to identify an increased likelihood 

of the pathogenic LRRK2 mutation I2020T to form filamentous structures. These filaments 

were associated with the microtubule network and needed the WD40 and an intact kinase 

domain of LRRK2 to form. As an active kinase domain seemed to be critically important for the 

filament formation, it was of great interest how the spine mutants would behave in such an 

assay. Therefore, the LRRK2 spine variants were overexpressed in HEK293T cells and analyzed 

in cooperation with Dr. Daniela Boassa (PhD) at the NCMIR, a Co-first author of the original 

work form 2012. Besides investigating the filament formation behavior of the LRRK2 variants 

alone, the effect of MLi-2, a specific LRRK2 inhibitor, was also examined in relation to the spine 

mutations (Fig. 24A and Suppl. Fig. 6). Additional to the spine mutations the pathogenic 

mutations G2019S and I2020T were also tested together with the kinase dead mutations 

D2017A and K1906M (Suppl. Fig. 6). Image taking, and cell counting was done by Dr. Daniela 

Boassa, whereas data evaluation was done by me. 

In HEK293T cells, which were overexpressing LRRK2 wt and treated with MLi-2, LRRK2 

filaments were forming in up to 90 % of the transfected cells. In the absence of MLi-2 a 

cytosolic LRRK2 distribution was, however, observed. Cells expressing the LRRK2 R-spine 

mutations Y1992FRS1F, L1924FRS3F and L1935FRS4F and the pathogenic mutations G2019S 

behaved like wt. These transfected cells showed a cytosolic distribution of LRRK2 in the 

absence of MLi-2 but in presence of MLi-2 filament formation was observed in 60-80 % of the 

cells (Fig. 24B and Suppl. Fig. 6). These findings suggest that filament formation is driven by 

the kinase domain as it can be induced by MLi-2 treatment.  

Strikingly, the R-spine mutation Y2018FRS2F showed already robust filament formation in the 

absence of MLi-2. Thereby it resembles the phenotype found for the pathogenic mutation 

I2020T. MLi-2 treatment further enhanced the percentage of cells showing filaments. Again, 

this supports the idea that a specific LRRK2 conformation induced by MLi-2 results in filament 

formation. Furthermore, it is likely that I2020T and Y2018FRS2F are stabilizing a specific 

conformation of the kinase domain which enhances the ability of LRRK2 to bind to 

microtubules. As all three mutations, Y2018F, G2019S and I2020T, are thought to stabilize the 

active conformation of the kinase domain, the stabilized conformation of Y2018F and I2020T 

must differ from G2019S. Thus, Y2018F seemed to be an intermediate mutation of G2019S 

and I2020T as it possessed the kinase activity of G2019S, but also a reduced KM value as well 

as an increased likelihood to form filaments like I2020T. 
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Figure 24: MLi-2 treatment of LRRK2 overexpressing HEK293T cells lead the formation of LRRK2 filaments. 
A) The adherent HEK293T cells were transfected with 1 μg Flag-Strep-Strep tagged LRRK2 DNA. The LRRK2 

overexpressing cells were treated partly with 100 nM MLi-2 or DMSO (control) for 2 hours. Subsequently cells 

were fixated and stained with DAPI and an Alexa568-tagged antibody combination against the Flag tag. Rod 

like filamentous structures were defined as microtubule associated LRRK2 aggregates, whereas a homogenous 

distribution was considered to reflect a cytosolic LRRK2 distribution. The representative images of LRRK wt, 
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The kinase dead mutations, D2017A and K1906M, and the CS8F mutation, A1904FCS8F, were 

mainly cytosolically distributed and independent of MLi-2 treatment. However, the results for 

A1904FCS8F supporting the hypothesis that the mutation is blocking the ATP binding site by 

fusing the N- and C-lobal part of the C-spine. In this regard it was revealed that the percentage 

of cells forming LRRK2 filaments is slightly increased in comparison to wt, D2017A and K1906M 

(see also chapter 3.2.2). In contrast, the kinase dead mutation K1906A exhibits and MLi-2 

dependent increase in the percentage of cells, which formed LRRK2 filaments. This suggests 

that K1906A was still able to bind MLi-2, even if the mutation lead to the loss of catalytic 

activity. In agreement with the work from Kett et al. (2012) an active kinase seemed to be 

critically important for the formation of LRRK2 filaments in HEK293T cells. It also becomes 

obvious that MLi-2 was able to induce the filament formation of LRRK2 variants as long as they 

possessed at least the ability to bind ATP/MLi-2. 

By combining all results, it could be assumed that a specific active conformation of LRRK2 

induces filament formation. This can be achieved by either treating the LRRK2 expressing cells 

with MLi-2 or by overexpressing LRRK2 mutants like I2020T or Y2018F. To further investigate 

the importance of the kinase domain for microtubule association and filament formation in 

general, the RCKW construct of LRRK2 was investigated again. Because the NbROCs were 

shown to mediate kinase activation via the N-terminus of LRRK2, the RCKW constructs were 

also tested in a cellular context. Thereby the impact of the N-terminus for the cellular 

localization of LRRK2 can be investigated. 

3.2.6 The RCKW construct of LRRK2 shows Filament Formation 
In the filament formation assay of LRRK2 full length it was shown that a conformation 

dependent association with microtubules was achieved, induced through the binding of MLi-

2, the R-spine stabilizing mutations Y2018FRS2F and the pathogenic mutation I2020T. As LRRK2 

is a huge multidomain protein it was of interest which other domains may be involved in this 

process. Therefore, the RCKW construct was investigated regarding its ability to form 

filaments (Suppl. Fig. 7). 

Strikingly it turned out that the cells transfected with the RCKW wt construct were showing 

high percentages of filament forming cells (Fig. 25 and Suppl. Fig. 7). This suggests an 

important role of the N-terminus in maintaining the correct cellular distribution of LRRK2. 

Furthermore, mutations of the DYG motif (Y2018FRS2F, G2019S and I2020T) in the RCKW 

construct were behaving like wt construct of RCKW. This emphasizes the importance of the 

N-terminus in maintaining a cytosolic distribution. Interestingly, the only exception to this 

phenotype was the D2017A mutation, which was introduced to the RCKW construct. This 

D2017A, G2019S and A1904F showed a cytosolic distribution in the absence of MLi-2, whereas in the presence 

of 100 nM MLi-2 a filamentous phenotype was observed for wt and G2019S. Y2018F and I2020T showed even 

in the absence of MLi-2 a mostly filamentous phenotype, which was further enhanced by the treatment with 

MLI-2. B) Bar diagram of transfected HEK293T cells of several LRRK2 mutations showing the percentage of 

cells exhibiting filament formation in the presence (+) or absence (-) of 100 nM MLi-2. Given are the mean 

values ± SD (error bars) of two to five independent experiments including in total 300-1200 counted 

transfected cells depending on the LRRK2 construct. (Figure was adapted in accordance to Schmidt et al., 2019) 
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mutation did also exhibit an increased likelihood to form filaments compared to LRRK2 full 

length, but it was drastically reduced compared to all other RCKW variants tested. This 

highlights that the N-terminus is critically important in prohibiting filament formation, but also 

that the kinase domain conformation plays a major role in filament formation. 

It could be guessed from the results of the filament formation assays that the N-terminal part 

of LRRK2 shields the kinase from external interaction partners. This regulation seems to be 

impaired by drugs like MLi-2, by several LRRK2 mutations of the kinase domain, as well as by 

Nanobodies that bind to the ROC domain of LRRK2. Strikingly, the combined data indicates a 

much more important role of the N-terminal scaffolding domains in the kinase regulation of 

LRRK2. Therefore, these domains are highly likely to have an even broader functional range 

than just providing binding sites for potential LRRK2 interaction partners. All the different 

layers of the regulation process of LRRK2 will be discussed in the next part of the present 

thesis. 

  

 
Figure 25: Comparison of the tendency of LRRK2 and RCKW to form filaments, if overexpressed in HEK293T. 
HEK293T cells were transfected with LRRK2 and RCKW variants and counted after fixation and antibody 

labeling. The LRRK2 constructs possessed a much lower likelihood to form filaments than the RCKW constructs. 

Interestingly, Y2018F and I2020T behave similar in both constructs. Additionally, the tendency of D2017A to 

form filaments was decreased in both constructs but is still higher for the RCKW construct. Transfection for 

each construct were done at least twice. A minimum of 300 transfected cells was counted in total and used 

for quantification, error bars indicating the SD. 
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4. Discussion 
Protein kinases are universally accepted as molecular switches. Although protein kinases are 

not designed to be as efficient as possible, kinase activities are still pivotal. Especially the time 

of a protein kinase in its active state, as well as cellular localization, can highly impact the 

resulting cellular signal transduction. Therefore, a strict regulation of the activity is crucial for 

the cellular homeostasis. Impairing these fine-tuned regulation mechanisms can easily result 

in severe diseases like cancer. The scope of this thesis deals with the regulation of LRRK2, a 

protein kinase, which is involved in the slowly progressing degeneration of dopaminergic 

neurons in Parkinson’s disease. The deciphering of LRRK2’s regulation mechanisms is thought 

to provide a sound basis for PD drug development in general. In this regard, it was shown that 

patients with LRRK2 associated PD show a similar disease progression, as patients with 

idiopathic PD. The present thesis will help to elucidate the intrinsic regulation mechanisms of 

LRRK2. Therefore, pathogenic mutations of the kinase domain, as well as the implementation 

of the kinase spine model and related mutations were investigated in LRRK2. Additionally, 

Nanobodies were used as a biochemical tool to investigate the intrinsic regulation among 

LRRK2 protein domains. In the subsequent sections, acquired data will be compared and 

combined with data from the literature and other theses, as well as unpublished work from 

our department in order to establish a model of intrinsic LRRK2 regulation. Finally, this model 

will incorporate the role of effector proteins of LRRK2. 

4.1 Nanobodies and their Implications for LRRK2 Function 
Several Nanobodies against LRRK2 with special focus on the ROC domain (NbROC) were tested 

for their ability to detect LRRK2. Results of an ELISA (Enzyme-linked Immunosorbent Assay) 

screen of the employed Nanobodies (performed by Cecile Vincke), initially indicated that they 

can be divided into high and low affinity binders. To validate the results, an SPR screen was 

additionally performed. The ELISA screen against the ROC domain showed good binding 

signals for all NbROCs, although some already displayed slightly lower signals (Fig. 26A). 

However, the screening approach via SPR for the ROC domain revealed much higher 

differences between binding signals of the NbROCs, clearly indicating high and low affinity 

binders (Fig. 26C). Interestingly, the SPR approach against the ROC domain looks similar to the 

results of the ELISA screening against LRRK2 full length protein, rather than against the ROC 

domain (Fig. 26A-C). Nevertheless, it can be concluded that both assays are generally in 

accordance with each other. 

To further validate the indication for high and low affine Nanobodies, affinity determinations 

via SPR were performed. Thereby, it was found that the affinity between high and low affine 

Nanobodies varied by two orders of magnitude, while only NbROC1 and NbROC3 displayed 

intermediate affinities. Next, epitope binning experiments were performed. Hereby two 

separate binding sites were identified. Each binding site does also correlate with one of the 

two clusters encompassing the high or low affine Nanobodies. Thus, Nanobodies binding to 

the same site, but belonging to different families were identified. As a logical consequence, all 
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Nanobodies belonging to the same family should also bind to the same epitope. To define 

different families of Nanobodies, the sequence of the most variable and longest CDR, the 

CDR3, was analyzed. If Nanobodies share a high sequence homology and only differ by a small 

number of amino acids (aa) in this region, they are considered to belong to the same family. 

For the NbROCs, four families were binding to the low affinity binding site of the ROC domain. 

However, only two different families were identified for the high affinity binding site 

(Fig. 26D). 

Although different families of Nanobodies were identified for either binding site, affinities 

were comparable within one bin. Thus, it can be concluded that Nanobodies within one bin 

must possess similar binding properties. This can be explained by the characteristic of 

Nanobodies to bind more likely to cavities of target structures as they lack the light chain CDRs 

of classical antibodies. Therefore, Nanobodies increase their affinities towards the target by 

an elongated CDR3, which can penetrate cavities of the protein surface. This ability increases 

the interaction area and thus the affinity. Low affinities of Nanobodies to their target protein 

can correlate with a flat surface topology at the epitope. However, a high affinity may indicate 

 
 

Figure 26: ELISA and SPR screening approaches combined with binning experiments revealed an epitope 
model for the NbROCs binding to the ROC domain. An ELISA screen against the ROC domain A) and LRRK B) 
was performed by Cecile Vincke to validate binding of the NbROCs. C) An SPR screening approach for binding 

of NbROCs against the ROC domain was performed (see Chapter 3.1.2.1 for more details). D) Nanobodies 

belonging to different CDR3 families are depicted in different colors. Yellow circles depict the two identified 

binding sites on the ROC domain. The left (l) binding site represents the low affinity site, whereas the right (r) 

binding site represents the high affinity binding site. 
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a properly fitting interaction area of the CDR3 and a cavity of the target protein (Muyldermans 

et al., 2009). In this regard, it was reported that Nanobodies are often found to have inhibitory 

features because they tend to occupy the active cleft of an enzyme, thereby blocking substrate 

binding (Muyldermans et al., 2009; Zhu, J. et al., 2012; Ardekani et al., 2013; Unger et al., 

2015). For LRRK2 this means that the low affinity Nanobodies most likely bind to a shallow 

cavity which provides only a small interaction area for the CDR3. Hence, the high affinity 

NbROCs seem to interact with a structural feature, which provides a large interaction area to 

acquire these high affinities. 

Given the fact that higher SPR binding signals were observed for NbROC20 and NbROC5 

towards the RCKW construct or the ROC domain in the absence of MgGTP/MgGDP, it is likely 

that the GTP/GDP binding pocket is in close proximity, or part of the epitope of the high affinity 

bin (Chapter 3.1.4.1). Thus, adding MgGTP/MgGDP results in a competition between the 

Nanobodies and the MgGTP/MgGDP. Another possible explanation is a conformational 

change induced by MgGTP or MgGDP binding, whereby the surface topology changes. This is 

likely to lead to a less stable interaction of CDR3 with the surface. 

4.1.1 The G-Nucleotide State of LRRK2 can be detected by Nanobodies 
For NbLRRK51, a Nanobody obtained from another immunization against an RCKW construct, 

SPR measurements showed that it binds to the ROC domain like NbROCs. Interestingly, this 

Nanobody shows affinities towards LRRK2, which are comparable to the high affine NbROCs. 

However, such high affinities in the low two-digit nanomolar range were only obtained for 

NbLRRK51 under MgGDP conditions, whereas presence of MgGTP decreased the affinity. 

Unfortunately, only a single measurement was evaluable for MgGDP conditions, due to 

‘negative binding events’ in the follow up measurements. Therefore, and because a strange 

binding behavior at higher NbLRRK51 concentrations for either MgGDP or MgGTP was 

observed, the calculated affinities should be interpreted carefully. Nevertheless, the higher 

affinity for NbLRRK51 in presence of MgGDP fits well with the observed increased binding 

signals under MgGDP conditions of the initial SPR experiment (Chapter 3.1.4.1). This suggests 

that NbLRRK51 most likely binds like the NbROCs of the high affinity bin to the active cleft of 

the ROC domain. However, high affinity binding of NbLRRK51 is dependent on MgGDP bound 

to LRRK2. The reason for the reduced affinity of the MgGTP bound state might be that the 

γ-phosphoryl group of GTP is interfering with or blocking some interaction points of NbLRRK51 

with the ROC domain. Interestingly, NbLRRK51 did not bind to the isolated ROC domain in 

presence of MgGTP, whereas it did with MgGDP. Together with the fact that it binds to the 

RCKW construct, as well as to LRRK2 full-length under MgGTP conditions, suggests additional 

interaction points which can most likely be found within the COR domain. 

The hypothesis that the high affinity bin of NbROCs and NbLRRK51 bind to the active cleft of 

the ROC domain is at least supported for the NbROCs. In particular NbROC20 was shown to 

increase kinase activity of LRRK2, but only if LRRK2 was purified in a G-nucleotide-free state 

(no addition of nucleotides or addition of GDP or GTP but no MgCl2 during purification). Hence, 

a preincubation of NbROC20 and G-nucleotide-free LRRK2 was sufficient to enhance the 
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kinase activity even if MgGDP or MgGTP were added afterwards. This leads to the assumption 

that once NbROC20 is bound to LRRK2, it subsequently blocks the association of MgGTP or 

MgGDP with LRRK2 or vice versa. This emphasizes again that the epitope of NbROC20 is most 

likely the active cleft of the ROC domain. The opposite was found for NbLRRK51 which 

increases kinase activity of LRRK2 only if LRRK2 was purified and supplemented with MgGDP 

or MgGTP. However, they only enhance kinase activity of LRRK2 under the G-nucleotide 

condition at which they bind best (compare Fig. 16A&B and 17B). This leads to the conclusion 

that the Nanobodies stabilize an active conformation of LRRK2 but differ in the LRRK2 

G-nucleotide states. Thus, the Nanobodies seem to inhibit or induce conformational changes, 

which keep LRRK2 under all G-nucleotide conditions in the same active conformation. 

Taken together these interpretations suggest that the Nanobodies most likely bind to the 

GTP/GDP binding pocket of the ROC domain, thereby stabilizing a specific active conformation 

of LRRK2. Additionally, Nanobodies were identified which bind to the nucleotide-free state of 

LRRK2, or to the G-nucleotide bound forms. These properties can be used to develop assays 

which can detect the nucleotide state of LRRK2 by cautiously employing NbROC20 and 

NbLRRK51 in in vitro or even in in vivo measurements. In this regard, it might be interesting if 

those Nanobodies are able to distinguish between the monomeric cytosolic form of LRRK2 

and the dimeric, highly active membrane bound form (Berger et al., 2010). By combining these 

Nanobodies with additional sets of Nanobodies, a powerful toolbox can be created to 

accurately elucidate the impact of each LRRK2 domain and the role of the G-nucleotide state 

in the regulation process. Hence, NbLRRK51 and NbROC20 are already providing hints for 

intrinsic regulation processes in LRRK2. 

4.1.2 Indications for the Importance of the LRR Domain in LRRK2 Regulation 
As already described above, the Nanobodies NbROC20 and NbLRRK51 were not only shown 

to be useful to discriminate between the G-nucleotide bound state. They were also identified 

as LRRK2 kinase activators as they unleash the kinase domain by most likely stabilizing an 

active conformation. The activating effect on the kinase domain of LRRK2 was however lost 

when a RCKW construct was used in the kinase assay (Chapter 3.1.4.2). This is pointing 

towards an intrinsic regulation of the kinase domain by the N-terminus of LRRK2. The first 

structural model of LRRK2 described by Guaitoli et al. (2016) suggests a regulative role of the 

LRR domain. They showed through crosslinking experiments, negative stain electron 

microscopy, SAXS (Small angle X-ray scattering) data and different computational modelling 

approaches that the LRR domain forms contact points with both catalytically active domains 

of LRRK2. This interaction with the kinase domain fits well with a suggested regulative role of 

the N-terminus (Greggio et al., 2008). Therefore, the LRR domain, as well as the COR domain, 

are both capable of facilitating the assumed regulative crosstalk between the ROC and kinase 

domain.  

Crosslinking Data suggests a potential autoinhibitory Sequence 

The activating effect of the Nanobodies suggests a mechanism that releases kinases domain 

inhibition via the LRR-domain. The binding of Nanobodies to the ROC domain most likely 
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disturbs important interactions of the LRR domain with the ROC domain. Thereby, a major 

conformational change of the LRR domain could be induced, which would cause the kinase to 

become active. The inhibiting effect of the LRR domain might be caused by a pseudo substrate 

or substrate inhibition site, comparable to those found in the regulatory subunits or domains 

of PKA or PKG (Francis et al., 2002). By the reevaluation of the data from Guaitoli et al. (2016) 

I found two lysine residues at position 1249 and 1316 at the C-terminal region of the LRR 

domain, which both form a crosslink with K2030. Furthermore, both crosslinks flank the 

autophosphorylation site S1292. Based on the LRRK2 kinase domain model created in this 

thesis, K2030 is situated in the activation loop of the kinase (Fig. 27A). This indicates a possible 

role of the residues encompassing S1292 to act as an autoinhibitory sequence. Furthermore, 

it would also explain why S1292 is the most prominent autophosphorylation site in LRRK2, 

although LRRK2 is assumed to be a threonine specific protein kinase (Gloeckner et al., 2010; 

Sheng et al., 2012; Ray et al., 2014; Reynolds et al., 2014). 

At this point, it is essential to mention that a lysine of the Ank domain also forms a crosslink 

with K2030, which suggests a supportive regulative role of the Ank domain as well (Fig 27A). 

The Ank domain was reported to act as a scaffolding domain, which links LRRK2 to the trans 

Golgi plasma membrane via association with Rab29 (Purlyte et al., 2018). This interaction 

promotes the kinase activity of LRRK2, which is likely induced by an alteration of the 

LRR-kinase domain interaction or by an alteration of the Ank-kinase domain interaction. 

However, to validate which of these hypotheses is applicable, crosslinking experiments must 

be performed in the presence of Rab29. 

Substrate Sequence encompassing S1292 has autoinhibitory Properties 

Sheng et al. (2012) furthermore stated that the region encompassing S1292 regulates neurite 

outgrowth. They reported that the pathogenic neurite shortening observed for PD associated 

LRRK2 mutations can be reversed by the introduction of S1292A/D. They concluded that 

pS1292 influences downstream signaling of LRRK2. However, if S1292 is assumed to be an 

autoinhibitory domain it is more likely that especially the S1292A mutation, which in contrast 

to S1292 cannot be phosphorylated, inhibits kinase activity more efficiently. Phosphorylation 

of S1292 can be expected to result in dissociation of this autoinhibitory sequence, thereby 

activating the kinase domain. 

A comparable regulation mechanism was found for the interaction of PKA Cα subunit with the 

RII subunits. The inhibitory sequence of the RII subunits is, in contrast to the pseudosubstrat 

sequence found in PKA RI subunits and PKI (protein kinase A inhibitor), a substrate sequence. 

Thereby, phosphorylation of the RII subunits modulates the activation of the C subunit due to 

cAMP binding or the interaction with different metal ions needed for ATP coordination 

(Isensee et al., 2014; Zhang, P. et al., 2015; Isensee et al., 2018). The affinity between RII 

subunits and the C subunit was reduced by seven times after phosphorylation of the RII 

subunits (Zimmermann et al., 1999). Furthermore, it was ascertained that for full dissociation 

of the C subunit from the RII subunits cAMP was not sufficient as phosphorylation of RII was 

additionally needed (Diskar et al., 2007). 
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Transferring these findings for PKA to LRRK2 suggests that S1292 is regulating the kinase 

activation. Additionally, phosphorylation of S1292 by LRRK2 should modulate the activation 

of the kinase as the affinity is likely to be decreased. This is not possible in the case of S1292A 

and would therefore explain the observed rescue of the neurite shortening phenotype of 

LRRK2 associated PD mutations. Nevertheless, Sheng et al. (2012) described no alterations in 

kinase activity for S1292A. However, as these experiments were done with untitrated and 

immunoprecipitated LRRK2, they should be repeated. Expression levels and especially active 

fractions of LRRK2 can differ significantly between mutations and purification conditions. 

 
Figure 27: Crosslinking reveals a potential autoinhibitory sequence controlling kinase activity in a 
G-nucleotide dependent manner. A) Crosslinking experiments by Guaitoli et al. (2016) revealed crosslinks 

(red lines) between the K2030 in the activation loop of the kinase and Lysin residues in the Ank (K831) Domain. 

Additional crosslinks with K2030 were found with lysine residues in the LRR domain (K1249) and in the 

contiguous C-terminal amino acid sequence (K1316). K1249 and K1316 flanking S1292, which is a known 

autophosphorylation site of LRRK2, indicate a potential autoinhibitory sequence of the kinase domain 

(adapted in accordance to Schmidt et al., 2019). B) The potential inhibition of the kinase domain by the LRR 

domain of LRRK2 seems to be regulated by the G-nucleotide bound state. G-nucleotide-free LRRK2 possesses 

a substantially higher kinase activity, whereas neither GDP nor GTP bound LRRK2 differ markedly in kinase 

activity. C) Active concentration determinations of LRRK2 via MLi-2 titrations revealed LRRK2 as a less stable 

protein in the nucleotide-free state. The active kinase concentrations are very low compared to the GDP and 

GTP bound forms of LRRK2. If the active concentrations instead of Bradford concentrations are used for 

activity determinations this results in a very high activity of the nucleotide-free LRRK2 preparation, especially 

when compared with B). 
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Results by Henry et al. (2015) are also strengthening the hypothesis that S1292 is an 

autoinhibitory domain. They stated that S1292A is rescuing the pathogenic phenotype of 

enlarged lysosomes observed for G2019S, R1441C and Y1699C. All three mutations exhibit an 

increased kinase activity, which is likely to be responsible for the observed phenotype. 

However, beside the rescuing double mutations of each of them with S1292A, the double 

mutations with the kinase dead D1994A led to a complete rescue of all pathogenic mutations. 

This suggests that the phenotype is solely driven by the kinase activity, as G2019S was only 

partly rescued by S1292A. By these findings, S1292 emerges with an increasing probability as 

an autoinhibitory domain. Additionally, like described for PKA the phosphorylation of the 

autoinhibition domain might only modulate or inhibit LRRK2 kinase activity under specific 

conditions. However, it highly likely that the autophosphorylation of S1292 is one layer of the 

complex activation mechanism of LRRK2, which is independent from the ROC domain. 

The S1292D phosphomimetic mutation did show the same rescuing phenotype as S1292A 

(Sheng et al., 2012). This result can be explained by the fact that a phosphoryl moiety is 

sterically more demanding and charged than the phosphomimetic Asp. Therefore, it is 

possible that the Asp is well tolerated upon binding to the kinase domain, still possessing the 

same inhibiting properties as S1292A. Moreover, Sheng et al. (2012) reported that only cis 

autophosphorylation of S1292 occurs, which suggests an inhibitory role of S1292 even in the 

monomeric form of LRRK2. 

Autoinhibition by S1292 can explain Discrepancy of reported Kinase Activities for PD 

associated LRRK2 Mutations 

If S1292 is functioning as an autoinhibitory sequence, it could explain some of the discrepancy 

observed in the literature regarding the kinase activity of several mutations. Mutations might 

be classified into two groups. The first group contains activating mutations that stabilize the 

active kinase domain conformation. The second group contains activating mutations which 

are displacing the LRR domain and thereby causing an activation. While the first group results 

in increased phosphorylation of S1292 and other substrates the second group only increases 

phosphorylation of LRRK2 substrates besides S1292, due to the displacement of the LRR 

domain. This subsequently results in different activation mechanisms. The first group is 

directly activated by the mutation. This additionally enhances the release of the autoinhibition 

by S1292, caused by an increased autophosphorylation of S1292. The second group is however 

activated by the displacement of the LRR domain and presumably also by additional activating 

conformational shifts. 

Substrate Specificity of LRRK2 renders S1292 as an ideal Autoinhibition Site 

Nearly all known autophosphorylation and substrates sites of LRRK2 are threonine residues, 

which renders the kinase to be Thr specific. However, the strongest autophosphorylation is 

seen for the S1292 residue (De Wit et al., 2018). This is counterintuitive from a kinase 

specificity view. However, a Ser might have a stronger inhibiting potential compared to a Thr 

residue in a Thr specific kinase. In this regard, it was shown for LRRK2 that the kcat value is 

significantly reduced if LRRKtideS (equal to LRRKtide, but possesses a Ser at P(0)) is used as a 
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substrate. kcat was reduced in comparison to LRRKtide, because the rate limiting step was 

changed from product release to phosphoryl transfer (Ray et al., 2014). This characteristic is 

beneficial if S1292 should serve as an inhibition site. However, the KM value was also shown 

to increase, indicating a lower affinity for LRRKtides compared to LRRKtide (Ray et al., 2014). 

Yet, based on the crosslinking data, this can be neglected as S1292 is located at the same 

amino acid strand and in direct proximity to the active cleft of the kinase domain. 

The Nanobody induced Kinase Activation does not alter the KM Value of LRRK2 wt 

The results obtained from the Michaelis Menten kinetics, which were performed in the 

presence of several Nanobodies, revealed that they did not alter the KM value of LRRK2 wt. 

However, vmax/kcat values did change (Chapter 3.1.5). These outcomes are supporting the 

hypothesis that Nanobodies stabilize a certain conformation or induce a structural change. 

Therefore, an unaltered KM value with simultaneous increase of vmax indicates an equally 

boosted association rate and/or a decreased dissociation rate of the substrate. This can be 

most likely explained by an abolished autoinhibition by S1292. In conclusion, all these results 

suggest an autoinhibitory role for S1292. 

4.1.3 A COR Domain specific Nanobody inhibits Kinase Activity of LRRK2 
A set of Nanobodies targeting the COR domain were tested for their effect on kinase activity 

(Chapter 3.1.5). Interestingly, CA12618 inhibited kinase activity by about 40 %, whereas the 

others did only show slight reductions of kinase activity of LRRK2. To test the impact of the 

inhibiting Nanobody CA12628 on LRRK2, Michaelis Menten kinetic studies were employed. 

Similar to NbROC20 and NbLRRK51, the KM value of LRRK2 for ATP was not changed by 

CA12628. However, the vmax value was decreased (Chapter 3.1.5). This indicates a stabilization 

of an inactive conformation of LRRK2 or a substrate interfering effect. 

The epitope of CA12628 is situated in the C-terminal part of the COR domain, called COR-B 

(personal communication). For ROCO proteins it was found that the COR domain can be 

divided into two subdomains here referred to as COR A and COR B. Both are forming contact 

points with the ROC domain and are involved in dimerization. However, COR A is mainly 

involved in GTP regulation of the ROC domain, whereas COR B is assumed to mainly facilitate 

the dimerization of LRRK2 and also contains Y1699(C) (Gilsbach and Kortholt, 2014; Guaitoli 

et al., 2016; Deyaert et al., 2019). The fact that the COR B subdomain provides in conjunction 

with the ROC domain the main dimerization surface of LRRK2, suggests that CA12618 might 

inhibit LRRK2 kinase activity by impairing dimer formation. Furthermore, it presumably blocks 

important interactions between the COR B and the kinase or ROC domain, hence altering 

conformational changes which can be important for kinase activation. 

Therefore, the inhibition by CA12618 reveals another possible layer of the intrinsic regulation 

mechanism of LRRK2. Besides the LRR domain, the COR B domain seems to be important in 

controlling LRRK2 kinase activity. As both domains are encompassing the ROC domain, 

association and dissociation of G-nucleotides can easily be imagined to result in structural 

changes of both domains. These changes could then facilitate activation and inhibition of the 
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kinase domain. The data for ctROCO1 is supporting this hypothesis (Deyaert et al., 2019). 

Furthermore, LRRK2 homologous amino acids linked to PD pathogenicity in the LRR domain of 

ctROCO1, were in close proximity to the C-terminus of COR B. This led to the assumption that 

both domains can influence each other. Therefore, CA12618 might stabilize a potential LRR-

COR B interaction by rigidifying the COR B domain upon binding. This could ultimately result 

in a stronger inhibition of the kinase domain by either an LRR or a COR domain driven 

inhibition or both. 

A regulation of the kinase domain by the COR domain alone seems to be unlikely as the RCKW 

construct is more active than the full length LRRK2 and could not be activated by the addition 

of Nanobodies. This again indicates the need of a crosstalk between the COR, the LRR, the ROC 

and the kinase domain. Interestingly, others have reported that it was not possible to obtain 

an active kinase by cleaving off the ROC COR tandem or the ROC domain, although they were 

stable when overexpressed (Jaleel et al., 2007; Greggio et al., 2008). This is pointing towards 

an important role for both the ROC and the COR domain in maintaining kinase activity. 

Furthermore, it suggests that the COR domain is crucial for LRRK2 kinase activity and that it 

might have, in contrast to the LRR domain, an activating effect. The ROC domain in contrast is 

a switch which decides between the active and the inactive conformation of LRRK2 in a 

G-nucleotide dependent way. In this regard, the Nanobodies are validating these assumptions 

even in the full-length protein. On the one hand, binding of CA12618 to the activating COR 

domain inhibits the kinase activity, while on the other hand the ROC domain binders activate 

the kinase, most likely by disturbing the potential LRR domain induced inhibition of the kinase 

domain. 

4.1.4 Intrinsic Regulation of LRRK2: G-Nucleotide driven Inhibition 
GTP binding to the ROC domain was suggested to activate the kinase domain of LRRK2 (Guo 

et al., 2007; Ito et al., 2007; West et al., 2007). Also, dimerization of LRRK2, which is dependent 

on a properly functioning ROC domain, was proposed to activate the kinase domain (Berger 

et al., 2010; Biosa et al., 2013). This indicates that dimerization and GTP binding together 

promote the dissociation of the LRR domain from the kinase domain. However, the recent 

results for the LRRK2 homolog ctROCO1 raise the question if the LRRK2 kinase domain is really 

activated by GTP binding, as GTP binding in ctROCO1 induces monomerization. LRRK2 

monomers were, however, reported to possess lower kinase activities than dimers (Berger et 

al., 2010; Deyaert et al., 2017; Deyaert et al., 2019). These findings fit well with the activities, 

which were determined during the present thesis for LRRK2 wt purified in the absence of 

G-nucleotides. The activities were substantially higher compared to the activities observed for 

the GTP or GDP purified form (Fig. 27B). It was also shown by Taymans et al. (2011) that no 

matter which G-nucleotide was bound, the kinase activity was not significantly increased 

compared to a GDP bound form of LRRK2. Additionally, in comparison to the present thesis, 

they did observe the highest activity of LRRK2 wt in the nucleotide-free form (Taymans et al., 

2011). The combination of results suggests a monomerization of LRRK2 under GTP or GDP 

bound conditions, which decreases kinase activity. The data for ctROCO1 from Deyaert et al. 
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(2019) support this hypothesis. However, this further indicates that the nucleotide-free form 

might cause the release of an LRR driven inhibition, or a COR domain driven activation of the 

kinase domain. Both possibilities can be controlled by LRRK2 cycling between a monomeric 

and dimeric conformation in dependence of the G-nucleotide binding status of the protein.  

Interestingly, the nucleotide-free form of LRRK2 seems to be less stable, as MLi-2 titrations 

revealed a fast degradation of the active protein concentration. Even freshly purified and 

nucleotide-free LRRK2 preparations providing substantially less active protein if compared to 

a MgGDP or MgGTP purified LRRK2 form. Nonetheless, comparable Bradford protein 

concentrations were determined. If instead of the Bradford protein concentrations the active 

protein concentrations were used to calculate the activity, a much more prominent difference 

in the kinase activity between the nucleotide-free and the G-nucleotide bound LRRK2 forms 

were observed (Fig. 27C). A possible reason for the decreased stability might be that the 

purified protein lacks several interaction partners found in cells which may stabilize the more 

active nucleotide-free conformation of LRRK2. The instability may arise from a more ‘open’ 

elongated conformation of LRRK2, which would also explain the increased kinase activity 

because of a better accessibility of the kinase in this conformation. An elongated conformation 

is also likely to induce oligomerization. This can, however, render the kinase inaccessible and 

inactive, thereby explaining the fast decrease in the active kinase concentration. A publication 

from 2012 is supporting the hypothesis of an elongated more ‘open’ conformation in the 

nucleotide-free state, as it was reported that LRRK2, as well as its closest homolog LRRK1, form 

dimers with an elongated shape (Civiero et al., 2012). 

4.1.5 The unusual activating Effect of ROC Domain binding Nanobodies: 

Implications for the GTPase Domain 
It is quite unusual and very rare that a Nanobody mediates activation of an enzyme, like it was 

observed for the NbROCs and NbLRRK51 in the present thesis. The tendency of Nanobodies 

to bind preferentially to cavities like the active cleft of an enzyme renders them more likely to 

act as inhibitors than activators (Muyldermans et al., 2009; Muyldermans, 2013). 

Nevertheless, in another PhD thesis, Nanobodies were shown to activate PKCε (Protein kinase 

C) (Paalanen et al., 2011; Summanen, 2012). These Nanobodies are so far the only Nanobodies 

beside the here described ones which have an activating effect on their target. The reason 

why NbROCs and NbLRRK51 increased the kinase activity, can probably be attributed to the 

special domain organization of LRRK2. As LRRK2 consists of a ROC, as well as a kinase domain 

on the same amino acid strand, which additionally influence each other, two spatially 

separated enzymatic functions are embedded. This also results in the need for two different 

catalytic clefts. If one of these clefts is occupied by a Nanobody, consequently influencing the 

activity of the other enzymatic function, an activating effect on this second function can easily 

be imagined. This seems to be the case in LRRK2. In this regard, it would also be of interest, to 

identify effects of these binders on the GTPase function of the ROC domain. This would 

provide insights in the mutual regulation of both catalytically active domains. 
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However, GTPase activities were not determined in this thesis. Therefore, the results for 

kinase activity must be combined with data from literature to conclude which effects the 

Nanobodies might have on the enzymatic function of the ROC domain. This should be feasible 

as the ROC domain is thought to control the activation of the kinase domain. As already stated 

earlier, contradictory results were reported for the activation mechanism induced by the ROC 

domain of LRRK2 (Chapter 4.1.2). For instance, it was reported that GTP binding is stabilizing 

an active conformation of LRRK2. It was shown that PD associated mutations like R1441C/G/H 

or Y1699C reduce GTPase activity while not reducing GTP affinity. For R1441C/G/H an 

enhancing kinase activity was additionally described, which was not observed for Y1699C. 

Furthermore, nonhydrolyzable GTP analogs were also shown to activate LRRK2, whereas GDP 

inhibited kinase activity (Guo et al., 2007; Li, X. et al., 2007; West et al., 2007; Daniels et al., 

2011; Sheng et al., 2012; Liao et al., 2014). Others reported that the binding of G-nucleotides 

did not alter the kinase activity. Furthermore, they found that a properly functioning ROC 

domain is sufficient to maintain kinase activity. These findings were validated by introducing 

a GTP binding deficient mutation to the ROC domain, which abolished GTPase, as well as 

kinase activity (Ito et al., 2007; Liu, M. et al., 2010; Taymans et al., 2011; Sheng et al., 2012). 

All data combined suggest that the Nanobodies may stabilize an active conformation by 

ensuring proper folding of the ROC domain and by reducing the GTPase activity of LRRK2. 

Interestingly, it was reported that the Y1699C mutation, situated in the COR B subdomain, is 

attenuating GTPase activity by impairing dimerization of LRRK2 (Daniels et al., 2011). 

However, no alterations of kinase activity compared to wt were described for Y1699C (Greggio 

et al., 2006; Jaleel et al., 2007; West et al., 2007; Sheng et al., 2012; Purlyte et al., 2018). Taken 

together, these results are contradictory, as dimerization of LRRK2 was reported to be 

essential in the activation process of the kinase domain (Berger et al., 2010). Nevertheless, it 

might be possible that Y1699C is forcing LRRK2 into an unusual active monomeric 

conformation. 

In this regard, Deyaert et al. (2019) described that the LRR domain and the C-terminus of the 

COR B subdomain interact in the ctROCO1 dimer. This indicates a possible joint role of both 

domains in kinase regulation of LRRK2. Furthermore, both domains might, through these 

interactions, control the correct orientation of one another. Therefore, the introduction of 

Y1699C in the COR domain is likely to impair dimerization, as well as the mutual regulation of 

both domains, resulting in an active LRRK2 monomer. The stabilization of such an active 

monomer can be another possible way, how Nanobodies activate the kinase domain of LRRK2. 

Furthermore, Deyaert and colleagues described that in ctROCO1, one turn of an α-helix in the 

P-loop of the ROC domain is blocking GTP binding in the dimeric nucleotide-free state. If this 

helix unwinds due to GTP binding, the identified dimerization loop of the ROC domain is 

displaced. Thereby, ROC-ROC dimer interactions are disrupted, causing monomerization and 

large conformational changes in the LRR, as well as in the COR domain. By aligning the dimeric 

nucleotide-free structure of ctROCO1 from Deyeart et al (2019) with a monomeric MgGDP 

bound structure of methanosarcina barkeri (mb) ROCO2 by Terheyden et al. (2015), a steric 
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clash for GDP and the P-loop can be identified (Fig 28). The finding is in accordance with the 

HDX-MS (hydrogen deuterium exchange mass spectrometry) studies by Deyaert and 

colleagues. Here GppNHp (non-hydrolysable GTP analog), as well as GDP binding data, imply 

conformational changes in this region due to binding. This suggests that the ROC domain is 

directly contributing to dimerization of LRRK2 and induces conformational shifts in both 

flanking domains. Thus, the ROC domain can control the kinase activation by both, a COR 

domain driven activation and an LRR domain driven inhibition. From this it could be concluded 

that the ROC domain seems to induce activation of the kinase domain upon controlling 

dimerization. 

 
Figure 28: Steric clashes of dimeric ctROCO1 with GDP. A) An alignment of the nucleotide-free crystal 

structure of ctROCO1 (PDB code: 6HLU) with the MgGDP bound crystal structure of monomeric mbROCO2 

(PDB code: 4WNR) was performed to display the potential binding of MgGDP to ctROCO1. B) Clashes of the 

α- and β-phosphoryl group of GDP with the P-loop were identified in both subunits of the ctROCO1 dimer. 

Surface comparison between dimeric ctROCO1 (C) and monomeric mbROCO2 (D) clearly demonstrate the 

steric clash of GDP with the ROC domain protein surface in dimeric ctROCO1. In monomeric mbROCO2 a 

binding pocket for GDP can be found. This suggests a conformational change upon MgGDP binding, which was 

validated by Deyaert et al. (2019). 
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Regarding the activFating effect of the Nanobodies, it can be hypothesized that NbROC20 does 

only bind to the catalytic cleft of the ROC domain in the dimeric nucleotide-free form of LRRK2. 

This induces a conformational shift of the LRR domain, activating the kinase and blocking 

GTPase activity. NbLRRK51 also binds to the catalytic cleft of the ROC domain, but in a 

G-nucleotide dependent manner. However, it can be assumed that NbLRRK51, like NbROC20, 

induces the release of kinase inhibition via the LRR domain while blocking GTPase activity. The 

CDR3 of both Nanobodies might form interactions which the P-loop or the dimerization loop 

inducing the conformational change of the LRR domain. As the GDP bound form of ctROCO1 

is primarily dimeric, the γ-phosphoryl group of GTP forces ctROCO1 to monomerize, thereby 

inducing a conformational change (Deyaert et al., 2019). By transferring this model to LRRK2, 

it can be explained why NbLRRK51 shows a lower affinity towards the MgGTP bound state, 

compared to MgGDP bound LRRK2. Nevertheless, NbLRRK51 was also able to increase the 

kinase activity of MgGTP bound LRRK2. The combined results suggest that both Nanobodies 

impair the intrinsic kinase domain inhibition by inducing conformational shifts of the ROC 

domain which also affect the LRR domain. This hypothesis is strengthened by the finding that 

the RCKW construct, which lacks the LRR domain, could be activated by neither NbROC20 nor 

NbLRRK51. Besides the activation, driven by the displacement of the N-terminus, further 

possibilities how the NbROCs can hyperactivate LRRK2 will be described in the next chapter. 

How can NbROCs enhance the Kinase Activity of activated Nucleotide Free LRRK2? 

One explanation might be that the Nanobodies simply enhance the stability of LRRK2 dimers 

by binding to the catalytic cleft of the ROC domain. The additional interactions of the P-loop 

and the dimerization loop of the ROC domain with the CDR3 of the NbROCs, would further 

rigidify the nucleotide-free conformation. This would enhance the stability of the active 

conformation as constant dynamic movements of the flexible loops will be reduced. Following 

the same logic, a dimer stabilizing effect was suggested for a potential LRRK2 GAP (GTPase 

activating Protein, ArfGAP) (Stafa et al., 2012). They reported an enhanced GTPase, as well as 

kinase activity of LRRK2 due to the binding of ArfGAP. Nonetheless, it cannot be excluded that 

ArfGAP, as well as the NbROCs, increase the kinase activity by a conformational change of the 

LRR domain, while at the same time stabilizing the dimeric conformation. 

Furthermore, from the results of Liu et al. (2016) another implication is possible. They found 

that the kinase domain phosphorylates the P-loop of the ROC domain, thereby enhancing 

GTPase activity (Liu, Z. et al., 2016). Increased GTPase activity, like it was observed for R1398H, 

correlated with a neuroprotective effect and enhanced canonical Wnt signaling. However, no 

changes in kinase activity were observed (Nixon-Abell et al., 2016; Hui et al., 2018). Whereas 

decreased GTPase activities of the PD mutations R1441C/G/H were reported to increase 

kinase activity, consequently enhancing toxicity of LRRK2 (Guo et al., 2007; Anand et al., 2009; 

Liao et al., 2014; Muda et al., 2014). Considering all these facts, the NbROCs, as well as 

NbLRRK51, might protect the P-loop of the ROC domain from autophosphorylation. Thus, they 

maintain low GTPase activity and an increased kinase activity.  
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The fact that the RCKW construct cannot be hyperactivated by the Nanobodies is an argument 

against both hypotheses. However, for the latter hypothesis the phosphorylation of the P-loop 

might predominantly lead to a change of the LRR domain orientation. As the LRR domain is 

missing in the RCKW construct, this can only happen in the full-length protein. 

In conclusion, it can be stated that, the Nanobodies enhance LRRK2 kinase activity by locking 

the ROC domain in a conformation, which presumably leads to a displacement of the LRR 

domain. Furthermore, the Nanobodies most likely inhibit GTPase activity by blocking the GTP 

binding pocket or by inhibiting autophosphorylation. If GTPase inhibition by the Nanobodies 

will be validated, the Nanobodies against the ROC domain would be the first ones which have 

an activating, as well as an inhibiting effect on enzymatic functions in a single protein. 
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4.2 Control of Kinase Activation by the G-Nucleotide State of 

the ROC Domain is altered by pathogenic Mutations 

4.2.1 Nanobodies increase the Kinase Activity of G2019S independent of the 
G-Nucleotide State of the ROC Domain 

Interestingly, the hyperactive pathogenic LRRK2 mutation G2019S is activated by both 

Nanobodies, NbROC20 and NbLRRK51. This was independent of the G-nucleotide conditions 

used for the LRRK2 purification (chapter 3.1.6). Furthermore, in presence of MgGTP the kinase 

activity of LRRK2 G2019S was increased compared to LRRK2 G2019S in the nucleotide-free and 

the MgGPD bound state. This is different for LRRK2 wt and suggests that the kinase activity of 

G2019S is regulated differently by the ROC domain. However, the activating effect of the 

Nanobodies can still be attributed to the induced conformational shift of the LRR domain. 

Furthermore, this strengthens the assumption that the intrinsic regulation of LRRK2 is a 

multilayered mechanism and that pathogenic mutations impair the intrinsic regulative control 

of one or more of these layers. The G2019S mutation was reported to stabilize the active 

conformation of LRRK2 by reducing the flexibility of the DYG motif, thereby increasing the 

time in the active conformation. This stabilization of an active conformation was attributed to 

additional hydrophilic interactions, as well as an increased steric demand of the serine residue. 

This impairs the toggling between the active DYG-in and the inactive DYG-out conformation, 

whereas the first one is the preferred conformation (Gilsbach et al., 2012; Liu, M. et al., 2013; 

Gilsbach and Kortholt, 2014). 

As already described, the COR domain is presumably activating the kinase domain through a 

conformational shift, which is induced by the ROC domain (Jaleel et al., 2007; Greggio et al., 

2008). By stabilizing the kinase domain in its active conformation, the G2019S mutation is 

most likely able to circumvent the need of this activation. In turn, stabilization of the kinase 

domain could now induce a conformational change of the COR domain, also affecting the ROC 

domain. This might lead to an intermediate ROC domain conformation which can be bound 

equally well by both NbROC20 and NbLRRK51. As a result, both Nanobodies might activate the 

kinase domain by the displacement of the N-terminus, regardless of the G-nucleotide state of 

the ROC domain. Furthermore, GTP binding might stabilize the ROC domain in this unusual 

conformation, which in return further enhances kinase activity. A comparable effect of LRRK2 

G2019S was described by Biosa et al. in 2013. They reported that the autophosphorylation by 

LRRK2 G2019S was not reduced if the mutation was combined with an GTPase enhancing 

mutation like R1398L. In contrast, autophosphorylation was reduced for R1398L. However, if 

LRRK2 G2019S was combined with G-nucleotide binding deficient LRRK2 mutations like 

R1348N, kinase activity was abolished (Biosa et al., 2013). This suggests that a functioning 

GTPase is needed for G2019S hyperactivity. It furthermore indicates that G2019S stabilizes an 

unusual conformation which partially uncouples the kinase domain from the GTPase activity. 
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4.2.2 R1441C renders the Kinase Domain to be independent from 
G-Nucleotide State 

Maximilian Wallbott working with a HEK293T cell derived RCKW construct, found comparable 

results for another mutation. He was able to show that the kinase activity of the RCKW wt 

construct depicts the same G-nucleotide dependence as LRRK2 full length (Fig 29B). However, 

he could also show that this dependence is lost in an RCKW construct bearing the PD 

associated ROC domain mutation R1441C (Fig 29C). As the RCKW wt construct has already lost 

the regulating effect of the LRR domain, the G-nucleotide dependence is highly likely to be 

mediated by the COR domain. This indicates that the R1441C mutation in the RCKW construct 

stabilizes an active conformation. Thereby, mutations in both enzymatically active domains 

were shown to be able to stabilize the active conformation of the kinase domain. This further 

indicates that the mutation R1441C uncouples the activation mechanism from the need of G-

nucleotide binding. Interestingly, several publications stated that although the GTPase activity 

was reduced the kinase activity did not differ in R1441C compared to wt (Greggio et al., 2006; 

Jaleel et al., 2007; Lewis et al., 2007). Others, however, observed an increase in kinase activity 

(West et al., 2005; Guo et al., 2007; West et al., 2007; Muda et al., 2014; Islam et al., 2016). 

When the results of Maximilian Wallbott are reviewed carefully, it can be detected that the 

kinase activity between wt and R1441C is comparable under nucleotide-free conditions. 

However, under G-nucleotide conditions the kinase activity significantly differs from one 

another. This observation again emphasizes the uncoupling of the kinase activity from the 

control of the ROC domain. He furthermore showed that the substrate conditions may also 

alter the results. In the presence of 200 µM LRRKtide and different G-nucleotide conditions, 

no significant differences in activity were observed between both RCKW constructs. 

Measurements with a concentration of 1000 µM LRRKtide however revealed completely 

different results (Fig. 29B/C). This highlights the impact of assay conditions on the outcome of 

kinase activity measurements. 

Interestingly, R1441C is enhancing dimer formation of LRRK2 (Leandrou et al., 2019). This 

might be explained by the fact that the R1441 residue is located in close proximity to Y1699 

and N1437 (Fig 29A). While the R1441 and N1437 are situated in the ROC domain, Y1699 is 

positioned in the dimerization organizing COR-B subdomain (Nixon-Abell et al., 2016; Deyaert 

et al., 2019). Thus, mutations of either of these sites can easily alter the dimerization 

properties of LRRK2. The enhanced dimer formation of R1441C might explain the increase in 

kinase activity and the uncoupling from G-nucleotide dependence for kinase activation. The 

stabilization of dimeric LRRK2 R1441C might be driven by impairing monomerization upon 

G-nucleotide binding due to a conformational change. This would also explain the increased 

likelihood of R1441C to be degraded by the proteasome, as the mutation might stabilize an 

active, elongated ‘more open’ conformation (Greene et al., 2014). The assumed ‘more open’ 

conformation of LRRK2 R1441C, is likely to prime LRRK2 for degradation. This assumption is 

promoted by the finding that R1441C exhibits lower S935 phosphorylation levels which 

induces ubiquitination of LRRK2 (Zhao et al., 2015; De Wit et al., 2018). In this regard, the 

carboxyl terminus of the HSP70-interacting protein (CHIP), an E3 ubiquitin ligase, was reported 
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to ubiquitinate LRRK2 (Ko et al., 2009). The reduced S935 phosphorylation of R1441 mutations 

can be related to the loss of 14-3-3 binding. Therefore, it could be hypothesized that 14-3-3 

binding promotes LRRK2 kinase inhibition by stabilizing a compact “closed” conformation of 

LRRK2. Additionally, it can be assumed that the loss of 14-3-3 binding leads to a reduced 

protection of pS935 against the protein phosphatase 1 (PP1) (Lobbestael et al., 2013). 

All results combined show that the kinase activity of the pathogenic mutations G2019S and 

R1441C are at least partly uncoupling kinase activity from the G-nucleotide state of the ROC 

domain. This is presumably driven by the stabilization of an active conformation of LRRK2. The 

stabilized conformation of R1441C is likely to be dimeric, whereas G2019S behaves like the wt 

in this regard. However, G2019S was suggested to stabilize an active conformation of the 

kinase domain. Furthermore, the hyperactivation of G2019S by the Nanobodies still proposes 

a potential regulation by the LRR domain for this mutant. If a regulative role for the LRR 

domain also persists in LRRK2 R1441C remains to be shown. 

 
 

Figure 29: Activity determinations of the LRRK2 deletion constructs RCKW wt and RCKW R1441C. A) Based 

on the crystal structure of ctROCO1, sites corresponding to the amino acids N1437, R1441 and Y1699 in LRRK2 

were changed accordingly, using the mutagenesis tool of PyMOL. Potential amino acid interactions are 

indicated by orange doted lines.  (PDB code: 6HLU). RCKW wt (B) and RCKW R1441C (C) were purified in 

presence and absence of MgCl2 and the G-nucleotides GDP and GTP. In MMSA coupled kinase assays 

fluorescently labeled LRRKtide was used as a readout for kinase activity. Kinase activity was determined for 

200 μM and 1000 μM LRRKtide. All assays were performed in the presence of 1 mM ATP and 10 mM MgCl2, 

whereas 500 μM GTP/GDP were added in respect to the purification conditions. Graphs of activity 

determinations were taken and modified from the master thesis of Wallbott (2018). 
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4.3 Intrinsic Regulation of the Kinase Domain: Implications 

for pathogenic and Kinase Spine Mutations 
During this thesis, kinase spines were introduced into LRRK2. These are hydrophobic 

arrangements inside the kinase domain which control the intrinsic activation and stability of 

the kinase domain itself. Their arrangement is often controlled by upstream signaling such as 

phosphorylation. In this thesis, mutations with a presumably stabilizing character were 

introduced to LRRK2 to obtain a stabilized active conformation. The effects of these spine 

mutations and the two pathogenic mutations G2019S and I2020T on auto- and substrate 

phosphorylation will be compared to each other in the following chapters. To gain insight into 

the intrinsic kinase domain regulation mechanism, Michaelis Menten kinetic measurements 

were performed. Besides the phosphorylation by upstream kinases, autophosphorylation 

plays an important role for the activation process in most protein kinases. The following 

chapter deals with the impact of a phosphorylation cluster found in the activation loop of the 

kinase domain of LRRK2. 

4.3.1 Autophosphorylation Sites in the Kinase Domain and their possible Role 

in Kinase Activation 
The observed uncoupling from the G-nucleotide binding state of LRRK might be also attributed 

to a changed autophosphorylation pattern. Autophosphorylations can impact the overall 

shape of a protein thereby stabilizing a certain conformation, possibly leading to activation or 

inhibition. Autophosphorylation was therefore reported to be crucial in the activation process 

of many eukaryotic protein kinases (Taylor and Kornev, 2011; Taylor et al., 2012; Hu et al., 

2013; Zhang, L. et al., 2015; Gogl et al., 2019). In LRRK2, three autophosphorylation sites are 

situated in the activation loop of the kinase domain, namely T2031, S2032, T2035 (Gilsbach et 

al., 2012). It was reported that phosphorylation of the latter two, especially T2035, is critical 

for kinase activation and activity in general (Greggio et al., 2008; Li, X. et al., 2010). If LRRK2 

mutations associated with PD alter the phosphorylation intensity of these sites, this can easily 

lead to a constitutively active kinase domain. Thus, the kinase domain would no longer be 

subject to the regulation by the ROC domain. 

Mutation of S2032 to Ala reduced autophosphorylation of LRRK2, whereas the 

phosphomimetic mutations to Asp or Glu were able to partially rescue autophosphorylation. 

However, all three S2032 mutations had no effect on reduced cell survival observed for LRRK2 

wt overexpressing cortical neurons. Cytotoxicity is linked to kinase activity of LRRK2 as cell 

survival is further reduced for LRRK2 G2019S. Interestingly, mutations of the autophos-

phorylation site T2035 to the unphosphorylatable aa Ala or the phosphomimetic aa Asp or Glu 

result in a complete loss of kinase activity (Greggio et al., 2008; Li, X. et al., 2010). Therefore, 

mutations of T2035 to either of those aa did also decrease cytotoxicity of LRRK2 in the cortical 

neurons. Strikingly, the double mutation S2032A/T2035A was shown to rescue cytotoxicity (Li, 

X. et al., 2010). This indicates that autophosphorylation of both sites maintains LRRK2 kinase 

activity. Cis-autophosphorylation was reported for either of these three phosphorylation sites, 
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indicating the ability of LRRK2 monomers to activate themselves. Nevertheless, it must be 

considered that dimerization might be needed for the kinase activation, like reported for Raf 

kinases, and therefore also for cis-autophosphorylation (Hu et al., 2013; Hu et al., 2015). 

Interplay of the Activation Loop Phosphorylation Sites and the Catalytic Loop of LRRK2 

The location of T2035 and S2032 in the activation loop suggests that phosphorylation of these 

residues is stabilizing and inducing refolding of the activation loop, like reported for many 

other Ser/Thr protein kinases (Nolen et al., 2004). Based on the computational model of the 

kinase domain of LRRK2 acquired in this thesis, both sites, if phosphorylated, are likely to 

interact with the YRD (HRD in most kinases) motif of LRRK2 (Fig. 30). This also links the 

autophosphorylation sites to the R-spine of LRRK2 and was described as one prerequisite for 

kinase activation (Nolen et al., 2004; Kornev et al., 2006). Interestingly, kinases which are 

lacking those phosphorylation sites, do also lack the Arg and Asp of the HRD motif, but are 

nevertheless known to be constitutively active (Kornev and Taylor, 2010). This emphasizes the 

importance of a tightly regulated autophosphorylation of these sites. Hyperphosphorylation, 

which is likely to occur for PD associated LRRK2 mutations, would render the kinase domain 

constitutively active. 

Furthermore, it is also possible that those phosphorylation events would alter the predicted 

autoinhibition by S1292. This is likely because as pT2035 and pS2032 are thought to interact 

with the catalytic loop, they can alter binding properties for LRRK2 substrates. Together these 

findings emphasize the importance of S2032 and T2035 autophosphorylation for kinase 

activation. Moreover, the autophosphorylation of T2035 and to a smaller extent of S2032 add 

another layer to the LRRK2 kinase activation mechanism. However, it must be mentioned that 

Greggio and colleagues (2008), described that although autophosphorylation was reduced for 

S2032 and T2035 mutations, they retained the ability to phosphorylate the myelin basic 

 
Figure 30: Autophosphorylation sites S2032 and T2035 and their spatial orientation towards the YRD motif 
of LRRK2. The orientation of S2032 and T2035 indicates interactions (red dotted lines) upon phosphorylation 

with the R1993 and D1994 of the in the catalytic loop positioned YRD motif (respective amino acids are shown 

in blue). The interactions with the rigid catalytic loop results in a stabilization and refolding of the activation 

loop. This is one of the priming steps for kinase activation. 
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protein to the same extent as LRRK2 wt. This is contradictory to the indications of the 

cytotoxicity data by Li et al. (2010). Therefore, it remains unclear how S2032 and T2035 are 

maintaining kinase activity and should therefore be reevaluated with titrated LRRK2 

constructs and bona fide substrates like LRRKtide or Rab proteins. 

4.3.2 Role of the YRD TyrosineRS2 in the Kinase Domain Regulation of LRRK2 
Y1992RS1 or RS1 is an R-spine residue located at bottom of the spine in the rigid catalytic loop 

of the kinase. As it belongs to the YRD motif in LRRK2 it is involved in orientating the activation 

loop, thus stabilizing its conformation to prime the kinase for ATP and substrate binding. 

Hence, the role of Y1992RS1 is to form a hydrophobic interaction with the second R-spine 

residue Y2018 of the DYG motif. Thus, the YRD motif is important to arrange the catalytic 

segment by interacting with the DFG motif and with phosphorylation sites in the activation 

loop (in LRRK2: pS2032, pT2035 or eventually both) (Nolen et al., 2004; Kornev et al., 2006). 

By providing these two anchor points, it stabilizes the conformation of the activation segment 

of the kinase domain. The rigidity of the catalytic loop is partly provided by an interaction of 

the YRD motif and an Asp of the αF-helix. In LRRK2 D2055 of the αF-helix is forming a salt 

bridge with the main chain of Y1992RS1 in accordance with the results of Meharena et al. 

(2013). This fixates the catalytic loop, which can subsequently function as a scaffolding motif. 

The interaction with the αF-helix also links the YRD motif to the C-spine of LRRK2. In this 

regard, the Y164RS1 of PKA’s YRD motif is associated with a community of amino acids that are 

all involved in the correct positioning of the γ-phosphoryl moiety of ATP and the Mg2+ ions. All 

other R-spine residues, however, belong to a community, which functions as a central 

regulatory hub that interacts with all other kinase domain communities. Except for the side 

chain of RS4 which belongs more to the amino acid community responsible for the adenine 

binding of ATP. However, most C-spine residues and the Asp of the DFG motif belong to the 

same community as Y164RS1 (Kornev and Taylor, 2015). The identified community maps give 

interesting insights to the involvement of the YRD Tyr in its function and can be directly 

transferred to LRRK2 because of the high homology between kinases. What is special about 

community maps is that although all the included amino acids of one community contributing 

to one specific task they do not have to be spatially connected. Therefore, community maps 

provide an uncommon abstract view on clusters of amino acids. This can lead to the 

identification of formerly unknown indirect and far off regulating connections. Therefore, 

community maps can help to reveal regulation mechanisms more easily. 

The role of Y1992RS1 to connect the γ-phosphoryl of ATP and Mg2+ coordinating community 

with the central regulatory organizing community might also explain the results of the 

Michaelis Menten kinetics for Y1992FRS1F (Chapter 3.2.3). The increased KM values in 

combination with the markedly decreased kcat value also indicates a decreased affinity for ATP. 

This finding fits well into the theory that Y1992RS1 is part of the γ-phosphoryl of ATP and Mg2+ 

coordinating community as coordination seems to be impaired by the Y1992FRS1F mutation. 

Interestingly, compared to the wt residue, the mutation only differs in one hydroxyl group. 

This further strengthens the role of Y1992RS1 in coordinating ATP and Mg2+ as the mutation 
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should be able to provide the same hydrophobic interaction with Y2018RS2. Additionally, it 

suggests that the hydrophobic interaction with Y2018RS2 is important, but not the only 

interaction of Y1992 which contributes to the coordination of ATP and Mg2+. 

For other kinases it was shown that the histidine of the commonly found HRD motif forms 

hydrophilic interactions with the main chain of the DFG-1 residue and the DFG Asp, thus 

enabling the correct orientation of the DFG Asp (Zhang, L. et al., 2015; La Sala et al., 2016). In 

the kinase domain model of LRRK2, a hydrophilic interaction of the Y1992RS2 hydroxyl group 

with the main chain of the DYG-1 residue A2016 can be identified (Fig. 31). However, 

according to my model no interaction between the DYG-Asp and Y1992 is possible. As this is 

only a computational model of the kinase domain, minor variations in the orientation of those 

residues are likely, which would be sufficient to render this interaction possible. Nevertheless, 

the hydrophilic interaction with the main chain of A2016 would be lost in the Y1992FRS1F 

mutation, as this interaction is dependent on the hydroxyl moiety of Tyr. Strikingly, the 

importance of this hydroxyl group in maintaining the correct orientation of D2017 is reflected 

in the acquired Michaelis Menten constants. It is moreover supported by the computational 

kinase domain model of LRRK2. As hypothesized, Y1992 contributes at different levels to the 

correct coordination of ATP and the Mg-ions and therefore correctly belongs to the 

γ-phosphoryl and Mg2+ coordinating community. 

As a side note, LRRK2 A2016T (DFG-1) was reported to be kinase inhibitor resistant. It was 

suggested that the mutation is unfavorable for the binding of most common kinase inhibitors 

including MLi-2 (Nichols et al., 2009; Dzamko et al., 2010; Zhao et al., 2015; Steger et al., 2016). 

 
Figure 31: The LRRK2 residue Y1992RS1 of the YRD motif forms hydrophobic and hydrophilic interactions. 
Y1992 is an important hub for linking different interactions, which all contribute to the correct orientation of 

the Mg2+ ions and the γ-phosphoryl moiety of ATP. It mediates an interaction via its backbone (D2055RS0 of 

the αF-helix), thereby connecting the R-spine with the C-spine in the C-lobe. To connect the R-spine, the 

Y1992RS1 is forming a hydrophobic π-π stacking interaction with Y2018RS2. Additionally, a hydrophilic H-bond 

contributes to the coordination of the DYG-1 residue A2016, which hypothetically also arranges D2017 of the 

DYG motif. 
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In this regard, it would be of interest, if A2016T in combination with Y1992F would retain its 

resistance or if the stabilization by the hydroxyl group of Y1992 is crucial for this ability. 

4.3.3 The uncommon DYG Motif of LRRK2 and associated pathogenic 

Mutations 
The kinase activity of LRRK2 is thought to drive the pathogenicity of PD associated mutations. 

All pathogenic mutations identified so far are assumed to play an essential role in the intrinsic 

regulation of LRRK2 kinase or GTPase activity. Also, the G2019S mutation is no exception to 

this rule as it was shown to increase the kinase activity almost three-fold. As discussed earlier 

this increased activity is most likely associated with the stabilization of the DYG motif (for DYS 

for G2019S) in its activated conformation (Liu, M. et al., 2013). This presumably leads to a 

constitutively active kinase, which is no longer dependent on regulative properties of the ROC 

domain. The second pathogenic mutation I2020T, which can be found in the kinase domain, 

is adjoined to the DYG motif. For I2020T the regulative impact is difficult to grasp as it was 

reported to in- or decrease the kinase activity of LRRK2 (Gloeckner et al., 2006; Jaleel et al., 

2007; Anand et al., 2009; Reichling and Riddle, 2009; Nichols et al., 2010; Martin et al., 2014). 

It was however revealed that I2020T changes the substrate specificity and markedly reduced 

the KM value for ATP by stabilizing the active conformation of LRRK2 (Reichling and Riddle, 

2009; Kamikawaji et al., 2013; Liu, M. et al., 2013; Ray et al., 2014). This might explain some 

of the reported discrepancies.  

Literature Comparison of KM and kcat Values for LRRK2 wt, G2019S and I2020T reveal 

Discrepancies with the present Thesis and among each other 

In the literature, several publications can be found where KM values for ATP, as well as reaction 

velocities for LRRK2 wt, G2019S and I2020T were determined. For comparison purposes they 

were listed in a table also providing the construct borders, as well as the substrates being used 

(Tab. 4.1). Values reported in the literature clearly differ from the data acquired during this 

thesis. However, KM values for ATP of LRRK2 G2019S are mostly comparable to values obtained 

during this thesis. KM(ATP) values for LRRK2 wt or I2020T, which were found in the literature, 

clearly differ from the values determined in the present thesis. Several explanations are 

possible why these values diverge that much. The first thing which becomes obvious if the 

used constructs were compared, is that in all publication’s deletion constructs were used. They 

performed the Michaelis Menten kinetics either with a commercially available 

GST-Δ970-LRRK2 construct from Invitrogen, or an RCKW (Δ1325 LRRK2) construct. All these 

constructs are Glutathione Sulfonyl-Transferase (GST) tagged proteins. Together the results 

suggest that the N-terminal part of LRRK2 has a regulative role aside from the in this thesis 

proposed autoinhibition of S1292. The N-terminal part seems to control the kinase activity by 

influencing the KM values. This regulation seems to be lost for G2019S. Interestingly, both the 

KM, as well as the kcat values are higher for LRRK2 full length wt/ I2020T compared to the 

deletion constructs (Tab. 4.1). Based on the Briggs and Haldane definition for the KM value: 

	� �
�������

��
, an increased kcat value would also result in an increased KM value if the substrate 

association and dissociation rates stay constant. 



 

 

P A G E  113 | 173 

 Discussion 

Table 4.1: Literature Comparison of Michaelis Menten Constants for LRRK2 wt, G2019S and I2020T. 
~ - values were roughly taken from a Graph as actual values were not provided; n.d. – not determined 

 
KM(ATP) 

[μM] 
KM(substrate) [μM] kcat [1/min] Construct Published by 

w

t 

135.0±  7.0 n.d. (LRRKtide) 143.0±11.0 FSS-LRRK2 present thesis 

n.d. 199±43 (LRRKtide) 1.0±  0.1 GST-Δ1325-LRRK2 Jaleel et al. (2007) 

57.0±  4.0 186±70 (LRRKtide) 8.6±  0.4 GST-Δ970-LRRK2 Anand et al. (2009) 

51.0±  5.0 n.d.   (LRRKtide) 23.3±  0.6 GST-Δ970-LRRK2 Reichling and Riddle (2009) 

n.d. 10± n.d. (NICtide) 2.5± n.d. GST-Δ1325-LRRK2 Nichols et al. (2009) 

49.5±  5.5 n.d.   (LRRKtide) 27±  1.0 GST-Δ970-LRRK2 Lovitt et al. (2010) 

47.0±  6.0 n.d. (T1357tide) ~2.0 GST-Δ970-LRRK2 Kamikawaij et al. (2013) 

69.0±  7.0 87±11 (LRRKtide) 8.1±  0.7 GST-Δ970-LRRK2 Ray et al. (2014) 

29.0±  3.0 0.1±0.01    (Tau) 0.2±0.01 GST-Δ970-LRRK2 
Shanley et al. (2015) 

105.0±10.0 69±  7 (LRRKtide) 10.0±  1.0 GST-Δ970-LRRK2 

G

20

19

S 

138.0±  6.0 n.d.  (LRRKtide) 322.0±14.0 FSS-LRRK2 present thesis 

n.d. 201±24 (LRRKtide) 2.0±  0.1 GST-Δ1325-LRRK2  Jaleel et al. (2007) 

134.0±  2.0 n.d.   (LRRKtide) 138.0±  n.d GST-Δ970-LRRK2 Anand et al. (2009) 

169.0±22.0 n.d.   (LRRKtide) 132.0±  6.0 GST-Δ970-LRRK2 Reichling et al. (2009) 

n.d. 9± n.d. (NICtide) 4.3±  n.d GST-Δ1325-LRRK2  Nichols et al. (2009) 

103.0±14.0 158±  8 (LRRKtide) 31±  2.0 GST-Δ970-LRRK2 Lovitt et al. (2010) 

78.0±  3.0 n.d. (T1357tide) ~16.0 GST-Δ970-LRRK2 Kamikawaij et al. (2013) 

32.0±  6.0 0.05±0.01  (Tau) 0.3±0.02 GST-Δ970-LRRK2 
Shanley et al. (2015) 

98.0±12.0 75±11 (LRRKtide) 20.0±  3.0 GST-Δ970-LRRK2 

I 

20

20

T 

43.0±  8.0 n.d.  (LRRKtide) 79.0±  5.0 FSS-LRRK2 present thesis 

n.d. n.d.   (LRRKtide) ~4.0 GST-Δ970-LRRK2 Anand et al. (2009) 

7.5±  0.7 n.d.   (LRRKtide) 9.0±  0.2 GST-Δ970-LRRK2 Reichling et al. (2009) 

6.0±  1.0 n.d. (T1357tide) ~0.7 GST-Δ970-LRRK2 Kamikawaij et al. (2013) 

1.6±  0.4 110±23 (LRRKtide) 4.4±  0.1 GST-Δ970-LRRK2 Ray et al. (2014) 

      

The other discrepancy between the reported values and the data of my thesis can be found in 

the kcat values. The literature reports very low kinase activities for LRRK2 even under saturating 

conditions of ATP and LRRKtide or other substrates. This can most likely either be attributed 

to the purification and storage conditions or again to the used constructs. Invitrogen 

constructs are provided without the addition of any G-nucleotides, which should hugely 

decrease protein stability and is likely to cause protein aggregation. Additionally, in most cases 

no active kinase concentrations were used. Together these flaws can result in a dramatically 

decreased catalytic activity of the kinase domain of LRRK2. This is clearly demonstrated by the 

fact that the kcat values differ significantly from each other between the studies. Furthermore, 

the fact that most of them used the same Invitrogen LRRK2 deletion construct and LRRKtide 

as a substrate, implies a poor protein quality. Moreover, the GST-tag adds a 25 kDa protein to 

the N-terminus. Due to the GTS-tags size, it can impact any function of LRRK2 and should 

therefore be assumed to possibly alter kinase activity. Furthermore, GST-tags can change the 
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dimerization properties of LRRK2. As LRRK2 is catalytically most active in its dimeric state the 

GST-tag may reduce LRRK2 dimer formation, thereby dampening kinase activity. Nevertheless, 

it must also be considered that the observed kinase activities are reduced due to a missing 

regulative effect of the N-terminus. Controversially, constructs missing the N-terminus were, 

however, reported to be comparably active to full length LRRK2. The RCKW construct was 

even reported to be more active than LRRK2 full length. However, only small amounts of 

LRRK2 full length could be purified (Greggio et al., 2008; Anand et al., 2009). This suggests that 

the purification conditions used during this thesis, as well as protein expression, may be 

superior to formerly reported ones. 

Interestingly, the reported KM values for LRRKtide hugely differ depending on the publication. 

This might be attributed to different assays and assay conditions. Peptide quality can also 

make a difference. During my thesis I was able to conclude that the lyophilized LRRKtide and 

Fluo-LRRKtide, which were purchased from GeneCUST, must contain significant residual 

amounts of trifluoroacetic acid from HPLC peptide purification steps. This acid has a pKa of 0.4 

at RT (Namazian et al., 2008). Consequently, I had to use high concentrations of buffer 

substances to neutralize the acidic pH in the stock solutions. This might especially become a 

problem for Michaelis Menten kinetics, where high concentrations of the peptide have to be 

used to reach the maximal reaction velocity. Therefore, it may result in a pH shift, if the pH 

value of the peptide stock solution is not properly adjusted. Otherwise, if properly adjusted, 

it can lead to an increase of the ionic strength over the course of the concentration row. Both 

conditions are not favorable and should be kept as negligible as possible. However, as stock 

solutions for peptides are often prepared in 100 % DMSO, which has no buffer capacity, this 

could be the reason for the observed discrepancies in the KM values for LRRKtide. 

Usage of the protein tau as a substrate for LRRK2 wt and G2019S revealed not only very low 

KM values in the two- to three-digit nanomolar range, but also very low kinase activities of 

LRRK2 wt. This suggests that LRRK2 is binding to tau as a scaffolding protein rather than as a 

kinase (Shanley et al., 2015). As LRRK2 shows minor phosphorylation of tau it is likely that 

LRRK2 provides the scaffolding function by an interaction of its kinase domain with tau. Other 

have also reported that LRRK2 is only facilitating phosphorylation of tau and that it does not 

phosphorylate tau by itself (Guerreiro et al., 2015; Krumova et al., 2015; Ohta et al., 2015). 

Only G2019S and I2020T of the DYGψ motif were found to be pathogenic. D2017 and Y2018 

on the other hand, are so far not reported to be associated with PD relevant mutations. 

However, G2019S and I2020T already display that the DYG/DFG motif and the surrounding 

region is a hotspot for disease related mutations. Indeed, a kinome screen revealed this region 

to be one of the most frequently mutated areas with association to diseases like cancer 

(Kannan and Neuwald, 2005). 
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Regulative Implications for Y2018RS2 of the DYG Motif in Comparison to G2019S and I2020T 

The above-mentioned screening approach showed that the DFG motif is highly conserved and 

only few exceptions bear other amino acids in place of the DFG Phe. LRRK2 is one of these 

exceptions, as it carries a Tyr instead of a Phe in its DFG/DYG motif. The Tyr/Phe is thought to 

coordinate the DYG/DFG motif and communicate with other important hubs for the 

phosphoryl transfer. It belongs to the R-Spine and connects the HRD motif to the αC-helix in 

the R-spine assembled state. All this raises the question for what purpose this amino acid 

substitution can be found in LRRK2, as both Phe and Tyr can form the described hydrophobic 

interactions? To address this question, the DYG motif was mutated back to the classical DFG 

motif found in most kinases. Strikingly, I could reveal that the Y2018FRS2F mutation significantly 

increases the kcat value, while simultaneously decreasing the KM value for ATP (Chapter 3.2.3). 

As both kinetic constants are diverging from each other it can be concluded that the ATP 

affinity must be increased by this mutation. The kinase activity of this artificial mutation is 

even higher than for G2019S. Interestingly, the catalytic efficiency is more than two times 

higher than for G2019S and nearly five times higher than for wt (Chapter 3.2.3). Therefore, 

Y2018FRS2F is the most efficient yet identified single residue mutation of LRRK2. Consequently, 

the Tyrosine is likely to fulfill a regulative task in the kinase domain. In contrast, to Y1992RS1, 

the hydroxyl group of Y2018RS2 must play an inhibiting role in the activation process of the 

kinase domain. This suggests that the hydroxyl group forms a hydrogen bond in the inactive 

state of the kinase domain with another residue, which has yet to be identified. Thereby, 

LRRK2 gets stabilized in the inactive state of the kinase. If LRRK2, however, loses the hydroxyl 

group by substituting Y2018RS2 with Phe, the kinase domain is no longer stabilized in its 

inactive conformation and becomes unleashed. 

One of the next goals will be to identify the interaction site of Y2018RS2 in the inactive state. 

Therefore, cryo electron microscopy (cryo-EM) studies of single LRRK2 multimers may help as 

for now x-ray crystallography attempts were unsuccessful. From a biochemical point of view, 

it is also of interest to see what happens if both Y2018FRS2F and G2019S are introduced to 

LRRK2. Will they complement each other and further increase kinase activity, or will they 

inhibit the kinase domain by rigidifying the active conformation to much? In this regard, it was 

reported that the double mutant of G2019S and R1441C shows a higher kinase activity than 

each of the single mutants (Li, X. et al., 2010). Nevertheless, as both mutations are situated in 

different domains, it is likely that they alter different layers of regulation, whereas both, 

Y2018F and G2019S, presumably stabilize the active conformation of the kinase domain in a 

similar way. It can easily be imagined that an increase in kinase domain rigidity can render the 

kinase inactive. This is because a certain amount of flexibility is needed, for the association of 

the substrates and dissociation of the products. 

As suggested for I2020T, Y2018F might also possess an altered substrate specificity. This 

would, besides the differences in the active kinase (Chapter 3.2.3), explain the only slightly 

enhanced phosphorylation of Rab8A by Y2018F compared to wt. In this regard, it has to be 

mentioned that I2020T was found to phosphorylate Rab8A more efficiently than LRRK2 wt, 
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whereas it phosphorylates LRRKtide much worse compared to LRRK2 wt. In combination with 

the findings of Ray et al. (2014), this highly recommends an altered substrate specificity for 

I2020T and maybe also for Y2018F. Interestingly, Y2018F and I2020T mutations displayed a 

reduced KM value for ATP compared to LRRK2 wt and G2019S. This can be an additional 

indication for an altered activation mechanism than just stabilizing the active conformation of 

LRRK2 like suggested for G2019S (Gilsbach et al., 2012; Liu, M. et al., 2013; Gilsbach and 

Kortholt, 2014). In conclusion, this suggests that mutations in the DYGψ (or DYG+1) motif alter 

kinase activities by stabilizing the active conformation in different ways, which can also impact 

the substrate specificity. Therefore, discrepancies found for the activity of LRRK2 mutations, 

especially for I2020T, can most likely be attributed to the use of different substrates. 

Autophosphorylation and Moesin Phosphorylation by the DYG Mutants 

Natascha Mumdey performed several LRRK2 kinase assays, investigating the 

autophosphorylation properties, as well as the moesin phosphorylation properties of LRRK2 

spine mutations. She also observed the previously described discrepancies between different 

substrates for LRRK2 mutants. Again, validating that different kinase activity proportions 

between LRRK2 mutants and LRRK2 wt are substrate dependent. Auto- and moesin 

phosphorylation were generally increased for LRRK2 Y2018FRS2F, whereas depending on the 

autophosphorylation site alterations of autophosphorylation levels were observed 

(Fig. 32A/B). Remarkably, LRRK2 G2019S increased the phosphorylation signals for all tested 

substrates and autophosphorylation sites compared to LRRK2 wt (Fig. 32A/B). Here, LRRK2 

I2020T constantly decreased phosphorylation of LRRK2. This again indicates distinct 

mechanisms of how G2019S, Y2018F or I2020T are altering kinase regulation. The latter two 

consistently show substrate dependent alterations in their phosphorylation levels compared 

to LRRK2 wt. 

Interestingly, Natascha Mumdey was able to show that the I2020T mutation slightly reduced 

autophosphorylation in general, which was also found by others (Anand et al., 2009; 

Kamikawaji et al., 2013). However, all the tested autophosphorylation sites were nearly 

unphosphorylated in LRRK2 I2020T. This indicates an altered autophosphorylation pattern of 

LRRK2 I2020T, which might explain the increased levels of degradation. It was moreover 

shown that the phosphorylation of S910, as well as S935, are diminished for LRRK2 I2020T, 

which primes LRRK2 for ubiquitylation and degradation. Furthermore, it was suggested that 

the impaired phosphorylation led to a decreased 14-3-3 protein binding and consequently to 

a reduced protection against degradation (Nichols et al., 2010; Doggett et al., 2012; Zhao et 

al., 2015). The increased degradation observed for LRRK2 I2020T was also attributed for an 

impaired neuroprotective effect of Akt1 as Akt1 phosphorylation was lowered (Ohta et al., 

2010; Ohta et al., 2011; Ohta et al., 2013).  
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In contrast, to Natascha Mumdey, who found only a reduced autophosphorylation of S1292 

by LRRK2 I2020T, Sheng et al. (2012) described an enhanced autophosphorylation of this site 

by either of these mutations: R1441C/G, G2019S or I2020T. An enhanced autophosphorylation 

of S1292 by LRRK2 I2020T could also be assumed according to the data by Ray et al. (2014). 

They reported that in comparison to wt, I2020T showed a higher substrate conversion for 

LRRKtideS, while also providing lower KM values for ATP and LRRKtideS. Furthermore, if 

combined with the hypothesis for the autoinhibition by S1292, this finding can explain the 

observed pathogenicity of LRRK2 I2020T. The autoinhibiting properties of S1292 must be 

markedly reduced for I2020T as the phosphorylation of serine substrates is more than two 

times increased compared to LRRK2 wt. In conclusion, a presumably decreased autoinhibition 

by S1292 for I2020T and the finding that I2020T is stabilizing the active conformation, can be 

associated with pathogenicity. As an increased phosphorylation of S1292 for LRRK2 I2020T 

compared to LRRK2 wt was suggested by others, the results acquired by Natascha Mumdey 

for S1292 phosphorylation should be reiterated. 

 
 

Figure 32: Autoradiograms and Western Blots of LRRK2 Autophosphorylation and moesin 
phosphorylation. A) LRRK2 kinase dead, PD associated, as well as R-spine mutations were used in 

kinase assays using γ-32P-ATP. Kinase assays were performed for 1 h at 30 °C. After protein separation 

via SDS-NuPAGE, X-ray photo films were exposed with the NuPAGE-gels. Consequently, an increased 

autophosphorylation signal for LRRK2 G2019S and Y2018F in comparison to wt was revealed. All other 

samples showed reduced or comparable phosphorylation signals as wt. The kinase dead mutants nearly 

abolished phosphorylation. The observed smear around Y2018F and G2019S indicate increased 

phosphorylation levels of moesin as it was absent in the wt sample. B) LRRK2 autophosphorylation was 

investigated via western blotting. Several commercially available antibodies against LRRK2 

autophosphorylation sites were tested. Thereby, it could be revealed that LRRK2 Y2018F increased the 

phosphorylation of S1292, T1491 and T1503, whereas G2019S increased autophosphorylation of all 

sites. Interestingly, Y1992F showed comparable autophosphorylation levels as wt. All other mutations 

diminished autophosphorylation. C) Autoradiogram of LRRK2 kinase dead mutants and the C-spine 

mutation A1904F. Nearly abolished auto-, as well as substrate phosphorylation was observed. All 

depicted assays were performed by Natascha Mumdey. 
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Introducing the DYG, DFS or the pathogenic DYS Motif to PKA revealed unexpected Activities 

for PKA 

The introduction of either DYG, DFS or DYS to the model kinase PKA revealed an increased 

kinase activity for PKA (Chapter 3.2.43.2.3). This was, however, unexpected as the DYG motif 

in LRRK2 is less active than the DFG motif. By analyzing the crystal structure of PKA (PDB code: 

1ATP), the added hydroxyl group of F185YRS2Y can presumably form additional interactions 

with the main chain of V104 (Fig. 33A). V104 belongs to a conserved hydrophobic network of 

three residues connecting the R-spine and C-spine in the N-lobe. The PKA residues V104, M120 

and M118, which belong to this network were termed Shell residues (Sh). Sh1 (in PKA: V104Sh1) 

is involved in stabilizing the R-spine by interacting with RS3 (Meharena et al., 2013; Kim, J. et 

al., 2017). As Sh1 is positioned in the αC-β4 loop, it is also involved in controlling the position 

of the αC-helix. This loop maintains the in and out swing during kinase activation and 

inactivation (Kornev and Taylor, 2015). For both reasons, the additional interaction of 

F185YRS2Y with V104Sh1 would lead to an increased stabilization of PKA in the active 

conformation, resulting in the previously determined increased kinase activity. 

Nevertheless, this interaction was not observed in the model structure of LRRK2 as Y2018RS2 

shows a slightly tilted orientation, positioning the hydroxyl group further away from the 

corresponding I1933Sh1 (Fig. 33B). As this area of the kinase is mostly hydrophobic the hydroxyl 

group of Y2018RS2 may push the kinase into its inactive state. This kinase activity inhibiting 

effect is lost if the classical DFG motif is restored in LRRK2 and contributes to the observed 

increased kinase activity of LRRK2 Y2018FRS2F. In case of PKA, F185YRS2Y is likely to 

overcompensate this repulsion of the hydroxyl group by the additional back bone interaction. 

The mutation G186S of the DFG Gly in PKA did enhance kinase activity only mildly 

(Chapter 3.2.43.2.3). As kinase activity of the C-subunit of PKA is controlled by the R-subunits 

it is likely that the C-subunit is in contrast to most other kinases always in its active state. This 

 
Figure 33: Proposed backbone interaction of PKA F185Y and structural comparison with LRRK2 Y2018. A) By 

using the mutagenesis tool of PyMOL, F185 was mutated to a Tyr in the PKA Cα crystal structure (PDB code: 

1ATP). This revealed two possible interactions of F185Y with the main chain of V104Sh1, which is situated in 

the loop between the β4 strand and the αC helix. B) The overlay with the computational model of the kinase 

domain of LRRK2 shows a slightly more tilted Y2018 of LRRK2 in comparison to F185Y in PKA. This indicates 

that LRRK2 is not able to form the hydrogen bonds, which were proposed for PKA. 
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suggest that the stabilization of the DFG-in conformation by G186S is negligible, as the DFG 

motif is already stabilized in its position. F185YRS2Y, therefore, is not necessarily stabilizing the 

DFG motif to increase the kinase activity of PKA, but rather the loop between the β4 strand 

and the αC helix. This might result in a stabilization of the correct orientation of the αC helix, 

thereby increasing the activity of PKA F185YRS2Y. 

The double mutant F185Y/G186S of PKA shows an intermediate kinase activity compared to 

both single mutations (Chapter 3.2.43.2.3). This implies that both activating effects are not 

cumulative. Most likely, as both mutations seem to stabilize the active conformation of PKA 

and are sterically more demanding than the wt residues, this increases the rigidity of PKA in 

an area of the kinase which needs a certain amount of flexibility. If this flexibility is lost, the 

kinase will become inactive as it can no longer toggle between the open and the closed state. 

Subsequently, this prohibits substrate and ATP binding or product and ADP release. As this 

decrease in flexibility is a dynamic process, kinase activity would also decrease in a dynamic 

fashion. Thus, the intermediate kinase activity can be explained. In LRRK2, however, Y2018RS2 

is presumably not able to form the for PKA F185YRS2Y proposed interaction. Furthermore, the 

strong activating effect of Y2018FRS2F indicates that the hydroxyl group of Y2018RS2 is 

stabilizing the kinase in an inactive conformation by a hydrogen bond. Therefore, the 

activating effect of G2019S presumably compensate the stabilization of the inactive 

conformation by Y2018RS2. 

Is PKA a convenient Model Kinase for investigating LRRK2 Function and Disfunction? 

PKA is presumably always in an active kinase conformation, due to its special regulation 

mechanism by the R-subunits and PKI. This renders the kinase to be a suboptimal model for 

LRRK2. In contrast, Gilsbach et al. (2012) used Dictyostelium discoideum (dd) ROCO4 as a 

model kinase for LRRK2. The kinase domain shares more than 30 % sequence similarity with 

the kinase domain of LRRK2 (Mills et al., 2014). Therefore, it can be assumed that ROCO4 is a 

better kinase model for LRRK2. Sequence alignment of LRRK2 with the crystal structure of 

ddROCO4 G1179S revealed that G2019S of LRRK2 is likely to interact with Q1918 of the 

αC-helix. It was shown for ddROCO4 G1179S that G1179S (G2019SLRRK2) is forming a hydrogen 

bond with R1077 (Q1918LRRK2) (Gilsbach et al., 2012). However, this result is contradictory to 

the results of the present thesis (Chapter 3.2.4) and the findings of Liu, M. et al. (2013). We 

found both that G2019S, based on our computational models, interacts with E1920 of the 

regulatory triad, which is situated in the αC-helix (Chapter 3.2.4). This already indicates that 

all model kinases and computational models will have their flaws to predict the functions of 

single amino acid substitutions. Another weakness of all common model kinases is that they 

are lacking one crucial element of LRRK2, which is the DYG motif. In this regard, it appears that 

one of the crucial layers of LRRK2 kinase regulation is embedded in the Tyr of the DYG motif. 

The results for LRRK2 and PKA suggest that the DYG motif of LRRK2, instead of the classically 

found DFG motif, is designed by nature to fine tune the activity of LRRK2. 

Furthermore, LRRK2 and PKA would share a comparable activation mechanism, if the 

hypothesis that S1292 works like an autoinhibition site, could be validated. This would render 
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PKA as a perfect model to study this layer of regulation. Still, many results obtained for PKA 

can be transferred to LRRK2, because of the high conservation in the regime of kinases. 

However, as depicted in the next chapter, LRRK2 stays a special case, as RS3 and RS4 mutations 

behave differently compared to kinases like PKA, BRaf or CRaf. Additionally, differences in 

essential residues between ddROCO4 and LRRK2, which control kinase activation will be 

discussed. 

4.3.4 The R-Spine Residues L1924 and L1935, the hydrophobic Network 

Residue F1908 and the C-Spine Residue A1904 impair LRRK2 Kinase 

Activity 
The next amino acid in the R-spine following the Y2018RS2 is L1924RS3. This residue is located 

in the αC-Helix an organizing hub in regulating kinase activation and catalysis, as this helix is 

interacting with many different motifs crucial for ATP and substrate binding (McClendon et 

al., 2014; Kornev and Taylor, 2015). The helix is the central hub in mediating the opening and 

closing of the active kinase, needed to exchange bound products and ADP with fresh 

substrates and ATP. The αC-helix is known to form essential interactions beside the 

hydrophobic interactions with the RS2 and RS4. In LRRK2 the conserved K1906 of the 

regulatory triad, positioned in the β3 strand is correctly coordinated by interacting with E1920 

of the αC-helix. Thereby, K1906 is able to interact with the β-phosphoryl group of bound ATP. 

Furthermore, F1908 is forming a hydrophobic interaction with L1917 of the αC-helix 

connecting the αC-helix again with the β3 strand. The latter is associated through A1904CS8 

and K1906 with the binding of the adenine moiety, as well as the correct orientation of the 

ATP phosphoryl groups. Besides these interactions the αC-helix was reported to interact with 

the phosphorylation site in the activation loop (Meharena et al., 2013). All these interactions 

leading to a correct positioning of the αC-helix and furthermore proper coordination of several 

residues involved in ATP binding and catalysis of the phosphorylation of substrates (Meharena 

et al., 2016). 

Bulky RS3 and RS4 Mutations are not well tolerated in LRRK2 

In this regard, the mutation of the BRaf RS3 residue to His was found to induce cancer by 

producing a constitutively active kinase. Also, Phe and Met substitutions were shown to result 

in constitutively active kinases for BRaf and CRaf (Hu et al., 2013; Hu et al., 2015). Activation 

of the resulting kinase constructs was independent of the activation by Ras GTPases, 

dimerization or phosphorylation of the activation loop (Hu et al., 2013; Shaw et al., 2014; Hu 

et al., 2015). However, kinase activity was reduced in LRRK2 if the mutation L1924FRS3F was 

introduced. This indicates different electron density distributions for LRRK2 and BRaf or CRaf 

in proximity to RS3. Therefore, the introduced Phe is most likely destabilizing the active 

conformation of LRRK2. This can be explained by the high steric demand of the introduced 

Phe, which can cause repulsions in this area and can be assumed to result in a displacement 

of the αC-helix. It is likely that the repulsion is a result of a steric clash with the Sh1 residue 

I1933 of LRRK2. For other kinases, Sh1 was reported to interact with the RS3 residue, 

consequently stabilizing the R-spine (Meharena et al., 2013; Kim, J. et al., 2017). The assumed 
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displacement of the αC-helix is known to cause the inactivation of a kinase. This would explain 

the reduced kinase activity observed for autophosphorylation, as well as for substrate 

phosphorylation of moesin and LRRKtide for LRRK2 L1924FRS3F (Fig. 32 and Chapter 3.2.3). The 

different findings for LRRK2 L1924FRS3F in comparison to RS3F in BRaf are of high interest, since 

BRaf seems to be activated by the same mechanisms as LRRK2: Dimerization, binding of an 

GTPase and activation loop phosphorylation. LRRK2 however seems to regulate all three of 

these by its own, suggesting that LRRK2 can, at any time, toggle between the active and 

inactive state of the kinase domain. This indicates that all the regulating domains are not 

supposed to completely inhibit kinase activity, but rather precisely modulate the activity of 

LRRK2. However, any impairment of the integrated LRRK2 control mechanism, which causes 

the kinase to become only slightly unregulated, seems to lead to a long-term degenerative 

process which results in cell death and development of PD. 

The top end of the R-spine is represented by L1935RS4, which is positioned in one of the rigid 

parts in every kinase, the N-lobe. Thereby, L1935RS4 anchors the rest of the R-spine to the 

N-lobe and holds it in place like it is the case for Y1992RS1 in the C-lobe (Kornev et al., 2006). 

The RS4 mutation to Phe in LRRK2 caused the lowest observed kinase activity among the 

R-spine mutations regardless of which substrate was used (Fig. 32 and Chapter 3.2.3). This 

may be attributed to major steric clashes. These clashes in the densely packed area of L1935F 

are likely causing the displacement of the αC-helix as the L1935F is positioned directly next to 

the αC-β4 loop. Alterations of the loop conformation are known to regulate the αC-helix 

movement during the activation and inactivation process (Kornev and Taylor, 2015). As the 

RS3 residue is directly interacting with RS4, the RS4 mutation L1935FRS4F might also be able to 

induce the displacement of the αC-helix by a steric clash with the RS3 residue. Interestingly, it 

was reported that PKA accepts both mutations RS3F and RS4F equally well as both display 

wt-like kinase activities (Meharena et al., 2013). As the RS3F mutation in BRaf and CRaf was 

also reported to cause constitutively active kinases, this suggests that LRRK2 possesses a 

different amino acid composition in this region, which causes the kinase to become inactive. 

Nevertheless, based on the computational model of LRRK2, PKA and LRRK2 share high 

conservation of the overall fold in this region of the kinase domain. Comparing the amino acid 

sequences of these regions, ranging from the beginning of the αC-helix till the end of the β4 

strand, reveals that LRRK2 carries much more hydrophobic residues than PKA in this part of 

the kinase. Therefore, interactions between the αC-helix and the β4 strand in LRRK2 are 

mostly of hydrophobic nature, whereas PKA can also form hydrophilic interactions. As the 

latter are stronger, introduction of a bulky amino acid like Phe can presumably be better 

tolerated. In contrast, the hydrophobic interactions in LRRK2 are much more likely to break 

apart, due to minor steric clashes. Thereby, LRRK2 should be much more prone to a 

displacement of the αC-helix by substitutions in the region of the αC-β4 loop. 

Mutations of LRRK2 R-spine residues with Phe seem to destabilize the kinase by presumably 

introducing steric clashes or removing potential hydrogen bonds. The only exception from this 

rule was found to be Y2018FRS2F which possesses increased kinase activity. This can be most 
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likely attributed to the loss of a hydrogen bond, which stabilized the inactive kinase domain 

conformation. In the following, one residue of the hydrophobic network, which extends the 

R-spine network and thereby connects the αC-helix and C-spine, will be investigated. 

The hydrophobic Network regulates the αC-Helix Orientation in a Kinase specific Manner 

The conserved hydrophobic network residue F1908, which is situated in the β3 strand, is 

stabilizing the N-terminus of the αC-helix by a hydrophobic interaction with L1917 of the 

αC-helix. This interaction links the αC-helix to the C-spine and helps to coordinate the αC-helix 

correctly for catalysis. Therefore, it is comparable to the interaction of K1906 (β3) and E1920 

(αC). In BRaf and CRaf, the analogous amino acid is a Leu, which was found to constitutively 

activate the kinase, if mutated to Phe (Hu et al., 2015). Therefore, F1908L was introduced and 

shown to markedly decrease the kinase activity of LRRK2 (Chapter 3.2.3). This is in accordance 

to the results found for BRaf and CRaf. Additionally, it indicates that hydrophobic packing 

around the αC-helix of LRRK2 is critical for kinase activation, like it was already suggested for 

BRaf (Hu et al., 2015). The more extended this hydrophobic network around the αC-helix 

becomes, the more it facilitates the activation of the of the respective kinase. In this regard, 

it would be interesting to see what happens, if L1917 in the αC-helix of LRRK2 will be mutated 

to a Phe, as this mutation should further strengthen the interaction with F1908. Moreover, 

the interaction of F1908 and L1917 is represented in ddROCO4 by two Phe residues (PDB: 

4F1O). This indicates that the interaction of these respective sites is conserved. Nevertheless, 

different amino acids in different kinases are needed to maintain the regulative function and 

thereby the correct orientation of the αC-helix. Therefore, it would also be of interest, how 

the double mutation F1908L/L1917F of LRRK2 behaves, as this would more closely represent 

the circumstances found in BRaf and CRaf. From a theoretic point of view, the exchange of 

these two residues should maintain the kinase activity of LRRK2 wt. 

Interplay of the αC-Helix and the C-Spine in the Formation of the active Kinase Conformation 

All in this chapter described residues are responsible for the correct orientation of the 

αC-helix. Substituting these residues has a kinase dependent effect on the activity and thus 

on the underlying activation mechanisms (Kornev and Taylor, 2015; Ahuja et al., 2019). This 

highlights the extremely sensitive positioning of the αC-helix, which is tightly controlled in 

dependence of the respective kinase. The results also emphasize that the αC-helix is an 

organizing hub, which, if positioned correctly, controls the concerted interplay of many other 

important motifs and regions during catalysis. In this regard, it was mentioned in this thesis 

that the interactions controlling the orientation of the αC-helix are also linked to the C-Spine. 

By these interactions, the R- and C-spine become connected with each other in the N-lobe, 

whereas in the C-lobe they are connected by the αF-helix. The connection of both spines 

during catalysis is important to obtain a dense kinase conformation which facilitates the 

phosphoryl transfer by correctly arranging ATP and a substrate (Taylor et al., 2012; McClendon 

et al., 2014; Taylor et al., 2019). Therefore, the C-spine needs to be correctly formed. This is 

usually done by the binding of the adenine moiety of ATP, which connects the C-lobal and the 

N-lobal part of the C-spine. The formation of the C-spine then induces the interaction of the 
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β3-Lys (K1906) with αC-Glu (E1920) and the DFG motif Asp (D2017) to form the regulative 

triad (Meharena et al., 2016; Taylor et al., 2019). However, to obtain a kinase in an active 

conformation without the need of ATP binding, replacement of the CS8 Ala residue with Phe 

is sufficient (Hu et al., 2011). This substitution captures the kinase in an active conformation 

but renders the kinase inactive as it loses the ability to bind ATP. Introducing the RS8F 

substation (A1904F) to LRRK2 resulted as expected in an inactive kinase, indicating that Phe 

indeed stabilizes the active conformation by denying ATP binding (Chapter 3.2.2 and 3.2.3).  

As depicted in this chapter, many residues were found, which have crucial functions in the 

kinase domain of LRRK2. This emphasizes again that LRRK2 is a highly intrinsic regulated kinase 

with a fine-tuned mechanism to accurately adjust the kinase activity. The concerted 

mechanisms inside the kinase domain add up with the kinase domain maintaining functions 

of all the other domains, to even further enhance the level of LRRK2 regulation. Although 

many intrinsic regulative functions can be proposed by the obtained results, the impact on the 

cellular level has been neglected so far. To overcome this issue, HEK293T cells were 

transfected with different constructs of LRRK2 carrying kinase dead-, PD-, as well as spine 

mutations. In the next chapter, the localization pattern of the LRRK2 constructs in transfected 

cells will be discussed. 
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4.4 Implications on Conformation and Function by Filament 

Formation Assays of LRRK2 Mutants 
PD mutations of LRRK2 are constantly reported to alter the proteins localization inside the cell, 

compared to the mostly cytosolic distributed LRRK2 wt. In 2006, vectors encoding GFP-tagged 

LRRK2 wt and PD mutations R1441C, Y1699C, G2019S and I2020T were transfected into 

different cell types. Herein, a cytosolic distribution of LRRK2 wt was found. On the contrary, 

mutant proteins showed a clearly enhanced likelihood to form inclusion bodies. These 

inclusion bodies were associated with vimetin, a protein involved in the intermediate filament 

cytoskeleton. Furthermore, treatment of the cells with nocodazole, a microtubule 

polymerization inhibitor, led to a disruption of the identified inclusion bodies (Greggio et al., 

2006; Kett et al., 2012). This indicates that LRRK2 is, at least in its mutated form, interacting 

with elements of the cytoskeleton. However, interactions with microtubules were also 

reported for a C-terminal GFP-tagged LRRK2 wt version (Gloeckner et al., 2006). In this regard, 

it should be mentioned that the C-terminal tagged LRRK2 proteins were found to impair 

protein quality and function compared to untagged or N-terminal tagged LRRK2 wt constructs 

(personal communication by Johannes Gloeckner). Therefore, a cytosolic distribution of LRRK2 

wt is more plausible (West et al., 2005; Greggio et al., 2006; Kett et al., 2012). Additionally, 

Greggio et al. (2006) reported that overexpression of LRRK2 R1441C or Y1699C markedly 

reduced the number of cells possessing intact nuclei. Thus, these mutations were revealed to 

be cytotoxic, which also links them to a PD relevant pathogenic mechanism. This mechanism 

is most likely based on an impaired regulation of cytoskeleton functions. 

In 2012, Kett et al. were able to identify that except for one all most common LRRK2 PD 

mutations led to a microtubule-associated oligomerization in a well-ordered fashion. Only the 

G2019S mutation was cytosolically distributed like LRRK2 wt. These findings were later again 

validated by Lobbestael et al. (2013). The addition of Taxol, a microtubule-stabilizing agent, 

significantly increased the percentage cells that showed LRRK2 filament formation 

(oligomerization), if they overexpressed LRRK2 Y1699C or I2020T. This effect was not observed 

for cells overexpressing wt or G2019S (Kett et al., 2012). Furthermore, it was reported that 

kinase activity is needed for filament formation or formation of inclusion bodies, as LRRK2 

kinase dead mutations did not show any of those (Greggio et al., 2006; Kett et al., 2012). This 

indicates an important role of the kinase domain in promoting filament formation. 

4.4.1 Different Stabilizing Mechanisms of Y2018F and I2020T in Comparison to 
G2019S seem to be responsible for Differences in Filament Formation 

Based on these results, Dr. Daniela Boassa from the NCMIR in San Diego and I investigated the 

effects of LRRK2 spine mutations on the spatial localization in HEK293T cells. In particular 

LRRK2 association with the microtubule network was investigated by determining the 

percentage of cells displaying filamentous structures, referring to LRRK2 oligomers. In this 

regard, three of the four R-spine mutations (RS1F, RS3F and RS4F) and the pathogenic 

mutation G2019S behave like LRRK2 wt as they show a cytosolic distribution (Chapter 3.2.5). 
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For LRRK2 wt and G2019S this resembles the data of the previously mentioned publications. 

Furthermore, I was able to validate that overexpression of I2020T induces filament formation 

in the majority of the transfected cells. Interestingly, the R-spine mutation Y2018FRS2F also 

induced filament formation in the transfected cells, comparable to I2020T (Chapter 3.2.5). 

Together with the previously obtained results, this suggests that both mutations stabilize a 

similar active conformation, which differs from the stabilized active conformation of G2019S. 

Nevertheless, computational models of LRRK2 I2020T and G2019S indicate that both 

mutations stabilize the active conformation of the kinase domain by slowing down the 

transition between the DYG-in and -out conformation (Liu, M. et al., 2013; Ray et al., 2014). 

The decelerated transition, however, can be achieved in different ways. For I2020T it could be 

possible that a hydrophobic binding pocket in the inactive conformation is no longer accessible 

for the hydrophilic Thr side chain, trapping LRRK2 in an active conformation. For G2019S the 

mutation may only slow down the transition between both states, due to the more demanding 

side chain. Thereby, LRRK G2019S is not trapped in the active conformation, but the mutation 

increases the time LRRK2 spends in the active conformation. For Y2018F an comparable 

assumption as for I2020T can be made. As explained above, it is likely for Y2018F to lose a 

stabilizing hydrogen bond in the inactive conformation due to the loss of the hydroxyl group. 

This would push the kinase similar to I2020T into the active conformation. Both mutations 

may thereby no longer be able to assume the inactive conformation, because of the repulsion 

by their altered side chains. Thus, constitutively active kinase domains are the result, which 

are different to G2019S where the toggling of the DYS motif is just slowed down. 

4.4.2 Implications for I2020T driven PD relevant Impairments of Cytoskeleton 
Dynamics  

Concerning the stabilized active conformation of LRRK2 I2020T, an increased rate of dimer 

formation was found for LRRK2 I2020T and R1441C. In contrast, dimer formation of LRRK2 

G2019S were resembling wt levels (Leandrou et al., 2019). An increased propensity to dimerize 

would also explain the enhanced likelihood of Y2018FRS2F, I2020T and R1441C to induce 

filament formation around microtubules, when compared to LRRK2 wt or G2019S. 

Incidentally, the observed LRRK2 oligomers around the microtubule have a well-ordered 

repeating arrangement. However, they did not coordinate well with the ordered shape of 

oligomerized tubulin subunits (referring to unpublished data). Therefore, it is possible that the 

microtubules are just serving as scaffolds rather than being real interaction partners. 

Interestingly, it was found that the WD40 domain is crucial for tubulin interaction as a WD40 

deletion construct showed a cytosolic distribution for LRRK2 I2020T (Kett et al., 2012). 

Together with the results from Guaitoli et al. (2016) and Zhang, P. et al. (2019), it can be 

proposed that the WD40 domain is shielded by the Arm and Ank domain of LRRK2 in the 

presumed S1292 driven autoinhibited state. Kinase activation (e.g. by a mutation like I2020T) 

might induce a conformational shift of the N-terminus, whereby the WD40 domain becomes 

exposed. This would allow the WD40 domain to form a dimer with another WD40 domain. 

Thereby, oligomerization of LRRK2 can be initiated. This hypothesis would also explain the 
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requirement of the WD40 domain for cytotoxicity (Jorgensen et al., 2009). The hypothesis is 

further strengthened by the facts that the PD risk mutation G2385R inhibits filament 

formation and that dimerization of the WD40 domain alone is impaired by G2385R (Rudenko 

et al., 2012; Zhang, P. et al., 2019). 

In this regard, filament formation of I2020T is likely to drive PD development, as binding of 

LRRK2 to microtubules was reported to hamper cellular trafficking and alter microtubule 

dynamics (Gillardon, 2009; Esteves et al., 2014; Godena et al., 2014; Esteves and Cardoso, 

2016). Furthermore, LRRK2 I2020T expressing mice were shown to possess an increased 

degree of microtubule polymerization (Maekawa et al., 2012). Moreover, a direct interaction 

and phosphorylation of tubulin by LRRK2 was also reported (Gillardon, 2009; Law et al., 2014). 

Together with the results from the present thesis, it is likely that the oligomers of the I2020T 

mutant wrap around the microtubules, phosphorylating them and thereby prohibiting 

microtubule depolymerization. This would cause severe deficits in cytoskeleton dynamics. 

Altered microtubule dynamics by PD associated LRRK2 mutations were reported to also impair 

mitochondrial homeostasis (Esteves et al., 2014; Esteves et al., 2014). Furthermore, it was 

shown that LRRK2 is interacting with tau and tubulin, hence facilitating tau phosphorylation 

via GSK3β or MARK1 (microtubule affinity-regulating kinase 1). Hyperphosphorylation of tau, 

like observed for LRRK2 G2019S, was suggested to result in a destabilization of microtubules 

(Kawakami et al., 2014; Krumova et al., 2015). Direct phosphorylation of tau by LRRK2 in the 

presence of microtubules was also reported but has been shown to be weak. This suggests 

that the interaction between tau and LRRK2 is accomplished by the kinase domain of LRRK2 

(Hamm et al., 2015; Shanley et al., 2015). 

4.4.3 LRRK2 Inhibitor Treatment highlights that an active Kinase Conformation 
rather than an active Kinase induces Filament Formation 

Strikingly, the addition of the highly specific LRRK2 inhibitor MLi-2 induces filament formation 

for all LRRK2 mutations possessing an active kinase domain (Chapter 3.2.5). Also, many others 

have reported filament formation after inhibitor treatment, which renders the observed 

phenotype not MLi-2 specific. Some of them even showed that the inhibitor induced filament 

formation is reversed after washout (Deng, X. et al., 2011; Doggett et al., 2012; Fraser et al., 

2013; Lobbestael et al., 2013; Reyniers et al., 2014; Blanca Ramirez et al., 2017; Leandrou et 

al., 2019). At first glance, inhibitor induced filament formation seems to be contradictory, as 

inactive kinases were associated with a cytosolic distribution. However, MLi-2 is binding to 

LRRK2 in an ATP like fashion and could therefore be assumed to trap the kinase in an active 

conformation. In contrast, the kinase dead mutations used in the literature are likely to 

stabilize an inactive conformation. Therefore, filament formation is presumably not related to 

kinase activity, but rather to an active conformation of the kinase domain. This also validates 

the assumption that Y2018FRS2F and I2020T are stabilizing an active conformation, which 

induces filament formation. Therefore, LRRK2 kinase activation presumably results in an 

elongated “more open” conformation of LRRK2 due to a conformational shift of the 

N-terminus releasing kinase inhibition. Consequently, association with microtubules can 
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occur, as the interacting LRRK2 domain becomes exposed. Assuming an inactive conformation 

of the dimeric LRRK2 structure described by Guaitoli et al. (2016), the ROC, kinase and WD40 

domain are possible candidates for microtubule interaction. All of them are partially shielded 

by the N-terminus, which is likely to be released by activation due to elongation of LRRK2. In 

this regard, it is likely that 14-3-3 proteins control LRRK2 activation as they bind to pS910, 

pS935 and pS1444 (Dzamko et al., 2010; Nichols et al., 2010; Muda et al., 2014). 14-3-3 binding 

may stabilize LRRK2 in a compact inactive conformation like suggested by Muda et al. (2014). 

Furthermore, it was reported that pS910 and pS935 levels are reduced upon LRRK2 kinase 

inhibitor treatment and by PD associated LRRK2 mutations except for G2019S (Dzamko et al., 

2010; Nichols et al., 2010; Li, X. et al., 2011). Therefore, it can be assumed that activation of 

LRRK2 induces a conformational change which abolishes 14-3-3 binding and thereby induces 

pS910 and pS935 dephosphorylation. The conformational change transforms LRRK2 into the 

active elongated state, consequently resulting in the translocation of LRRK2 from the cytosol 

to the microtubules. As a side note it should be mentioned that kinases are in their inactive 

conformation most of the time, which is also likely for LRRK2. However, the mutations or 

LRRK2 kinase inhibitor treatment can impair this stabilized inactive conformation and 

therefore result in the observed unnatural filament formation. 

Indications that 14-3-3 stabilizes the inactive compact conformation, but not the active 

elongated conformation were found by Rudenko et al. (2012). They reported that the PD risk 

mutation G2385R decreases S935 phosphorylation and 14-3-3 binding. Additionally, G2385R 

was shown to impair dimerization of the WD40 domain (Zhang, P. et al., 2019). The decreased 

pS935 and 14-3-3 binding levels suggest that G2385R induces the more open conformation of 

LRRK2. This would normally induce oligomerization of LRRK2 around microtubules by 

unleashing the WD40 domain. However, as G2385R impairs WD40 dimerization, the 

oligomerization is abolished, and a cytosolic distribution is observed even when treated with 

LRRK2 kinase inhibitors. Again, this hypothesis emphasizes the importance of the WD40 

domain for cytotoxicity and filament formation and moreover explains the observed filament 

formation of I2020T and Y2018FRS2F. 

The involvement of 14-3-3 proteins in LRRK2 regulation were also reported in other studies. 

For example, overexpression of 14-3-3 proteins, especially 14-3-3γ and to a lesser extent 

14-3-3ε, can rescue filament formation or aggregation observed by LRRK2 kinase inhibition, 

as well as PD mutations. Furthermore, it was described that a cytosolic, 14-3-3 induced 

localization correlates with extracellular secretion (Dzamko et al., 2010; Doggett et al., 2012; 

Fraser et al., 2013; Blanca Ramirez et al., 2017). This strengthens the hypothesis that an 

impaired regulation by 14-3-3 proteins causes filament formation. However, the question of 

what induces the “more open” conformation of LRRK2 during the activation process remains. 

One possible explanation would be that the dissociation of the autoinhibition site around 

S1292 from the kinase domain is causing a large conformational shift of the LRR domain, which 

is responsible for the elongation. Thus, the otherwise shielded phosphorylation sites S910 and 

S935 become exposed, as 14-3-3 proteins are unable to bind to the elongated conformation. 
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4.4.4 The N-Terminus prevents Microtubule Association by shielding potential 
Interaction Sites 

A finding which strengthens the idea of an N-terminal driven translocation regulated by 14-3-3 

proteins is that all RCKW constructs regardless of the mutation were binding to the 

microtubule network (Chapter 3.2.6). Only the kinase dead mutation RCKW D2017A showed 

a markedly decreased filament formation rate. Still, the percentage of cells showing filament 

formation was, in comparison to the wt full length level, noticeably increased (Chapter 3.2.5 

and 3.2.6). This suggests that the missing regulative function of the N-terminus forces the 

RCKW construct to associate with microtubules. Therefore, it can be assumed that interaction 

sites, which are shielded in the autoinhibited, compact LRRK2 full length conformation, are 

exposed in the RCKW construct. Furthermore, a functional kinase conformation seems to be 

beneficial for microtubule binding. However, the missing N-terminus seems to be sufficient to 

induce filament formation, as it was also observed for the kinase dead RCKW D2017A 

construct (Chapter 3.2.6). As the percentage of cells showing filament formation was 

decreased by RCKW D2017A, it is likely that the mutation may be able to bind ATP, but not to 

correctly coordinate it. Binding of ATP subsequently induces an active kinase domain 

conformation, resulting in association of RCKW D2017A with the microtubules. In this regard, 

it was shown that the WD40, as well as the ROC domain are directly interacting with tubulin 

(Law et al., 2014; Carrion et al., 2017). This suggests that the induced conformational change 

of the kinase domain must lead to an exposure of the interaction sites in the ROC or WD40 

domain. Hence, kinase dead mutations of LRRK2 full length (K1906M and D2017A) show a 

cytosolic distribution and were not affected by MLi-2. For K1906M identical results were also 

found for the inhibition by the kinase inhibitor LRRK2-IN-1 (Lobbestael et al., 2013). The 

cytosolic distribution of full-length kinase dead mutations might be again explained by the 

autoinhibition by S1292, as it is not available in the RCKW construct. 

From the obtained results it can be assumed that S1292 most likely binds to the inactive kinase 

conformation of LRRK2, consequently stabilizing it. The assumption can be made, as the kinase 

dead mutations should predominantly exist in the inactive conformation. Furthermore, it 

would explain why LRRK2 Y2018F and I2020T, which are presumably not able to assume the 

inactive conformation, show an increased likelihood to form filaments. Additionally, as 

G2019S is still able to toggle between the active and inactive conformation, autoinhibition by 

S1292 would still be possible and result in a cytosolic distribution of LRRK2 G2019S. 

Nonetheless, activation of G2019S would result in increased kinase activity. 

 

4.4.5 CS8F enhances Filament Formation by stabilizing the active 
Conformation 

A1904FCS8F, which is thought to complete the C-spine without the need of ATP, and K1906A 

both showed a slightly increased likelihood to induce filament formation in comparison to 

LRRK2 wt. For A1904FCS8F this fits well with the previously proposed mechanism where the 

active elongated conformation forces LRRK2 to associate with microtubules. This also 
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supports the idea that an active kinase conformation of LRRK2 is enough to induce the 

elongation of LRRK2. However, the percentage of LRRK2 A1904FCS8F expressing cells showing 

filament formation was still very low, in comparison to cells expressing LRRK2 Y2018F, I2020T 

or cells expressing LRRK2 wt, which were treated with kinase inhibitor. This might indicate 

that dissociation of S1292 might need the binding of ATP or an inhibitor to be effective. 

Another possibility would be that the Phe mutation is sterically demanding enough to prevent 

ATP binding, but to small or poorly orientated to guarantee a permanently formed C-spine. 

The results obtained for K1906A were, however, unexpected. An explanation might be that 

LRRK2 K1906A is still able to bind ATP as the DYG Asp is sufficient for this purpose like it was 

suggested by Iyer et al. (2005). On the contrary, this behavior was not observed for K1906M, 

indicating K1906A to function differently. Furthermore, besides the bare increased likelihood 

to form filaments, this mutation also showed filament formation in an MLi-2 dependent 

manner. This also distinguishes the mutation from A1904FCS8F. Therefore, it can be assumed 

that K1906A is altering the affinity for S1292 and is still able to bind MLi-2 and ATP. However, 

it seems to have lost the ability of the phosphoryl transfer. 

Finally, the results discussed in this chapter are in good accordance with the data from 

literature. This supports the proposed regulation models of the present thesis and again 

emphasizes the multilayered intrinsic regulation of LRRK2. As the observed filament formation 

for some mutations is associated with pathogenic impairments, it is of critical importance to 

understand the underlying mechanisms causing such malignant effects. Here I was able to 

show that an assumingly elongated active conformation of LRRK2 is causing the pathogenic 

relevant association of LRRK2 with microtubules. This allows LRRK2 to oligomerize via its 

WD40. In contrast, in the compact inactive conformation of LRRK2 the N-terminus seems to 

shield these oligomerization sites from each other. Furthermore, the literature indicates that 

the activity and localization is regulated by 14-3-3 binding. 

In the next chapter, all found indications of mechanistic relevance in the activation process of 

LRRK2 will be combined and a model of the intrinsic regulation will be proposed. 

  



 

 

P A G E  130 | 173 

 Discussion 

4.5 Intrinsic Regulation Model of LRRK2 and extrinsic 

Modulators 
After more than 200 years of research, the pathology of PD is well described and many 

signaling cascades were since shown to be impaired. Nevertheless, how exactly the underlying 

biochemical mechanisms are impaired, often remained elusive. With the identification of the 

LRRK2 gene in 2002 by Funayama and colleagues, the hope rose to find a cure for many PD 

cases. Specific LRRK2 kinase inhibitors were thought to be able to decelerate the progression 

of PD. However, as they generally bind in an ATP like fashion, they were shown to induce side 

effects like filament formation of LRRK2 around microtubules (Dzamko et al., 2010; Deng, X. 

et al., 2011; Fraser et al., 2013). This property was also observed for pathogenic LRRK2 

mutations and is therefore likely to be detrimental in the homeostasis of cells. Furthermore, 

in some cases, LRRK2 kinase inhibition was shown cause the same deleterious effects as kinase 

hyperactivity (Berwick and Harvey, 2012; Matta et al., 2012). This suggests that the intrinsic 

regulation of the kinase activity of LRRK2 and the modulating effects of interaction partners 

must be exactly tuned to guarantee proper functionality in cellular processes. Moreover, it 

suggests that either hyperactivity or hypoactivity of the LRRK2 kinase domain can be harmful 

for the cellular function. 

With the obtained knowledge about ATP analog inhibitors it should be clear that they most 

likely will not bring the cure for LRRK2 induced PD. Therefore, other drugs, which do not 

stabilize LRRK2 in an active conformation like current inhibitors, have to be developed. It is 

likely that drugs stabilizing the proposed compact structure of LRRK2 will be more beneficial. 

For the development of such a new class of LRRK2 conformation stabilizing agents, it is 

important to develop a model of the intrinsic control between the different conformations. 

4.5.1 The first Layer of intrinsic LRRK2 Kinase Regulation: Autoinhibitory 
Domain, Dimerization and Modulators 

Based on the data of this thesis and information form the literature, an N-terminal regulation 

of LRRK2 is highly likely. This also provides the first layer of the semi intrinsic kinase regulation. 

The first layer of LRRK2 kinase regulation is concentrating on the domains, which are 

N-terminal of the catalytic core of LRRK2 and on modulator proteins. With regard to the 

findings, the following regulation mechanism can be assumed: LRRK2 is mostly cytosolic 

distributed and in a monomeric form (Berger et al., 2010; James et al., 2012). The cytosolic 

distribution is maintained by the interaction with 14-3-3 proteins which also keeps LRRK2 in 

an inactive compact conformation (Lavalley et al., 2016). 14-3-3 dimers are interacting with 

LRRK2 by binding to pS910 or pS935 and pS1444. These sites are phosphorylated by upstream 

kinases like PKA (Li, X. et al., 2011; Muda et al., 2014; Stevers et al., 2017). 14-3-3 proteins also 

control the cellular distribution of LRRK2 and can translocate LRRK2 to the trans-Golgi plasma 

membrane(Fraser et al., 2013). 

Rab29, located in the trans-Golgi plasma membrane, binds to the Ank domain of LRRK2 

(Purlyte et al., 2018). Either this, or a phosphorylation of 14-3-3, can cause the dissociation of 



 

 

P A G E  131 | 173 

 Discussion 

14-3-3 proteins, which results in dimerization of LRRK2 (Civiero et al., 2017). Dimerization 

induces kinase activation which leads to the phosphorylation of the kinase autoinhibiting 

S1292 residue (Berger et al., 2010; Sheng et al., 2012; Henry et al., 2015; Guaitoli et al., 2016). 

This causes the dissociation of S1292 from the kinase domain and results in a conformational 

change of the N-terminus which induces an elongated or “more open” conformation of LRRK2. 

Consequently, the kinase becomes able to phosphorylate protein substrates, like Rabs (Steger 

et al., 2016; Purlyte et al., 2018). Furthermore, the “more open” conformation of LRRK2 

exposes pS910 and pS935 which become dephosphorylated by PP1 (Lobbestael et al., 2013). 

As long as these sites are not rephosphorylated, LRRK2 stays in an active conformation.  

If LRRK2 is active for an extended period of time, the dephosphorylated S935 site will cause 

ubiquitinoylation, which primes LRRK2 for lysosomal degradation (Ko et al., 2009; Zhao et al., 

2015; Rudenko et al., 2017). This may possibly also be a protein quality control mechanism. 

However, if LRRK2 becomes rephosphorylated at S910 and S935 and dephosphorylated at 

pS1292, this will cause autoinhibition. Furthermore, this facilitates the reassociation of 14-3-3 

proteins to the compact inactive conformation of LRRK2. Finally, this induces dissociation from 

Rab29, completing the regulation cycle. An overview of this regulation cycle can be found in 

Figure 34. 

The malfunctioning of any of these steps will cause PD associated symptoms like protein 

aggregation and will result in dopaminergic cell death in the long-term. It is likely that many 

PD associated mutations force LRRK2 into an active open conformation, which is associated 

with oligomerization around microtubules. These mutants were reported to be 

dephosphorylated at pS935, causing increased degradation, reduced 14-3-3 binding and as a 

result a lost cytosolic distribution. In line with the quality control mechanism mentioned above 

they showed an increased likelihood to undergo degradation (Kett et al., 2012; Reynolds et 

al., 2014; Zhao et al., 2015). Additionally, it should be mentioned that the activation of LRRK2 

by Rab29 is only one possible activating pathway for LRRK2. Interaction with other binding 

partners like microtubules are likely to cause the same activation. In this regard, LRRK2 was 

also suggested to be essential in regulating WNT signaling, by interacting with dishevelled 

proteins and GSK3β (Kawakami et al., 2014; Ohta et al., 2015; Harvey and Outeiro, 2019). 

4.5.2 The second Layer of intrinsic LRRK2 Kinase Regulation: The G-Nucleotide 
State of the tandem ROC-COR Domain 

The tandem ROC-COR domain belongs to the catalytic core of LRRK2. It is suggested to play an 

essential role in regulating kinase activity. Based on the literature and the data obtained in 

this thesis the following regulating mechanism can be assumed for this tandem domain: The 

monomeric 14-3-3 stabilized form of LRRK2 is presumably hydrolyzing GTP (Deyaert et al., 

2019). Binding to Rab29 supposedly induce dimerization of LRRK2. Thus, hydrolysis of GTP is 

inhibited, which leads to GDP dissociation and stabilization of LRRK2 in the G-nucleotide-free 

form. As cytosolic GTP concentrations are in the range of the KM value of the ROC domain, 

alterations of GTP levels in the cell can shift the ratio of dimeric and monomeric LRRK2 and 
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Figure 34: Regulation cycle of LRRK2. 14-3-3 bound LRRK2 becomes recruited from the cytosol to RAB29 at 

the trans-Golgi membrane, which induces dimerization and dissociation of 14-3-3 proteins. The dimerization 

leads to GDP dissociation and formation of the R-spine which activates the kinase domain. Phosphorylation of 

the autoinhibitory domain (AI) induces a conformational shift, which transforms LRRK2 into its active open 

conformation ready to phosphorylate LRRK2 substrates. Additionally, PP1 dephosphorylates pS910 and pS935 

which prohibits 14-3-3 reassociation. Furthermore, dephosphorylation by PP1 does also add a quality control 

mechanism, which can lead to ubiquitinoylation and degradation of unregulated LRRK2. Upstream kinases 

rephosphorylate S910 and S935, whereas phosphatase (PPase) dephosphorylates the AI. This induces 

autoinhibition and 14-3-3 binding, thus stabilizing the inactive conformation of LRRK2. Furthermore, 

dissociation from Rab29 is induced and binding of GTP activates the GTPase domain and LRRK2 

monomerization. 
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consequently the kinase activity (Wauters et al., 2018). Binding of GTP leads to a 

conformational change in the ROC domain, which is passed on to the COR and kinase domain. 

This conformational change induces monomerization and inhibits kinase activity, as the COR-B 

domain presumably partly controls the kinase domain conformation (Deyaert et al., 2017; 

Deyaert et al., 2019). Phosphorylation of the ROC domain increases GTPase activity which 

seems to be a feedback loop to regulate the kinase activity of LRRK2 (Liu, Z. et al., 2016). In 

this regard, the neuroprotective GTPase activity increasing mutation R1398H was shown to 

decrease kinase activity (Nixon-Abell et al., 2016). Dissociation from Rab29 might show up 

concerted with monomerization of LRRK2 due to GTP binding, which would in combination 

result in a tightly controlled kinase domain and complete the regulation cycle. This layer of 

intrinsic LRRK2 regulation is summarized in Figure 34. 

4.5.3 The third Layer of intrinsic LRRK2 Kinase Regulation: The Kinase and 
WD40 Domain 

LRRK2’s kinases domain can be regulated, as depicted in Figure 34, by different extrinsic and 

intrinsic protein control mechanisms. Nevertheless, many kinases only constitute a kinase 

domain and at most one more regulative domain. In this regard, the C-terminus and the WD40 

domain were shown to be crucial in maintaining kinase activity of LRRK2. This implies that 

kinase domains have an incorporated regulation mechanism. Because of the high 

conservation between protein kinases, this is also assumable for LRRK2. With the introduction 

of the spine model to LRRK2’s kinase domain in this thesis, one of those intrinsic mechanism 

was revealed. However, the kinase spines are only one aspect of how a kinase domain can be 

intrinsically regulated. Therefore, the following regulation of the kinase activation by the 

kinase domain itself can be assumed for LRRK2: In the cytosol autoinhibition of LRRK2’s kinase 

domain by S1292 and the binding of the 14-3-3 proteins stabilizes an inactive conformation of 

the kinase domain. This inactive conformation is most likely characterized by a broken C- or 

R-spine. Based on the results of the DYGψ motif mutants in the present thesis and molecular 

dynamic calculations performed by others, a broken R-spine with a stabilized DYGψ-out 

conformation can be assumed (Liu, M. et al., 2013; Ray et al., 2014). A conformational change 

of LRRK2, due to binding to Rab29, dissociation of 14-3-3 proteins and dimerization is likely to 

induce R-spine formation. This enables the kinase domain to bind ATP, which completes the 

C-spine and results in autophosphorylation of S1292 and the activation loop. Hence, the low 

affinity for pS1292 induces dissociation of the N-terminus from the kinase domain and the 

WD40 domain, resulting in an active open conformation of LRRK2. This open conformation 

facilitates substrate phosphorylation by the kinase domain and is likely to enable binding of 

interaction partners and substrates via the WD40 domain. Binding of GTP to the ROC domain 

can inhibit the kinase domain by inducing a conformational shift and monomerization. As 

dimerization was described as one possibility to activate kinases, monomerization in LRRK2 is 

likely to inhibit kinase activity (Berger et al., 2010). This can be attributed to structural changes 

like a displacement of the αC-helix or the activation loop. Kinase inactivation due to GTP 

binding to the ROC domain presumably causes dephosphorylation of the activation loop, as 

well as S1292. Thereby kinase autoinhibition will be induced and the compact inactive 
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DYGψ-out LRRK2 conformation will be stabilized. This will enable 14-3-3 binding and the 

dissociation from Rab29 and as a result completes the regulation cycle. Parts of this intrinsic 

regulation are depicted in Figure 34. 

As LRRK2 was reported to be involved in the Ca2+-homeostasis, it is also likely that kinase 

activity of LRRK2 can be modulated by coordination of different metal ions in the kinase or 

even in the GTPase domain of LRRK2 (Gomez-Suaga et al., 2012; Cherra et al., 2013; Schwab 

and Ebert, 2015; Bedford et al., 2016; Korecka et al., 2019). PKA was also reported to be 

involved in Ca2+-signaling and activation of Ca2+-release causes an inactivation of PKA as Ca2+ 

traps the C-subunit of PKA in the product bound state (Zhang, P. et al., 2015). A similar 

mechanism can be imagined for LRRK2, as LRRK2 was reported to be inactive in the presence 

of Ca2+. Interestingly, LRRK2 was in this regard found to be able to use manganese ions (Mn2+) 

to phosphorylate LRRKtide with a low catalytic activity, but a drastically increased KM value for 

ATP. G2019S keeps the high KM value for ATP but possesses a catalytic activity comparable to 

the activity under Mg2+ conditions. Therefore, it was hypothesized that G2019S not only 

increases the kinase activity of LRRK2, but also impairs the sensitivity of LRRK2 to manganese 

induced kinase inhibition. The high sensitivity for Mn2+ as an inhibitor of LRRK2 wt was 

suggested to be a control mechanism to measure Mn2+ levels in the brain and induce 

neuroinflammation. This ability of LRRK2 is, however, lost or at least altered for the G2019S 

mutant (Covy and Giasson, 2010; Lovitt et al., 2010; Hamm et al., 2015; Chen, J. et al., 2018; 

Kim, J. et al., 2019). Furthermore, this may result in increased Mn2+ concentrations in the 

brain, which have been linked with parkinsonian symptoms (Tsuboi, 2012; Andruska and 

Racette, 2015). Strikingly, LRRK2 G2019S has been reported to be able to use GTP in presence 

of Mn2+, but not Mg2+ as a phosphoryl donor during phosphorylation via. These results were 

validated by me and suggest another layer of disturbed regulative mechanisms for the already 

unregulated G2019S mutant (Suppl. Fig. 8). 

In conclusion, the different intrinsic regulative layers identified for LRRK2 kinase activation 

produce a nice picture, where all the different layers neatly intertwine with each other. 

Therefore, this model provides a good basis to weave in other regulative control mechanisms 

of LRRK2, as well as more up- and downstream signals. As LRRK2 consists of so many different 

domains which all possess their own function, simply the intrinsic regulation of this protein is 

more complex than for most other proteins. This being said, the proposed model is very likely 

incomplete, but grants the most comprehensive overview of this intrinsic regulation to date. 

4.5.4 Discrepancies of the proposed Model with former Publications 
Kinase activity was often reported to be increased upon GTPase activity (West et al., 2007; 

Stafa et al., 2012; Biosa et al., 2013; Gilsbach et al., 2018). However, it could be shown that 

LRRK2 possesses an increased kinase activity if GTPase activity was reduced, but GTP binding 

remained untouched (Lewis et al., 2007; Taymans et al., 2011; Liao et al., 2014). This suggests 

that not GTPase activity, but rather a properly folded ROC domain is crucial for LRRK2’s kinase 

activity. In this regard, it was to my knowledge investigated only once, if the nucleotide-free 

purified form of LRRK2 differs in activity compared to the GDP or GTP purified form (Taymans 
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et al., 2011). The results fit well with my observations that the nucleotide-free state of LRRK2 

is by far more active as the G-nucleotide purified forms. Additionally, it was assumed that GTP 

bound LRRK2 is dimeric (Biosa et al., 2013). Hence, the published crystal structure of dimeric 

ctROCO1 questioning this assumption as GTP binding and to a lesser extent also GDP binding 

induced monomerization (Deyaert et al., 2019). Furthermore, the low affinity for GTP or GDP 

in comparison to small GTPases also suggest that LRRK2 exists in both the G-nucleotide bound 

and free conformation inside the cell. This is strengthened by the finding that dimeric 

membrane bound LRRK2 possesses an increased ability to bind GTP, suggesting a 

G-nucleotide-free dimer (Berger et al., 2010). 

The other discrepancy of the proposed model is the suggestion that S1292 fulfills the function 

of an autoinhibitory domain. In this regard, the S1292A mutations were shown to rescue the 

observed phenotypes but failed to decrease kinase activity (Sheng et al., 2012). As already 

discussed, these results should be reiterated because of the use of immunoprecipitated and 

not solely active LRRK2. Furthermore, inhibition by S1292 might only be observable in a 

cellular context, as additional interaction partners might be needed to stabilize the 

autoinhibition. Moreover, the proposed structural model of LRRK2 and certain crosslinking 

results suggest an interaction of this Ser with the kinase domain (Guaitoli et al., 2016). 

Altogether the discrepancies with the literature are only of minor relevance, as supporting 

data was also found in the literature, which emphasizes the correctness of the data obtained 

in this thesis.  
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5. Conclusion and Outlook 

Understanding of the biochemical pathomechanistical layers of Parkinson’s disease is a crucial 

goal for the development of drugs. Nevertheless, as the biochemical processes in healthy cells 

are mostly elusive for the PD associated proteins, a general functional basis must be 

established first. Therefore, the intrinsic regulation mechanisms of Parkinson’s Disease 

associated protein LRRK2 was investigated in the present thesis. Pathogenic, as well as kinase 

spine stabilizing mutants were introduced to LRRK2 and their relevance in altering function of 

the respective protein were studied. Furthermore, Nanobodies were generated and used as a 

biochemical tool to get insight in the mechanistical link between the ROC and the kinase 

domain of LRRK2. To address this, LRRK2 was also purified and tested under different 

G-nucleotide conditions. Moreover, an N-terminal deletion construct, containing the ROC, 

COR, Kinase and WD40 domain of LRRK2 (RCKW) were generated and analyzed. Finally, 

cellular distribution studies of full length LRRK2, as well as the RCKW constructs in dependence 

of MLi-2, a highly specific LRRK2 inhibitor, were performed. 

Need for structural Data of LRRK2 to reveal the exact Cause for hyperactivating Mutations 

and G-Nucleotide induced conformational Changes 

The introduction of spine mutations to LRRK2 revealed a formerly unknown hyperactivating 

mutation (Y2018F) of LRRK2. This was done by reintroducing the DFG motif, which is classically 

found in kinases. The hyperactivity, like observed for G2019S, was paired with a decreased KM 

value and an increased likelihood to form filaments in the cellular model. Therefore, it shares 

features with both pathogenic mutations (G2019S and I2020T) found in the kinase domain of 

LRRK2. The loss of the hydroxyl group by the Y2018F mutation in LRRK2’s DYG motif 

destabilizes the inactive kinase domain conformation by presumably abolishing a hydrogen 

bond formed in the inactive state. Here the next goal will be to identify the potential 

interacting amino acid in the kinase domain of LRRK2. Therefore, a set of structural data of 

the inactive conformation is needed. In this regard, promising cryo-EM studies are currently 

performed. 

The results of the present thesis revealed that LRRK2 shows the highest kinase activity in the 

G-nucleotide-free form, whereas purification with GDP or GTP reduced the kinase activity. As 

suggested, the explanation for this finding might be an induced monomerization due to 

G-nucleotide binding. To further prove this hypothesis, HDX-MS studies are vital to identify 

changes in the overall structure of LRRK2 wt and mutants due to G-nucleotide, but also 

inhibitor binding. Following this line of experiments, thermodynamic stability measurements 

as performed by Li, Y. et al. (2009) should also be done under varying conditions for LRRK2 wt 

and mutations. All this information will provide a more comprehensive picture of the intrinsic 

conformations and conformational changes occurring upon G-nucleotide or inhibitor binding. 

Furthermore, it might reveal the differences in stabilizing the active conformation between 

Y2018F and I2020T or G2019S as the latter is lacking the phenotype to form filaments. 
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Validation of S1292 as an autoinhibitory Domain 

Besides the RCKW D2017A mutant, the RCKW constructs of LRRK2 were identified to form 

filaments in a high percentage of cells. Combined with the data obtained for kinase inhibition 

and the kinase mutations Y2018F and I2020T, the N-terminus can be assumed to prevent the 

association with microtubules by shielding the interacting regions of LRRK2. However, an 

active kinase conformation like achieved by Y2018F, I2020T or binding of MLi-2, released this 

inhibition, suggesting a conformational change of the N-terminus. In this regard, the S1292 

residue presumably serves as a phosphorylatable autoinhibitory domain which is released 

upon activation and induces conformational changes. To prove this hypothesis S1292A, in 

combination with filament formation promoting mutations, should be introduced to LRRK2. 

Overexpression of these constructs in cellulae will reveal if the proposed S1292 inhibition is 

released by autophosphorylation of LRRK2. Furthermore, S1292A mutations should be 

investigated in kinase assays, using active protein concentrations. It is also of interest if an 

S1292T mutation behaves similar to S1292. As LRRK2 is a threonine specific kinase, a serine in 

the autoinhibition domain might be a rational design by nature. As the kinase domain of LRRK2 

can more easily phosphorylate threonine residues, it could be imagined that a serine residue 

in the autoinhibition domain inhibits the kinase domain more efficiently. Therefore, S1292T 

would change the inhibitory strength, which would result in an impaired kinase regulation. 

With a time resolved and MLi-2 induced filament formation assay an impaired regulation by 

S1292T can be checked. If the mutation facilitates kinase activation, MLi-2 can compete and 

substitute the bound S1292T more easily. Since lower intracellular levels of MLi-2 would be 

sufficient to induce filament formation, it should occur at an earlier timepoint. Furthermore, 

IC50 values for MLi-2 might be altered, which could be determined. Finally, peptides of the 

S1292 region can be generated with either serine, threonine or alanine to test their inhibiting 

potential in a kinase assay or in a cellular context. 

Nanobody Toolbox 

It would be interesting to combine the activating NbROCs with the above mentioned S1292 

mutations in kinase and cellular assays. This would further contribute to validate an 

N-terminal regulation by S1292. Furthermore, the generation of Nanobodies against multiple 

domains of LRRK2 in different conformations will help to decipher the mechanisms which 

activate the kinase more precisely. In this regard, if binding and epitope binning experiments 

under several conditions can reveal highly conformation specific Nanobodies, this will create 

a Nanobody toolbox with multiple different application areas. These might even include 

therapeutic applications or may help to crystallize LRRK2 like reported for other proteins 

(Oyen et al., 2011; Chaikuad et al., 2014). Nanobodies can also provide information about the 

LRRK2 conformation in the cell at certain associated organelles. This will help to understand 

how and why LRRK2 is involved in many different cellular pathways. In this regard, it would 

also be of interest if the activating Nanobodies induce filament formation in cells. This is likely, 

since a displacement of the LRR domain, as proposed for the Nanobodies, seems to activate 

LRRK2 and induce filament formation. 
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As the COR domain binding Nanobody CA12618 was identified to inhibit kinase activity of 

LRRK2, effects on GTPase activity should be investigated. Furthermore, the Nanobody should 

be tested for its ability to inhibit the RCKW constructs, as well as the R1441C mutation. This 

will reveal if the inhibition of this Nanobody is induced by a ROC-COR tandem domain specific 

effect or if again the N-terminus is involved in the inhibitory effect. Additionally, in 

combination with R1441C it will reveal if the Nanobody effect is dependent on the 

G-nucleotide state of LRRK2, because R1441 seems to uncouple mutual effects of the ROC and 

kinase domain. 

Expanding the Regulation Model 

The regulation model proposed at the end of this thesis is based on the data acquired during 

this thesis and the results found by others. It should serve as a basic model which is thought 

to be expanded with additional regulation mechanisms. It is only concentrating on the 

function of LRRK2 wt to provide a better understanding of the principle control of the intrinsic 

kinase activation mechanism. More layers like dependence on metal ions or other modulators 

of LRRK2 should be investigated more closely to add them to this model. Furthermore, 

different splice variants of LRRK2 were reported and might display another layer of LRRK2 

regulation (La Cognata et al., 2015). As included in the model, LRRK2 was reported to be a 

downstream substrate of PKA (Li, X. et al., 2011; Muda et al., 2014). Additionally, PKA was 

reported to be controlled by LRRK2 (Parisiadou et al., 2014; Russo et al., 2018). Thereby, LRRK2 

was also suggested to be an A kinase anchoring protein (AKAP) which binds one of the 

R-subunit isoforms. This should control PKA localization. However, we were not able to 

identify a direct interaction with any R-subunit isoform in vitro (Data not shown; experiments 

were performed by Natascha Mumdey). Nevertheless, new results suggest that LRRK2 might 

indirectly coordinate PKA localization, as a direct interaction of LRRK2 with GSK3β was found 

(Kawakami et al., 2014; Ohta et al., 2015). GSK3β also interacts with GSKIP (GSK3β interaction 

protein), which was found to be an AKAP (Hundsrucker et al., 2010). Therefore, it is possible 

that LRRK2 is regulating PKA localization by interacting with GSK3β, which in turn interacts 

with the AKAP GSKIP. These interactions might explain the mutual regulation of LRRK2 and 

PKA and should be further investigated. In this regard, interaction analysis studies should be 

performed. 

Concluding Remarks 

Altogether this work provides a good basis to understand intrinsic regulating mechanisms in 

LRRK2 and furthermore provides new insights in the activating process of LRRK2 wt, as well as 

mutated versions of the protein. Moreover, the results will help to identify new ways of 

targeting LRRK2 and lay the foundation of a Nanobody toolbox to unveil unknown LRRK2 

regulation mechanisms. The introduction of the spine model to LRRK2 provided interesting 

results, which uncovered a regulation mechanism of the unusual DYG motif of LRRK2. This 

should be further investigated to get a better understanding of the kinase regulation in LRRK2. 

Therefore, in future work, spine mutations should be combined to generate a more rigid 

kinase.  
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Abstract: 

Leucine Rich Repeat Kinase 2 (LRRK2) is a large multi-domain protein, and LRRK2 mutants are 

recognized risk factors for Parkinson’s Disease (PD). Although the precise mechanisms that 

control LRRK2 regulation and function are unclear, the importance of the kinase domain is 

strongly implicated since two of the five most common familial LRRK2 mutations (G2019S and 

I2020T) are localized to the conserved DFGψ motif in the kinase core, and kinase inhibitors 

are under development. Combining the concept of regulatory (R) and catalytic (C) spines with 

kinetic and cell-based assays, we discovered a major regulatory mechanism embedded within 

the kinase domain and show that the DFG motif serves as a conformational switch that drives 

LRRK2 activation. LRRK2 is quite unusual in that the highly conserved Phe in the DFGψ motif, 

which is one of four R-spine residues, is replaced with tyrosine (DY2018GI). A Y2018F mutation 

creates a hyperactive phenotype similar to the familial mutation G2019S. The hydroxyl moiety 

of Y2018 thus serves as a “brake” that stabilizes an inactive conformation; simply removing it 

destroys a key hydrogen-bonding node. Y2018F, like the pathogenic mutant I2020T, 

spontaneously forms LRRK2-decorated microtubules in cells while wild type and G2019S 

require kinase inhibitors to form filaments. We also explored three different mechanisms that 

create kinase-dead pseudokinases, including D2017A, which further emphasizes the highly 

synergistic role of key hydrophobic and hydrophilic/charged residues in the assembly of active 

LRRK2. We thus hypothesize that LRRK2 harbors a classical protein kinase switch mechanism 

that drives the dynamic activation of full-length LRRK2. 
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aspects of cyclic nucleotide selectivity." Biochem J 474(14): 2389-2403. 

Abstract: 

Cyclic AMP and cyclic GMP are ubiquitous second messengers that regulate the activity of 

effector proteins in all forms of life. The main effector proteins, the cAMP-dependent protein 

kinase (PKA) and the cGMP-dependent protein kinase (PKG), are preferentially activated by 

cAMP and cGMP, respectively. However, the molecular basis of this cyclic nucleotide is still 

not fully understood. Analysis of isolated cyclic nucleotide binding (CNB) domains of PKA RIα 

reveals that the C terminal CNB-B has a higher cAMP affinity and selectivity than the 

N-terminal CNB-A. Here we show that introducing cGMP-specific residues using site-directed 

mutagenesis reduces the selectivity of CNB-B, while the combination of two mutations 

(G316R/A336T) results in a cGMP selective binding domain. Furthermore, introducing the 

corresponding mutations (T192R/A212T) into the PKA RIα CNB-A turns this domain into a 

highly cGMP-selective domain, underlining the importance of these contacts for achieving 

cGMP-specificity. Binding data with the generic purine nucleotide cIMP reveal that introduced 

arginine residues interact with the position 6 oxygen of the nucleobase. Co-crystal structures 

of an isolated CNB-B G316R/A336T double mutant with either cAMP or cGMP reveal that the 

introduced threonine and arginine residues maintain their conserved contacts as seen in PKG I 

CNB-B. These results improve our understanding of cyclic nucleotide binding, as well as the 

molecular basis of cyclic nucleotide specificity. 
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the isolated CNB-A (wt, T192R and A212T) and CNB-B (wt, G316R) of PKA RIα. Furthermore, I 

characterized these domains for their affinity towards cAMP, cGMP and cIMP via SPR. Next, 
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with a Constrained J Domain-Derived Disruptor Peptide." ACS Infect Dis 5(4): 506-514. 

Abstract: 

To explore the possibility of constrained peptides to target Plasmodium-infected cells, we 

designed a J domain mimetic derived from Plasmodium falciparum calcium dependent protein 

kinase 1 (pfCDPK1) as a strategy to disrupt J domain binding and inhibit pfCDPK1 activity. The 

J domain disruptor (JDD) peptide was conformationally constrained using a hydrocarbon 

staple and was found to selectively permeate segmented schizonts and colocalize with 

intracellular merozoites in late-stage parasites. In vitro analyses demonstrated that JDD could 

effectively inhibit the catalytic activity of recombinant pfCDPK1 in the low micromolar range. 

Treatment of late-stage parasites with JDD resulted in a significant decrease in parasite 

viability mediated by a blockage of merozoite invasion, consistent with a primary effect of 

pfCDPK1 inhibition. To the best of our knowledge, this marks the first use of stapled peptides 

designed to specifically target a Plasmodium falciparum protein and demonstrates that 

stapled peptides may serve as useful tools for exploring potential antimalarial agents. 

My Contribution: 

For this publication I provided the biochemical in vitro characterization of the JDD peptide by 

analyzing its inhibitory properties on the kinase activity of pfCDPK1. Therefore, I expressed 

and purified pfCDPK1 and developed a kinase assay for pfCDPK1. This assay was based on the 

enzyme coupled kinase assay for PKA invented by Cook et al. (1982). Changed parameters 

were first tested to not impair the catalytic activity of LDH and PK. Next the cook assay was 

used to determine the IC50 for the inhibition of pfCDPK1 by the JDD peptide. Furthermore, I 

wrote the methods part for this assay and helped to revise the publication in the review 

processes. 
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Supplementary Figure 1: Plasmid card of pDEST-FSS-LRRK2. The plasmid card of the LRRK2 gene contains a 

Neomycin and Kanamycin resistance gene. The LRRK2 gene is regulated by the CMV promoter. The given 

purple markers indicate the location in the gene where the sequencing and mutagenesis primers bind to 

generate the respective mutant or constructs (Plasmid card generated with SnapGeneTM Version 1.1.3). 

 

 
 

Supplementary Figure 2: Exemplary purifications of His-Rab8a, His-ROC and FSS-LRRK2 wt. A) Shown 

is the resulting SDS-PAGE of the ion exchange step of the His-Rab8A purification. Interestingly, 

His-Rab8A was identified to be rather pure in the flow through (FT) sample. His-Rab8A has a theoretical 

molecular weight (MW) of 21.9 kDa, which fits nicely with the observed height in the SDS-PAGE B) The 

purification of His-ROC (MgGDP) revealed that the ROC-domain can be highly overexpressed in E. coli. 

The elution steps (E1-E6) contained highly pure and concentrated His-ROC (MW=24,3 kDa). After the 

buffer exchange (BE) the purified ROC domain appears even more pure. C) An exemplary purification 

of the FSS-LRRK2 wt (MgGDP) (MW=291.6 kDa) from HEK293T cells showed highly pure protein in the 

elution steps. Mutants of the expressed LRRK2 full length construct or the RCKW constructs showed 

comparable results regarding purity and concentration. 
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Supplementary Figure 3: Exemplary Raw Data of the NbROC binning experiments via SPR. A) NbROC1 

was coupled with a high surface density to one flow cell of a CM5-chip via NHS-EDC chemistry. In the 

following the ROC domain was captured (steep increase at around 50 s) by the NbROC1 Surface. In the 

next step Nanobodies were injected to the ROC domain captured flow cell and were analyzed for 

binding. An additional increase in the binding signal indicates another epitope of the respective 

Nanobody, whereas no additional increase indicates that the Nanobody binds to the same Epitope. As 

all Nanobodies were prior tested to bind to the ROC domain at the used concentration, it can be 

excluded that the Nanobody did not bind to the ROC domain due to a to low affinity. B) The same 

experiment as in A) was repeated with an NbROC3 surface. This Nanobody was shown to bind to the 

ROC domain captured on the NbROC1 surface, thereby suggesting that NbROC3 is recognizing another 

epitope. Indeed, free NbROC1 can bind to the ROC domain captured by the NbROC3 surface, validating 

different binding sites for both Nanobodies. Interestingly, NbROC6 binding, which showed binding to 

the ROC domain on the NbROC1 surface, was abolished for the NbROC3 surface bound ROC domain. 

Therefore, NbROC6 seems to bind to the same epitope as NbROC3. 

 
Supplementary Figure 4: Manual SPR run to reveal the preferred binding conditions of NbROC5. NbROC5 

was bound to the surface of a CM5-chip via NHS-EDC-chemistry. In the next step 40 nM of the ROC domain 

were injected at a flow rate of 30 μl/min in the presence 500 μM GTP and in the presence, as well as in the 

absence of 10 mM MgCl2. Thereby, it was revealed that NbROC5 binds the ROC domain better in the absence 

of MgCl2, most likely because Mg2+ is needed for GTP binding which potentially induces a conformational 

change and impairs NbROC5 binding. 
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Supplementary Figure 6: Exemplary cellular images of the LRRK2 filament formation assay in the presence 
and absence of 100 nM MLi-2. RS1F, RS3F and RS4F behave like LRRK2 wt as MLi-2 induced filament 

formation, but in the absence of MLi-2 they showed a cellular distribution. K1906A/M and behave like 

A1904FRS8F, as they showed a slightly increased percentage of filament formation (s. Fig. 24). 
 

 
 

Supplementary Figure 5: Raw data of different kinase assays analyzed via micro-mobility shift assays. 
A) Exemplary raw data obtained from an MMSA assay for an MLi-2 titration assay to determine the 

active concentration of LRRK2 wt purified without addition of any G-nucleotide. B) Exemplary raw data 

of a Michaelis Menten kinetic for ATP with LRRK2 wt. C) Exemplary raw data of NbROC20 and NbROC51 

affecting the kinase activity of LRRK2 wt purified under several G-nucleotide conditions (MgGTP - 

green, MgGDP - blue and nucleotide-free - red). NbLRRK51 (NbL51) increased the LRRK2 kinase activity 

in the presence of MgGTP and MgGDP, whereas NbROC20 (NbR20) increased the kinase activity of 

LRRK2 only for the nucleotide-free LRRK2 state. 
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Supplementary Figure 7 Exemplary cellular images of the filament formation assay for LRRK2 RCKW wt and 
mutants in the presence and absence of 100 nM MLi-2. In contrast, to LRRK2 full length, all RCKW constructs 

showed filament formation even in the absence of MLi-2. This indicates that the N-terminal tag provides a 

protecting function which saves LRRK2 from filament formation. Interestingly, the levels of filament formation 

are drastically reduced in the case of the kinase dead mutation D2017A. Indicating an important role of the 

kinase domain in inducing filament formation. 
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Supplementary Figure 8: GTP can serve as a phosphor donor for LRRK2 G2019S in the presence of 
Mn2+. The kinase assays were performed in combination with an MMSA to separate the substrate 

LRRKtide from the product p-LRRKtide. Residual Mg2+ concentrations from the purification were below 

1 mM and do not seem to influence the kinase reaction. LRRK2 G2019S can efficiently use Mn2+ to use 

either ATP or GTP as a phosphoryl donor. The wt on the other hand can use Mg2+ and ATP for 

phosphorylation. Interestingly, G2019S cannot use Mg2+ and GTP for an efficient phosphorylation. The 

activity of LRRK2 G2019S shows an additive effect if both nucleotides were used in combination. 

 



 

 

P A G E  166 | 173 

 List of Abbreviations 

List of Abbreviations 

Abbreviation Meaning 

aa Amino acid 

ABL1  Abelson murine leukemia viral oncogene homolog 1  

ADP Adenosine diphosphate 

Ahx Amino hexanoic acid 

AIMP2 Aminoacyl tRNA synthetase complex-interacting multifunctional protein 2  

AKAP A kinase anchoring protein  

Ank Ankyrin repeat 

Arm Armadillo 

ATP Adenosine triphosphate 

Bmax Maximal specific binding signal  

BTK Bruton’s tyrosine kinase 

cAMP Cyclic adenosine mono phosphate 

Cav Voltage-gated calcium channels  

CDR1-3 Complementarity-determining region 1-3  

CDT Clostridium difficile transferase 

CHIP Carboxyl terminus of the HSP70-interacting protein  

CLC Clathrin-light chains 

COMT Catechol-O-methyltransferases  

COR C-terminal of ROC  

COR-B C-terminal part of the COR domain 

CR8 Coating Reagent 8  

cryo-EM Cryo electron microscopy  

CSK C-terminal SRC kinase 

C-spine Catalytic spine  

Ct Chlorobium tepidum 

CV Column volume 

CX3CR1 Chemokine receptor 1  

Cα Catalytic subunit α of PKA 

DAPI 4′,6-Diamidin-2-phenylindol  

DAPK1 Death associated protein kinase 1 

DBS Deep brain stimulation 

dd Dictyostelium discoideum  

Dhc Dynein heavy chain 

DMEM Dulbecco’s Modified Eagle Medium  

Drp1 Mitochondrial fission protein dynamin 1-like protein 

DVL Dishevelled segment polarity protein 1-3 

E. coli Escherichia coli 

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide  

EGFR Epidermal growth factor receptor  

e.g. Example given 

ELISA Enzyme-linked Immunosorbent Assay 

EndoA Endophilin A 

ER Endoplasmic reticulum  

FAK Focal adhesion kinase  

FBS Fetal bovine serum  

FITC Fluorescein isothiocyanate  

FL Full Length 

FPLC Fast protein liquid chromatography  
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GAP GTPase activating protein  

GDP Guanosine diphosphate 

GEF Guanine exchange factor  

GppNHp Non-hydrolyzable GTP analog 

GSK-3β glycogen synthase kinase-3β 

GSKIP GSK3β interaction protein 

GST Glutathione Sulfonyl-Transferase  

GTP Guanosine-5'-triphosphate 

HDX-MS  Hydrogen deuterium exchange mass spectrometry 

HEK293T SV40 large T antigen  

HN Hydrophobic network 

IC50 Half maximal inhibitory concentration  

IKK1 Inhibitor of κB kinase1 

ITPG Isopropyl β-D-1-thiogalactopyranoside  

kcat Turnover number 

KD Equilibrium binding constant  

Ki Inhibitory constant  

KM Michaelis Menten constant  

kobs Observed turnover numbers 

LDH Lactated dehydrogenase  

L-DOPA Levodopa 

LRP6 Lipoprotein receptor-related protein 6  

LRR Leucine rich repeat 

Lrrk LRRK2 homolog in fruit flies  

LRRK (1-2) Leucine rich repeat kinase 

Lva Golgin Lava lamp  

MAO Monoamine oxidase  

MAP1B Microtubule-associated protein 1B 

MAPKKK Mitogen-activated protein kinase kinase kinases  

MARK1 Microtubule affinity-regulating kinase 1  

mb Methanosarcina barkeri  

MLi-2 Merck-LRRK2-Inhibitor-2  

MLK Mixed-lineage kinase  

MMSA Microfluidic Mobility Shift Assay  

MT Microtubule  

mTORC1 Mammalian target of rapamycin complex 1 

NAD+/NADH Nicotinamide adenine dinucleotide 

Nb Nanobodies 

NF-κB Nuclear factor κB 

NHS N-hydroxysuccinimide  

N-lobe N-terminal lobe  

PARK (1-6) Parkinson disease associated gene 1-6 

parkin E3-ubiquitin protein ligase  

PARL Mitochondrial intramembrane cleaving protease 

PBS Phosphate buffered saline  

PCP Planar cell polarity  

PCR Polymerase Chain Reaction 

PD Parkinson`s disease 

PDB Protein data bank 

PDE4 Phosphodiesterase 4 

PEI Polyethyleneimine  

PEP Phosphoenolpyruvate 

PINK 1 Phosphatase-and-tensin-homolog-induced kinase 1 

PK Pyruvate kinase  
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PKA cAMP dependent protein kinase 

PKB/Akt1 Protein kinase B  

PKC Protein kinase C  

PKI Protein kinase A inhibitor  

PP1 Protein phosphatase 1  

Rab Ras related in brain 

Ras Rat sarcoma (small GTPase) 

RBD Rapid eye movement sleep behavior disorder  

RCKW ROC-Cor-Kinase-WD40 construct  

RCKW ROC-COR-Kinase-WD40  

RIPK Receptor-interacting protein kinases  

ROC Ras of complex 

ROCO ROC-COR domain containing proteins 

ROS Reactive oxygen species  

RS1/RS2/RS3/RS4 R-spine residues 

R-spine Regulatory spine  

s.a. see above 

SAXS Small angle X-ray scattering 

Sh Shell residues  

SRC Sarcoma tyrosine kinase 

VHH N-terminal variable region of heavy chain antibodies 

vmax Maximal reaction velocity 

VPS Vascular protein sorting associated protein  

WD40 Beta-transducin repeat   

Amino Acids 

A/Ala Alanine 

R/Arg Arginine 

N/Asn Asparagine 

D/Asp Aspartic acid 

C/Cys Cysteine 

Q/Gln Glutamine 

E/Glu Glutamic acid 

G/Gly Glycine 

H/His Histidine 

I/Ile Isoleucine 

L/Leu Leucine 

K/Lys Lysine 

M/Met Methionine 

F/Phe Phenylalanine 

P/Pro Proline 

S/Ser Serine 

T/Thr Threonine 

W/Trp Tryptophan 

Y/Tyr Tyrosine 

V/Val Valine 
  

Nucleobases 
 

A Adenine 

C Cytosine 

G Guanine 

T Thymine 
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